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A B S T R A C T   

Background: The cellular senescence of mesenchymal stem cells (MSCs) limits their application in 
regenerative medicine. This study aimed to clarify the role of TNF receptor-associated factor 3 
interacting protein 2 (TRAF3IP2), a pro-inflammatory cytoplasmic adaptor protein, in regulating 
MSC senescence and to explore the potential mechanisms. Methods: MSC senescence was 
determined by senescence-associated β-galactosidase (SA-β-gal) staining. The expression of 
TRAF3IP2 and senescence-related proteins was detected by Western blotting. The nicotinamide 
adenine dinucleotide (NAD+) level and nicotinamide phosphoribosyl transferase (NAMPT) 
expression in MSCs was measured. Results: Compared with that in MSCs isolated from young 
donors (YMSCs), the expression of TRAF3IP2 was greatly increased in MSCs derived from aged 
donors (AMSCs). Overexpression of TRAF3IP2 accelerated YMSC senescence whereas down-
regulation significantly rescued cellular senescence. The protein level of NAMPT and the level of 
NAD+ were significantly decreased in AMSCs compared with YMSCs. Mechanistically, TRAF3IP2 
induced MSC senescence via downregulation of NAMPT expression and NAD + level by inhibiting 
the AMPK signaling pathway. These effects were partially reversed by treatment with an AMPK or 
NAMPT activator. Conclusion: We revealed that TRAF3IP2 accelerated MSC senescence via 
downregulation of NAMPT-mediated NAD biosynthesis by mediation of the AMPK pathway, 
highlighting a novel means to rejuvenate senescent MSCs.   
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1. Introduction 

Over the past decades, the application of stem cell-based therapy in pre-clinical experiments and clinical trials has shown promising 
results for many diseases. Among the different types of stem cell, mesenchymal stem cells (MSCs) have been intensively studied due to 
their easy isolation and expansion ability, multipotency, and immunomodulatory effects [1,2]. Nonetheless MSCs derived from aged 
donors (AMSCs) undergo cellular senescence, as evidenced by increased cell size and decreased proliferative capacity and paracrine 
effects as well as gradual loss of functions. This has limited their therapeutic application [3–6]. We and others have revealed mounting 
evidence that, compared with MSCs derived from young donors (YMSCs), transplantation of AMSCs display impaired therapeutic 
efficacy for cardiovascular diseases [7–11]. Understanding the molecular mechanisms that underlie MSC senescence is essential when 
exploring plausible strategies to rejuvenate senescent MSCs and improve their therapeutic efficacy. 

TNF receptor-associated factor 3 interacting protein 2 (TRAF3IP2) is a pro-inflammatory cytoplasmic adaptor protein that plays a 
critical role in regulating multiple diseases including cardiovascular and inflammatory diseases and tumor growth [12–14]. Impor-
tantly, TRAF3IP2 is involved in the regulation of cell proliferation in multiple cell lines including smooth muscle cells, cardiac fi-
broblasts and vascular endothelial cells [15–17]. It has been well documented recently that GATA4 induces cellular senescence and 
initiates a senescence-associated secretory phenotype (SASP) via activation of TRAF3IP2 in human fibroblasts [18]. More importantly, 
depletion of TRAF3IP2 partially abrogates GATA4-induced senescence, suggesting the TRAF3IP2 plays a critical role in regulating 
cellular senescence. Nevertheless whether and how TRAF3IP2 regulates MSC senescence have not been investigated. 

There is increasing recognition that the intracellular nicotinamide adenine dinucleotide (NAD+) level directly regulates multiple 
physiological and pathological processes including cellular senescence, cell biosynthesis and cell cycling [19,20]. The NAD + level is 
greatly reduced in senescent MSCs but supplementation with exogenous NAD + significantly postpones MSC senescence [21]. 
Nicotinamide phosphoribosyl transferase (NAMPT), the rate-limiting enzyme in the NAD salvaging pathway, plays an important role 
in regulating NAD + level [22]. Age-related decline of intracellular NAD+ is closely associated with downregulation of NAMPT 
expression [23]. Indeed, NAMPT expression is downregulated in MSCs isolated from aged rats and NAMPT overexpression ameliorates 
MSC senescence by improving the NAD + level [24]. Whether TRAF3IP2 mediates MSC senescence by regulating NAMPT-NAD +
biosynthesis nonetheless remains unclear. We hypothesized that the regulatory effects of TRAF3IP2 on MSC senescence are related to 
NAMPT-NAD biosynthesis. In the current study, we showed that compared with YMSCs, TRAF3IP2 level was significantly increased in 
AMSCs and overexpression of TRAF3IP2 accelerated MSC senescence whereas downregulation significantly rescued cellular senes-
cence. We also demonstrated that TRAF3IP2 accelerated MSC senescence by downregulating NAMPT-NAD + biosynthesis via inhi-
bition of the AMPK pathway, revealing a potential novel means to rejuvenate MSCs. 

2. Materials and methods 

2.1. mRNA expression analysis 

Five public mRNA expression microarray datasets were utilized to identify mRNA expression changes to TRAF3IP2 during the aging 
process in humans. They included (1) GSE137186 (GEO accession number) representing early and senescent passages of human BM- 
derived MSCs, (2) GSE97311 to compare human iPSC-derived MSCs (iMSCs) from fetal and aged individuals, (3) GSE37470 repre-
senting early and senescent passages of human BM-derived MSCs, (4) GSE35959 representing human MSCs from aging individuals and 
primary osteoporosis, and (5) GSE12274 to compare BM-MSCs from young and aged donors. The data of these studies were extracted 
from the GEO database. Expression data of TRAF3IP2 were selected for linear regression analysis. 

2.2. Cell culture 

Human YMSCs and AMSCs were cultured and characterized as in our previous report [7]. This procedure was approved by the 
research ethics board of Shanghai East Hospital (No. 2016-050). MSCs were cultured at 37 ◦C in DMEM/high glucose (Gibco, 
11965084) medium containing 10% FBS (Life Technologies, 16000), 5 ng/ml EGF (PeProTech, AF-100-15) and 5 ng/ml FGF2 
(PeProTech, 100-18B) in a humidified atmosphere with 5% CO2. The MSCs were passaged at 3-day intervals. Both YMSCs and AMSCs 
at passage 3–4 were used in the current study. The ability of YMSCs, AMSCs, TRAF3IP2-YMSCs and TRAF3IP2-siRNA-AMSCs to 
differentiate into adipocytes or osteocytes was examined as previously reported [25]. 

2.3. SA-β-gal assay 

MSC senescence was evaluated using a SA-β-gal staining kit (Beyotime, C0602) as previously described [26]. Briefly, MSCs with 
different treatments were cultured in 6-well plates. After washing with PBS three times, MSCs were fixed with formaldehyde for 20min 
and incubated with SA-β-gal staining solution at 37 ◦C without CO2 overnight. Next, SA-β-gal positive cells (stained blue) were 
randomly captured from five different fields of view in each group. Finally, the percentage of senescent MSCs was calculated as the 
ratio of SA-β-gal-positive MSCs to total number of MSCs. Experiments were repeated at least three times. 

2.4. Immunofluorescence staining 

Immunofluorescence staining was performed as previously described [27]. Briefly, MSCs with different treatments were cultured in 
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a 24-well plate with glass cover slides and then fixed with 4% PFA for 30 min. After permeabilization with 0.2% Triton X-100 in PBS at 
room temperature for 30 min, cells were incubated at 4 ◦C overnight with Ki67 antibody (1: 100, Abcam, ab15580). Subsequently, 
cells were incubated with fluorescent secondary antibody at room temperature for 1 h. Finally, all samples were mounted with DAPI 
and photographed. The percentage of Ki67 positive MSCs was calculated. The experiments were repeated at least three times. 

2.5. siRNA intervention 

To knockdown TRAF3IP2 in AMSCs, TRAF3IP2-siRNA (RiboBio, China) and control siRNA (RiboBio, China) were used to transfect 
AMSCs using a Lipofectamine RNAiMAX Reagent Kit (Invitrogen, 13778–075) at a standardized MOI (multiplicity of infection) of 5 
according to the manufacturer’s instructions. After 72 h, the cells were collected and the silencing efficiency determined by Western 
blotting. 

2.6. Western blotting 

The proteins of MSCs with different treatments were extracted and their concentration measured. A total of 30 μg protein from each 
sample was loaded, separated by SDS/PAGE, and then transferred to a PVDF membrane. After blocking with 5% fat-free milk in TBST, 
the membrane was incubated at 4 ◦C overnight with the following antibodies: TRAF3IP2 (Proteintech, 26692-1-AP), NAMPT 

Fig. 1. Upregulation of TRAF3IP2 expression in AMSCs. (A) Scatter plot of mRNA expression of TRAF3IP2 (relative to young cells). (B) mRNA 
expression of TRAF3IP2 in young and old cells. (C) Linear regression of mRNA expression of TRAF3IP2 in young and old cells or tissue. (D) 
Quantitative analysis of TRAF3IP2 mRNA level in YMSCs and AMSCs. (E) Western blotting and quantitative analysis of TRAF3IP2 protein level in 
YMSCs and AMSCs (n = 3). All data were obtained from at least three independent experiments and each error bar represents the mean ± SEM. *p 
< 0.05, ***p < 0.001. The raw data of Fig. 1E is presented in Supplementary Fig. 3. 

X. Huang et al.                                                                                                                                                                                                         



Heliyon 9 (2023) e19505

4

(Proteintech, 11776-1-AP), p21 (Santa Cruz, SC-271532), p16 (Proteintech, 10883-1-AP), and GAPDH (Santa Cruz, SC-137179). Next, 
the membrane was washed with TBST and incubated for 1hr at room temperature with horseradish peroxidase-conjugated secondary 
antibodies (1:10,000; Santa Cruz). Finally, the membrane was exposed to radiography film in a dark room and protein blots quantified 
using ImageJ software. 

Fig. 2. Overexpression of TRAF3IP2 induces YMSC senescence. (A) Western blotting and quantitative analysis of TRAF3IP2, p16 and p21 expression 
in YMSCs transfected with control-lentivirus or TRAF3IP2-lentivirus. (B) Representative images and quantitative analysis of SA-β-gal staining in 
control-lentivirus- or TRAF3IP2-lentivirus-treated YMSCs. (C) Representative images and quantitative analysis of Ki67 immunostaining in control- 
lentivirus- or TRAF3IP2-lentivirus-treated YMSCs. (D) The concentration of TNF-α, IL-6 and IL-10 in CdM isolated from control-lentivirus- or 
TRAF3IP2-lentivirus-treated YMSCs. All data were obtained from at least three independent experiments and each error bar represents the mean ±
SEM. **p < 0.01, ***p < 0.001. The raw data of Fig. 2A is presented in Supplementary Fig. 3. 
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2.7. NAD + measurement 

Intracellular NAD + concentration of MSCs from different groups was measured using a NAD+/NADH Quantification Kit 
(Colorimetric) (ab65348; Abcam) as previously described [28]. Briefly, a total of 2 × 105 MSCs was collected and lysed with 
NAD+/NADH extraction buffer. Next, the supernatant was used for NAD+/NADH measurement using an NAD+/NADH assay kit. 
Subsequently, NAD + content was determined according to the standard curve created by NADH standards. Finally, the data were 
normalized to the total cell number. 

Fig. 3. Knockdown of TRAF3IP2 rejuvenates AMSC senescence. (A) Western blotting and quantitative analysis of TRAF3IP2, p16 and p21 
expression in AMSCs transfected with control-siRNA or TRAF3IP2-siRNA. (B) Representative images and quantitative analysis of SA-β-gal staining in 
control-siRNA or TRAF3IP2-siRNA -treated AMSCs. (C) Representative images and quantitative analysis of Ki67 immunostaining in control-siRNA or 
TRAF3IP2-siRNA-treated AMSCs. (D) Concentration of TNF-α, IL-6 and IL-10 and TNF-α in CdM isolated from control-siRNA or TRAF3IP2-siRNA- 
treated AMSCs. All data were obtained from at least three independent experiments and each error bar represents the mean ± SEM. **p < 0.01, 
***p < 0.001. The raw data of Fig. 3A is presented in Supplementary Fig. 3. 
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2.8. Lentiviral construct packaging and infection 

The lentiviral plasmid constructs for TRAF3IP2 were purchased from GenePharma (Suzhou, China). The lentiviruses were pack-
aged by transfecting 293 T cells using the lentiviral packaging system that contained the recombinant lentiviral transfer TRAF3IP2 
plasmid as previously reported [29]. After 48 h of culture, the supernatant of transfecting 293 T cells was harvested, concentrated, and 
titered. Next, the virus was used to infect YMSCs with a confluence of 70–80% at an MOI of 10 with polybrene (8 μg/ml). Finally, 
transduction efficiency was examined by Western blotting. 

2.9. Enzyme-linked immunosorbent assay (ELISA) 

Conditioned medium (CdM) from YMSCs, AMSCs, and YMSCs with overexpression of TRAF3IP2 or AMSCs with TRAF3IP2-siRNA 
treatment was prepared as previously described [30]. The concentration of SASP-related factors in the CdM, including interleukin-6 
(IL-6), IL-10 and tumor necrosis factor-α (TNF-α), was measured by ELISA. The experiments were repeated at least three times. 

2.10. Statistical analysis 

Data are expressed as mean ± SEM. Statistical analyses were performed using Prism 5.0 (GraphPad Software). Differences between 
two groups were assessed using unpaired Student’s t-test and between multiple groups using one-way ANOVA followed by the 
Bonferroni test. A p value < 0.05 was considered statistically significant. 

3. Results 

3.1. Expression of TRAF3IP2 is upregulated in AMSCs 

To illustrate the relationship between TRAF3IP2 and senescence, we first determined the gene expression of TRAF3IP2 from five 
publicly available microarray datasets representing young versus old/senescent cells and tissue (GSE137186, GSE97311, GSE37470, 
GSE35959, and GSE12274). In all five datasets, we analyzed the mRNA expression of TRAF3IP2 during the aging process. A scatter plot 
for mRNA expression (relative to young) of TRAF3IP2 is shown in Fig. 1A. The mRNA expression of TRAF3IP2 was significantly 
increased in old cells or tissue compared with young (Fig. 1B). Linear regression of mRNA expression in the old cells/tissue was greater 
than that in the young samples (Fig. 1C). These results prompted us to examine the mRNA and protein level of TRAF3IP2 in YMSCs and 
AMSCs. RT-PCR revealed that the mRNA level of TRAF3IP2 was much higher in AMSCs than YMSCs (Fig. 1D). Moreover, the protein 
level of TRAF3IP2 was greatly increased in AMSCs compared with YMSCs (Fig. 1E). These findings indicated that the expression of 
TRAF3IP2 was upregulated in AMSCs and that TRAF3IP2 is involved in MSC senescence. 

3.2. Overexpression of TRAF3IP2 accelerates YMSC senescence 

To determine the role of TRAF3IP2 in the regulation of MSC senescence, we first treated YMSCs with TRAF3IP2-lentivirus to 
overexpress TRAF3IP2. As shown in Fig. 2A, TRAF3IP2-lentivirus treatment significantly enhanced TRAF3IP2 expression and 
improved expression of senescence-related markers p16 and p21 in YMSCs (Fig. 2A). SA-β-gal staining showed that the number of SA- 
β-gal-positive cells was significantly increased in TRAF3IP2-YMSCs compared with YMSCs (Fig. 2B). Ki67 staining demonstrated that 
overexpression of TRAF3IP2 inhibited the proliferative capacity of YMSCs as evidenced by the decreased number of Ki67-positive cells 
(Fig. 2C). Overexpression of TRAF3IP2 also significantly improved the secretion of IL-6 and TNF-α in YMSCs and inhibited that of IL-10 
(Fig. 2D). We also evaluated the adipogenic and osteogenic differentiation ability of YMSCs and TRAF3IP2-YMSCs. Compared with 
YMSCs, TRAF3IP2-YMSCs exhibited an enhanced adipogenic differentiation ability but decreased osteogenic differentiation ability as 
evidenced by Oil Red O staining and Alizarin Red staining, respectively (Fig. S1). Collectively, these data showed that overexpression 
of TRAF3IP2 accelerated progression of YMSCs to a senescent state. 

3.3. Knockdown of TRAF3IP2 rejuvenates senescent AMSCs 

To further verify the relationship between TRAF3IP2 and MSC senescence, we used siRNA to knockdown TRAF3IP2 in AMSCs. As 
shown in Fig. 3A, TRAF3IP2-siRNA treatment greatly downregulated TRAF3IP2, p16 and p21 protein expression in AMSCs (Fig. 3A). 
Moreover, SA-β-gal activity (Fig. 3B) was greatly decreased and number of Ki67-positive cells increased (Fig. 3C) in AMSCs. More 
importantly, TRAF3IP2-siRNA treatment inhibited the secretion of IL-6 and TNF-α in AMSCs and enhanced that of IL-10 (Fig. 3D). We 
further determined that TRAF3IP2-siRNA treatment greatly downregulated adipogenic differentiation ability of AMSCs but upregu-
lated that for osteogenic differentiation (Figure S2). These results demonstrated that knockdown of TRAF3IP2 rejuvenated senescent 
MSCs. 

3.4. TRAF3IP2 regulates MSC senescence via mediation of NAMPT–NAD biosynthesis 

Several studies have shown that NAMPT–NAD biosynthesis plays a critical role in regulating cellular senescence [31,32]. To 
determine whether TRAF3IP2 regulates MSC senescence via mediation of NAMPT–NAD biosynthesis, we first examined the NAMPT 
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expression and NAD + level in YMSCs and AMSCs. Compared with YMSCs, NAMPT expression and NAD + level were robustly 
decreased in AMSCs, indicating that downregulation of NAMPT–NAD biosynthesis is closely associated with MSC senescence (Fig. 4A 
and B). Subsequently, we treated YMSCs with TRAF3IP2-lentivirus and revealed that overexpression of TRAF3IP2 enhanced SA-β-gal 
activity along with an increase in the expression of p21and p16, and reduced NAD + level and NAMPT expression in YMSCs 
(Fig. 4C–E). Notably, these effects were largely reversed by P7C3 treatment, the NAMPT activator (Fig. 4C–E), indicating that TRA-
F3IP2 induced MSC senescence by downregulating NAMPT–NAD biosynthesis. Furthermore, TRAF3IP2-siRNA treatment ameliorated 
the senescence of AMSCs, reduced the expression of p21 and p16 and increased NAD + level and NAMPT expression (Fig. 4F–H). 
Importantly, the alleviation of senescence of AMSCs by TRAF3IP2-siRNA treatment was partially abrogated by FK866, the NAMPT 
inhibitor (Fig. 4F–H). Collectively, these results revealed that TRAF3IP2 regulates MSC senescence via mediation of NAMPT–NAD 
biosynthesis. 

3.5. TRAF3IP2 regulates NAMPT–NAD biosynthesis via the AMPK signaling pathway 

Previous studies have demonstrated that the AMPK signaling pathway plays a critical role in regulating NAMPT-NAD biosynthesis 
[33,34]. We explored whether TRAF3IP2 regulates NAMPT-NAD biosynthesis via the AMPK signaling pathway. First, we found that 
the protein level of p-AMPK was greatly reduced in AMSCs compared with YMSCs (Fig. 5A). Overexpression of TRAF3IP2 dramatically 
reduced the expression of p-AMPK and NAMPT and level of NAD+ in YMSCs (Fig. 5B and C). These effects were partially reversed by 
the AMPK activator, AICAR (Fig. 5B and C). Furthermore, TRAF3IP2-siRNA treatment significantly upregulated the expression of 
p-AMPK and NAMPT and the level of NAD+ in AMSCs (Fig. 5D and E). Nevertheless treatment with Compound C, an AMPK inhibitor, 
partially inhibited upregulation of p-AMPK and NAMPT and the level of NAD+ in TRAF3IP2-siRNA-treated AMSCs (Fig. 5D and E). 
These results suggest that TRAF3IP2 regulates NAMPT-NAD biosynthesis by mediating the AMPK signaling pathway in MSCs. 

3.6. TRAF3IP2 mediates the replicative senescence of MSCs 

The above results highlight that TRAF3IP2 contributed to the physiological senescence of MSCs. We determined whether TRAF3IP2 
also regulates the replicative senescence of MSCs by examining its effects on YMSCs at P3, P6 and P12. With an increase in passage 
number, YMSCs exhibited increased SA-β-gal-positive cells (Fig. 6A), and elevated TRAF3IP2, p16 and p21 expression but decreased p- 
AMPK, NAMPT expression (Fig. 6B) and level of NAD+ (Fig. 6C). Next, we used TRAF3IP2-siRNA to treat the P12 MSCs. Compared 
with the untreated group, TRAF3IP2-siRNA treatment greatly decreased β-gal + cells, TRAF3IP2, p16, and p21 expression but 
enhanced p-AMPK and NAMPT expression and level of NAD+ (Fig. 6D–F). In addition, TRAF3IP2-siRNA treatment significantly 
downregulated the secretion of IL-6 and TNF-α and upregulated the secretion of IL-10 (Fig. 6G). Nevertheless these effects were largely 
abrogated by Compound C or FK866 (Fig. 6D–G). These data indicate that TRAF3IP2 regulated the replicative senescence of MSCs via 
regulation of NAMPT–NAD biosynthesis by the AMPK signaling pathway. 

4. Discussion 

In the current study, we report several novel findings. First, the level of TRAF3IP2 was significantly increased in AMSCs compared 
with YMSCs. Second, TRAF3IP2 mediated MSC senescence via regulation of NAMPT-NAD + biosynthesis. Third, the AMPK signaling 
pathway is involved in TRAF3IP2-regulated NAMPT-NAD + biosynthesis. Finally, TRAF3IP2 mediated the replicative senescence of 
MSCs during longterm culture in vitro. This study highlights TRAF3IP2 as a promising target for rejuvenating AMSCs to enhance their 
therapeutic efficacy. 

Although MSCs are the most widely used stem cells in animal studies and clinical trials, there is substantial evidence that their 
senescence restricts their application [35–37]. MSCs isolated from senescent mice display increased cell cycle arrest, reactive oxygen 
stress and immune system dysfunction compared with those isolated from control mice [38]. Compared with YMSCs, transplantation 
of human AMSCs confers significantly weaker cardioprotective effects for myocardial infarction with reduced cell survival and 
angiogenic capacity in the presence of ischemia [10]. Moreover, transplantation of aged human umbilical cord-derived MSCs exhibit 
decreased protective effects against Alzheimer’s disease [39]. Although the molecular mechanisms that underlie MSC senescence are 
not fully understood, this is consistent with the view that genetic alterations to MSCs contribute to their senescence. It has been re-
ported that downregulation of Apelin-accelerated MSC senescence and replenishment of Apelin in AMSCs robustly rejuvenated se-
nescent cells and enhanced their cardioprotective effects [40]. The expression of neuron-derived neurotrophic factor (NDNF) was 

Fig. 4. TRAF3IP2 regulates MSC senescence via mediation of NAMPT–NAD biosynthesis. (A) Western blotting and quantitative analysis of NAMPT 
protein level in YMSCs and AMSCs. (B) Quantitative analysis of the intracellular NAD + concentration in YMSCs and AMSCs. (C) Representative 
images and quantitative analysis of SA-β-gal staining in control-lentivirus, TRAF3IP2-lentivirus or TRAF3IP2-lentivirus + P7C3-treated YMSCs. (D) 
Western blotting and quantitative analysis of NAMPT, p16 and p21 protein level in control-lentivirus, TRAF3IP2-lentivirus or TRAF3IP2-lentivirus 
+ P7C3-treated YMSCs. (E) Quantitative analysis of the intracellular NAD + concentration in Control-lentivirus, TRAF3IP2-lentivirus or TRAF3IP2- 
lentivirus + P7C3-treated YMSCs. (F) Representative images and quantitative analysis of SA-β-gal staining in Control-siRNA, TRAF3IP2-siRNA or 
TRAF3IP2-siRNA + FK866-treated AMSCs. (G) Western blotting and quantitative analysis of NAMPT, p16 and p21 protein level in control-siRNA, 
TRAF3IP2-siRNA or TRAF3IP2-siRNA + FK866-treated AMSCs. (H) Quantitative analysis of the intracellular NAD + concentration in control-siRNA, 
TRAF3IP2-siRNA or TRAF3IP2-siRNA + FK866-treated AMSCs. All data were obtained from at least three independent experiments and each error 
bar represents the mean ± SEM. **p < 0.01, ***p < 0.001. The raw data of Fig. 4A, D, G is presented in Supplementary Fig. 4. 
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decreased in AMSCs compared with YMSCs and over-expression of NDNF in AMSCs inhibited their senescence and apoptosis [8]. 
Therefore, identifying the key regulator that governs MSC senescence is vital. Recently, TRAF3IP2 has been identified as a critical 
mediator of cell proliferation [41,42]. It has been documented that chronic intermittent hypoxia stimulated human aortic smooth 
muscle cell proliferation via upregulation of TRAF3IP2 expression and the effect was partially reversed by knockdown of TRAF3IP2 
[43]. In contrast, GATA4 inhibited the proliferation of human fibroblasts via activation of TRAF3IP2 [18]. This discrepancy may be 
because TRAF3IP2 regulates cell proliferation in a cell type-specific fashion. Consistent with a previous report [18], AMSCs exhibited a 
higher expression level of TRAF3IP2 along with a decreased proliferative ability compared with YMSCs. Furthermore, overexpression 
of TRAF3IP2 accelerated MSC senescence as evidenced by increased SA-β-gal activity and DNA damage and decreased proliferative 
ability. In contrast, knockdown of TRAF3IP2 in AMSCs ameliorated their senescence. More importantly, we found that expression of 
TRAF3IP2 was greatly increased in late passage MSCs and knockdown of TRAF3IP2 ameliorated MSC senescence, indicating that 
TRAF3IP2 also participated in regulation of the replicative senescence of MSCs. Based on the above results, we conclude that TRAF3IP2 
mediates both the physiological and replicative senescence of MSCs and is an important regulator of MSC senescence. Nevertheless the 
molecular mechanisms that underlie this process remain unclear. 

Although the potential mechanisms have not been fully understood, NAD + has been documented as a critical regulator of cellular 
senescence. The intracellular concentration of NAD + is greatly reduced in multiple organs during aging [44] and NAD + supple-
mentation can extend life [45]. Amounts of NAD + have been shown to be remarkably decreased in fresh muscle stem cells isolated 
from aged mice compared with those isolated from young mice [46]. More importantly, NAD + repletion rejuvenated muscle stem cells 
in aged mice and improved their function. To the best of our knowledge, intracellular NAD + level is predominately regulated by 
NAMPT, a rate-limiting enzyme of NAD + biosynthesis. Expression of NAMPT was significantly decreased in senescent fibroblasts 
induced by H2O2 and NAMPT inhibitor FK866 also prompted fibroblast senescence via regulation of NAD+ [47]. Consistent with 
previous study [24], we also found that the concentration of NAD+ and the expression of NAMPT were reduced in AMSCs compared 
with YMSCs. More importantly, knockdown of TRAF3IP2 rejuvenated AMSCs by elevating NAMPT-NAD + biosynthesis, effects that 
were partially abrogated by an NAMPT inhibitor, suggesting that TRAF3IP2 mediates MSC senescence via regulation of NAMPT- NAD 
+ biosynthesis. Furthermore, we demonstrated that knockdown of TRAF3IP2 rescued the replicative senescence of MSCs at a later 
passage. AMPK, a major energy sensor maintaining energy homeostasis, plays an essential role in regulating a variety of cellular 
processes including proliferation, senescence and apoptosis [48,49]. There is mounting evidence that AMPK activation can enhance 
NAD + expression by elevating NAMPT [50,51]. Similarly, we found that expression of p-AMPK along with that of NAMPT and NAD+
was greatly decreased in AMSCs compared with YMSCs. It has been reported that exercise or calorie restriction enhances NAMPT level 
in skeletal muscle by activating AMPK [52]. Given the relationship between AMPK and NAMPT-NAD biosynthesis, it is crucial to 
determine whether TRAF3IP2 regulation of NAMPT-NAD + biosynthesis in MSCs is via regulation of the AMPK pathway. In the current 
study, we showed that overexpression of TRAF3IP2 significantly downregulated the expression of NAMPT and NAD+ in YMSCs via 
inhibition of AMPK activation. These effects were greatly abrogated by the AMPK activator, AICAR, suggesting that TRAF3IP2 reg-
ulates NAMPT-NAD + biosynthesis in MSCs by mediating the AMPK pathway. 

Several experimental limitations in the current study need to be highlighted. First, in addition to NAMPT-NAD + biosynthesis, 
whether TRAF3IP2 also regulates MSC senescence by mediating mitochondrial dysfunction, telomere shortening or autophagy 
impairment warrants investigation. Second, although we found that TRAF3IP2 mediated senescence of BM-derived MSCs, whether 
TRAF3IP2 also affects the cellular senescence of MSCs derived from other tissues such as adipose and umbilical cord requires further 
investigation. Third, although multiple pathways have been reported to regulate NAMPT-NAD + biosynthesis, the potential pathway 
underlying TRAF3IP2 regulation of NAMPT-NAD + biosynthesis remains to be elucidated in addition to the AMPK pathway. 

5. Conclusion 

In summary, our study comprehensively shows that TRAF3IP2 induced MSC senescence via downregulation of NAMPT-mediated 
NAD biosynthesis by inhibiting the AMPK pathway. These findings reveal a novel mechanism underlying MSC senescence and 
highlight TRAF3IP2 as a potential novel target that contributes to the rejuvenation of AMSCs. 
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