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ABSTRACT 
 

Tendon-derived stem cells (TSCs) play a primary role in tendon physiology, pathology, as well as tendon repair 
and regeneration after injury. TSCs are often exposed to mechanical loading-related cellular stresses such as 
oxidative stress, resulting in loss of stemness and multipotent  differentiation potential. Cytoprotective 
autophagy has previously been identified as an important mechanism to protect human TSCs (hTSCs) from 
oxidative stress induced impairments. In this study, we found that high-mobility AT-hook 2 (HMGA2) 
overexpression protects hTSCs against H2O2-induced loss of stemness through autophagy activation. 
Evidentially, H2O2 treatment increases the expression of Nudt21, a protein critical to polyadenylation site 
selection in alternative polyadenylation (APA) of mRNA transcripts. This leads to increased cleavage and 
polyadenylation of HMGA2 о-UTR at the distal site, resulting in increased HMGA2 silencing by the microRNA 
let-7 and reduced HMGA2 expression. In conclusion, Nudt21-regulated APA of HMGA2 о-UTR and subsequent 
HMGA2 downregulation mediates oxidative stress induced hTSC impairments. 
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INTRODUCTION  
 

Tendinopathy accounts for about 30% of all 

musculoskeletal complaints in a general practice setting 

[1]. Both acute and chronic tendinopathy cause pain and 

morbidity, and may require long and expensive 

treatments including joint replacement [2]. Recent 

studies have revealed the presence of a stem cell 

population within tendons [3, 4]. These tendon-derived 

stem cells (TSCs) are capable of self-renewal and 

multipotent differentiation in vitro and in vivo [5]. TSCs 

play a primary role in tendon physiology, pathology, as 

well as tendon repair and regeneration after injury [6ï

8]. Since TSCs are often exposed to oxidative stress 

related to mechanical loading or injury [9], maintaining 

their stemness under cellular stress is critical for tendon 

tissue preservation and repair.  

 

High-mobility group AT-hook 2 (HMGA2) belongs to 

the non-histone chromosomal high-mobility group 

(HMG) protein family. HGMA2 binds to DNA through 

three DNA-binding domains (AT-hooks) and modulates 

gene transcription by altering DNA structure and 

promoting the assembly of protein complexes in 

transcription factors. HMGA2 is a multifunctional 

protein involved in many cellular processes, and is best 

known for its regulatory role in stem cell self-renewal 

and differentiation along with oncogenesis [10ï12]. 

HGMA2 is post-transcriptionally regulated by the let-7 

microRNA (miRNA) [13, 14]. The HMGA2 mRNA 

transcript contains seven complementary sites for let-7 

binding in its 3' untranslated region (3ǋ-UTR) [15].  

 

In eukaryotes, the 3ǋ ends of RNA transcripts are 

generated by site-specific endo-nucleolytic cleavage, 

followed by the addition of a poly (A) tail. Alternative 

polyadenylation (APA) leads to heterogeneous 3ǋ-UTR 

lengths, rendering mRNA transcripts susceptible to 

different levels of negative regulation by miRNAs [16]. 

Interestingly, a recent study has shown that HMGA2 

can avoid let-7-mediated silencing through APA-

mediated 3ǋ-UTR shortening [17]. Nudt21, also referred 

to as cleavage and polyadenylation specificity factor 

subunit 5 (CPSF5), is a subunit of the cleavage factor 

Im (CFIm) complex required for 3ǋ-UTR cleavage and 

polyadenylation. Nudt21 is responsible for sequence-

specific recognition of the element UGUA upstream of 

the poly (A) site (PAS), and thus plays a determinant 

role in APA [18, 19]. 

 

In this study, we investigated the function of HMGA2 

in the maintenance of H2O2-treated human TSCs 

(hTSCs). Our data indicate that HMGA2 over-

expression activates cytoprotective autophagy and 

protects hTSCs against oxidative stress-induced loss in 

stemness and multipotent differentiation potential. 

Oxidative stress increases Nudt21 expression, resulting 

in distal PAS selection and generation of HMGA2 

transcripts with the long 3ǋ-UTR. This in turn leads to 

increased let-7-mediated silencing and reduction of 

HMGA2 expression. Therefore, we identified Nudt21-

mediated APA of HMGA2 3ǋ-UTR as a novel 

mechanism that regulates HMGA2 expression and the 

stemness of TSC under oxidative stress, and thus plays 

a critical role in tendon homeostasis and regeneration.     

 

RESULTS 
 

HMGA2 overexpression protects hTSCs from H2O2-

induced loss of stemness  
 

To evaluate the stemness of hTSC, we determined 

hTSCôs potential regenerative capacity using the colony 

formation assay. We also assessed the capabilities of 

hTSCs to differentiate into adipogenic, osteogenic, or 

chondrogenic lineage cells by monitoring the expression 

of lineage-specific markers in induced cells, along with 

the expression of stemness marker genes, such as 

Nanog, Nucleostemin, Oct-4, and SSEA-4. Similar to 

our previous findings [20], hTSCs exhibited reduced 

clonogenicity, decreased gene expression of stemness 

markers and impaired multilineage differentiation 

capability after H2O2 treatment (Figure 1Cï1F). In this 

work, we found that H2O2 exposure also led to 

decreased mRNA and protein expression of HMGA2 

(Figure 1A, 1B), a key regulator of stem cell stemness 

including promoting cell proliferation and maintaining 

multipotentiality [11, 21, 22]. HMGA2 overexpression 

restored potential regenerative powers as well as 

pluripotency of hTSCs impaired by H2O2 (Figure 1Cï

1F). Moreover, H2O2-treated hTSCs displayed reduced 

cell viability along with increased cell senescence and 

decreased number of S-phase cells, and these H2O2-

induced cell impairments were prevented by HMGA2 

overexpression (Figure 2Aï2C).  

 

HMGA2 overexpression protects hTSCs from H2O2-

induced impairments by activating autophagy  

 

In our previous study, we showed that rapamycin 

activates cytoprotective autophagy in hTSCs, and 

thereby, protects against H2O2-induced loss of self-

renewal capacity and stemness [20]. To investigate the 

mechanisms underlying the protective effects of 

HMGA2 on hTSCs, we assessed autophagy-related 

activities including LC3 cleavage and Beclin-1 

expression by western blot analysis. Further, we also 

assessed the formation of GFP-LC3-labeled auto-

phagosomes by fluorescence imaging. Similar to our 

previous findings [20], rapamycin activated autophagy 

in H2O2-treated hTSCs as indicated by increased LC3 

cleavage, Beclin-1 expression and autophagosome
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Figure 1. HMGA2 overexpression protects hTSCs from H2O2-induced loss of self-renewal capacity and pluripotency. hTSCs 
transfected with HMGA2 overexpression lentivirus (HMGA2 OE) or the negative control (nc) were subjected to H2O2 treatment at indicated 
concentrations for 24 h. Non-transfected cells (mock) were included for comparison. (A, B) The HMGA2 mRNA (a) and protein (b) levels 
were determined by qRT-PCR and western blot analysis, respectively. (C) Clonogenicity was evaluated by the colony formation assay. (D) 
The quantitative expression of stemness markers Nanog, Nucleostemin, Oct-4, and SSEA-4 of treated hTSCs were measured by qRT-PCR. (E) 
¢ƘŜ ƳǳƭǘƛƭƛƴŜŀƎŜ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ŎŀǇŀōƛƭƛǘȅ ǿŀǎ ŀǎǎŜǎǎŜŘ ŀǎ ŘŜǎŎǊƛōŜŘ ƛƴ ƳŀǘŜǊƛŀƭǎ ŀƴŘ ƳŜǘƘƻŘǎΦ {ŎŀƭŜ ōŀǊ Ґ рл ˃Ƴ. (F) The expression of 
markers for lineage-ǎǇŜŎƛŦƛŎ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ όtt!wʴ ŦƻǊ ŀŘƛǇƻƎŜƴŜǎƛǎΣ wǳƴȄ-2 for osteogenesis and Sox-9 for chondrogenesis) at day 0 and 
day 14 of differentiation was evaluated by qRT-PCR. The data shown are from three replicates and are presented as mean ± SD. *p < 0.05, 
**p < 0.01. 
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formation. However, these autophagy-related changes 

induced by rapamycin were inhibited by the autophagy 

inhibitor 3-methyladenine (3-MA)  (Figure 3A, 3B). 

HMGA2 overexpression induced similar autophagy-

related changes in H2O2-treated hTSCs to rapamycin, 

and these changes were attenuated by 3-MA (Figure 

3A, 3B). Moreover, results from multiple assays 

indicated that autophagy inhibition by 3-MA abolished 

the protective effects of HMGA2 overexpression on 

H2O2-treated hTSCs (Figures 4Aï4E and 5Aï5C). 

Thus, similar to rapamycin, HMGA2 overexpression 

protects hTSCs against H2O2-induced impairments 

through activation of autophagy. Interestingly, HMGA2 

overexpression and rapamycin seemed to work 

additively to protect hTSCs from H2O2-induced 

damages (Figures 4Aï4E and 5Aï5C), suggesting that 

HMGA2 activates autophagy through a different 

pathway than rapamycin.    

 

Nudt21 is induced by H2O2 and down-regulates 

HMGA2 in hTSCs 
 

The results presented above have demonstrated that 

HMGA2 plays a critical role on hTSC maintenance 

under increased oxidative stress, and therefore, the loss 

of stemness and pluripotency in H2O2-treated hTSCs 

resulted from decreased HMGA2 expression in these 

cells. Previous studies have shown that HMGA2 can 

avoid downregulation by let-7 through APA-mediated  

3ǋ-UTR shortening [17]. To identify whether APA 

involved in the loss of HMGA2 expression in H2O2-

treated hTSCs, we examined the expression of Nudt21, 

a subunit of the CFIm complex responsible for PAS 

selective in APA [18, 19]. In contrast to HMGA2, 

Nudt21 expression increased in response to H2O2 

stimulation (Figure 6A). In both H2O2-treated and 

untreated hTSCs, Nudt21 knockdown led to increased 

HMGA2 expression (Figure 6B and Supplementary 

Figure 1), indicating negative regulation of HMGA2 by 

Nudt21. In line with the function of HMGA2 in hTSC 

maintenance, HMGA2 knockdown led to decreased 

stemness and cell viability, as indicated by the colony 

formation, the Cell Counting Kit-8 (CCK-8) (Figure 6C, 

6D). Further, we also observed an increase in cell 

senescence in both H2O2-treated and untreated hTSCs 

by the ɓ-galactosidase (ɓ-gal) staining assays (Figure 

6E). Nudt21 knockdown showed opposite effects on 

both H2O2-treated and untreated hTSCs to HMGA2

 

 
 

Figure 2. HMGA2 overexpression protects hTSCs from H2O2-induced cell death, cell senescence and decreased S-phase cell 
number. hTSCs transfected with lenti-HMGA2 (HMGA2 OE) or the negative control (nc) were subjected to H2O2 treatment at indicated 
concentrations. Non-transfected cells (mock) were included for comparison. (A) Cell viability was determined by the CCK-8 assay after 24 h of 
H2O2 treatment. (B) Cell senescence was assessed by ɓ-gal staining after 72 h of H2O2 treatment. (C) Cell cycle analysis was performed by flow 
cytometry after 24 h of H2O2 treatment. The data shown are from three replicates and are presented as mean ± SD. *p < 0.05, **p < 0.01. 
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knockdown (Figure 6Cï6E), presumably mediated by 

increased HMGA2 expression secondary to Nudt21 

knockdown. Moreover, the beneficial effects of Nudt21 

knockdown were inhibited by HMGA2 knockdown 

(Figure 6Cï6E). These results indicated that HMGA2 is 

negatively regulated by Nudt21.  

 

Nudt21 increases let-7-mediated silencing of 

HMGA2 through APA  

 

By binding to two UGUA elements upstream of the 

PAS, Nudt21 prevents CPSF-mediated pre-mRNA 

cleavage [19, 23]. Nudt21 knockdown has been shown 

to induce proximal PAS selection in several genes [24, 

25]. The full length HMGA2 3ǋ-UTR contains a 

proximal PAS localized between the first and second 

let-7 binding sites and a distal PAS downstream of the 

seventh let-7 binding site. To find out whether Nudt21 

decreases HMGA2 expression through APA, we 

examined the transcript levels of the long and short 

HMGA2 3ǋ-UTRs by RT-PCR and 3ǋ-RACE analysis. 

Compared with control, hTSCs with Nudt21-

knockdown exhibited higher levels of the short 

HMGA2 3ǋ-UTR, a result of proximal PAS selection, 

 

 
 

Figure 3. HMGA2 overexpression activates autophagy in H2O2-treated hTSCs. (A) hTSCs were incubated with rapamycin and 3-MA 
for 24 h, alone or in combination as indicated, and subsequently exposed to 0.5 mM H2O2 for 24 h. hTSCs were transfected with lenti-HMGA2 
(HMGA2 OE) or the negative control (nc) in the presence or absence of 3-MA for 24 h, and subsequently exposed to 0.5 mM H2O2 for 24 h. 
Normal cells (mock) were included for comparison. The protein levels of the autophagic markers LC3-I, LC3-II, and Beclin-1 were determined 
by western blot analysis. (B) GFP-LC3-transfected hTSCs were subjected to treatments as described in a. GFP-LC3-labeled vacuoles (puncta) 
were detected by fluorescence imaging at 60× magnification. The data shown are from three replicates and are presented as mean ± SD. *p < 
0.05, **p < 0.01. 
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Figure 4. Autophagy blockage abolishes the protective effects of HMGA2 overexpression against H2O2-induced loss of 
potential regenerative power and pluripotency. hTSCs transfected with lenti-HMGA2 (HMGA2 OE) or the empty virus (nc) were 
incubated with 3-MA and rapamycin for 24 h, alone or in combination as indicated, and subsequently exposed to 0.5 mM H2O2 for 24 h. 
Untransfected cells (mock) were included for comparison. (A) Clonogenicity was assessed by the colony formation assay. (B) The quantitative 
expression of stemness markers Nanog, Nucleostemin, Oct-4, and SSEA-4 were measured by qRT-PCR. (CςE) The multilineage differentiation 
capability and the expression of markers for lineage-ǎǇŜŎƛŦƛŎ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ όtt!wʴ ŦƻǊ ŀŘƛǇƻƎŜƴŜǎƛǎΣ wǳƴȄ-2 for osteogenesis and Sox-9 for 
chondrogenesis) was evaluated by qRT-t/wΦ {ŎŀƭŜ ōŀǊ Ґ рл ˃ƳΦ ¢ƘŜ Řŀǘŀ ǎƘƻǿƴ ŀǊŜ ŦǊƻƳ ǘƘǊŜŜ ǊŜǇƭƛŎŀǘŜǎ ŀƴŘ ŀǊŜ ƛƴŘƛŎŀǘŜŘ ŀǎ ƳŜŀƴ ҕ {5Φ ϝǇ 
< 0.05, **p < 0.01. 


