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Abstract 

Although the mTOR-4E-BP1 signaling pathway is implicated in aging and aging-related disorders, the role of 4E-BP1 in regulating 
human stem cell homeostasis remains largely unknown. Here, we report that the expression of 4E-BP1 decreases along with the 
senescence of human mesenchymal stem cells (hMSCs). Genetic inactivation of 4E-BP1 in hMSCs compromises mitochondrial res-
piration, increases mitochondrial reactive oxygen species (ROS) production, and accelerates cellular senescence. Mechanistically, 
the absence of 4E-BP1 destabilizes proteins in mitochondrial respiration complexes, especially several key subunits of complex III 
including UQCRC2. Ectopic expression of 4E-BP1 attenuates mitochondrial abnormalities and alleviates cellular senescence in 4E-BP1-
deficient hMSCs as well as in physiologically aged hMSCs. These f indings together demonstrate that 4E-BP1 functions as a geroprotec-
tor to mitigate human stem cell senescence and maintain mitochondrial homeostasis, particularly for the mitochondrial respiration 
complex III, thus providing a new potential target to counteract human stem cell senescence.

Keywords 4E-BP1, mitochondria, aging

Introduction
Aging is a progressively degenerative process accompanied by 
stem cell attrition, thus leading to organ dysfunction (Oh et al., 
2014; Goodell and Rando, 2015; Neves et  al., 2017; Leng and 
Pawelec, 2022; Yang et al., 2022). Stem cells maintain self-renewal 
and differentiate into multiple types of functional cells, playing a 
critical role in the regulation of tissue homeostasis and regenera-
tion (Schultz and Sinclair, 2016; Ren et al., 2017; Ermolaeva et al., 
2018). The dysregulation of tissue stem cells has been implicated 
in multiple age-associated disorders (Boyette and Tuan, 2014; 
Neves et al., 2017). Mesenchymal stem cells (MSCs) are a type of 
adult stem cells resident in multiple tissues and can differentiate 

into various types of cells such as osteoblasts, chondrocytes, and 
adipocytes (Fehrer and Lepperdinger, 2005; Bianco, 2014; Zhao 
and Chen, 2022). The senescence of MSCs is associated with the 
aging of multiple organs, yet the molecular mechanisms for the 
regulation of MSC senescence remain elusive.

Eukaryotic translation initiation factor 4E-binding protein 1 
(4E-BP1), encoded by EIF4EBP1 gene, is a key substrate and down-
stream effector of the mechanistic target of rapamycin complex 
1 (mTORC1), implicated in a variety of physiological and patho-
logical processes including aging and cancer (Schalm et al., 2003; 
Weichhart, 2018). As a master regulator of mRNA translation, the 
active form of 4E-BP1 binds to eukaryotic translation initiation 
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factor 4E (eIF4E), and thus inhibits the cap-dependent translation 
initiation (Choo et al., 2008; Musa et al., 2016; Qin et al., 2016). 
It has been reported that the Drosophila homolog of 4E-BP1 is 
upregulated upon dietary restriction (DR) in Drosophila, mediat-
ing the beneficial effects of DR by the translational regulation of 
nuclear-encoded mitochondrial genes (Zid et al., 2009). However, 
it is unclear whether 4E-BP1 plays a critical role in regulating the 
homeostasis or senescence of human stem cells.

In this study, we find that the expression of 4E-BP1 is decreased 
in replicatively and physiologically senescent human MSCs 
(hMSCs) and that 4E-BP1 deficiency accelerates hMSC senes-
cence. Specifically, the loss of 4E-BP1 increases mitochondrial 
reactive oxygen species (ROS) levels while decreases the capabil-
ity of mitochondrial respiration. Re-introduction of 4E-BP1 upreg-
ulates the expression of mitochondrial oxidative phosphorylation 
complex III core component UQCRC2, thus partially restoring the 
mitochondrial homeostasis and rejuvenating senescent hMSCs. 
Altogether, our study identifies a novel role of 4E-BP1 in main-
taining mitochondrial homeostasis and alleviating cellular senes-
cence in hMSCs.

Results
Depletion of 4E-BP1 accelerates hMSC 
senescence
To examine whether the expression of 4E-BP1 was altered dur-
ing human stem cell senescence, we detected the level of 4E-BP1 
in young and senescent hMSCs by western blotting and found 
that it was decreased in replicatively senescent hMSCs (Fig. 1A). 
Similarly, the expression of 4E-BP1 was lower in primary hMSCs 
isolated from aged individuals than that from young individuals 
(Fig. 1B). To further explore the role of 4E-BP1 in hMSC senescence, 
we generated 4E-BP1-deficient (EIF4EBP1−/−) human embryonic 
stem cells (hESCs) via CRISPR/Cas9-based gene-editing technique 
and then differentiated them into EIF4EBP1−/− hMSCs (Fig. 1C and 
1D). The deletion of 4E-BP1 in hESCs was confirmed by western 
blotting (Fig. S1A). The genomic integrity in EIF4EBP1−/− hESCs 
was well maintained as revealed by karyotyping and genome-
wide copy number variation (CNV) analyses (Fig. S1B and S1C). 
No off-target cleavage was detected at the predicted genomic 
locus with relatively high off-target scores (Fig. S1D). In addi-
tion, EIF4EBP1−/− hESCs retained the expression of pluripotency 
markers, including OCT4, SOX2, and NANOG (Fig. S1E and S1F). 
Furthermore, the deficiency of 4E-BP1 did not adversely affect 
the percentage of S-phase cells in hESCs (Fig. S1G). These results 
demonstrate that 4E-BP1 decreases in senescent hMSCs but that 
it is potentially dispensable for the maintenance of self-renewal 
and pluripotency of hESCs.

Then, we differentiated wild-type (WT, EIF4EBP1+/+) and 
EIF4EBP1−/− hESCs into hMSCs to evaluate the effect of 4E-BP1 
deficiency in hMSCs (Fig. 1C). The deletion of 4E-BP1 in hMSCs 
was verified by western blotting (Fig. 1E). Flow cytometry analy-
sis showed that both EIF4EBP1+/+ and EIF4EBP1−/− hMSCs expressed 
canonical hMSC markers, such as CD73, CD90, CD105, CD166, 
CD29, CD44, CD13, and HLA, but not non-hMSC markers, includ-
ing CD34, CD43, CD45, CD14, CD19, CD164, and PDPN (Fig. S2A 
and S2B). Similar to EIF4EBP1+/+ hMSCs, EIF4EBP1−/− hMSCs at early 
passage could differentiate into osteoblasts and adipocytes (Fig. 
S2C and S2D) and maintained normal morphology and prolifera-
tion potential (Fig. S2E–H). However, with passaging, the cellular 
proliferative ability in EIF4EBP1−/− hMSCs was reduced compared 
with that in EIF4EBP1+/+ hMSCs, as revealed by early-onset growth 

arrest, decreased percentage of S-phase cells, compromised 
clonal expansion capacity, and diminished Ki67-positive cells (Fig. 
1F–I). Moreover, EIF4EBP1−/− hMSCs exhibited accelerated cellular 
senescence, as manifested by increased SA-β-gal-positive cells 
and DNA damage, and accumulated ROS (Fig. 1J–L). The quanti-
tative reverse-transcription PCR (qRT-PCR) analysis showed that 
the expression of senescence markers, such as CDKN2A (P16) and 
CDKN1A (P21), and senescence-associated secretory phenotype 
(SASP) factors, including IL6 and IL8, also increased in 4E-BP1-
deficient hMSCs (Fig. 1M). Meanwhile, the levels of nuclear lam-
ina protein Lamin B1 (LMNB1) and lamina-associated protein 
LAP2 (TMPO) were diminished in EIF4EBP1−/− hMSCs relative to 
EIF4EBP1+/+ hMSCs (Fig. 1M), consistent with previous findings in 
senescent hMSCs (Bi et al., 2020; Diao et al., 2021; Sun et al., 2022). 
Furthermore, we observed an accelerated decay of EIF4EBP1−/− 
hMSCs in vivo when implanted into the tibialis anterior (TA) mus-
cles of nude mice, suggesting impaired in vivo retention ability of 
EIF4EBP1−/− hMSCs (Fig. 1N). Next, we performed RNA-sequencing 
(RNA-seq) analysis of EIF4EBP1+/+ and EIF4EBP1−/− hMSCs to dissect 
the potential mechanisms by which 4E-BP1 regulates hMSC senes-
cence (Figs. 1O and S2I; Table S1). Consistent with the senescence 
phenotypes in EIF4EBP1−/− hMSCs, Gene Ontology (GO) analysis 
revealed that genes associated with mitotic cell cycle, DNA repair, 
and response to ROS were downregulated in EIF4EBP1−/− hMSCs 
(Fig. 1O and 1P). By contrast, genes associated with regulation of 
cell adhesion, negative regulation of catalytic activity, negative 
regulation of protein maturation, and aging were increased in 
EIF4EBP1−/− hMSCs (Fig. 1O and 1P). Collectively, these results indi-
cate that 4E-BP1 deficiency accelerates hMSC senescence.

4E-BP1 deficiency compromises mitochondrial 
respiration
Mitochondrial dysfunction has been implicated in human stem 
cell senescence (Wang et al., 2020; Diao et al., 2021). Considering a 
previous report that 4E-BP1 regulates the mitochondrial oxidative 
phosphorylation (OXPHOS) activity (Zid et al., 2009), we hypothe-
sized that hMSC senescence induced by 4E-BP1 depletion may be 
at least partially due to the impairment of mitochondrial fitness. 
To this end, we performed the electron microscopy analysis and 
found increased mitochondrial abundance at both early and late 
passages and more abnormalities at late passage in EIF4EBP1−/− 
hMSCs compared with those in EIF4EBP1+/+ hMSCs (Fig. 2A and 
2B). In addition, we found that 4E-BP1 depletion impaired mito-
chondrial respiration, as evidenced by decreased basal respira-
tion, ATP production, proton leak, and maximal respiration (Fig. 
2C and 2D). Consistent with a previous study suggesting that a 
dysfunctional electron transport chain may lead to ROS accumu-
lation (Chen et al., 2003; Kong et al., 2022), we observed increased 
mitochondrial ROS and cellular H2O2 levels in EIF4EBP1−/− hMSCs 
(Fig. 2E–H). Altogether, these findings indicate that 4E-BP1 plays 
an important role in the maintenance of mitochondrial fitness.

Downregulation of key subunits of mitochondrial 
complex III in 4E-BP1-deficient hMSCs
To further unveil the molecular mechanism and key down-
stream targets underlying the mitochondrial dysregulation in 
4E-BP1-deficient hMSCs, we performed quantitative proteomic 
analysis to identify differences in protein levels between 
EIF4EBP1−/− hMSCs and their WT counterparts (Figs. 3A and S2J; 
Table S2). Intriguingly, functional enrichment analysis revealed 
that proteins related to OXPHOS were most affected upon 4E-BP1 
depletion (Fig. 3B). Moreover, differentially expressed proteins in 
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Figure 1. 4E-BP1-deficient hMSCs exhibit phenotypes of accelerated senescence. (A) Western blot analysis of 4E-BP1 in young (P4) and senescent (P16) 
hMSCs. β-Actin was used as a loading control. Statistical data are presented as means ± SEM. n = 3 independent experiments. Two-tailed unpaired t-test. 
(B) Western blot analysis of 4E-BP1 in primary hMSCs derived from young and old individuals. β-Actin was used as a loading control. Statistical data are 
presented as means ± SEM. n = 4 biological replicates. Two-tailed unpaired t-test. (C) Schematic diagram for the generation of EIF4EBP1+/+ and EIF4EBP1−/− hESCs 
and hMSCs. (D) Schematic of the deletion of 4E-BP1 via CRISPR/Cas9-mediated nonhomologous end-joining (NHEJ). Sequencing results showed a 1-bp (C/G) 
deletion introduced in exon 1 by genome editing. (E) Western blot analysis of 4E-BP1 in EIF4EBP1+/+ and EIF4EBP1−/− hMSCs (P4). β-Actin was used as a loading 
control. Statistical data are presented as means ± SEM. n = 3 independent experiments. Two-tailed unpaired t-test. (F) Growth curve analysis of EIF4EBP1+/+ and 
EIF4EBP1−/− hMSCs. Data are representative of two independent experiments. (G) Cell cycle analysis of EIF4EBP1+/+ and EIF4EBP1−/− hMSCs (P9). Statistical data 
are presented as means ± SEM. n = 3 biological replicates. Two-tailed unpaired t-test. (H) Clonal expansion assay in EIF4EBP1+/+ and EIF4EBP1−/− hMSCs (P9). 
Statistical data are presented as the means ± SEM. n = 3 biological replicates. Two-tailed unpaired t-test. (I) Immunofluorescence analysis of Ki67 in EIF4EBP1+/+ 
and EIF4EBP1−/− hMSCs (P9). Arrows indicate Ki67-positive cells. Scale bars, 10 μm. Statistical data are presented as means ± SEM. n = 3 biological replicates. 
Two-tailed unpaired t-test. (J) SA-β-gal staining of EIF4EBP1+/+ and EIF4EBP1−/− hMSCs (P9). Scale bars, 100 μm. Statistical data showing the relative SA-β-gal-
positive cells are presented as means ± SEM to the right. n = 3 biological replicates. Two-tailed unpaired t-test. (K) Immunofluorescence analysis of γH2AX and 
53BP1 in EIF4EBP1+/+ and EIF4EBP1−/− hMSCs (P9). Arrows indicate γH2AX and 53BP1 double-positive cells. Dashed lines represent nuclear boundaries of hMSCs. 
Scale bars, 10 μm. Statistical data are presented as means ± SEM. n = 3 biological replicates. Two-tailed unpaired t-test. (L) Flow cytometric analysis of ROS in 
EIF4EBP1+/+ and EIF4EBP1−/− hMSCs (P9). Dashed lines indicate the position of mean fluorescence intensity (MFI) in EIF4EBP1+/+ and EIF4EBP1−/− hMSCs. Statistical 
data (right) showing the relative fold of MFI are presented as means ± SEM. n = 3 biological replicates. Two-tailed unpaired t-test. (M) Heatmap showing the 
relative mRNA levels of CDKN2A, CDKN1A, IL6, IL8, LMNB1 and TMPO in EIF4EBP1−/− hMSCs compared with EIF4EBP1+/+ hMSCs (P9). Data are representative 
of two independent experiments. (N) Analysis of luciferase activities in tibialis anterior (TA) muscles of nude mice implanted with EIF4EBP1+/+ (left) and 
EIF4EBP1−/− (right) hMSCs (P8) transduced with lentiviruses expressing luciferase. Data are obtained at day 1, day 3 and day 5 after implantation, and presented 
as means ± SEM. n = 4 mice. Two-tailed unpaired t-test. (O) Volcano plot showing the differentially expressed genes (DEGs) in EIF4EBP1−/− hMSCs compared 
with EIF4EBP1+/+ hMSCs (P8). (P) Gene Ontology (GO) enrichment analysis of significantly downregulated (left) or upregulated (right) genes in EIF4EBP1−/− hMSCs 
compared with EIF4EBP1+/+ hMSCs (P8).
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Figure 2. Deficiency of 4E-BP1 impairs mitochondrial respiration and induces mitochondrial ROS. (A, B) Transmission electron microscopy analysis 
of mitochondrial numbers per cell and abnormal mitochondria rates of EIF4EBP1+/+ and EIF4EBP1−/− hMSCs at early passage (EP, P4) (A) and late passage 
(LP, P9) (B). Representative electron micrograph on the left shows the magnified mitochondria-rich region in a single cell. Representative image on 
the right shows the zoomed-in area of the white dashed box. Arrows indicate abnormal mitochondrias. Scale bars, 200 nm. Statistical data showing 
mitochondrial numbers per intact cell are presented as means ± SEM. n = 30 cells. Two-tailed unpaired t-test. Statistical data showing the relative 
percentages of abnormal mitochondria are presented as means ± SEM. 40 images were calculated to determine the relative percentage of abnormal 
mitochondria in each sample. Two-tailed unpaired t-test. (C, D) Detection of the oxygen consumption rates (OCR) in EIF4EBP1+/+ and EIF4EBP1−/− hMSCs at 
EP (P4) (C) and LP (P9) (D) in response to indicated mitochondrial modulators (Oligomycin, FCCP, Rotenone and Antimycin A [R+A]). Basal respiration, ATP 
production, proton leak, and maximal respiration were calculated by the OCR values of EIF4EBP1+/+ and EIF4EBP1−/− hMSCs. Statistical data are presented 
as means ± SEM, n = 5 biological replicates. Two-tailed unpaired t-test. (E, F) Flow cytometric analysis of mitochondrial ROS with MitoSOX™ Red in 
EIF4EBP1+/+ and EIF4EBP1−/− hMSCs at EP (P4) (E) and LP (P9) (F). Dashed lines indicate the position of MFI in EIF4EBP1+/+ and EIF4EBP1−/− hMSCs. Statistical 
data are presented as means ± SEM, n = 3 biological replicates. Two-tailed unpaired t-test. (G, H) Detection of H2O2 level with Amplex Red in EIF4EBP1+/+ 
and EIF4EBP1−/− hMSCs at EP (P4) (G) and LP (P9) (H). Statistical data are presented as means ± SEM. n = 3 biological replicates. Two-tailed unpaired t-test.
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the oxidative phosphorylation pathway were mostly downregu-
lated, especially those in respiratory chain complexes I, III, and 
IV (Fig. 3C and 3D). Specifically, among the OXPHOS proteins, the 
decreased ones were mainly found in the complex III, including 
UQCRB, UQCRFS1, MT-CYB, UQCRC1, UQCRC2, and UQCRQ (Fig. 
3E), while only two components (NDUFA7 and NDUFS4) of com-
plex I and one (COX7A2L) of complex IV were downregulated in 
hMSCs lacking 4E-BP1 (Fig. 3E). Western blot analysis further val-
idated the diminishment of the complex III component, but not 
those from other complexes, in EIF4EBP1−/− hMSCs (Fig. 3F), consist-
ent with the observations of impaired mitochondrial respiration 
and increased ROS production in EIF4EBP1−/− hMSCs. Particularly, 
multiple components of complex III, not only UQCRC2, but also 
UQCRB and UQCRFS1, were all downregulated, as revealed by 
western blot results (Fig. 3F and 3G). Taken together, these results 
demonstrate that the deficiency of 4E-BP1 decreases the expres-
sion of mitochondrial OXPHOS complex III subunits.

Impaired mitochondrial respiration complex III 
contributes to cellular senescence
To further evaluate the role of the mitochondrial respiration 
complex III in regulating hMSC senescence, we knocked down 
UQCRC2, a core subunit of mitochondrial respiratory complex III, 
in EIF4EBP1+/+ hMSCs using lentiviral CRISPR/Cas9-mediated gene 
editing. Western blot analysis verified the decrease of UQCRC2, 
the accompanying downregulation of UQCRFS1, and a tendency of 
decreased UQCRB (Fig. 4A). Subsequently, we found that UQCRC2 
deficiency resulted in dysregulated mitochondrial homeostasis in 
hMSCs, as evidenced by the accumulation of mitochondrial ROS 
(Fig. 4B). Furthermore, UQCRC2 deficiency induced hMSC senes-
cence phenotypes, including increased SA-β-gal-positive cells and 
decreased colony formation ability (Fig. 4C and 4D). To further 
examine the potential effects of other components of the com-
plex III downregulated in EIF4EBP1−/− hMSCs, we knocked down 
UQCRB in EIF4EBP1+/+ hMSCs and observed increased mitochon-
drial ROS levels (Fig. 4E and 4F). Likewise, UQCRB deficiency also 
increased SA-β-gal-positive cells and decreased colony formation 
ability, suggesting accelerated senescence in hMSCs (Fig. 4G and 
4H). These data indicate that the impairment of mitochondrial 
OXPHOS complex III core components disrupts the mitochondrial 
fitness and induces cellular senescence in hMSCs.

4E-BP1 stabilizes a core component of OXPHOS 
complex III, UQCRC2
To understand how 4E-BP1 regulated the expression of OXPHOS 
complex III subunits, including UQCRC2, UQCRB, and UQCRFS1, 
we interrogated their changes at the transcriptional and trans-
lational levels. Transcriptionally, we detected no significant dif-
ference in the mRNA levels of UQCRC2, UQCRB, and UQCRFS1 
between EIF4EBP1+/+ and EIF4EBP1−/− hMSCs by RNA-seq and 
qRT-PCR analyses (Fig. 5A and 5B). At the translational level, 
we performed polysome profiling to measure the translational 
status of UQCRC2, UQCRB, and UQCRFS1 in EIF4EBP1+/+ and 
EIF4EBP1−/− hMSCs (Fig. 5C and 5D). Although 4E-BP1 has been 
reported as a translation repressor in certain mRNAs with a 
special structure (Thoreen et al., 2012), here we found that the 
translational efficiency of UQCRC2 was unaffected by 4E-BP1 
deficiency in hMSCs (Fig. 5D). Conversely, increased transla-
tion of UQCRB and a trend of slightly increased translation of 
UQCRFS1 were observed upon 4E-BP1 ablation (Fig. 5D). These 
results could not explain reduced UQCRB and UQCRFS1 protein 

levels in 4E-BP1-deficient hMSCs. Given that 4E-BP1 has been 
reported to regulate the stability of p21 protein (Llanos et al., 
2016), we then examined whether it modulated the stability 
of OXPHOS complex III proteins in hMSCs. Indeed, we first 
identified a potential interaction between 4E-BP1 and UQCRC2 
using co-immunoprecipitation (co-IP) assay (Fig. 5E). In addi-
tion, immunofluorescence staining revealed that a portion of 
4E-BP1 signals colocalized with COX IV, a mitochondrial inner 
 membrane protein also belonging to mitochondrial OXPHOS 
(Fig. 5F). Furthermore, we found accelerated degradation of 
UQCRC2 upon cycloheximide (CHX) treatment in EIF4EBP1−/− 
hMSCs compared with that in EIF4EBP1+/+ hMSCs (Fig. 5G), imply-
ing a role of 4E-BP1 in the stabilization of UQCRC2. Moreover, 
we observed an accompanying decrease in the protein stability 
of UQCRFS1, as well as a decreasing trend in that of UQCRB, in 
EIF4EBP1−/− hMSCs (Fig. 5G). Altogether, these results indicate 
that 4E-BP1 regulates mitochondrial homeostasis probably in 
part through the stabilization of mitochondrial OXPHOS com-
plex III core components.

Overexpression of 4E-BP1 rescues mitochondrial 
homeostasis and alleviates hMSC senescence
To further evaluate the potential geroprotective role of 4E-BP1 
via regulating mitochondrial homeostasis in hMSCs, we re-in-
troduced 4E-BP1 into EIF4EBP1−/− hMSCs using a lentiviral vector 
expressing 4E-BP1 (Fig. 6A). The re-expression of 4E-BP1 not only 
increased the protein level of UQCRC2 (Fig. 6B) but also partially 
rescued the mitochondrial function in EIF4EBP1−/− hMSCs, as indi-
cated by decreased mitochondrial ROS levels (Fig. 6C). Moreover, 
the re-expression of 4E-BP1 alleviated hMSC senescence, as 
revealed by the declined number of SA-β-gal-positive cells and 
augmented colony formation ability (Fig. 6D and 6E).

Given that 4E-BP1 was downregulated in primary hMSCs iso-
lated from aged individuals (Fig. 1B), we examined whether 4E-BP1 
overexpression could rejuvenate physiologically aged human 
stem cells (Fig. 6A). Indeed, 4E-BP1 overexpression increased pro-
tein levels of UQCRC2 in physiologically aged hMSCs (Fig. 6F). In 
addition, 4E-BP1 overexpression decreased mitochondrial ROS 
levels and attenuated senescence phenotypes, as manifested by 
the reduced number of SA-β-gal-positive cells and enhanced col-
ony formation ability in aged primary hMSCs (Fig. 6G–I). Taken 
together, these findings indicate that 4E-BP1 exerts a geroprotec-
tive role in hMSCs at least in part by enhancing the expression 
levels of mitochondrial OXPHOS complex III core component, 
UQCRC2, and restoring mitochondrial fitness (Fig. S2K).

Discussion
In this study, we discovered a geroprotective role of 4E-BP1 in 
hMSCs via promoting mitochondrial fitness. First, we observed 
that the expression of 4E-BP1 was downregulated in replicatively 
and physiologically senescent hMSCs and that the depletion of 
4E-BP1 accelerated hMSC senescence. In addition, we found that 
4E-BP1 was partially localized inside the mitochondria, indispen-
sable for maintaining mitochondrial homeostasis via stabilizing 
the mitochondrial OXPHOS complex III component UQCRC2. 
Importantly, overexpression of 4E-BP1 increased the protein 
level of UQCRC2, leading to improved mitochondrial fitness and 
alleviated hMSC senescence. Accordingly, to our knowledge, our 
findings demonstrate a novel role of 4E-BP1 in the alleviation of 
human stem cell senescence at least in part through modulating 
mitochondrial homeostasis.
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Figure 3. Depletion of 4E-BP1 in hMSCs reduces the levels of core components of the mitochondrial respiration complex III. (A) Schematic diagram 
of quantitative proteomic analysis. (B) Gene Ontology Biological Process (GO-BP) enrichment analysis of differentially expressed proteins (DEPs) between 
EIF4EBP1+/+ and EIF4EBP1−/− hMSCs (P4). (C) GSEA of a statistically significant gene set, oxidative phosphorylation, in EIF4EBP1−/− hMSCs compared with 
EIF4EBP1+/+ hMSCs (P4). (D) Gene Ontology Cellular Component (GO-CC) enrichment analysis of DEPs between EIF4EBP1+/+ and EIF4EBP1−/− hMSCs (P4). (E) 
Boxplots showing the scaled protein abundance of DEPs of mitochondrial complexes I, III, and IV in EIF4EBP1−/− hMSCs compared with EIF4EBP1+/+ hMSCs 
(P4). n = 3 biological replicates. Two-tailed unpaired t-test. (F) Western blot analysis of components of mitochondrial respiration complexes I, II, III, IV, V 
using a total OXPHOS human WB antibody cocktail (Abcam ab110411) in EIF4EBP1+/+ and EIF4EBP1−/− hMSCs (P4). Statistical data are presented as means 
± SEM. n = 3 biological replicates. Two-tailed unpaired t-test. (G) Western blot analysis of UQCRC2, UQCRB and UQCRFS1 using independent antibodies 
in EIF4EBP1+/+ and EIF4EBP1−/− hMSCs (P4). Antibodies for UQCRC2 (Santa sc-390378), UQCRB (Abcam ab190360) and UQCRFS1 (Santa sc-271609) were 
utilized for targeting UQCRC2, UQCRB and UQCRFS1, respectively. Statistical data are presented as means ± SEM. n = 3 biological replicates. Two-tailed 
unpaired t-test.
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Although previous results have indicated that 4E-BP1 is associ-
ated with aging, most of those studies were carried out in model 
organisms, including Drosophila and rodents (Carvalho et al., 2017; 
Kang et al., 2017; Le Bacquer et al., 2019). For example, 4E-BP was 
reported to be necessary for maximal lifespan extension upon 
DR in Drosophila (Zid et al., 2009). In addition, overexpression of 
constitutively active 4E-BP in the muscle of Drosophila extends 
their median and maximum life spans (Demontis and Perrimon, 
2010). Likewise, transgenic expression of 4E-BP1 in male mice 

alleviates metabolic disorder and aging-induced obesity (Tsai 
et al., 2016a) while the deficiency of 4E-BP1 and 4E-BP2 acceler-
ates mouse embryonic fibroblast senescence (Petroulakis et al., 
2009). Here, we have generated 4E-BP1-deficient human stem 
cells via CRISPR/Cas9-based strategy and revealed a geropro-
tective function of 4E-BP1 in hMSCs. Our findings together with 
previous reports suggest a crucial role of 4E-BP1 in counteracting 
senescence/aging that is evolutionarily conserved from model 
organisms (e.g., Drosophila and rodent) to human stem cells, thus 

Figure 4. Deficiency of mitochondrial respiration complex III induces hMSC senescence. (A) Western blot analysis of UQCRC2, UQCRFS1, UQCRB in 
EIF4EBP1+/+ hMSCs (P4) transduced with lentiviruses expressing sg-NTC or sg-UQCRC2. Statistical data are presented as means ± SEM. n = 3 biological 
replicates. Two-tailed unpaired t-test. (B) Flow cytometric analysis of mitochondrial ROS in EIF4EBP1+/+ hMSCs (P4) transduced with lentiviruses 
expressing sg-NTC or sg-UQCRC2. Dashed lines indicate the position of MFI in sg-NTC or sg-UQCRC2 expressing hMSCs. Statistical data are presented 
as means ± SEM. n = 3 biological replicates. Two-tailed unpaired t-test. (C) SA-β-gal staining of EIF4EBP1+/+ hMSCs (P4) transduced with lentiviruses 
expressing sg-NTC or sg-UQCRC2. Scale bars, 100 μm. Statistical data are presented as means ± SEM. n = 3 biological replicates. Two-tailed unpaired 
t-test. (D) Clonal expansion assay in EIF4EBP1+/+ hMSCs (P4) transduced with lentiviruses expressing sg-NTC or sg-UQCRC2. Statistical data are presented 
as means ± SEM. n = 3 biological replicates. Two-tailed unpaired t-test. (E) Western blot analysis of UQCRB in EIF4EBP1+/+ hMSCs (P4) transduced with 
lentiviruses expressing sh-GL2 or sh-UQCRB. Statistical data are presented as means ± SEM. n = 3 biological replicates. Two-tailed unpaired t-test. (F) 
Flow cytometric analysis of mitochondrial ROS in EIF4EBP1+/+ hMSCs (P4) transduced with lentiviruses expressing sh-GL2 or sh-UQCRB. Dashed lines 
indicate the position of MFI in sh-GL2 or sh-UQCRB expressing hMSCs. Statistical data are presented as means ± SEM. n = 3 biological replicates. Two-
tailed unpaired t-test. (G) SA-β-gal staining of EIF4EBP1+/+ hMSCs (P4) transduced with lentiviruses expressing sh-GL2 or sh-UQCRB. Scale bars, 100 μm. 
Statistical data are presented as means ± SEM. n = 3 biological replicates. Two-tailed unpaired t-test. (H) Clonal expansion assay in EIF4EBP1+/+ hMSCs 
(P4) transduced with lentiviruses expressing sh-GL2 or sh-UQCRB. Statistical data are presented as means ± SEM. n = 3 biological replicates. Two-tailed 
unpaired t-test.
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Figure 5. 4E-BP1 stabilizes mitochondrial OXPHOS complex III core component UQCRC2. (A) Representative tracks showing the mRNA abundance of 
EIF4EBP1, UQCRC2, UQCRB and UQCRFS1 in EIF4EBP1+/+ and EIF4EBP1−/− hMSCs (P4). (B) mRNA levels of UQCRC2, UQCRB and UQCRFS1 in EIF4EBP1+/+ and 
EIF4EBP1−/− hMSCs (P4) analyzed by qRT-PCR. Statistical data are presented as means ± SEM. n = 3 biological replicates. Two-tailed unpaired t-test. (C) 
Schematic diagram of polysome profiling for translational analysis. (D) Density plots showing the distribution of UQCRC2, UQCRB, UQCRFS1, and GAPDH 
mRNAs over the sucrose gradient analyzed by qRT-PCR in hMSCs (P4). (E) Co-IP analysis of interactions between 3×FLAG-4E-BP1 and indicated proteins 
in HEK293T cells. (F) Immunofluorescence analysis of the mitochondrial inner membrane protein COX IV and FLAG-4E-BP1 in EIF4EBP1−/− hMSCs 
transduced with or without lentiviruses expressing FLAG-4E-BP1. Scale bars, 10 μm. Fluorescence intensity plots (right) showing the distributions of 
FLAG-4E-BP1 and COX IV signals at the indicated regions (white arrows indicate a to b or c to d regions) in EIF4EBP1−/− hMSCs. (G) Protein stability analysis 
of UQCRC2, UQCRFS1 and UQCRB in EIF4EBP1+/+ and EIF4EBP1−/− hMSCs (P4). Protein levels of UQCRC2, UQCRFS1 and UQCRB at indicated time points in 
the presence of a protein synthesis inhibitor cycloheximide (CHX) were determined by western blot. In order to quantify in a suitable gray value, images 
of EIF4EBP1+/+ hMSCs in relatively shorter exposure time were obtained for quantification of UQCRC2, UQCRFS1 and UQCRB, while images of EIF4EBP1−/− 
hMSCs in relatively longer exposure time were obtained for quantification of UQCRC2, UQCRFS1 and UQCRB. Statistical data are presented as means ± 
SEM. n = 3 independent experiments. Two-tailed unpaired t-test.
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providing promising potentials for clinical translation, especially 
in the interventions of aging and age-related diseases (Petroulakis 
et al., 2009; Demontis and Perrimon, 2010; Tsai et al., 2016b; Wang 
et al., 2022).

Mitochondrial dysfunction is regarded as a marker and an 
inducer of stem cell aging (Oh et al., 2014; Payne and Chinnery, 
2015). Mitochondria provide necessary energy and substrates for 
cell metabolism and growth through the respiration process (Xu 

et al., 2013; Zong et al., 2016; Vakifahmetoglu-Norberg et al., 2017; 
Spinelli and Haigis, 2018). However, abnormal mitochondria lead 
to reduced energy supply and increased ROS release, thus con-
tributing to the disrupted mitochondrial homeostasis and induc-
tion of cellular senescence (Balaban et al., 2005; Oh et al., 2014; 
Ziegler et  al., 2015). A previous study has revealed that 4E-BP1 
homolog in Drosophila positively mediates mitochondrial activity 
by regulating the translation of nuclear-encoded mitochondrial 

Figure 6. Overexpression of 4E-BP1 rescues mitochondrial dyshomeostasis and alleviates senescence. (A) Schematic diagram showing the ectopic 
expression of luciferase (Luc) or 4E-BP1 in EIF4EBP1−/− hMSCs or primary hMSCs from an old individual. (B) Western blot analysis of UQCRC2 in EIF4EBP1−/− 
hMSCs (P3) transduced with lentiviruses expressing Luc or 4E-BP1. Statistical data are presented as means ± SEM. n = 3 biological replicates. Two-tailed 
unpaired t-test. (C) Flow cytometric analysis of mitochondrial ROS in EIF4EBP1−/− hMSCs (P3) transduced with lentiviruses expressing Luc or 4E-BP1. 
Dashed lines indicate the position of MFI in Luc or 4E-BP1 expressing hMSCs. Statistical data are presented as means ± SEM. n = 3 biological replicates. 
Two-tailed unpaired t-test. (D) SA-β-gal staining of EIF4EBP1−/− hMSCs (P3) transduced with lentiviruses expressing Luc or 4E-BP1. Scale bars, 100 μm. 
Statistical data are presented as means ± SEM. n = 3 biological replicates. Two-tailed unpaired t-test. (E) Clonal expansion assay in EIF4EBP1−/− hMSCs 
(P3) transduced with lentiviruses expressing Luc or 4E-BP1. Statistical data are presented as means ± SEM. n = 3 biological replicates. Two-tailed 
unpaired t-test. (F) Western blot analysis of UQCRC2 in primary hMSCs isolated from a 79-year-old individual transduced with lentiviruses expressing 
Luc or 4E-BP1. Statistical data are presented as means ± SEM. n = 3 biological replicates. Two-tailed unpaired t-test. (G) Flow cytometric analysis of 
mitochondrial ROS in primary hMSCs isolated from a 79-year-old individual transduced with lentiviruses expressing Luc or 4E-BP1. Dashed lines 
indicate MFI of Luc or 4E-BP1 expressing hMSCs. Statistical data are presented as means ± SEM. n = 3 biological replicates. Two-tailed unpaired t-test. 
(H) SA-β-gal staining of primary hMSCs isolated from a 79-year-old individual transduced with lentiviruses expressing Luc or 4E-BP1. Scale bars, 100 
μm. Statistical data are presented as means ± SEM. n = 3 biological replicates. Two-tailed unpaired t-test. (I) Clonal expansion assay in primary hMSCs 
isolated from a 79-year-old individual transduced with lentiviruses expressing Luc or 4E-BP1. Statistical data are presented as means ± SEM. n = 4 
biological replicates. Two-tailed unpaired t-test.



4E-BP1 antagonizes human stem cell aging | 211

Pr
ot

ei
n

 &
 C

el
l

genes (Zid et  al., 2009), implying an indirect manner by which 
4E-BP1 modulates mitochondrial activity. In this study, we iden-
tified a critical role of 4E-BP1 in the maintenance of mitochon-
drial homeostasis, as knockout of 4E-BP1 caused mitochondrial 
abnormalities, energy metabolism disorders, and ROS accumu-
lation in hMSCs. Different from the reported function of 4E-BP1 
in modulating mitochondrial activity via translational regulation, 
we found that 4E-BP1 interacted with and stabilized the OXPHOS 
complex III component UQCRC2, thus rescuing mitochondrial fit-
ness and counteracting hMSC senescence. Therefore, our study 
provides a more direct model for 4E-BP1 in the regulation of mito-
chondrial energy metabolism, which helps reveal the potential 
crosstalk between mTOR pathway-related nutrient awareness 
and mitochondria-mediated energy metabolism, in the process of 
human stem cell aging. Although previous studies hinted a clue 
that UQCRC2 may be degraded through mitophagy or ubiquitin–
proteasome pathway (Shukla et al., 2013; Moskal et al., 2020), the 
role of 4E-BP1 in this process remains to be further investigated.

As a core subunit of mitochondrial respiratory complex III, 
UQCRC2 is indispensable for the assembly of the complex III. 
Mutations in UQCRC2 severely decrease the complex III level 
(Miyake et  al., 2013; Tucker et  al., 2013; Gaignard et  al., 2017), 
which in turn contributes to impaired cellular homeostasis 
such as the inhibited proliferation of endothelial cells (Andrade 
and Potente, 2019). Consistently, here we found that UQCRC2 
knockdown also led to compromised proliferation accompanied 
by accelerated senescence in hMSCs, mimicking phenotypes 
observed in 4E-BP1-deficient cells. Moreover, we detected reduced 
levels of other components (e.g. UQCRFS1) in complex III upon 
UQCRC2 depletion. Supporting our findings, previous studies 
have reported that mitochondrial respiratory chain enzymes 
associate interdependently in a super complex, and defects in a 
single component usually cause impairments in the whole com-
plex (Protasoni et al., 2020).

Notably, different from what we observed in hMSCs, 4E-BP1 
depletion did not adversely affect the genomic stability, self-re-
newal, and pluripotency of hESCs, suggesting a more refined 
homeostasis regulation system with cell-type specificity in 
hESCs. Whether hESCs may exploit other different mitochondrial 
fitness-maintaining mechanisms remains to be investigated. 
These findings further raise questions about how machineries of 
translation and energy metabolism coordinate to finely regulate 
the homeostasis in distinct types of human stem cells.

Taken together, we have discovered a novel function of 4E-BP1 
as a stabilizer of mitochondrial homeostasis and a geroprotector 
for antagonizing hMSC senescence. Importantly, we report a pre-
viously uncharacterized mechanism by which 4E-BP1 maintains 
mitochondrial homeostasis and functions via stabilizing a core 
component of mitochondrial OXPHOS complex III. These findings 
offer new insights into the role of 4E-BP1 in regulating human 
stem cell aging and provide potential targets against aging and 
aging-associated diseases via the modulation of mitochondrial 
fitness.

Materials and methods
Animal experiments
Animal experiments were performed under the approval of the 
Chinese Academy of Sciences Institutional Animal Care and Use 
Committee. In vivo hMSC implantation assay was conducted as 
previously reported (Bi et al., 2020). Briefly, 1 × 106 EIF4EBP1+/+ or 
EIF4EBP1−/− hMSCs expressing luciferase (Luc) were implanted into 

the tibialis anterior (TA) muscle of male nude mice, and Luc sig-
nal was detected with an in vivo imaging system (IVIS; Xenogen, 
Caliper) at day 1, day 3 and day 5 after implantation.

Cell culture
EIF4EBP1+/+ (H9 hESCs, WiCell Research Institute) and EIF4EBP1−/− 
hESCs were maintained on feeder layers of mitomycin 
C-inactivated mouse embryonic fibroblasts (MEFs) in hESC cul-
ture medium CDF12 [DMEM/F12 (Thermo Fisher Scientific), 
20% Knockout Serum Replacement (Thermo Fisher Scientific), 
0.1 mmol/L non-essential amino acids (NEAA, Thermo Fisher 
Scientific), 2 mmol/L GlutaMAX (Thermo Fisher Scientific), 1% 
penicillin/streptomycin (Thermo Fisher Scientific), 55 μmol/L 
β-mercaptoethanol (Thermo Fisher Scientific), and 10 ng/mL bFGF 
(Joint Protein Central)], or on Matrigel in mTeSR medium. Primary 
hMSCs and hESC-derived hMSCs were cultured in hMSC culture 
medium [αMEM with GlutaMAX (Thermo Fisher Scientific), 10% 
fetal bovine serum (FBS, Gemcell), 1% penicillin/streptomycin 
and 1 ng/mL bFGF]. No mycoplasma contamination was observed 
during cell culture.

Generation of EIF4EBP1−/− hESCs
CRISPR/Cas9-mediated gene editing was performed as previ-
ously described (Chu et al., 2022). In brief, sgRNA targeting exon 
1 of EIF4EBP1 was designed using an online system as previously 
reported (Song et al., 2022), and then cloned into pCAG-mCher-
ry-sgRNA vector (Addgene, #87110). EIF4EBP1+/+ hESCs cultured 
on Matrigel-coated plates (Corning) were treated with ROCK 
inhibitor (Y-27632, TOCRIS) for 10 h before electroporation. Then, 
pCAG-mCherry-EIF4EBP1-sgRNA vector and pCAG-1BPNLS-Cas9-
1BPNLS-2AGFP vector (Addgene, #87109) were simultaneously 
electroporated into EIF4EBP1+/+ hESCs using a 4D-Nucleofector 
(Lonza). After electroporation, hESCs were seeded on Matrigel-
coated plates and cultured in mTeSR medium for 48 h, with ROCK 
inhibitor addition on the first day. Subsequently, GFP and mCherry 
double-positive cells were isolated with a fluorescence-activated 
cell sorting (FACS) System (BD FACS Aria) and seeded on MEF 
feeders with hESC culture medium. Emerging clones were manu-
ally picked out for genomic DNA extraction and subsequent PCR 
and sequencing. sgRNA sequence used for gene editing and prim-
ers used for PCR and sequencing are listed in Table S3.

Generation of EIF4EBP1+/+ and EIF4EBP1−/− hMSCs
EIF4EBP1+/+ and EIF4EBP1−/− hMSCs were differentiated from hESCs 
as previously described (Fu et  al., 2019). Briefly, EIF4EBP1+/+ and 
EIF4EBP1−/− hESCs were dissociated into embryoid bodies and then 
seeded on Matrigel-coated plates in hMSC differentiation medium 
[αMEM with GlutaMAX, 10% FBS, 1% penicillin/streptomycin, 
10 ng/mL bFGF, and 5 ng/mL TGFβ (HumanZyme)]. After around 
10 days, the confluent fibroblast-like cells were transferred into 
hMSC culture medium for further culture. Cells were harvested 
at 90% confluence, and hMSCs were sorted by a FACS System 
(BD FACS Influx) via selecting CD73, CD90, and CD105 triple-pos-
itive cells, which were further characterized by hMSC-positive 
markers, such as CD166, CD29, CD44, CD13, and HLA, as well as 
hMSC-irrelevant markers, such as CD34, CD43, CD45, CD14, CD19, 
CD164, and PDPN. Finally, the differentiation capacity of hESC-de-
rived hMSCs toward osteoblasts or adipocytes was evaluated by 
Von Kossa staining and Oil Red O staining, respectively. The pri-
mary antibodies used for FACS were as follows: anti-CD73 (BD 
550257, 1:200), anti-CD90 (BD 555595, 1:200), anti-CD105 (eBiosci-
ence 17-1057-41, 1:200), anti-CD34 (BD 555822, 1:200), anti-CD43 

https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwac037#supplementary-data
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(BD 560198, 1:200), anti-CD45 (BD 555482, 1:200), anti-CD166 
(Biolegend 343903, 1:200), anti-CD29 (Biolegend 303007, 1:200), 
anti-CD44 (BD 555478, 1:200), anti-CD13 (Biolegend 301705, 1:200), 
anti-HLA-ABC (BD 560168, 1:100), anti-CD14 (BD 555398, 1:200), 
anti-CD19 (BD 555415, 1:200), anti-CD164 (Biolegend 324805, 
1:200), and anti-PDPN (eBioscience 17-9381-42, 1:200).

Isolation and culture of primary hMSCs
Primary hMSCs were isolated from different individuals under 
the approval of the ethics committee as previously reported 
(Liang et al., 2021). In brief, the gingiva tissues were processed for 
digestion in TrypLE™ Express Enzyme (Thermo Fisher Scientific) 
plus Dispase IV (Thermo Fisher Scientific) at 37°C for 30 min, fil-
tered with a 70-μm cell strainer (Falcon), and then centrifuged at 
1,000 rpm for 5 min. Subsequently, the pellets were resuspended 
in hMSC culture medium and seeded on a gelatin-coated 6-well 
plate (Corning) for further culture.

Plasmid construction
To generate FLAG-tagged 4E-BP1 and 3×FLAG-tagged 4E-BP1 
expression plasmids, EIF4EBP1 cDNA was generated from 
EIF4EBP1+/+ hMSCs via reverse-transcription (RT) PCR amplifica-
tion and then cloned into the pLE4 empty vector (a kind gift from 
Dr. Tomoaki Hishida) using a NovoRec® Plus One-Step PCR Cloning 
Kit (Novoprotein) according to the manufacturer’s instructions. 
For lenti-CRISPR/Cas9 mediated UQCRC2 knockout assay, sgRNA 
targeting UQCRC2 (sg-UQCRC2) was cloned into the lentiCRISPRv2 
vector (Addgene, #52961) as previously described (Zhang et  al., 
2022). shRNA targeting UQCRB (sh-UQCRB) was cloned into the 
pLVTHM vector (Addgene, #12247). Primers used for plasmid con-
struction are listed in Table S3.

Lentivirus packaging
Lentivirus packaging was conducted as previously described with 
some modifications (Hu et  al., 2020). Briefly, 4E-BP1 expression, 
sg-UQCRC2 or sh-UQCRB plasmids were transfected into HEK293T 
cells together with lentiviral packing vectors including psPAX2 
(Addgene, #12260) and pMD2.G (Addgene, #12259). Then, the cell 
culture medium was collected at 32 h and 56 h post-transfection 
by ultracentrifugation at 19,400 rpm at 4°C for 2 h, and the pellets 
(lentiviral particles) were gently resuspended in Opti-MEM (Thermo 
Fisher Scientific) medium for lentiviral transduction of hMSCs.

Western blot
In brief, cell pellets were resuspended in 1× SDS lysis buffer (62.5 
mmol/L Tris-HCl (pH 6.8), 2% (wt/vol) SDS), boiled at 105°C for 
10 min, and then processed for protein concentration measure-
ment with a BCA Protein Assay Kit (Ding Guo Chang Sheng). Next, 
20 μg protein was prepared for SDS-PAGE separation and electro-
transferred to PVDF membranes (Millipore). After blocking with 
5% nonfat milk (BBI Life Sciences) for 1 h at room temperature 
(RT), the membranes were incubated with primary antibodies 
overnight at 4°C, and then incubated with corresponding sec-
ondary antibodies conjugated with horseradish peroxidase (HRP) 
for 1 h at RT, and then, washed in TBST (20 mmol/L Tris-HCl (pH 
7.6), 137 mmol/L NaCl, 0.2% Tween-20) for three times. Images 
were captured with a ChemiDoc XRS+ System (Bio-Rad) and band 
intensity was determined using ImageJ. The primary antibodies 
used for western blot analysis were as follows: anti-4E-BP1 (CST 
9644, 1:3,000), anti-β-actin (Santa sc-69879, 1:3,000), anti-OXPHOS 
(Abcam ab110411, 1:1,000), anti-UQCRC2 (Santa sc-390378, 1:500), 
anti-UQCRB (Abcam ab190360, 1:1,000), anti-UQCRFS1 (Santa 

sc-271609, 1:200), anti-p-mTOR (CST 2971, 1:1,000), and anti-FLAG 
(Sigma F1804, 1:1,000).

Immunofluorescence staining
For immunofluorescence analysis, cells seeded on coverslips 
(Thermo Fisher Scientific) were fixed with 4% paraformaldehyde 
(PFA) for 20  min, permeabilized with 0.4% Triton X-100 in PBS 
for 20 min, and then blocked with 10% donkey serum (Jackson 
ImmunoResearch) for 1 h at RT. After blocking, cells were incu-
bated with primary antibodies at 4°C overnight, rinsed by PBS, 
and then incubated with corresponding secondary antibodies at 
RT for 1 h, protected from light. Hoechst 33342 (Thermo Fisher 
Scientific) was used for nuclear DNA staining. Images were 
obtained with a Leica SP5 Confocal System and Zeiss Confocal 
System LSM900. The primary antibodies used for immunofluo-
rescence analysis were as follows: anti-Ki67 (ZSGB-BIO ZM0166, 
1:1,000), anti-γH2AX (Millipore 05-636, 1:500), anti-53BP1 (Bethyl 
Laboratories A300-273A, 1:500), anti-COXIV (CST 4850, 1:100), 
anti-OCT3/4 (Santa sc-5279, 1:100), anti-SOX2 (Santa sc-17320, 
1:100), and anti-NANOG (Abcam ab21624, 1:100).

Senescence-associated β-galactosidase (SA-β-gal) 
staining
SA-β-gal staining was performed as previously described (Wu 
et al., 2018). In brief, cells were fixed in fixation buffer (2% formal-
dehyde and 0.2% glutaraldehyde) for 5 min at RT and stained with 
fresh SA-β-gal staining solution [150 mmol/L NaCl, 2 mmol/L 
MgCl2, 40 mmol/L citric acid/Na phosphate buffer, 5 mmol/L 
K3(Fe[CN]6), 5 mmol/L K4(Fe[CN]6), 1  mg/mL X-gal (AMRESCO, 
0428-25G)] at 37°C overnight in the dark. Images were captured 
using a digital camera combined with an optical microscope 
(Olympus) and the percentage of SA-β-gal-positive cells was 
determined with ImageJ.

Clonal expansion assay
Clonal expansion assay was conducted as previously described 
(Geng et al., 2019). In brief, 2,000 cells were seeded in each well of 
a 12-well plate (Corning) and cultured for around 10 days. Then, 
cells were washed with PBS, fixed with 4% PFA for 20 min, and 
stained with 10% crystal violet (Biohao Biotech) for 1  h at RT. 
Pictures were captured using a scanner (EPSON, V370). The rela-
tive cell density was determined using ImageJ.

DNA and RNA detection and quantification
For DNA analysis, genomic DNA was extracted using a Blood/Cell/
Tissue Genomic DNA Extraction Kit (TIANGEN) and PCR ampli-
fication was performed using PrimeSTAR DNA Polymerase Kit 
(TaKaRa). Primers used for PCR amplification are listed in Table 
S3.

For RNA analysis, total RNA was extracted using TRIzol 
Reagent (Thermo Fisher Scientific) and processed for reverse 
transcription using a GoScriptTM Reverse Transcription System 
(Promega). Then, quantitative PCR (qPCR) was conducted using 
THUNDERBIRDTM SYBR® qPCR Mix (TOYOBO) with a CFX384 Real-
Time PCR Detection System (Bio-Rad). Primers used for qPCR 
analysis are listed in Table S3.

Transmission electron microscopy (TEM)
Transmission electron microscopy was performed as previously 
reported (Diao et  al., 2021). Briefly, EIF4EBP1+/+ and EIF4EBP1−/− 
hMSCs were collected using TrypLE™ Express Enzyme, pelleted 
by centrifugation at 500 ×g for 5  min, fixed with 2.5% (vol/vol) 

https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwac037#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwac037#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwac037#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwac037#supplementary-data
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glutaraldehyde at 4°C overnight, and post-fixed with 1% (wt/vol) 
osmium tetraoxide at 4°C for 2 h. Subsequently, dehydration was 
completed through a graded series of ethanol, followed by infil-
tration in a mixture of acetone and SPI-PON812 resin. Ultrathin 
sections were obtained using a Leica EM UC6 Ultramicrotome, 
and then stained with uranyl acetate and lead citrate. A Spirit 
Transmission Electron Microscope (FEI Company) at 100 kV was 
used for imaging. Then, mitochondrial numbers were counted 
in an intact cell, and a total of 30 cells were calculated in each 
sample. Subsequently, abnormal mitochondrial numbers were 
counted in each sample to determine the relative percentage of 
abnormal mitochondria. Definition of abnormal mitochondria 
follows previous reports (Feher et  al., 2006; Daum et  al., 2013; 
Szeto and Liu, 2018). In brief, the mitochondria with obvious dis-
ruption of mitochondrial cristae structure and inner membrane 
vesiculates were defined as abnormal mitochondria, and the rel-
ative percentage of abnormal mitochondria from 40 images for 
each sample was quantified. The numbers of abnormal and total 
mitochondria were determined using ImageJ-based Fiji software.

Measurement of total ROS and mitochondrial 
ROS levels
hMSCs were digested by TrypLE™ Express Enzyme into single 
cells, and then stained by CM-H2DCFDA (Invitrogen C6827, 1:2,000) 
or MitoSOX™ Red (Invitrogen M36008, 1:1,000) and incubated at 
37°C in a CO2 incubator for 15 min. The cells were then washed 
with PBS and detected by FACS. Data were analyzed using Flow Jo 
software. The median was used for the evaluation of mean fluo-
rescence intensity (MFI) in EIF4EBP1+/+ and EIF4EBP1−/− hMSCs.

Measurement of cellular H2O2 level
The H2O2 level in hMSCs was measured using Amplex Red 
Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen A22188) 
according to the manufacturer’s instructions. In brief, hMSCs 
were lysed on ice using lysis buffer, then the supernatants were 
obtained after centrifugation. The resultant supernatants were 
spotted on the bottom of an opaque clean 96-well plate and incu-
bated with a working solution at RT for 30 min in the dark. After 
the reaction, the samples were detected by a microplate reader 
(BioTek spectrophotometer) immediately. The detection param-
eters were set as follows: excitation, 530 nm; emission, 590 nm. 
Each sample was measured in triplicate. Samples were estimated 
by BCA protein quantification to correct for differences in loading.

Seahorse assay
Mitochondrial respiration function of cells was evaluated by 
measuring the oxygen consumption rate (OCR) before and after 
the addition of respiration regulators. On the day prior to the 
experiment, hMSCs were seeded into Seahorse XF cell culture 
microplates at a density of 2 × 104 per well. Then the Seahorse XF 
Analyzer was powered on to warm up. Finally, the Seahorse XF 
sensor cartridge was incubated by calibration solution overnight 
at 37°C in a CO2-free incubator.

Before the start of the experiment, Seahorse assay medium 
(Seahorse XF basal medium containing 10 mmol/L glucose, 1 
mmol/L sodium pyruvate, and 2 mmol/L glutamine) was pre-
pared and warmed in a 37°C water bath. After culture for 36 h, 
Seahorse XF cell culture microplate was washed twice using 
Seahorse assay medium, and then incubated at 37°C in a CO2-free 
incubator for 1 h with 180 μL Seahorse assay medium per well. 
Respiration regulators oligomycin (1 μmol/L), FCCP (1 μmol/L), 
and rotenone/antimycin A (0.5 μmol/L) were prepared and added 

into the pre-calibrated Seahorse XF sensor cartridge. The exper-
iment was run and analyzed using the software “Wave”. Protein 
abundance was usually measured for subsequent data normali-
zation (Silva et al., 2013; Yao et al., 2019; McCrimmon et al., 2020; 
Burgstaller et al., 2021). Similar to the normalization method, we 
seeded same number of cells for each sample in this experiment 
and detected comparable protein amounts between EIF4EBP1+/+ 
and EIF4EBP1−/− hMSCs (at both EP and LP) after 36 h culture and 
presented the original OCR values of each sample in this study.

CNV analysis
The genomic DNA of hESCs was extracted from 1 × 106 cells with 
a Blood/Cell/Tissue Genomic DNA Extraction Kit (TIANGEN). 
Subsequently, DNA quality control, library preparation, and 
sequencing on Illumina HiSeq X Ten platforms were performed 
by Novogene Bioinformatics Technology Co. Ltd. Data analy-
sis was performed using published R packages as previously 
described (Zhao et al., 2022). In brief, we trimmed raw reads with 
TrimGalore. Then, the clean reads were mapped to the human 
hg19 genome. The mapped reads were further filtered using sam-
tools and Picard software. The remaining reads were counted for 
each 500-kb window using read counter function in HMMcopy_
utils. The R/Bioconductor package HMMcopy (v1.26.0) was used to 
correct copy number, GC content, and mappability.

RNA-seq data analysis
RNA-seq data processing was performed as previously described 
(Li et al., 2022). In brief, low-quality reads and adaptors were first 
trimmed using TrimGalore (v0.4.4_dev). The remaining clean 
reads were mapped to the UCSC human hg19 genome using 
HISAT2 software (v2.2.1). Reads on each annotated gene were 
counted using featureCounts (v2.0.1). Differentially expressed 
genes (DEGs) were calculated using DESeq2, if their adjusted 
P-value <  0.05 and absolute average log2 ratio >  0.58. GO term 
enrichment analysis was performed using Metascape (Zhou et al., 
2019). The DEGs are listed in Table S1.

Co-immunoprecipitation (Co-IP) analysis
The Co-IP assay was performed as previously reported (Diao et al., 
2021). HEK293T cells were transfected with plasmids expressing 
FLAG-Luc or 3×FLAG-4E-BP1. To be noted, the 3×FLAG-4E-BP1 was 
used in this assay due to the weak enrichment of FLAG-4E-BP1 
by anti-FLAG Affinity Gel (Sigma A2220). At 48  h after trans-
fection, cells were lysed with CHAPS buffer [40 mmol/L HEPES, 
0.3% CHAPS (Sigma V900480), 120 mmol/L NaCl, 1 mmol/L EDTA 
(pH 7.5), and 1× complete protease inhibitor cocktail (Roche), 1× 
PMSF], and spun on a rotator at 4°C for 2 h. Lysates were centri-
fuged at 14,800 rpm and at 4°C for 30 min. The supernatants were 
collected carefully (to avoid taking the top layer of the oil phase). 
The supernatants were measured by BCA protein quantification, 
then adjusted to the same concentration and volume according 
to the quantitative results. After adjustment, a part of the super-
natants was obtained as input. Anti-FLAG Affinity Gel was then 
added to the remaining supernatants, followed by incubation 
on a rotator at 4°C overnight. Immunocomplexes were obtained 
after centrifuging at 3,000 rpm at 4°C for 1 min and the pellets 
were washed with CHAPS buffer five times for 5 min each time. 
FLAG peptides were added to the pellets for competitive elution. 
The samples were spun on a rotator at 4°C for 2 h. The super-
natants were obtained after elution, mixed with 1× SDS protein 
loading buffer, and then boiled at 105°C for 10 min. Subsequently, 
the obtained samples were further used for western blot analysis.

https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwac037#supplementary-data
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Protein stability analysis
hMSCs were treated with cycloheximide (CHX, Sigma) at a final 
concentration of 20 μg/mL for 0, 3, 6, 9, and 12 h, and then lysed 
with 1× SDS for subsequent western blot analysis. Due to the dif-
ferent expression levels of the target proteins UQCRC2, UQCRB, 
and UQCRFS1 in EIF4EBP1+/+ and EIF4EBP1−/− hMSCs, images with 
relatively shorter exposure time were collected for quantification 
of EIF4EBP1+/+ hMSCs, while images with relatively longer expo-
sure time were collected for quantification of EIF4EBP1−/− hMSCs.

Polysome profiling analysis
Polysome profiling assay was performed as previously reported 
(Gandin et  al., 2014). hMSCs were treated with cycloheximide 
(CHX, Sigma) (at a final concentration of 100 μg/mL) for 5 min, 
washed with PBS containing 100 μg/mL CHX, and disassoci-
ated into single cells by TrypLE™ Express Enzyme. The collected 
hMSCs were washed with PBS and then lysed with 425 μL hypo-
tonic buffer [5 mmol/L Tris-HCl (pH 7.5), 2.5 mmol/L MgCl2, 1.5 
mmol/L KCl, and 1× protease inhibitor cocktail (EDTA-free)]. 
Then, the lysates were supplemented with 5 μL of 10 mg/mL CHX, 
1 μL of 1 mol/L DTT, 100 units of RNase inhibitor, and vortexed 
for 5 s, followed by the addition of 25 μL 10% Triton X-100 and 25 
μL 10% sodium deoxycholate, and then vortexed for another 5 s. 
Subsequently, the lysates were centrifuged at 16,000 × g at 4°C 
for 7 min, and the supernatants were collected. After adjusting 
the absorbance of cell lysates to OD 260 nm, 10% of the lysates 
as input were diluted with RNase-free water to 750 μL, and added 
with the same volume of TRIzol, then stocked in liquid nitro-
gen. The remaining lysates were loaded into 10%–50% gradient 
sucrose tubes, and then centrifuged at 36,000 rpm at 4°C for 2 h. 
Gradients were then isolated by a Density Gradient Fractionation 
System. The absorbance of all samples at 254 nm was constantly 
monitored by the ISCO monitor. Subsequently, samples distrib-
uted in different gradients were constantly collected by a collec-
tor. The collected fractions were added with an equal volume of 
TRIzol, soaked in liquid nitrogen immediately, and then stored at 
−80°C. In order to further analyze the translation state, the RNAs 
were extracted, and the cDNAs were obtained by reverse tran-
scription. The abundance of the mRNAs of target genes in every 
gradient fraction was detected by qRT-PCR. The results were ana-
lyzed referring to a previous report (Panda et al., 2017). Finally, 
the distribution of target mRNAs from different sucrose density 
gradients was analyzed to reflect the translation state.

Quantitative proteomic analysis
hMSCs were digested into single cells by TrypLE™ Express Enzyme 
and lysed by lysis buffer (8  mol/L urea/0.1  mol/L Tris-HCl, pH 
8.0) containing 1× protease inhibitor cocktail (Roche). Then the 
total proteins were extracted after centrifugation and digested 
into peptides. Subsequently, the peptides from each group were 
labeled with TMT 6plex® (Thermo Fisher Scientific) according to 
the instructions. After labeling, the samples were fractionated by 
HPLC System. Then, the LC-MS/MS analysis was performed with 
a Q Exactive mass spectrometer (Thermo Fisher Scientific) and 
data was processed using Proteome Discovery (v2.2.0.388).

Differentially expressed proteins (DEPs) between EIF4EBP1−/− 
versus EIF4EBP1+/+ hMSCs were filtered after statistical analysis 
using unpaired Student’s t-test, with the cutoff for P-value < 0.05 
and absolute average log2 ratio > 0.2. GO term enrichment analysis 
was performed using Metascape. The network of enriched terms 
was generated with Metascape and visualized with Cytoscape 
(v3.8.2). Gene set enrichment analysis was performed using Gene 

Set Enrichment Analysis (GSEA) software (v4.0.3). The DEPs are 
listed in Table S2.

Statistical analysis
Statistical data are presented as means ± SEM or means ± SD. 
GraphPad Prism 8 software is used to conduct a two-tailed 
unpaired t-test. P < 0.05 was considered statistically significant. 
P-values are presented in indicated figures.

Supplementary data
The online version contains supplementary material available at 
https://doi.org/10.1093/procel/pwac037.

Acknowledgments
The authors are grateful to Mengyi Sun and Prof. Keqiong Ye (IBP, 
CAS) for their technical supports on polysome profiling; Can Peng 
(IBP, CAS) for the assistance of transmission electron microscopy 
analysis; Jifeng Wang (IBP, CAS) for technical supports on quanti-
tative proteomic analysis; Junying Jia (IBP, CAS) and Shuang Sun 
(IBP, CAS) for their assistance in flow cytometry analysis; Jinghui 
Lei and Jingyi Jia (Xuanwu Hospital Capital Medical University) 
for the management of laboratory animals; as well as Lei Bai, Qun 
Chu, Jing Lu, Ying Yang, Luyang Tian and Ruijun Bai for adminis-
trative assistance.

Abbreviations
4E-BP1, eukaryotic translation initiation factor 4E-binding protein 
1; 4E-BP2, eukaryotic translation initiation factor 4E-binding pro-
tein 2; CHX, cycloheximide; CNV, copy number variation; Co-IP, 
co-immunoprecipitation; DEGs, differentially expressed genes; 
DEPs, differentially expressed proteins; DR, dietary restriction; 
eIF4E, eukaryotic translation initiation factor 4E; EP, early pas-
sage; FACS, fluorescence-activated cell sorting; FBS, fetal bovine 
serum; GO, Gene Ontology; GSEA, Gene Set Enrichment Analysis; 
hESCs, human embryonic stem cells; hMSCs, human mesenchy-
mal stem cells; HRP, horseradish peroxidase; IVIS, in vivo imaging 
system; LP, late passage; Luc, luciferase; MEFs, mouse embryonic 
fibroblasts; MFI, mean fluorescence intensity; mTORC1, mecha-
nistic target of rapamycin complex 1; NEAA, non-essential amino 
acids; NHEJ, nonhomologous end-joining; OCR, oxygen consump-
tion rates; OXPHOS, oxidative phosphorylation; qRT-PCR, quanti-
tative reverse-transcription PCR; RNA-seq, RNA-sequencing; ROS, 
reactive oxygen species; SASP, senescence-associated secretory 
phenotype; SA-β-gal, senescence-associated β-galactosidase; TA, 
tibialis anterior; WGS, whole-genome sequencing.

Funding
This work was supported by the National Key Research and 
Development Program of China (2018YFC2000100), the Strategic 
Priority Research Program of the Chinese Academy of Sciences 
(XDA16000000), the National Natural Science Foundation of 
China (81901432, 81921006, 82125011, 92149301, 92168201, 
91949209, 92049304, 92049116, 32121001, 82192863, 82122024, 
82071588, 81861168034, 81922027, 81870228, 32100937, 31900524, 
82201727), the National Key Research and Development Program 
of China (2020YFA0804000, 2020YFA0113400, 2020YFA0112200, 
2018YFA0107203, the STI2030-Major Projects-2021ZD0202400, 
2021YFF1201005, 2022YFA1103700, 2022YFA1103800), CAS Project 

https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwac037#supplementary-data
https://doi.org/10.1093/procel/pwac037


4E-BP1 antagonizes human stem cell aging | 215

Pr
ot

ei
n

 &
 C

el
l

for Young Scientists in Basic Research (YSBR-076, YSBR-012), the 
Program of the Beijing Natural Science Foundation (Z190019, 
JQ20031), K. C. Wong Education Foundation (GJTD-2019-06, 
GJTD-2019-08), Young Elite Scientists Sponsorship Program by 
CAST (YESS20200012), Youth Innovation Promotion Association 
of CAS (E1CAZW0401), the Pilot Project for Public Welfare 
Development and Reform of Beijing-affiliated Medical Research 
Institutes (11000022T000000461062), the Informatization Plan 
of Chinese Academy of Sciences (CAS-WX2021SF-0301, CAS-
WX2022SDC-XK14), CAS Special Research Assistant (SRA) 
Program, and the Tencent Foundation (2021-1045).

Ethics statement
All institutional and national guidelines for the care and use of 
laboratory animals were followed.

Informed consent
All the authors give their consent for the publication of all mate-
rials within the text in Protein & Cell.

Conflict of interest
The authors declare no competing interests.

Data availability
The high-throughput sequencing data including RNA-seq and 
whole-genome sequencing (WGS) generated in this study have 
been deposited in the Genome Sequence Archive (GSA) in the 
National Genomics Data Center, Beijing Institute of Genomics 
(China National Center for Bioinformation) of the Chinese 
Academy of Sciences under the accession number HRA002275. 
The proteomic data have been deposited in the ProteomeXchange 
Consortium via the PRIDE partner repository with the dataset 
identifier PXD033301. Other data or materials generated in this 
study are available from the corresponding authors upon reason-
able request. All the custom codes are available from the corre-
sponding authors upon reasonable request.

Author contributions
Jing Qu, Moshi Song, Si Wang and Guang-Hui Liu designed the 
study and supervised all the experiments. Yifang He, Zeming Wu, 
Yusheng Cai, Jian Yin, Sheng Zhang performed the phenotypic and 
mechanistic analyses. Qianzhao Ji performed the bioinformatic 
analyses of RNA-seq, WGS and proteomic data. Jing Qu, Moshi 
Song, Si Wang, Guang-Hui Liu, Yifang He, Qianzhao Ji, Zeming Wu, 
Yusheng Cai, Jian Yin, Yiyuan Zhang, Sheng Zhang, Xiaoqian Liu 
and Weiqi Zhang wrote, edited and reviewed the manuscript.

References
Andrade J, Potente M. Endothelial metabolism-more complex (III) 

than previously thought. Nat Metab 2019;1:14–5.
Balaban RS, Nemoto S, Finkel, T. Mitochondria, oxidants, and aging. 

Cell 2005;120:483–95.
Bi S, Liu Z, Wu Z et al. SIRT7 antagonizes human stem cell 

aging as a heterochromatin stabilizer. Protein cell 2020;11: 
483–504.

Bianco P. “Mesenchymal” stem cells. Annu Rev Cell Dev Biol 
2014;30:677–704.

Boyette LB, Tuan RS. Adult stem cells and diseases of aging. J Clin Med 
2014;3:88–134.

Burgstaller S, Bischof H, Lukowski R et al. Investigating the K(+) sen-
sitivity of cellular metabolism by extracellular flux analysis. 
STAR Protoc 2021;2:100876.

Carvalho GB, Drago I, Hoxha S et al. The 4E-BP growth pathway reg-
ulates the effect of ambient temperature on metabolism and 
lifespan. Proc Natl Acad Sci USA 2017;114:9737–42.

Chen Q, Vazquez EJ, Moghaddas S et al. Production of reactive oxygen 
species by mitochondria: central role of complex III. J Biol Chem 
2003;278:36027–31.

Choo AY, Yoon S-O, Kim SG et al. Rapamycin differentially inhib-
its S6Ks and 4E-BP1 to mediate cell-type-specific repres-
sion of mRNA translation. Proc Natl Acad Sci USA 2008;105: 
17414–9.

Chu Q, Liu F, He Y et al. mTORC2/RICTOR exerts differential levels 
of metabolic control in human embryonic, mesenchymal and 
neural stem cells. Protein Cell 2022;13:676–82.

Daum B, Walter A, Horst A et al. Age-dependent dissociation of ATP 
synthase dimers and loss of inner-membrane cristae in mito-
chondria. Proc Natl Acad Sci USA 2013;110:15301–6.

Demontis F, Perrimon N. FOXO/4E-BP signaling in Drosophila mus-
cles regulates organism-wide proteostasis during aging. Cell 
2010;143:813–25.

Diao Z, Ji Q, Wu Z et al. SIRT3 consolidates heterochromatin and 
counteracts senescence. Nucleic Acids Res 2021;49:4203–19.

Ermolaeva M, Neri F, Ori A et al. Cellular and epigenetic drivers of 
stem cell ageing. Nat Rev Mol Cell Biol 2018;19:594–610.

Feher J, Kovacs I, Artico M et al. Mitochondrial alterations of reti-
nal pigment epithelium in age-related macular degeneration. 
Neurobiol Aging 2006;27:983–93.

Fehrer C, Lepperdinger G. Mesenchymal stem cell aging. Exp Gerontol 
2005;40:926–30.

Fu L, Hu Y, Song M et al. Up-regulation of FOXD1 by YAP alleviates 
senescence and osteoarthritis. PLoS Biol 2019;17:e3000201.

Gaignard P, Eyer D, Lebigot E et al. UQCRC2 mutation in a patient 
with mitochondrial complex III deficiency causing recurrent 
liver failure, lactic acidosis and hypoglycemia. J Hum Genet 
2017;62:729–31.

Gandin V, Sikström K, Alain T et al. Polysome fractionation and anal-
ysis of mammalian translatomes on a genome-wide scale. J Vis 
Exp 2014;87:51455.

Geng L, Liu Z, Zhang W et al. Chemical screen identifies a gero-
protective role of quercetin in premature aging [J]. Protein Cell 
2019;10:417–35.

Goodell MA, Rando TA. Stem cells and healthy aging. Science 
2015;350:1199–204.

Hu H, Ji Q, Song M et al. ZKSCAN3 counteracts cellular senes-
cence by stabilizing heterochromatin. Nucleic Acids Res  
2020;48:6001–18.

Kang M-J, Vasudevan D, Kang K et al. 4E-BP is a target of the GCN2-
ATF4 pathway during Drosophila development and aging. J Cell 
Biol 2017;216:115–29.

Kong M, Guo L, Xu W, He C, Jia X, Zhao Z, Gu, Z. Aging-associated 
accumulation of mitochondrial DNA mutations in tumor origin. 
Life Med 2022. doi:10.1093/lifemedi/lnac014

Le Bacquer O, Combe K, Patrac V et al. 4E-BP1 and 4E-BP2 double 
knockout mice are protected from aging-associated sarcopenia. 
J Cachexia Sarcopenia Muscle 2019;10:696–709.

Leng SX, Pawelec G. Single-cell immune atlas for human aging and 
frailty. Life Med 2022. doi:10.1093/lifemedi/lnac013



216 | He et al.

Pr
ot

ei
n

 &
 C

el
l

Li W, Zou Z, Cai Y et al. Low-dose chloroquine treatment extends the 
lifespan of aged rats. Protein Cell 2022;13:454–61.

Liang C, Liu Z, Song M et al. Stabilization of heterochromatin by 
CLOCK promotes stem cell rejuvenation and cartilage regener-
ation. Cell Res 2021;31:187–205.

Llanos S, Garcia-Pedrero JM, Morgado-Palacin L et al. Stabilization of 
p21 by mTORC1/4E-BP1 predicts clinical outcome of head and 
neck cancers. Nat Commun 2016;7:10438.

McCrimmon A, Domondon M, Sultanova RF et al. Comprehensive 
assessment of mitochondrial respiratory function in 
freshly isolated nephron segments. Am J Physiol Renal Physiol 
2020;318:F1237–45.

Miyake N, Yano S, Sakai C et al. Mitochondrial complex III deficiency 
caused by a homozygous UQCRC2 mutation presenting with 
neonatal-onset recurrent metabolic decompensation. Hum 
Mutat 2013;34:446–52.

Moskal N, Riccio V, Bashkurov M et al. ROCK inhibitors upregulate 
the neuroprotective Parkin-mediated mitophagy pathway. Nat 
Commun 2020;11:88.

Musa J, Orth MF, Dallmayer M et al. Eukaryotic initiation factor 
4E-binding protein 1 (4E-BP1): a master regulator of mRNA trans-
lation involved in tumorigenesis. Oncogene 2016;35:4675–88.

Neves J, Sousa-Victor P, Jasper H. Rejuvenating strategies for stem 
cell-based therapies in aging. Cell stem cell 2017;20:161–75.

Oh J, Lee YD, Wagers AJ. Stem cell aging: mechanisms, regulators and 
therapeutic opportunities. Nat Med 2014;20:870–80.

Panda AC, Martindale JL, Gorospe M. Polysome Fractionation to 
Analyze mRNA Distribution Profiles [J]. Bio Protoc, 2017, 7(3): 
e2126. PMID: 28516123

Payne BAI, Chinnery PF. Mitochondrial dysfunction in aging: Much 
progress but many unresolved questions. Biochim Biophys Acta 
2015;1847:1347–53.

Petroulakis E, Parsyan A, Dowling RJ et al. p53-dependent transla-
tional control of senescence and transformation via 4E-BPs. 
Cancer Cell 2009;16:439–46.

Protasoni M, Pérez-Pérez R, Lobo-Jarne T et al. Respiratory super-
complexes act as a platform for complex III-mediated matu-
ration of human mitochondrial complexes I and IV. EMBO J 
2020;39:e102817.

Qin X, Jiang B, Zhang Y. 4E-BP1, a multifactor regulated multifunc-
tional protein. Cell Cycle 2016;15:781–6.

Ren R, Ocampo A, Liu G-H et al. Regulation of Stem Cell Aging by 
Metabolism and Epigenetics. Cell Metab 2017;26:460–74.

Schalm SS, Fingar DC, Sabatini DM et al. TOS motif-mediated raptor 
binding regulates 4E-BP1 multisite phosphorylation and func-
tion. Curr Biol 2003;13:797–806.

Schultz MB, Sinclair DA. When stem cells grow old: phenotypes and 
mechanisms of stem cell aging. Development 2016;143:3–14.

Shukla KK, Kwon W-S, Rahman MS et al. Nutlin-3a decreases male 
fertility via UQCRC2. PLoS ONE 2013;8:e76959.

Silva DF, Selfridge JE, Lu J et al. Bioenergetic flux, mitochondrial mass 
and mitochondrial morphology dynamics in AD and MCI cybrid 
cell lines. Hum Mol Genet 2013;22:3931–46.

Song G, Ma Y, Gao X et al. CRISPR/Cas9-mediated Genetic Correction 
Reverses Spinocerebellar Ataxia 3 Disease-associated Phenotypes 
in Differentiated Cerebellar Neurons. Life Med 2022. doi:10.1093/
lifemedi/lnac020

Spinelli JB, Haigis MC. The multifaceted contributions of mitochon-
dria to cellular metabolism. Nat Cell Biol 2018;20:745–54.

Sun Y, Li Q, Kirkland JL. Targeting senescent cells for a healthier lon-
gevity: the roadmap for an era of global aging. Life Med 2022. 
doi:10.1093/lifemedi/lnac030.

Szeto HH, Liu S. Cardiolipin-targeted peptides rejuvenate mito-
chondrial function, remodel mitochondria, and promote tissue 
regeneration during aging. Arch Biochem Biophys 2018;660:137–48.

Thoreen CC, Chantranupong L, Keys HR et al. A unifying model for 
mTORC1-mediated regulation of mRNA translation. Nature 
2012;485:109–13.

Tsai S-Y, Rodriguez AA, Dastidar SG et al. Increased 4E-BP1 expres-
sion protects against diet-induced obesity and insulin resist-
ance in male mice. Cell Rep 2016a;16:1903–14.

Tsai SY, Rodriguez AA, Dastidar SG et al. Increased 4E-BP1 expression 
protects against diet-induced obesity and insulin resistance in 
male mice. Cell Rep 2016b;16:1903–14.

Tucker EJ, Wanschers BFJ, Szklarczyk R et al. Mutations in the 
UQCC1-interacting protein, UQCC2, cause human complex 
III deficiency associated with perturbed cytochrome b protein 
expression. PLoS Genet 2013;9:e1004034.

Vakifahmetoglu-Norberg, H, Ouchida AT, Norberg, E. The role of 
mitochondria in metabolism and cell death. Biochem Biophys Res 
Commun 2017;482:426–31.

Wang Y, Liu Y, Chen E et al. The role of mitochondrial dysfunc-
tion in mesenchymal stem cell senescence. Cell Tissue Res 
2020;382:457–62.

Wang L, Liu J, Liu H et al. The secret of youth - how is systemic 
rejuvenation achieved at the single cell level? Life Med 2022. 
doi:10.1093/lifemedi/lnac018

Weichhart T. mTOR as regulator of lifespan, aging, and cellular 
senescence: a mini-review. Gerontology 2018;64:127–34.

Wu Z, Zhang W, Song M et al. Differential stem cell aging kinetics in 
Hutchinson-Gilford progeria syndrome and Werner syndrome 
[J]. Protein Cell 2018;9:333–50.

Xu X, Duan S, Yi F et al. Mitochondrial regulation in pluripotent stem 
cells. Cell Metab 2013;18:325–32.

Yang Y, Li X, Zhang T et al. RIP kinases and necroptosis in aging and 
aging-related diseases. Life Med 2022. doi:10.1093/lifemedi/lnac003

Yao CH, Wang R, Wang Y et al. Mitochondrial fusion supports 
increased oxidative phosphorylation during cell proliferation. 
Elife 2019;8:e41351.

Zhang S, Wu Z, Shi Y et al. FTO stabilizes MIS12 and counteracts 
senescence. Protein Cell 2022;13:954–60.

Zhao D, Chen S. Failures at every level: breakdown of the epigenetic 
machinery of aging. Life Med 2022. doi:10.1093/lifemedi/lnac016

Zhao H, Ji Q, Wu Z et al. Destabilizing heterochromatin by APOE 
mediates senescence. Nat Aging 2022;2:303–16.

Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk 
O, Benner C, Chanda SK. Metascape provides a biologist-ori-
ented resource for the analysis of systems-level datasets. Nat 
Commun. 2019 Apr 3;10(1):1523. doi: 10.1038/s41467-019-09234-
6. PMID: 30944313

Zid BM, Rogers AN, Katewa SD et al. 4E-BP extends lifespan upon 
dietary restriction by enhancing mitochondrial activity in 
Drosophila. Cell 2009;139:149–60.

Ziegler DV, Wiley CD, Velarde MC. Mitochondrial effectors of cellular 
senescence: beyond the free radical theory of aging. Aging Cell 
2015;14:1–7.

Zong W-X, Rabinowitz JD, White E. Mitochondria and Cancer. Mol Cell 
2016;61:667–76.


