
Sun et al. Stem Cell Research & Therapy          (2024) 15:238  
https://doi.org/10.1186/s13287-024-03857-3

RESEARCH Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

Stem Cell Research & Therapy

MiR‑34a‑HK1 signal axis retards bone 
marrow mesenchymal stem cell senescence 
via ameliorating glycolytic metabolism
Yanan Sun1, Chang Zhang1, Qianhui Ma1, Xiao Yu1, Xingyu Gao1, Haiying Zhang1, Yingai Shi1, Yan Li2 and 
Xu He1*    

Abstract 

Background  Mesenchymal stem cells (MSCs) are one of the most widely studied adult stem cells, while MSC replica-
tive senescence occurs with serial expansion in vitro. We determined whether miR-34a can regulate MSC senescence 
by directly targeting glycolytic key enzymes to influence glycolysis.

Methods  Detected the effects of miR-34a on MSC senescence and glycolytic metabolism through gene manipu-
lation. Bioinformatics prediction and luciferase reporter assay were applied to confirm that HK1 is a direct target 
of miR-34a. The underlying regulatory mechanism of miR-34a targeting HK1 in MSC senescence was further explored 
by a cellular function recovery experiment.

Results  In the current study, we revealed that miR-34a over-expression exacerbated senescence-associated charac-
teristics and impaired glycolytic metabolism. Then we identified hexokinase1 (HK1) as a direct target gene of miR-34a. 
And HK1 replenishment reversed MSC senescence and reinforced glycolysis. In addition, miR-34a-mediated MSC 
senescence and lower glycolytic levels were evidently rescued following the co-treatment with HK1 over-expression.

Conclusion  The miR-34a-HK1 signal axis can alleviate MSC senescence via enhancing glycolytic metabolism, which 
possibly provides a novel mechanism for MSC senescence and opens up new possibilities for delaying and suppress-
ing the occurrence and development of aging and age-related diseases.
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Background
Aging is an inevitable, natural and complex process 
characterized by a progressive reduction in physiologi-
cal integrity and regenerative capacity, which results 
in an impaired stress response and therefore increased 

morbidity and mortality [1, 2]. Simultaneously, aging is 
also a primary risky factor for multiple disorders, such 
as diabetes, cardiovascular and cerebrovascular dis-
eases, and malignancies as well. Recently, it has been 
reported that a major contributor to organismal aging is 
stem cell senescence and exhaustion, which disrupts tis-
sue homeostasis and attenuates organ regeneration [3, 
4]. Notably, as individuals age, the quantity of stem cells 
diminishes, and their ability to proliferate and survive is 
also weakened [5]. Hence, how to maintain the function 
and homeostasis of stem cells is one of the indispensable 
vital factors in the prevention of aging and the treatment 
of age-related diseases.
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Mesenchymal stem cells (MSCs) are one of the wide-
spread studied adult stem cells, and their multipotent 
behavior was discovered for the first time in 1966 [6]. 
At present, MSCs have been considered as more feasi-
ble and safer source for cell therapy in tissue engineer-
ing and regenerative medicine in regard to minimal 
tumorigenic risk, the unique property of self-renewal, 
multi-directional differentiation and immunomodula-
tory ability [7, 8]. Unfortunately, the functions of MSCs 
are declined with serial expansion in vitro. This process 
is mediated by telomere-based mechanism and defined 
as replicative senescence, which severely impede MSC-
based basic scientific research and clinical applications. 
Therefore, mechanistic elucidation of MSC senescence 
and interventions of anti-MSC senescence merit urgent 
exploration.

MicroRNAs (miRNAs) have been found to play criti-
cal roles in cell cycle, cell proliferation and differentia-
tion, cellular senescence, energy metabolism, and many 
age-related diseases including cardiovascular and neu-
rological diseases [9–11]. They can regulate post-tran-
scriptional processes and thus mediate the expression 
of target genes. Among them, miR-34a is a senescence-
associated miRNA, and mounting evidence indicate that 
miR-34a expression is enhanced in different tissues and 
organs with age [12–14]. Moreover, miR-34a deletion in 
mice could down-regulate the expression levels of senes-
cence-associated biomarkers such as P16INK4a and P21 
[15]. Interestingly, miR-34a may play a particularly piv-
otal role in metabolic diseases, such as obesity, type 2 
diabetes, non-alcoholic fatty liver disease (NAFLD) and 
non-alcoholic steatohepatitis (NASH) [16]. Meanwhile, 
miR-34a also manipulates glucose and lipid metabo-
lism via targeting related genes [17–19]. Nevertheless, 
whether miR-34a can ameliorate MSC senescence by 
targeting metabolism-related genes is not yet completely 
understood.

Metabolism occurs within the cells of living organ-
isms to provide the required energy to carry out their 
functions. Currently, the regulatory role of metabolism 
in stem cell senescence has been the research focus, 
and increasing evidence supports that metabolic sig-
nal pathways are closely associated with aging [3, 20]. 
It has been revealed that MSCs are mainly dependent 
on glycolysis to produce ATP, and the glycolytic level 
or the expression levels of glycolytic key enzyme genes 
also display significant decline in senescent MSCs [21, 
22]. Besides, the enhanced glycolysis could promote 
the osteogenic differentiation of MSCs [23]. As the first 
committed step rate-limiting enzyme in glucose metab-
olism, hexokinases (HKs) catalyze the phosphorylation 
of glucose to glucose-6-phosphate (G-6-P) and sustain 
a concentration gradient, facilitating glucose entry into 

cells and the initiation of all major pathways of glu-
cose utilization. Among them, HK1 is a ubiquitously 
expressed enzyme in all living cells. The latest research 
reports that HK1 is intently connected with stem cell 
senescence [24]. However, the regulatory effect of HK1 
on MSC replicative senescence and its underlying 
molecular mechanism remain unknown.

In our previous study, we demonstrated that the 
expression of miR-34a was remarkably elevated in repli-
cative senescent MSCs and age-related natural senescent 
MSCs [13]. MiR-34a repletion could repress cell pro-
liferation capability, impair osteogenic differentiation, 
retard cell cycle and further accelerate MSC senescence. 
Additionally, it also has been well-established that miR-
34a exerts an important role in cellular energy metabo-
lism including glucose metabolism [25], cholesterol efflux 
[26], lipid  metabolism [19] and metabolic diseases [16], 
which has attracted widespread concerns. What’s more, 
our latest studies revealed metabolic disorders might be 
a key driving factor to boost stem cell senescence [24, 27, 
28]. And the glycolysis level and the expression levels of 
glycolytic enzymes were both declined in MSCs derived 
from senile rats [24]. As mentioned above, we hypoth-
esized that miR-34a might govern a modulatory role in 
MSC senescence by influencing glucose metabolism. 
Here, this study aimed to systematically elucidate the 
effects and underlying molecular mechanism of miR-34a 
exerting on MSC replicative senescence via gene manipu-
lation and identify HK1 as its direct target gene.

Methods
MSC isolation and culture
The primary culture of MSCs was performed as described 
previously [29]. In brief,  1–2-month-old healthy, male 
Wistar rats were obtained from the Experimental Animal 
Center of Jilin University and euthanized by CO2 inhala-
tion, followed by immersing in 75% ethanol for disinfec-
tion of the whole body. Then MSCs were isolated from 
the bone marrow of limbs and cultured using the whole 
bone marrow adherent method. MSCs were cultured in 
Dulbecco’s modified Eagle’s medium with nutrient mix-
ture F-12 (DMEM-F12; HyClone, USA) consisting of 
10% fetal bovine serum (FBS; Gibco, USA), 100 U/mL 
penicillin (Gibco, Invitrogen), and 100 μg/mL streptomy-
cin (Gibco, Invitrogen) at 37  °C with 5% CO2 in 10-cm 
cell culture dishes. And the medium was replaced every 
3  days. Afterward, when the cells reached about 80% 
confluence, cells were dissociated using 0.25% trypsin 
(Sigma, USA) and reseeded into multi-well plates. Finally, 
MSCs were consecutively expanded up to 10 passages. 
MSCs at P3 (early passage, EP) and P10 (late passage, LP) 
were used in subsequent experiments.
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Senescence‑associated β‑galactosidase (SA‑β‑gal) staining 
assay
Cells were stained according to a previously described 
method [30]. Senescence cell histochemical staining kit 
(Beyotime, China) was used to assess cellular SA-β-gal 
activity. Briefly, cells were fixed and stained overnight 
with x-gal solution according to the manufacturer’s 
instructions. Senescent cells were identified as blue-
stained cells under light microscopy (OLYMPUS, Japan). 
Statistical analysis was performed by assessing the per-
centages of β-gal-positive cells in different microscopic 
fields.

Glucose uptake and lactate production
The glucose uptake and lactate production in cellular cul-
ture supernatants were measured with a commercial glu-
cose assay (Jiancheng Bio, China) and lactate assay kits 
(Jiancheng Bio, China), respectively. In brief, 3.5 × 103 
cells grew in fresh DMEM/F-12 in 96-well plates, and 
the cellular supernatant was collected by centrifuga-
tion after 24  h. Then, according to the manufacturer’s 
instructions, the absorbances at 505 nm and 450 nm were 
recorded on a microplate reader (Thermo Fisher Scien-
tific, USA) for glucose consumption and lactate produc-
tion, respectively.

Intracellular ATP production
Intracellular ATP production was measured using ATP 
assay kit (Jiancheng Bio, China), as per the manufac-
turer’s protocol. Briefly, cells were harvested by using 
200–300  μl lysis buffer and vortexed  for 1  min. The 
supernatant was mixed with detection solution in a 
96-well plate with white bottom. Then plates were meas-
ured in a luminometer and ATP concentration were nor-
malized to the corresponding total protein amounts from 
each sample.

Extracellular acidification rate (ECAR) analysis
The cells were seeded in 96-well plates at 4 × 104 cells 
per well. The following day, the medium in all the wells 
was replaced with a preheated liquid mixture containing 
reconstituted pH-Xtra reagent and fresh culture medium. 
The sample in each group was performed in triplicates. 
Then the plate was incubated in a humidified incuba-
tor at 37  °Cfor 3–4  h. The determination of extracellu-
lar acidification rates was further carried out using the 
pH-Xtra (Luxcel Bioscience, Cork, Ireland), as described 
previously[24].

Gene expression analysis by real‑time quantitative PCR 
(RT‑qPCR)
Total RNA was isolated from MSCs using RNAiso rea-
gent (Takara, China), followed by reverse transcription 
of RNA using RNA PCR Kit (AMV) Ver.3.0 (Takara, 
China) according to the manufacturer’s instructions. The 
primer sequences were listed in Table 1. Quantitative RT-
PCR was performed using a 7300 Real-Time PCR System 
(ABI, USA) with the TransStart Top Green qPCR Super-
Mix (TRANS, China). Data were normalized applying 
the 2−ΔΔCt method.

Lentiviral transduction of MSCs
The cells were seeded in 6-well plates at 1.5 × 105 cells per 
well and cultured overnight before transduction as pre-
viously described [13]. Then, the cells were transduced 
with the purchased lentiviral particles encoding rat miR-
34a and its control miR-NC, or encoding rat HK1 and 
its vector control LV-Vector (GeneChem, China) in the 
presence of 1  μg/mL polybrene (GeneChem, China) for 
10–12  h. Besides, in functional recovery experiments, 
cells were co-transfected with lentiviral particles encod-
ing rat miR-34a or miR-NC and HK1 and its vector con-
trol LV-Vector, respectively. After 96  h of transfection, 

Table 1  Primers used for Real-time RT-qPCR

Gene Forward primer sequence Reverse primer sequence

β-actin GGA​GAT​TAC​TGC​CCT​GGC​ TCCTA​ GAC​TCA​TCG​TAC​TCC​TGC​TTG​CTG​

P16INK4A AAC​ACT​TTC​GGT​CGT​ACC​C GTC​CTC​GCA​GTT​CGA​ATC​

Rb1 CAT​GCT​AGC​AGC​TGT​TCT​TTAC​ AGT​TTG​CCT​ATA​TCA​GCA​CAGT​

HK1 TCT​AAA​CTC​TGG​GAA​ACA​ AAGGT​ GAA​GTC​AAT​CAG​GAT​GTT​ACGG​

HK2 GCC​GTA​GTG​GAC​AAG​ATA​ AGA​GAG​ GCC​TCC​ATA​CCC​ATC​TTG​CTAC​

PFK1 GTG​AAA​GAC​CTG​GTG​GTT​ CAGA​ CTC​TGA​GAT​CTT​GCC​TTC​CTTC​

PK GAA​ACA​GCC​AAA​GGG​GAC​TA GGA​CTC​CGT​CAG​AAC​TAT​CAAA​

LDHA TCC​CTG​AAG​TCT​CTG​AAC​CCG​ TCC​TCC​TTG​ATT​CCA​TAG​AGACC​

LDHB GGT​GGT​GGA​CAG​TGC​CTA​TGA​ GAC​TTC​GTT​CTC​GAT​GCC​GTA​

snRNA U6 RmiRQP9003 GeneCopoeia, China

miR-34a-5p RmiRQP0440 GeneCopoeia, China
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the transfection efficiency was verified by enhanced green 
fluorescent protein (EGFP) expression and RT-qPCR.

Target gene prediction of miRNA
Online database miRBase (http://​www.​mirba​se.​org/) was 
applied to predict the potential mRNAs of miR-34a. Then 
Miranda and RNAhybrid algorithms were performed to 
assess the confidence of target genes. The common genes 
were selected between the two algorithms and the com-
mon genes with P value < 0.01 were considered as the 
target genes of miR-34a. The information of miR-34a, 
mRNAs and P value were imported and the networks 
were illustrated using Cytoscape software version 3.7.1.

Luciferase reporter assay
For luciferase reporter assay, luciferase constructs were 
performed by inserting the full-length rat HK1 3’UTR, 
obtained from Imagenes in the psiCheck2 vector (Pro-
mega, Madison, USA). Then cells were cultured in 
48-well plates and co-transfected with a plasmid contain-
ing luciferase marked by different promoters, miRNA 
expression vector in which 3’UTR containing miR-34a 
seed sequence of HK1, and Renilla luciferase (Promega) 
using Lipofectamine® 3000 (Invitrogen, Carlsbad, CA, 
USA). The relative luciferase activity was measured using 
the Dual-Luciferase Reporter Assay System (Promega) 
48 h after transfection.

Statistical analysis
All experiments were performed three times inde-
pendently. And at least three replicate samples were 
used in each experiment. Data were represented as 
means ± standard deviation. Two groups were compared 
by a two-tailed Student’s t-test. Statistical significance 
between groups was determined by using a two-tailed 
Student’s t test or a one-way ANOVA. Statistical analy-
sis and figure drawing were performed using GraphPad 
Prism 8.0 software. A P value < 0.05 was considered sta-
tistically significant.

Checklist statement
The work has been reported in line with the Additional 
file 1: ARRIVE guidelines 2.0.

Results
Characterization of senescent MSCs during consecutive 
expansion in vitro
In the present study, we obtained expansion-mediated 
replicative senescent MSCs in vitro. Cell surface antigens 
were used to identify obtained MSCs by flow cytometry 
in our previous work. We found that serial expanded 
MSCs are positive for mesenchymal progenitor mark-
ers including CD44, CD90, and CD105, and negative 

for CD31 and CD45 [24]. Nevertheless, bone marrow-
derived MSCs at early passage (EP, P3MSCs) and late 
passage (LP, P10MSCs) exhibited evident morphological 
differences. The morphology of MSCs at EP displayed 
fibroblast-like features, while LP MSCs presented typi-
cal senescence-like morphology including abnormal 
shapes, blurred cell borders, and enlarged and flattened 
cell bodies (Fig.  1A). Statistical analysis of morphology 
demonstrated that the cell area was obviously increased 
in LP MSCs (Fig.  1B), while the cell aspect ratio was 
significantly decreased alone with expansion in  vitro 
(Fig.  1C). Next, to investigate whether LP MSCs were 
senescent, senescence-associated (SA)-β-gal activity and 
senescence-associated biomarkers were further detected. 
SA-β-gal staining manifested an increased number of 
blue-stained cells in LP MSCs compared to EP MSCs, 
with a higher ratio of SA-β-gal-positive cells (Fig.  1D). 
Simultaneously, the expression levels of senescence-asso-
ciated biomarker P16INK4a and Rb1 were significantly up-
regulated in LP MSCs (Fig. 1E). Furthermore, LP MSCs 
not only presented attenuated self-renewal and cell pro-
liferation capability, but also were fundamentally featured 
by impaired multilineage differentiation compared with 
EP MSCs [13, 31]. In addition, miR-34a expression level 
was highly elevated with increasing passages (Fig.  1F). 
Together, these data indicated that MSCs were gradually 
senescent with expansion in vitro and miR-34a may exert 
a regulatory impact on stem cell senescence.

Attenuated glycolytic metabolism in replicative senescent 
MSCs
To determine the functional alterations in cellular met-
abolic activity of replicative senescent MSCs, we evalu-
ated the glucose uptake and lactate secretion in EP and 
LP MSCs. As shown in Fig.  2A and B, glucose uptake 
and lactate secretion were declined in LP MSCs, sug-
gesting a weakened glucose metabolism in senescent 
MSCs. To further verify the low glycolytic activity in LP 
MSCs, ECAR analysis was performed, which quantified 
proton production as a substitute for lactate production. 
As expected, ECAR levels were substantially reduced in 
LP MSCs when compared to EP MSCs (Fig. 2C). Moreo-
ver, the cellular ATP production was also obviously less-
ened in LP MSCs (Fig. 2D). 2-Deoxy-D-glucose (2-DG), 
a glucose structural analog, competitively inhibits the 
glycolysis by arresting HK. With the treatment of 2-DG, 
the glucose uptake, lactate secretion, ECAR level and 
ATP production in EP and LP MSCs were all conspicu-
ously lower (Fig.  2A–D), which indicated that glycoly-
sis was the pivotal metabolic pattern in MSCs. What is 
more, glycolysis metabolic exhaustion in LP MSCs 
was also supported by the decreased expression of gly-
colytic enzymes, including hexokinase 1 (HK1), HK2, 

http://www.mirbase.org/
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phosphofructokinase 1 (PFK1), pyruvate kinase (PK), 
lactate dehydrogenase A (LDHA) and LDHB (Fig.  2E). 
Therefore, the alterations of glucose metabolic level con-
comitant with glycolytic enzymes implied that MSCs 
undergoing replicative senescence present the reduced 
glycolytic metabolism in vitro.

MiR‑34a over‑expression aggravates MSC senescence 
and represses glycolytic levels
Given that miR-34a has a regulatory effect on MSC 
senescence, we obtained miR-34a over-expressed MSCs 
via transduction of lentiviral particles encoding miR-34a 
into EP MSCs to reveal the underlying molecular mecha-
nism. Firstly, enhanced green fluorescent protein expres-
sion and RT-qPCR analysis were monitored to assess 
transduction efficiency. Notably, enhanced green fluo-
rescent proteins were successfully expressed in miR-34a 
and miR-NC group (Fig.  3A). And the expression level 
of miR-34a was up-regulated approximately 3.82-folds 
in miR-34a group compared with that in miR-NC group. 
Next, senescence-associated phenotypic features were 

confirmed by morphological characteristics, SA-β-gal 
activity, and senescence-related biomarkers. As shown 
in Fig. 3B, the cell area was obviously enhanced (Fig. 3B), 
whereas the cell aspect ratio was significantly diminished 
after miR-34a repletion in EP MSCs (Fig. 3C). Moreover, 
our data showed that the number of blue-stained MSCs 
was elevated in miR-34a group, and the statistical analy-
sis ascertained that SA-β-gal activity in miR-34a group 
was also seriously increased in comparison with miR-
NC group (Fig. 3D). Correspondingly, it was found that 
miR-34a repletion up-regulated the expression at mRNA 
levels of senescence-associated biomarker P16INK4a and 
Rb1 (Fig.  3E). In the previous studies, we found that 
miR-34a repletion impaired the stemness properties of 
MSCs, including arrested cell cycle, protracted popula-
tion doubling time (PDT) and diminished osteogenic 
differentiation[13]. Thus, we speculated that miR-34a 
over-expression might act as a trigger of MSC senes-
cence. It is well known that miR-34a also participates in 
various metabolism pathways [32]. As a result, the glyco-
lysis levels were further detected after enforcing miR-34a 

Fig. 1  Senescence-associated characteristics and miR-34a expression in mesenchymal stem cell (MSCs) during serial expansion in vitro. A 
Morphological evaluation of MSCs at early passage (EP) and MSCs at late passage (LP) (scale bar = 50 μm). B-C Analysis of cell surface area (B) 
and cell aspect ratio (C). D SA-β-gal staining and the percentages of SA-β-gal-positive cells (scale bar = 100 μm). E–F The expression of P16INK4a, Rb1 
(E) and miR-34a (F) at mRNA levels by RT-qPCR. All data were presented as mean ± SEM (error bars), n = 3, **P < 0.01, ***P < 0.001
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expression. As expected, the relative glucose uptake 
(Fig. 3F) and lactate secretion (Fig. 3G) were heavily dis-
couraged in miR-34a group when compared with miR-
NC group. Meanwhile, the ECAR level (Fig.  3H) and 
ATP production (Fig.  3I) were also diminished in miR-
34a group. Collectively, these data suggested that miR-
34a provoking MSC senescence may be linked to the 
impaired glycolytic metabolism.

HK1 identified as a direct target gene of miR‑34a
MiRNAs can bind to the specific bases of target 
mRNAs to be involved in the post-transcriptional 
regulation, which plays a critical role in a variety of 
biological processes [33]. To further investigate the 

mechanism of miR-34a regulation on MSC senescence 
and glucose metabolism, we predicted the potential tar-
geting mRNAs of miR-34a using the miRBase database 
and identified the 3’untranslated region (3’UTR) of 35 
genes containing binding sites with miR-34a (Fig. 4A). 
The information of predicted target genes was shown 
in supplementary Table  1. Among them, there were 2 
genes related to the glycolytic ability, including HK1 
and enolase 3 (ENO3). Besides, according to the sta-
bility and accuracy of miR-34a binding to target genes 
and the rate-limiting function of the target genes on the 
glycolytic pathway, HK1 was considered as the key gene 
for subsequent studies. The miRBase database revealed 
the binding sites of HK1 3’UTR and miR-34a-5p 

Fig. 2  Identification of glycolytic levels in replicative senescent MSCs. A-D Relative glucose uptake (A), lactate secretion (B), ECAR levels (C) and ATP 
production (D) were measured in EP and LP MSCs. E RT-qPCR results for relative mRNA expression levels of glycolysis-related enzymes in EP and LP 
MSCs. All data were presented as mean ± SEM (error bars), n = 3, *P < 0.05, **P < 0.01, ***P < 0.001
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(Fig.  4B). Next, the dual luciferase reporter assay was 
conducted to confirm that HK1 was a potential tar-
get gene of miR-34a. Our results manifested that the 
luciferase activity in HK1-Mut with the treatment of 
miR-34a mimic was comparable to that in the miR-NC 
group, while miR-34a over-expression extraordinarily 

abolished the luciferase activity in HK1-Wt as com-
pared to the control group (Fig. 4C). In addition, miR-
34a replenishment in EP MSCs also down-regulated the 
expression level of HK1 (Fig.  4D). These observations 
above support the notion that miR-34a can negatively 
modulate HK1 expression via directly targeting the 
3’UTR of HK1.

Fig. 3  miR-34a over-expression aggravates MSC senescence and restrains glycolysis. A Fluorescence images showed that miR-34a was successfully 
over-expressed in EP MSCs (scale bar = 100 µm), and miR-34a expression was determined by RT-qPCR. B-C Quantitative analysis of cell surface area 
(B) and cell aspect ratio (C) in miR-NC and miR-34a over-expressed EP MSCs. D SA-β-gal staining (scale bar = 50 μm) and quantification of β-gal 
positive cell numbers. E The mRNA expression of the senescence-associated biomarker P16INK4a and Rb1. F-I Relative glucose uptake (F), lactate 
secretion (G), ECAR levels (H) and ATP production (I) were measured in miR-NC and miR-34a over-expressed EP MSCs. All data were presented 
as mean ± SEM (error bars), n = 3, *P < 0.05, **P < 0.01
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HK1 sufficiency alleviates MSC senescence by enhancing 
glycolysis
To investigate the specific mechanism underlying how 
miR-34a aggravated MSC senescence by regulating glyc-
olysis, LP MSCs were transduced with lentivirus-express-
ing HK1 (LV-HK1) and lentiviral vector (LV-Vector). 
Then the transduction efficiency was evaluated through 
enhanced green fluorescent protein expression and RT-
qPCR. Our results displayed that enhanced green fluo-
rescent proteins were both successfully expressed in both 
groups (Fig. 5A), and HK1 expression in LV-HK1 group 
(Fig.  5B) was up-regulated significantly compared with 
LV-Vector group. Next, senescence-associated pheno-
types were detected to explain the regulatory role of HK1 
on cellular senescence. As depicted in Fig.  5C and D, a 
significant decrease in cell area and an increase in cell 
aspect ratio were observed in LV-HK1 group when com-
pared to those in LV-Vector group. What is more, rep-
resentative images exhibited that HK1 over-expression 
markedly reduced the number of blue-stained senescent 
cells, and statistical analysis also yielded similar argu-
ments (Fig. 5E). To further clarify that up-regulated HK1 
could rescue MSC senescence, senescence-associated 

biomarkers were further used to validate. The data mani-
fested that the expression levels of P16INK4a and Rb1 
were both declined in the HK1over-expressed MSCs as 
compared to those in LV-Vector group (Fig.  5F). These 
findings supported that HK1 had a favorable regulatory 
influence on ameliorating MSC senescence. To confirm 
whether the vigorous effect of HK1 on cellular senes-
cence was associated with glycolysis, the products repre-
senting glycolytic levels were checked. As expected, HK1 
sufficiency up-regulated the relative lower glucose uptake 
(Fig.  5G) and lactate secretion (Fig.  5H) resulted from 
MSC serial expansion in vitro. Simultaneously, the rela-
tive ECAR levels (Fig.  5I) and ATP production (Fig.  5J) 
were improved in LV-HK1 group in comparison with 
those in LV-Vector group. The above results indicated 
that HK1 exerts a protective impact on MSC senescence 
by boosting glycolytic levels.

MSC senescence can be manipulated by miR‑34a‑HK1 
signal axis by ameliorating glycolysis levels
To gain a deeper understanding of the underlying 
molecular mechanisms how miR-34a mediated MSC 
senescence, we next examined senescent-associated 

Fig. 4  miR-34a directly targets HK1 and represses its expression. A Bioinformatics-based target analysis showed the potential target gene hub 
of miR-34a. B Schematic representation of the predicted complimentary base pairing between miR-34a and the 3′UTR of HK1, and the mutated 
binding site of putative miR-34a seed sequence. C Analysis of luciferase activity in 293 T cells co-transfected with miR-34a and plasmid containing 
the 3′ UTR of the wild type (WT) HK1 or a mutated (Mut) HK1 sequence in luciferase reporter assay. D RT-qPCR analysis was performed to detect 
the expression of HK1 after miR-34a over-expression in EP MSCs. All data were presented as mean ± SEM (error bars), n = 3, *P < 0.05, **P < 0.01
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phenotypes following miR-34a over-expression and 
co-transfection with miR-34a and LV-HK1 or with 
its control LV-Vector in young EP MSCs. We found 
that SA-β-gal activity were noticeably higher in miR-
34a over-expressed MSCs, whereas the number of 
SA-β-gal staining positive cells was clearly reduced in 
MSCs co-transfected with miR-34a and LV-HK1, and 
similar conclusion was obtained from the quantitative 

analysis results (Fig.  6A). Meanwhile, HK1 repletion 
could reverse miR-34a-mediated the high expres-
sion of senescence-associated biomarkers P16INK4a 
and Rb1 (Fig.  6B, C). Of course, in comparison with 
the miR-NC, the expression of HK1was declined in 
miR-34a over-expressed MSCs, while it was elevated 
in MSCs co-transfected with miR-34a and LV-HK1 
(Fig.  6D). These results demonstrated that HK1 

Fig. 5  HK1 repletion alleviates MSC senescence by facilitating glycolytic flow. A HK1 was successfully over-expressed in LP MSCs (scale 
bar = 100 µm). B HK1 expression determined by RT-qPCR. C-D Statistical analysis of cell surface area (C) and cell aspect ratio (D) in LV-Vector 
and HK1 over-expressed LP MSCs. E. SA-β-gal staining (scale bar = 50 μm) and quantification of β-gal positive cell numbers. F The expression 
of the senescence-associated biomarker P16INK4a and Rb1. G-J Relative glucose uptake (G), lactate secretion (H), relative ECAR levels (I) and ATP 
production (J) were measured in LV-Vector and HK1 over-expressed LP MSCs. All data were presented as mean ± SEM (error bars), n = 3, *P < 0.05, 
**P < 0.01
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supplementation could rescue miR-34a-induced MSC 
senescence, further indicating that miR-34a-HK1 
signal axis might be one of the critical mechanisms 
modulating stem cell senescence. To further certify 
that miR-34a-mediated MSC senescence by targeting 
HK1 was related to glycolysis regulation, the relative 
glucose uptake, lactate secretion, ECAR level and ATP 
production were all investigated. Our results revealed 
that miR-34a over-expression led to the remarkable 
decline in glucose uptake (Fig.  6E), lactate secre-
tion (Fig. 6F), ECAR level (Fig. 6G) and ATP produc-
tion (Fig.  6H). Conversely, the glycolytic levels were 
restored in MSCs co-transfected with miR-34a and 
LV-HK1. Taken together, it was concluded that miR-
34a can directly target HK1 to regulate MSC senes-
cence by orchestrating glycolysis.

Discussion
MSCs are overwhelmingly useful tools as a unique cell-
based therapy to postpone organ aging and treat age-
associated diseases. However, successful MSC therapy 
requires large-scale cell populations and a prolonged 
culture in vitro, which subsequently may induce cellular 
replicative senescence. To investigate cellular senescence 
and related molecular mechanism during long-term cul-
tivation in rat bone marrow MSCs, MSCs at early passage 
(EP, P3) and late passage (LP, P10) were considered as the 
research objects in the present study. As expected, LP 
MSCs exhibited the distinct morphological and molecu-
lar biological differences from EP MSCs, mainly mani-
festing elongated and spindle-shaped cell body, increased 
cell surface area and decreased aspect ratio. These 
results were in accordance with MSCs derived from pla-
centa [34]. Next, the senescent status of LP MSCs was 

Fig. 6  miR-34a-HK1 axis modulates MSC senescence via influencing glycolytic metabolism. A SA-β-gal staining (scale bar = 50 μm) 
and quantification in EP MSCs treated with miR-NC, miR-34a, miR-34a plus LV-Vector or miR-34a plus LV-HK1. B-D Detection of the expression levels 
of P16INK4a (B), Rb1 (C) and HK1 (D) by RT-qPCR. E–H Relative glucose uptake (E), lactate secretion (F), relative ECAR levels (G) and ATP production (H) 
were measured in EP MSCs treated with miR-NC, miR-34a, miR-34a plus LV-Vector or miR-34a plus LV-HK1. All data were presented as mean ± SEM 
(error bars), n = 3, *P < 0.05 vs. miR-NC; △P < 0.05 vs. miR-34a, ▲P < 0.05 vs. miR-34a plus LV-Vector
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confirmed by the SA-β-gal staining assay, which showed 
enhanced activity of the lysosomal β-galactosidase specif-
ically in LP MSCs. Additionally, the expression levels of 
senescence-associated biomarker P16INK4a and Rb1 were 
approximately 5.22-fold and 2.72-fold higher, respec-
tively, in LP MSCs in comparison with those in EP MSCs. 
Similar findings were found in natural aging and prema-
ture senescence induced by oxidative stress [13, 35]. It 
has been demonstrated that aging is primarily regulated 
by p53 and P16INK4a/Rb pathways, which are also closely 
associated with bone homeostasis [36, 37]. In most mam-
malian tissues, the expression level of P16INK4a increases 
with age [38]. Simultaneously, P16INK4a-positive cells 
accumulating during adulthood negatively influence the 
lifespan and promote age-dependent changes in multiple 
organs, so their therapeutic removal may be an attractive 
approach to extending a healthy lifespan [39].

Energy metabolism has emerged as a key process 
involved in the stem cell function and commitment, play-
ing an important role in both the acquisition and main-
tenance of stemness. Unlike most differentiated mature 
cells, glycolysis is the predominant source of ATP in 
MSCs [40, 41]. Unfortunately, the glycolytic levels in 
MSCs decreased as organisms aged [21, 24]. To investi-
gate the glycolytic flux in MSCs during culture expan-
sion in vitro, glucose uptake and lactate levels were firstly 
examined. The results implied that there were markedly 
decreased glucose consumption and lactic acid secretion 
in LP MSCs. What is more, the relative ECAR level and 
ATP production were also weakened, which were congru-
ent with the findings of our latest research [24]. Besides, 
multiple genes involved in glycolysis including HK1, 
HK2, PFK1, PK, LDHA and LDHB were also down-regu-
lated in LP MSCs. In other types of stem cell senescence, 
similar metabolic trends were obtained by RNA sequenc-
ing [24]. Furthermore, Yuan and his colleague reported 
that glycolytic ATP production and glycolysis-related 
genes such as HK2, PK and LDHA were found to be sig-
nificantly reduced in LP human MSCs (hMSCs), whereas 
the lactate secretion, ECAR and oxygen consumption 
rate (OCR) values were elevated compared to those in 
EP hMSCs, indicating a metabolic shift from glycolysis 
towards oxidative phosphorylation (OXPHOS) during 
in vitro culture expansion of hMSCs [42]. Upon removal 
from the in vivo niche, MSCs start to adapt to the in vitro 
environment and cellular homeostasis is interrupted with 
serial expansion, which is associated to cellular metabolic 
state. Additionally, aging-mediated oxidative stress, dam-
aged organelles and different cell culture and laboratory 
conditions might also be attributed to the metabolic dis-
crepancy. 2-DG, a glucose analog, is phosphorylated by 
HK, thereby competitively inhibiting the production of 
G-6-P from glucose and ultimately restraining glycolysis. 

After 2-DG treatment, the glycolytic flux was blunted 
and characterized by reduced glucose uptake, lactate 
secretion, ECAR level and ATP production. Mean-
while, the metabolic alterations in EP MSCs were more 
conspicuous. It has been reported that embryonic stem 
cells (ESCs) treated with 2-DG displayed evidently lower 
ECAR level and decreased proliferative activity [43]. 
These results above indicate that the glycolytic metabo-
lism pathway is involved in stem cell replicative senes-
cence and may be utilized for the development of novel 
therapeutics to treat age-related diseases.

MiRNAs, a class of high-conserved, small and single-
stranded noncoding RNAs, can bind with 3’UTR of 
mRNAs to repress mRNA translation or induce mRNA 
degradation, thus silencing gene expression at the tran-
scription level. More recently, multiple studies docu-
mented miR-34a is a pivotal regulator of age-dependent 
tissues changes and an inducer of cellular senescence 
[44, 45]. We have previously shown that  miR-34a over-
expression by lentiviruses markedly abolished cell pro-
liferation capacity, retarded cell cycle progression and 
impaired differentiation capacity, eventually resulting in 
MSC senescence [13]. Similar results were reported in 
human adipose derived mesenchymal stem cells (hAD-
MSCs) [46, 47]. In addition, miR-34a is also involved in 
metabolic pathways by targeting related rate-limiting 
enzymes [17–19]. On account of these, we speculated 
that miR-34a may play an indispensable role in stem cell 
senescence by manipulating metabolic pathways. To test 
our speculation, we up-regulated miR-34a expression 
via gene manipulation in young EP MSCs. As expected, 
it was observed that miR-34a sufficiency in young MSCs 
induced senescence-like morphology alterations, includ-
ing abnormal shapes, increased cell area and decreased 
cell aspect ratio. To further verify the occurrence of cel-
lular senescence induced by miR-34a repletion, SA-β-gal 
staining was firstly performed. Our data showed that the 
SA-β-gal-positive rate in miR-34a over-expressed group 
was about 3 times higher than that in NC group. Moreo-
ver, miR-34a replenishment up-regulated the expression 
levels of senescence-associated biomarker P16INK4a and 
Rb1, indicating miR-34a had an adverse regulatory effect 
on MSC culture expansion in  vitro and instigated MSC 
replicative senescence. These observations are consistent 
with our previous findings [13]. Similarly, Neda Mokhbe-
rian et al. reported that miR-34a inhibition in hAD-MSCs 
enhanced the cell proliferation, promoted the adipogenic 
and osteogenic differentiation, and reduced the SA-β 
gal activity [47]. These results illustrate the significance 
of miR-34a silence as an anti-senescence approach to 
improve the therapeutic potentials of stem cells and as a 
promising target for the treatment of age-related diseases 
or common metabolic disorders.
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Dysregulation of miR-34a disrupts the homeostasis of 
gene regulatory network, leading to cellular senescence, 
metabolic syndrome and the related diseases. Previously, 
we found that miR-34a suppression targeted nicotina-
mide phosphoribosyltransferase (Nampt) to down-reg-
ulate NAD+/NADH ratio and NAD+ content, which 
exerted vigorous regulatory function on MSC senescence 
[13]. Studies have shown that miR-34a attenuated osteo-
blast differentiation of hMSCs through glycolysis inhibi-
tion via targeting LDHA [48]. Meanwhile, the expression 
levels of glycolytic enzymes, such as HK2, glucose trans-
porter 1 (GLUT1), and LDHA were significantly declined 
due to miR-34a over-expression in hMSCs [48]. Consist-
ent herewith, miR-34a sufficiency markedly suppressed 
glycolysis flux, as manifested by lessened glucose uptake, 
lactate secretion, ECAR levels and ATP production. 
These data are similar to those obtained in cardiomyo-
cytes [49]. To further examine the molecular mecha-
nisms for miR-34a-mediated glycolysis suppression, the 
potential targets of miR-34a were investigated. Notably, 
35 potential target genes of miR-34a were predicted by 
the miRBase database, and HK1 was considered as the 
focus for subsequent studies based on the stability and 
accuracy of miR-34a binding to target genes and the rate-
limiting function in the glycolytic pathway. To this end, 
the luciferase reporter assay was performed. The data 
exhibited that miR-34a regulated HK1 expression levels 
by targeting the 3’UTR of HK1, which was consistent 
with the published findings [33, 50]. Research has shown 
that miR-34a modulates lens epithelial cell (LEC) apopto-
sis and cataract development through the HK1/caspase 3 
signaling pathway [51]. In parallel, we then investigated 
the effect of miR-34a on HK1 expression. The results 
implied that there was markedly decreased expression 
of HK1 in miR-34a mimic group in comparison with 
that in miR-NC group. The above statements illustrated 
that HK1 was a target gene of miR-34a, and miR-34a can 
directly bind to the 3’UTR of HK1 mRNA and further 
down-regulate its expression.

Glycolysis is a series of redox reactions in the cytosol 
that rapidly consumes a large amount of glucose and 
produces lactic acid as the main end product. As the key 
enzyme responsible for the first step of glycolysis, HKs 
are involved in the occurrence and development of cel-
lular senescence and age-related diseases. It is widely 
accepted that HKs have four isomers, HK1-HK4, how-
ever, there are limited studies on HK1. On account of this, 
we modulated HK1 expression via gene manipulation in 
young and senescent MSCs to determine its protective 
effect on stem cell senescence. The results displayed that 
HK1 over-expression in LP MSCs ameliorated senes-
cence-like morphology, including more regular shapes, 
clear cell bodies, decreased cell area and increased cell 

aspect ratio. At the same time, the lysosomal SA-β-gal 
activity and the expression levels of senescence marker 
P16INK4a and Rb1 were all shrunk in LV-HK1 group in 
comparison with those in LV-Vector group. However, the 
alterations of stemness properties after transfection with 
HK1 in MSCs are still unclear, which will be the focus of 
our future research. It has been reported that down-reg-
ulated HK1 expression could suppress the proliferation 
of human LECs and induces apoptosis [51]. Inconsistent 
herewith, De Jesus et  al. demonstrated that spleen tis-
sue from aged mice (85  weeks old) contained elevated 
inflammatory cytokines and increased cytosolic HK1 lev-
els, which might be related to animal species and distinct 
culture conditions [52]. Furthermore, HK1 is also associ-
ated with age-related diseases. One research has shown 
that HK1 activity and expression were both reduced in 
the hippocampal tissue of 9-month-old 3 × Tg-AD mice, 
suggesting HK1 possessed a beneficial effect on the 
pathogenesis of Alzheimer’s disease (AD) [53]. Given 
that HK1 is the rate-limiting enzyme of glycolysis, and 
MSCs depend mainly on glycolysis to convert glucose 
to pyruvate and lactate, the glycolysis function was fur-
ther measured. We discovered that the glycolytic levels 
including glucose uptake, lactate secretion, ECAR levels 
and ATP production were all elevated after HK1 replen-
ishment in senescent MSCs. The above results indicate 
that over-expressed HK1 has a favorable regulatory effect 
on alleviating MSC senescence and remodeling glycolytic 
function, which will provide a new therapeutic target 
and theoretical basis for senility postponement and age-
related tissue regenerative treatment.

Along with the MSC replicative senescence, we found 
intriguingly that miR-34a expression incremented 
whereas HK1 expression inversely decreased. And the 
miRNA-target prediction and the luciferase reporter 
assay verified that miR-34a specifically bound and inter-
acted with its potential target HK1, which was consist-
ent with the published findings [45, 50]. To this end, we 
then performed the functional recovery experiment. The 
results certified that miR-34a-induced senescence in 
young EP MSCs could be rescued by HK1 restoration, as 
evidenced from the significant alleviation of miR-34a-in-
duced augmented β-gal-positive cells and the obvious 
down-regulated expression levels of P16INK4A and Rb1. 
Furthermore, HK1 supplementation could reverse the 
decreased glycolytic function caused by miR-34a over-
expression, which was illustrated by enhanced glucose 
uptake, lactate secretion, ECAR levels and ATP produc-
tion. Overall, these results reveal that miR-34a-HK1 
signal axis ameliorates MSC senescence by boosting gly-
colysis function.

However, there are still several limitations to our 
study. At first, we only performed in  vitro experiments 
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in MSCs. Many questions remain to be answered in vivo. 
For example, whether the expression of HK1 is abnor-
mal in MSCs derived from senile rats, and whether 
organism aging can be retarded by regulating the miR-
34a-HK1 axis. Secondly, two isomers (HK1 and HK2) are 
expressed in the rat MSCs, we only detected the function 
of HK1. Whether HK2 is also involved in MSC senes-
cence by affecting glucose metabolism requires further 
exploration. Thirdly, HK1 contains an N-terminal mito-
chondrial binding domain (MBD) that enables it to bind 
to the mitochondrial outer membrane (OMM). The mito-
chondrial binding function of HK1 allows for preferential 
access to mitochondrial pools of ATP and is proposed to 
increase tricarboxylic acid (TCA) cycle activity, further 
giving rise to enhanced protein translation. Whether the 
effect of HK1 on mitochondria can influence MSC senes-
cence needs to be further investigated in depth. Lastly, in 
the whole study, we only examined the expression of HK1 
not its enzyme activity. To verify the favorable impact 
of HK1 to attenuate stem cell senescence, HK1 activ-
ity should be evaluated. Further work needs to be done 
to better understand the function of HK1 and serve the 
stem cell applications.

Conclusions
In summary, the present study demonstrated that miR-
34a exerts the direct targeted inhibition on HK1 expres-
sion, resulting in glycolytic metabolism depletion, and 
further contributing to MSC replicative senescence 
(Fig.  7). These findings provide novel insights into the 
mechanisms underlying stem cell senescence, opens up 

new possibilities for stem cell applications and therapy 
from the perspective of epigenetic and metabolic regu-
lation and further highlight the significance of HK1 as 
a potential anti-aging agent to delay and suppress the 
occurrence and development of aging and age-related 
diseases.
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