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ABSTRACT

Tendonderived stem cells (TSCsplay a primary role in tendon physiology,pathology, aswell astendon repair
and regenerationafter injury. TSCare often exposedto mechanicalloadingrelated cellular stressessuch as
oxidative stress, resulting in loss of stemness and multipotent differentiation potential. Cytoprotective
autophagy has previously been identified as an important mechanismto protect human TSCqghTSCsjfrom
oxidative stress induced impairments. In this study, we found that high-mobility AT-hook 2 (HMGA2
overexpression protects hTSCsagainst H:O»-induced loss of stemness through autophagy activation.
Evidentially, HO, treatment increasesthe expressionof Nudt21, a protein critical to polyadenylation site
selection in alternative polyadenylation (APA) of mRNA transcripts. This leads to increased cleavage and
polyadenylation of HMGAZ20 -UTRat the distal site, resulting in increasedHMGAZ2silencingby the microRN/
let-7 and reducedHMGA2expression.In conclusion,Nudt21-regulated APAof HMGA20 -UTRand subsequen
HMGA2downregulation mediatesoxidative stressinducedhTSGmpairments.
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INTRODUCTION Oxidative stres increases Nudt21 expression, resulting

in distal PAS selection and generation of HMGA2
Tendinopathy accounts for about 30% of all transcri pt s -UNR. fTHis inttuireleadsdon g 3
musculoskeletal complaints in a general practice setting increasedlet-7-mediated silencing and reduction of
[1]. Both acute and chronic tendinopathy cause pain and HMGA2 expression. Therefore, we identified Nudt21
morbidity, and may require long and expensive mediated APA of HM@ER2as a Njovel

treatments including joint replacemeii2]. Recent mechanism that regulates HMGA2 expression tred
studies have revealed the presence of a stem cell stemnes®f TSC under oxidative stress, and thus play
population within tendong3, 4]. These tendoderived a critical role in tendon homeostasis and regeneration.
stem cells (TSCs) are capable of selhewal and

multipotent differentiatiorin vitro andin vivo[5]. TSCs RESULTS

play a primary role in tendon physiology, pathology, as

well as tendon repair and regeneration after in[6iy HMGAZ2 overexpressionprotects hTSCs from HO2-

8]. Since TSCs are often exposed to oxidative stress induced loss oktemness
related to mechanical loading or injui9], maintaining
their stemness under cellular stress is critical for tendon To evaluate the stemness of hTSC, we determined

tissue preservation and repair. h T S @étentialregenerativeapacity using the colony
formation assay. We also assestlegl capabilities of
High-mobility group AThook 2 (HMGAZ2) belongs to hTSCs to differentiate into adipogenic, osteogenic, or
the rorthistone chromosomal higmobility group chondrogenic lineageells by monitoring the expression
(HMG) protein family. HGMA2 binds to DNA through of lineagespecific markers in induced cellalong with
three DNAbinding domains (AThooks) and modulates the expression of stemness markggnes, such as

gene transcription by altering DNA structure and  Nanog, Nicleostemin Oct4, and SSEA4. Similar to
promoting the assembly of protein complexes in  our previous findingg20], hTSCs exhibited reduced

transcription fators. HMGA2 is a multifunctional clonogenidy, decreas# geneexpression of stemness
protein involved in many cellular processes, and is best markers and impaired multilineage differentiation
known for its regulatory role in stem cell setinewal capability after HO, treatment Figure 1Ci 1F). In this
and differentiation along with oncogened&0i 12]. work, we found that kD, exposure also led to
HGMAZ2 is posttranscriptionally regulated by tHet-7 decreased mRNA and protein expression of HMGA2
microRNA (miRNA) [13, 14] The HMGA2 mRNA (Figure 1A, 1B), a key regulator of stem cedtemness
transcript contains seven complementary sitedefiev including promotng cell proliferation and maintaing

binding in its 3UTRYLJt r ans | edltipadentialieyfli, @0 22{ FBIMIGA2 overexpression
restored potentiakgenerativgpowers as well as

I n eukaryot es, t he 3 Nj e n dphuripoteficy oRWIN3Cs itnpaimed byeth (FiguredCi ar e
generated by sitspecific endenucleolytic cleavage, 1F). Moreover, HO-treated hTSCs displayed reduced
followed by the addition of a polfA) tail. Alternative cell viability along with increased cell senescence and

polyadenyl ati on ( APA)}JTR e a ddecreased riumbere 8 phase ned @andsthesg MD--
lengths, rendering mRNA transcripts susceptible to induced cell impairments were prevented by HMGA2

different levels of negative regulation by miRNAS]. overexpressionHigure2Ai 2C).

Interestingly, a recent study has showatthiMGA2

can avoid let-7-mediated silencing through APRA HMGAZ2 overexpression protects hTSCs from HO2-
me d i a-UERdshoBeNing17]. Nudt21, also referred induced impairments by activating autophagy

to as cleavage and polyadenylation specificity factor

subunit 5 (CPSF5), is a subunit of the cleavage factor In our previous study, we showed that rapamycin

I m (CFI m) c o mp I-¥TR cleawagelandr e dactivates cyBopotective autophagy in hTSCs, and

polyadenylation. Nudt21 is responsible for sequence thereby, protects against Bb-induced loss of self

specific recognition of the element UGUA upstream of  renewal capdty and stemnesg0]. To investigate the

the poly (A) site (PAS), and thus plays a determinant  mechanisms underlying the protective effects of

role in APA[18, 19] HMGA2 on hTSCs, we assessed autophaggted
activities including LC3 cleavage and Beelin

In this study, we investigated the function of HMGA2 expression by western blot analysis. Further, we also

in the maintenance of pD.-treated human TSCs assessed the forna of GFRLC3-labeled aute
(hTSCs). Our data indicate that HMGA2 over phagosomes by fluorescence imaging. Similar to our
expression activates cytoprotective autophagy and previous findings[20], rapamycin activated autophagy
protects hTSCs against oxidative strggfuced loss in in H.Oo-treated hTSCs as indicated by increased LC3
stemnessand multipotent differentiation potential. cleavage, Beclil expression andautophagosome
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Figure 1. HMGAZ2 overexpression protects hTSCs fro@xdhduced loss of selfenewal capacity and pluripotencyhTSCs
transfected with HMGA2 overexpression lentivirus (HMGA2 OE) or the negative control (nc) were subjeg@dreakinent at indicated
concentrations for 24 h. Notransfected cells (mock) were included for comparis@).B) The HMGA2 mRNA (a) and protein (b) levels

were determined by gRPCR and western blot analysis, respectivély Qlonogenicity was evaluated by the colony formatiosags D)

The quantitative expression of stemness markers Nanog, Nucleostemid, @utl SSEA of treated hTSCs were measured by §RIR.K)

¢CKS Ydzf GATAYSI3IAS RAFFSNBYGAIGAZY OFLIOAtAGE o1 a. @ Ba&mesSoRofl & RS
markers for lineag@ LISOATA O RAFFSNBY (ALl A 2yorosteogehesis andF SOMIr dhdddragienasB)yaSdayi0daid  w dzy’ |
day 14 of differentiation was evaluated by gRTR. The data shown are from three replicate$ @ presented as mean + SD. *p < 0.05,

*p < 0.01.
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formation. However, these autophagyated changes
induced by rapamycin were inhibited by the autophagy
inhibitor 3-methyladenine (@A) (Figure 3A, 3B).
HMGA2 overexpression inded similar autophagy
related changes in J.-treated hTSCs to rapamycin,
and these changes were attenuated WWA3(Figure
3A, 3B). Moreover, results from multiple assays
indicated that autophagy inhibition byN8A abolished
the protective effects of HM&2 overexpression on
H.O-treated hTSCs Figures 4Ai4E and %A1 5C).
Thus, similar to rapamycin, HMGA2 overexpression
protects hTSCs against »8k-induced impairments
through activation of autophagy. Interestingly, HMGA2
overexpression and rapamycin seemed wmrk
additively to protect hTSCs from B--induced
damages Kigures 4Ai 4E and AT 5C), suggesting that
HMGA2 activates autophagy through a different
pathway than rapamycin.

Nudt21 is induced by HO, and downregulates
HMGA2 in hTSCs

The results presented above have demonstrated that
HMGA2 plays a critical role on hTSC maintenance
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under increased oxidative stress, and therefore, the loss
of stemnessand pluripotency in bD>-treated hTSCs
resulted from decreadeHMGA2 expression in these
cells. Previous studies have shown that HMGA2 can
avoid downregulation byet-7 through APAmediated
3-NTR shortening[17]. To identify whether APA
involved in the loss of HMGA2 expression inG®p-
treated hTSCs, we examinecdetbxpression of Nudt21,

a subunit of the CFIm complex responsible for PAS
selective in APA[18, 19] In contrast to HMGAZ2,
Nudt21 expression increased in response t€).H
stimulation (Figure 6A). In both #D.-treated and
untreated hTSCs, Nudt21 knockdowedIto increased
HMGA?2 expression (Figure 6B and Supplementary
Figurel), indicating negative regulation of HMGA2 by
Nudt21. In line with the function of HMGA2 in hTSC
maintenance, HMGA2 knockdown led to decreased
stemnessand cell viability, as indicatedybthe colony
formation, the Cell Counting Ki8 (CCK-8) (Figure 6C
6D). Further, we also observed an increase in cell
senescence in both.B,-treated and untreated hTSCs
by the b-g a | a ¢ t o-gal) dtairding asgafs (Figure
6E). Nudt21 knockdown showedposite effects on
both HO,-treated and untreated hTSCs to HMGA2
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Figure 2. HMGA2 overexpression protects hTSCs fro@y-ithduced cell death, cell senescence andecreasedSphase cell
number. hTSCs transfected witlent-HMGA2(HMGA2 OE) or theegative control(nc) were subjected to ¥D, treatment at indicated
concentrationsNontransfectedcells (nock were included for compariso(®) Cell viability was determined by the GBldssay after 24 h of
H.O, treatment. (B) Cell senescence was assbbyb-gal staining after 72 h of,8, treatment. (Q Cell cycle analysis was performed by flow
cytometry after 24 h of b0, treatment. The data shown are from three replicates and are presented as ingarfp < 0.05, **p < 0.01.
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knockdown Figure 6Ci 6E), presumably mediated by
increased HMGAZ2 expression secondary to Nudt21
knockdown. Moreover, the beneficial effects of Nudt21
knockdown were inhibited by HMGA2 knockdown
(Figure6Ci 6E). These results indicated that HMGAZ2 is
negatively regulated by Nudt21.
let-7-mediated

Nudt21 increases silencing  of

HMGA2 through APA

By binding to two UGUA elements upstream of the
PAS, Nudt21 prevents CPShediated prenRNA

A

LC3-l
LC3-II

Fold change

cleavagd19, 23] Nudt21 knockdown has been shown
to induce proximal PAS selection in several gej2ds

25]. The full | eUTR tcdntainsl MG A 2
proximal PAS localized between the first and second
let-7 binding sites and a distal PAS downstream ef th
seventhlet-7 binding site. To find out whether Nudt21
decreases HMGA2 expression through APA, we
examined the transcript levels of the long and short
HMGA 2-UTRNpy RFTP CR  a-RACE andjysis.
Compared with control, hTSCs with Nudt21
knockdown exhided higher levels of the short
HMGA 2-UTRNa result of proximal PAS selection,
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Figure 3. HMGAZ2 overexpression activates autophagy i@Hreated hTSCHA) hTSCs were incubated with rapamycin ard/3
for 24 h, alone or in combination as indicatedd subsequently exposed to 0.5 midfor 24 h. hTSCs were transfected with |edAWMGA2
(HMGAZ2 OE) or the negative control (nc) in the presence or absenek®lAff8r 24 h, and subsequently exposed to 0.5 midHor 24 h.
Normal cells (mock) were inclad for comparison. The protein levels of the autophagic markerd, LA, and Beclifl were determined
by western blot analysigB) GFPLC3transfected hTSGsere subjected to treatments as described in a. GEBlabeled vacuoles (puncta)
were detected by fluorescence imaging at 60x magnification. The data shown are from three replicates and are presented &Omga<

0.05, **p < 0.01.

www.agingus.com

18440

AGING



Figure 4. Autphagy blockage abolishes the protective effects of HMGA2 overexpression agaigGt-irtduced loss of

potential regenerative power and pluripotencyhTSCs transfected with lediMGA2 (HMGA2 OE) or the empty virus (nc) were
incubated with 3VIA and rapamycirfior 24 h, alone or in combination as indicated, and subsequently exposed to 0.5-@Mad 24 h.
Untransfected cells (mock) were included for compariséhQlonogenicity was assessed by the colony formation af®ayhé quantitative

expression of steness markers Nanog, Nucleostemin,-®cand SSEAwere measured by qRACR.QGE) The multilineage differentiation

capability and the expression of markers for linedgkJS OA FA O RAFTFSNByY i A | (i A-2 fgr osiebgenesis' andfsaxidd | RA LI
chondrogenesis) was evaluated by gRT wd { OF £ S 6 FNJ T pn >Yd ¢KS RIFEGF &aK26y | NB FNRB
< 0.05, *p < 0.01.
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