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Abstract

Background: Senescence increases the risks of inflammatory bowel diseases and colon cancer. Intestinal stem cells
(ISCs) in crypts differentiate into epithelial cells and thereby maintain intestinal homeostasis. However, the influence
of aging on the functions of ISCs is largely unknown. The mutation rate is highest in the small and large intestines.
Numerous types of naturally occurring DNA damage are removed by the DNA damage response (DDR). This
response induces DNA repair and apoptosis; therefore, its dysregulation leads to accumulation of damaged DNA
and consequently cellular dysfunctions, including tumorigenesis. This study investigated whether aging affects the
DDR in mouse ISCs.

Methods: Young (2–3-month-old) and old (> 19-month-old) Lgr5-EGFP-IRES-creERT2 mice were irradiated. The DDR
in Lgr5-positive ISCs was compared between these mice by immunohistochemical analyses.

Results: Induction of DDR marker proteins (phosphorylated ATR and 53BP1), inflammatory factors (phosphorylated
NF-κB and interleukin-6), and a mitochondrial biogenesis-associated gene (peroxisome proliferator-activated
receptor-γ coactivator 1α) was lower in old ISCs than in young ISCs in vivo.

Conclusion: The competence of the DDR in ISCs declines with age in vivo.
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Background
Inflammatory bowel diseases (IBDs), such as ulcerative
colitis and Crohn’s disease, are conventionally regarded
as early-onset diseases. However, elderly-onset IBDs
were recently reported, and the elderly population is
growing worldwide [1]. Aging is related to disruption of
tissue homeostasis, which increases the risks of develop-
ing IBDs and colon cancer. However, the molecular
mechanisms underlying this process are largely un-
known. Various age-related dysfunctions of adult
tissue-resident stem/progenitor cells (TSCs, also known
as somatic stem cells) are associated with perturbation of
tissue homeostasis [2]. Restoration of stem cell functions
has attracted much attention as a promising therapeutic
strategy for geriatric diseases [3–7]. The intestinal epithe-
lium is one of the most rapidly renewing tissues in the
body. Lgr5-expressing intestinal stem cells (ISCs) in crypts

differentiate into epithelial cells and thereby maintain in-
testinal homeostasis [8]. Therefore, dysfunction of ISCs
may be important for the disruption of intestinal homeo-
stasis and subsequent induction of functional disorders.
However, the influence of aging on the functions of ISCs
and induction of diseases is largely unknown.
Recent studies demonstrated that accumulation of

senescent cells promotes organismal aging and that
senolytics improve age-associated phenotypes and pro-
long lifespans [9–13]. Senescent cells secrete a myriad of
inflammatory factors, a phenomenon termed the
senescence-associated secretory phenotype (SASP), to
recruit immune cells for eliminating themselves and
thereby prevent their malignant transformation via the
immune senescence surveillance system [14, 15]. Cells
become senescent in response to various aging stresses,
such as oxidative stress, telomere shortening, inflamma-
tion, irradiation, exposure to chemicals, and the mitotic
stress, all of which induce DNA damage [16]. Numerous
types of DNA damage occur naturally and are removed
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by the DNA damage response (DDR). This response in-
duces DNA repair and apoptosis; therefore, its dysregu-
lation leads to accumulation of damaged DNA and
consequently cellular dysfunctions, including tumorigen-
esis [17, 18]. The mutation rate is highest in the small
and large intestines [19]. However, the influence of aging
on the DDR in ISCs has not been studied. Here, we
compared induction of the DDR, inflammation, and
mitochondrial biogenesis upon irradiation between
young and old mouse ISCs in vivo.

Methods
Induction of the DDR
Young (2–3-month-old) and old (> 19-month-old)
Lgr5-EGFP-IRES-creERT2 mice (The Jackson Labora-
tory) were total-body irradiated with or without 10 Gy of
X-rays and sacrificed 8 h later. Swiss roll sections of
paraffin-embedded intestines were prepared and immu-
nohistochemically analyzed. The list of mice is shown in
Additional file 1: Table S1.

Immunohistochemistry
Intestines were fixed in phosphate-buffered saline
containing 4% formaldehyde overnight and rolled.
Swiss roll sections of paraffin-embedded intestines
were prepared, subjected to heat-induced antigen re-
trieval with citrate buffer (pH 6.0) at 121 °C for 20
min, and then stained with antibodies against phos-
phorylated ataxia telangiectasia and Rad3 related
(pATR; 1:200, GeneTex, GTX128145), transformation
related protein 53 binding protein 1 (53BP1; 1:1000,
Abcam, ab36823), phosphorylated v-rel reticuloen-
dotheliosis viral oncogene homolog A (pNF-κB;
1:200, Abcam, ab86299), interleukin (IL)-6 (1:400,
Abcam, ab6672), peroxisome proliferator-activated
receptor-γ coactivator 1α (PGC-1α; 1:250, Abcam,
ab54481), and enhanced green fluorescent protein
(GFP; 1:1000, Aves Labs, GFP-1020). Jejunal regions
of crypts were analyzed using a microscope (Olym-
pus, IX83).

Statistical analyses
Three independent experiments were included in each
statistical analysis. Statistical significance was deter-
mined by two-tailed t tests. Throughout the study, p
values < 0.05 were considered statistically significant.

Results
The DDR is perturbed in old ISCs
ISCs were visualized by expression of EGFP driven
by the Lgr5 promoter in Lgr5-EGFP-IRES-creERT2
mice. To investigate the DDR in ISCs, we irradiated
young (2–3-month-old) and old (> 19-month-old)
mice and prepared swiss roll sections of their

intestines 8 h later. DNA single and double strand
breaks are sensed and processed by assembling into
DDR foci with DDR proteins, such as ATR, ATM,
53BP1, Chk1/2, and γH2A.X [20]. Expression of the
DDR markers pATR and 53BP1 was compared be-
tween young and old ISCs with (IR) or without
(non-IR) 10 gray (Gy) of X-rays irradiation in vivo by
immunohistochemical analyses. The percentages of
cells positive for pATR and 53BP1 were slightly in-
creased in non-IR old ISCs and significantly lower
among IR old ISCs than among IR young ISCs in the
crypt base (Fig. 1). By contrast, the DDR was main-
tained in IR old differentiated cells in the transit amp-
lifying compartment, whereas pATR was already
induced before irradiation (Fig. 1 and Additional file 1:
Figure S1). Apoptotic cleaved caspase-3-positive ISCs
were observed in irradiated young crypts (Add-
itional file 1: Figure S2). These results suggest that
aging perturbs the DDR specifically in ISCs.

DDR-associated induction of inflammatory factors is
decreased in old ISCs
We next examined the influence of aging on the in-
duction of inflammatory factors upon DNA damage.
DNA damage signaling triggers the secretion of in-
flammatory cytokines [21]. NF-κB is the central regu-
lator of inflammation and inflammatory SASP factors
are also induced by activation of NF-κB signaling
[22]. IL-6 is a representative inflammatory cytokine
and also known as a SASP factor [21]. Consistent
with the findings concerning DDR markers, the per-
centages of cells positive for pNF-κB and IL-6 were
slightly increased in non-IR old ISCs and significantly
lower among IR old ISCs than among IR young ISCs
(Fig. 2). Unexpectedly, IL-6 was expressed in many
ISCs without irradiation and IL-6-positive ISCs were
reduced by irradiation both in young and old crypts.
We occasionally observed strong expression of IL-6
in lysozyme-positive Paneth cells located between
two GFP-positive ISCs in old intestinal crypts (Add-
itional file 1: Figure S3).

DDR-associated induction of PGC-1α is decreased in old
ISCs
Mitochondrial dysfunction is associated with aging
[23–25]. PGC-1α is a transcriptional coactivator and
the master regulator of mitochondrial biogenesis [26,
27]. Mitochondrial biogenesis was reported to be regu-
lated both positively and negatively upon DNA dam-
age [25, 28–30]. PGC-1α is essential for the
maintenance of homeostasis in the intestinal epithe-
lium [31, 32]. At steady state, expression of PGC-1α is
higher in villi than in crypts, and a sub-population of
PGC-1α localizes to the cytoplasm [31, 33]. To
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investigate the influence of aging on mitochondrial
biogenesis in ISCs, we investigated PGC-1α expression
in irradiated mouse intestines. The percentages of cells
positive for PGC-1α was slightly increased in non-IR
old ISCs and significantly lower among IR old ISCs
than among IR young ISCs, consistent with the find-
ings regarding DDR-associated proteins (Fig. 3).

Discussion
We previously demonstrated that old mesenchymal
stem/stromal cells display the SASP, suggesting that
this phenotype is an age-associated dysregulation of
TSCs [7]. Consistent with our previous study, the per-
centages of cells positive for pNF-κB and IL-6 were
higher among old ISCs than among young ISCs at
non-IR steady state in the current study. SASP refers
to the secretion of low levels of inflammatory factors
by senescent cells at steady state. We investigated

DDR-induced expression of inflammatory factors in
ISCs. Unexpectedly, IL-6 was expressed in non-IR
ISCs and IL-6-positive ISCs were reduced by irradi-
ation both in young and old crypts. It has been re-
ported that IL-6 has both pro- and anti-inflammatory
properties and is necessary for survival and prolifera-
tion of intestinal epithelial cells by activating STAT3
signaling [34–36]. There are some reports about the
induction of IL-6 after irradiation. Some of them show
that the expression level of IL-6 is reduced or not al-
tered in the short-term (several days to 3 weeks) and
recovered or upregulated in long-term (4–6 weeks)
after irradiation [37, 38]. On the other hand, pNF-κB
was dramatically upregulated after irradiation and the per-
centages of pNF-κB-positive cells were lower among IR
old ISCs than among IR young ISCs. These results suggest
that organismal aging induces a low level of chronic in-
flammation at steady state, but perturbs induction of acute
inflammation upon activation of the DDR.

Fig. 1 The DDR is perturbed in old ISCs. Immunohistochemical analyses of DDR marker proteins were performed in young and old jejunum with
(IR) or without 10 Gy X-ray irradiation (non-IR). Representative images stained with anti-pATR and anti-53BP1 antibodies, together with graphs of
the percentages of positive cells, are shown in a and b, respectively. Arrowheads indicate GFP positive and pATR or 53BP1 negative cells. Data
are mean ± s.e.m. (n = 3 and > 100 GFP+ cells). *p < 0.05, **p < 0.01, NS > 0.05. Scale bars, 50 μm
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As shown schematically in Fig. 4, induction of the
DDR and expression of associated proteins were
decreased in old ISCs. The DDR was sustained in old
differentiated cells, suggesting that only the respon-
siveness to DNA damage was perturbed and DDR
capacity was potentially sustained in old ISCs. We pre-
viously demonstrated a similar regulation for the exer-
tion of differentiation potential in the neurogenic-
to-gliogenic transition of developing neural stem/progenitor
cells (NSCs) as the “competence transition” [5, 6].
NSCs are unable to respond to the gliogenic signals
during early developmental stages. Both cell-intrinsic
and cell-extrinsic changes can induce loss of various
stem cell competence [39–41]. We also demonstrated
that stem cell-intrinsic changes in competence

regulation are critical for the differentiation potential
and secretory profile of stem cells [6, 7, 42]. Further in
vitro and in vivo investigations of both cell-intrinsic
and cell-extrinsic changes in TSCs are expected to re-
veal the influence of the stem cell aging on organismal
aging and geriatric diseases.

Conclusions
Induction of DDR-associated proteins, inflammatory
factors, and a mitochondrial biogenesis regulator fol-
lowing irradiation was decreased in old ISCs, but
not in old differentiated cells. Our results suggest
that the competence of the DDR in ISCs declines
with age in vivo.

Fig. 2 Expression of inflammatory factors is decreased in old ISCs. Immunohistochemical analyses of inflammatory factors were performed in
young and old jejunum with (IR) or without 10 Gy X-ray irradiation (non-IR). Representative images stained with anti-pNF-κB and anti-IL-6
antibodies, together with graphs of the percentages of positive cells, are shown in a and b, respectively. Arrows and arrowheads indicate GFP
and pNF-κB or IL-6 double-positive and GFP single-positive cells, respectively. Data are mean ± s.e.m. (n = 3 and > 100 GFP+ cells). *p < 0.05, **p <
0.01. Scale bars, 50 μm
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Fig. 3 DDR-dependent mitochondrial biogenesis is decreased in old ISCs. Immunohistochemical analyses of PGC-1α were performed in young
and old jejunum with (IR) or without 10 Gy X-ray irradiation (non-IR). Representative images stained with an anti-PGC-1α antibody, together with
a graph of the percentage of positive cells, are shown. Arrows and arrowheads indicate GFP and PGC-1α double-positive and GFP single-positive
cells, respectively. Data are mean ± s.e.m. (n = 3 and > 100 GFP+ cells). *p < 0.05. Scale bar, 50 μm

Fig. 4 Schematic diagram of the decreases in the DDR and subsequent inflammation and mitochondrial biogenesis upon irradiation in old ISCs
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Additional file

Additional file 1: Figure S1. Expression patterns of Ki-67. Proliferating
progenitor cells were stained with an antibody against Ki-67 in the transit
amplifying compartment. Scale bar: 50 μm. Figure S2. Immunohistochemical
analyses of cleaved Caspase-3. GFP and cleaved Caspase-3 double-positive
apoptotic intestinal stem cells (ISCs) were observed in irradiated young crypts.
Arrows and arrowheads indicate GFP and cleaved Caspase-3 double-positive
and GFP single-positive cells, respectively. Scale bar: 50 μm. Figure S3. IL-6-
positive Paneth cells were observed in old crypts. Expression of IL-6 was ob-
served in old lysozyme-positive Paneth cells in old crypts
before irradiation. Arrows and an arrowhead indicate lysozyme and IL-6
double-positive and lysozyme single-positive cells, respectively. Scale bar: 50
μm. Table S1. List of mice. (PDF 743 kb)

Abbreviations
DDR: DNA damage response; IBDs: Inflammatory bowel diseases;
IL: Interleukin; ISCs: Intestinal stem cells; NSCs: Neural stem/progenitor cells;
pATR: Phosphorylated ATR; PGC-1α: Peroxisome proliferator-activated
receptor-γ coactivator 1α; pNF-κB: Phosphorylated NF-κB; SASP: Senescence-
associated secretory phenotype; TSCs: Tissue-resident stem/progenitor cells

Acknowledgments
We thank the Central Research Laboratory and the Research Center for
Animal Life Science at Shiga University of Medical Science.

Funding
This work was supported by the Uehara Memorial Foundation and JSPS
KAKENHI Grant Number JP16K08602.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article.

Authors’ contributions
All authors performed experiments. HNK designed and supervised the
project. All authors read and approved the final manuscript.

Ethics approval and consent to participate
Animal care and experiments were performed according to the guidelines of
the Research Center for Animal Life Science at Shiga University of Medical
Science.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 30 January 2019 Accepted: 1 April 2019

References
1. Ruel J, Ruane D, Mehandru S, Gower-Rousseau C, Colombel JF. IBD across

the age spectrum: is it the same disease? Nat Rev Gastroenterol Hepatol.
2014;11(2):88–98.

2. Sharpless NE, DePinho RA. How stem cells age and why this makes us grow
old. Nat Rev Mol Cell Biol. 2007;8(9):703–13.

3. Conboy IM, Conboy MJ, Wagers AJ, Girma ER, Weissman IL, Rando TA.
Rejuvenation of aged progenitor cells by exposure to a young systemic
environment. Nature. 2005;433(7027):760–4.

4. Elabd C, Cousin W, Upadhyayula P, Chen RY, Chooljian MS, Li J, Kung S,
Jiang KP, Conboy IM. Oxytocin is an age-specific circulating hormone
that is necessary for muscle maintenance and regeneration. Nat
Commun. 2014;5:4082.

5. Naka H, Nakamura S, Shimazaki T, Okano H. Requirement for COUP-TFI and
II in the temporal specification of neural stem cells in CNS development.
Nat Neurosci. 2008;11(9):1014–23.

6. Naka-Kaneda H, Nakamura S, Igarashi M, Aoi H, Kanki H, Tsuyama J,
Tsutsumi S, Aburatani H, Shimazaki T, Okano H. The miR-17/106-p38 axis is a
key regulator of the neurogenic-to-gliogenic transition in developing neural
stem/progenitor cells. Proc Natl Acad Sci U S A. 2014;111(4):1604–9.

7. Hisamatsu D, Ohno-Oishi M, Nakamura S, Mabuchi Y, Naka-Kaneda H.
Growth differentiation factor 6 derived from mesenchymal stem/stromal
cells reduces age-related functional deterioration in multiple tissues. Aging
(Albany NY). 2016;8(6):1259–75.

8. Barker N, van Es JH, Kuipers J, Kujala P, van den Born M, Cozijnsen M,
Haegebarth A, Korving J, Begthel H, Peters PJ, et al. Identification of stem
cells in small intestine and colon by marker gene Lgr5. Nature. 2007;
449(7165):1003–7.

9. Baker DJ, Wijshake T, Tchkonia T, LeBrasseur NK, Childs BG, van de Sluis B,
Kirkland JL, van Deursen JM. Clearance of p16Ink4a-positive senescent cells
delays ageing-associated disorders. Nature. 2011;479(7372):232–6.

10. Baker DJ, Childs BG, Durik M, Wijers ME, Sieben CJ, Zhong J, R AS,
Jeganathan KB, Verzosa GC, Pezeshki A, et al. Naturally occurring p16-
positive cells shorten healthy lifespan. Nature. 2016;530(7589):184–9.

11. Baar MP, Brandt RMC, Putavet DA, Klein JDD, Derks KWJ, Bourgeois BRM,
Stryeck S, Rijksen Y, van Willigenburg H, Feijtel DA, et al. Targeted apoptosis
of senescent cells restores tissue homeostasis in response to chemotoxicity
and aging. Cell. 2017;169(1):132–147.e116.

12. Xu M, Pirtskhalava T, Farr JN, Weigand BM, Palmer AK, Weivoda MM, Inman
CL, Ogrodnik MB, Hachfeld CM, Fraser DG, et al. Senolytics improve physical
function and increase lifespan in old age. Nat Med. 2018;24(8):1246–56.

13. Mahmoudi S, Xu L, Brunet A. Turning back time with emerging rejuvenation
strategies. Nat Cell Biol. 2019;21(1):32–43.

14. Coppe JP, Patil CK, Rodier F, Sun Y, Munoz DP, Goldstein J, Nelson
PS, Desprez PY, Campisi J. Senescence-associated secretory
phenotypes reveal cell-nonautonomous functions of oncogenic RAS
and the p53 tumor suppressor. PLoS Biol. 2008;6(12):2853–68.

15. Kang TW, Yevsa T, Woller N, Hoenicke L, Wuestefeld T, Dauch D, Hohmeyer
A, Gereke M, Rudalska R, Potapova A, et al. Senescence surveillance of pre-
malignant hepatocytes limits liver cancer development. Nature. 2011;
479(7374):547–51.

16. Hoeijmakers JH. DNA damage, aging, and cancer. N Engl J Med. 2009;
361(15):1475–85.

17. Jackson SP, Bartek J. The DNA-damage response in human biology and
disease. Nature. 2009;461(7267):1071–8.

18. Lord CJ, Ashworth A. The DNA damage response and cancer therapy.
Nature. 2012;481(7381):287–94.

19. Ono T, Ikehata H, Uehara Y, Komura J-i. The maintenance of genome
integrity is tissue-specific. Genes Environ. 2006;28(1):16–22.

20. Zhou BB, Elledge SJ. The DNA damage response: putting checkpoints in
perspective. Nature. 2000;408(6811):433–9.

21. Rodier F, Coppe JP, Patil CK, Hoeijmakers WA, Munoz DP, Raza SR, Freund A,
Campeau E, Davalos AR, Campisi J. Persistent DNA damage signalling
triggers senescence-associated inflammatory cytokine secretion. Nat Cell
Biol. 2009;11(8):973–9.

22. Salminen A, Kauppinen A, Kaarniranta K. Emerging role of NF-kappaB
signaling in the induction of senescence-associated secretory phenotype
(SASP). Cell Signal. 2012;24(4):835–45.

23. Trifunovic A, Wredenberg A, Falkenberg M, Spelbrink JN, Rovio AT, Bruder
CE, Bohlooly YM, Gidlof S, Oldfors A, Wibom R, et al. Premature ageing in
mice expressing defective mitochondrial DNA polymerase. Nature. 2004;
429(6990):417–23.

24. Sahin E, Depinho RA. Linking functional decline of telomeres, mitochondria
and stem cells during ageing. Nature. 2010;464(7288):520–8.

25. Fang EF, Scheibye-Knudsen M, Chua KF, Mattson MP, Croteau DL, Bohr
VA. Nuclear DNA damage signalling to mitochondria in ageing. Nat Rev
Mol Cell Biol. 2016;17(5):308–21.

26. Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V,
Troy A, Cinti S, Lowell B, Scarpulla RC, et al. Mechanisms controlling
mitochondrial biogenesis and respiration through the thermogenic
coactivator PGC-1. Cell. 1999;98(1):115–24.

27. Kelly DP, Scarpulla RC. Transcriptional regulatory circuits
controlling mitochondrial biogenesis and function. Genes Dev.
2004;18(4):357–68.

Watanabe et al. Inflammation and Regeneration            (2019) 39:8 Page 6 of 7

https://doi.org/10.1186/s41232-019-0096-y


28. Sahin E, Colla S, Liesa M, Moslehi J, Muller FL, Guo M, Cooper M, Kotton D,
Fabian AJ, Walkey C, et al. Telomere dysfunction induces metabolic and
mitochondrial compromise. Nature.
2011;470(7334):359–65.

29. Xiong S, Patrushev N, Forouzandeh F, Hilenski L, Alexander RW. PGC-1alpha
modulates telomere function and DNA damage in protecting against
aging-related chronic diseases. Cell Rep. 2015;12(9):1391–9.

30. Correia-Melo C, Marques FD, Anderson R, Hewitt G, Hewitt R, Cole J, Carroll
BM, Miwa S, Birch J, Merz A, et al. Mitochondria are required for pro-ageing
features of the senescent phenotype. EMBO J. 2016;35(7):724–42.

31. D'Errico I, Salvatore L, Murzilli S, Lo Sasso G, Latorre D, Martelli N, Egorova AV,
Polishuck R, Madeyski-Bengtson K, Lelliott C, et al. Peroxisome proliferator-
activated receptor-gamma coactivator 1-alpha (PGC1alpha) is a metabolic
regulator of intestinal epithelial cell fate. Proc Natl Acad Sci U S A. 2011;108(16):
6603–8.

32. Rath E, Moschetta A, Haller D. Mitochondrial function - gatekeeper of
intestinal epithelial cell homeostasis. Nat Rev Gastroenterol Hepatol.
2018;15(8):497–516.

33. Chang JS, Huypens P, Zhang Y, Black C, Kralli A, Gettys TW. Regulation of
NT-PGC-1alpha subcellular localization and function by protein kinase
A-dependent modulation of nuclear export by CRM1. J Biol Chem. 2010;
285(23):18039–50.

34. Grivennikov S, Karin E, Terzic J, Mucida D, Yu GY, Vallabhapurapu S, Scheller
J, Rose-John S, Cheroutre H, Eckmann L, et al. IL-6 and Stat3 are required for
survival of intestinal epithelial cells and development of colitis-associated
cancer. Cancer Cell. 2009;15(2):103–13.

35. Scheller J, Chalaris A, Schmidt-Arras D, Rose-John S. The pro- and anti-
inflammatory properties of the cytokine interleukin-6. Biochim Biophys Acta.
2011;1813(5):878–88.

36. Jeffery V, Goldson AJ, Dainty JR, Chieppa M, Sobolewski A. IL-6 signaling
regulates small intestinal crypt homeostasis. J Immunol. 2017;199(1):304–11.

37. Garg S, Boerma M, Wang J, Fu Q, Loose DS, Kumar KS, Hauer-Jensen M.
Influence of sublethal total-body irradiation on immune cell populations in
the intestinal mucosa. Radiat Res. 2010;173(4):469–78.

38. Ong ZY, Gibson RJ, Bowen JM, Stringer AM, Darby JM, Logan RM, Yeoh AS,
Keefe DM. Pro-inflammatory cytokines play a key role in the development
of radiotherapy-induced gastrointestinal mucositis. Radiat Oncol. 2010;5:22.

39. Pan L, Chen S, Weng C, Call G, Zhu D, Tang H, Zhang N, Xie T. Stem cell
aging is controlled both intrinsically and extrinsically in the Drosophila
ovary. Cell Stem Cell. 2007;1(4):458–69.

40. Chakkalakal JV, Jones KM, Basson MA, Brack AS. The aged niche disrupts
muscle stem cell quiescence. Nature. 2012;490(7420):355–60.

41. Yilmaz OH, Katajisto P, Lamming DW, Gultekin Y, Bauer-Rowe KE, Sengupta
S, Birsoy K, Dursun A, Yilmaz VO, Selig M, et al. mTORC1 in the Paneth cell
niche couples intestinal stem-cell function to calorie intake. Nature. 2012;
486(7404):490–5.

42. Watanabe K, Ikuno Y, Kakeya Y, Kito H, Matsubara A, Kaneda M, Katsuyama
Y, Naka-Kaneda H. Functional similarities of microRNAs across different types
of tissue stem cells in aging. Inflamm Regen. 2018;38(1):9.

Watanabe et al. Inflammation and Regeneration            (2019) 39:8 Page 7 of 7


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Induction of the DDR
	Immunohistochemistry
	Statistical analyses

	Results
	The DDR is perturbed in old ISCs
	DDR-associated induction of inflammatory factors is decreased in old ISCs
	DDR-associated induction of PGC-1α is decreased in old ISCs

	Discussion
	Conclusions
	Additional file
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

