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Aging is characterized by a decline in the ability of tissue repair
and regeneration after injury. In skeletal muscle, this decline is
largely driven by impaired function of muscle stem cells (MuSCs)
to efficiently contribute to muscle regeneration. We uncovered

a cause of this aging-associated dysfunction: a cellular
survivorship bias that prioritizes stem cell persistence at the
expense of functionality. With age, MuSCs increased expression
of a tumor suppressor, N-myc down-regulated gene 1 (NDRGL1),
which, by suppressing the mammalian target of rapamycin
(mTOR) pathway, increased their long-term survival potential but
at the cost of their ability to promptly activate and contribute to
muscle regeneration. This delayed muscle regeneration with age
may result from a trade-off that favors long-term stem cell
survival over immediate regenerative capacity.

One of the most well-characterized phenotypes of muscle stem cell
(MuSC) aging is the slowed rate at which aged MuSCs activate from
quiescence and enter the cell cycle (I-4). This slowing directly con-
tributes to the impaired rate at which aged muscle regenerates after
injury (I, 2, 5, 6). Indeed, transcriptomic analysis of young and old
MuSCs shows that cell cycle and proliferation pathways are among the
most altered pathways with age (3, 7). However, the direct mechanistic
link between aging and slowed MuSC activation remains incompletely
understood.

The tumor suppressor NDRG1 is up-regulated in aged MuSCs

To identify genetic changes that might be responsible for the declining
rate of MuSC activation with age, we analyzed the transcriptomes of
young and old mouse MuSCs (7). Principal components analysis (PCA)
of the RNA sequencing (RNA-seq) data revealed a clear separation
between young and old MuSCs, indicating age-associated global tran-
scriptional differences (Fig. 1A). The expression of N-myc down-
regulated gene 1 (Ndrgl) showed the largest change among growth
factor signaling and cell cycle-related genes with age, increasing
by 3.5-fold in aged MuSCs (Fig. 1, B and C, and fig. S1A). NDRGI acts
as a tumor suppressor gene in multiple cell types by blunting numer-
ous growth factor signaling pathways (8-10). Immunofluorescence
staining of isolated myofibers from hindlimb muscles and protein
immunoblot analysis of isolated MuSCs confirmed the increased
accumulation of NDRG1 protein in aged MuSCs (Fig. 1D and fig.
S1, B and C).
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NDRGI gene ablation in aged MuSCs results in enhanced MuSC
activation and an improved rate of muscle regeneration

We surmised that the increased abundance of NDRG1 with age might
explain the decreased rate of cell cycle entry of aged MuSCs (8-10). To
test this, we generated mice with a MuSC-specific conditional deletion
of NDRGI (Pax7" "™ *;NDRGIM™; ROSA®™/*, hereafter referred to as
NDRG1¥° mice) to ablate NDRG1 after tamoxifen (TMX) injection
(fig. S2A). Loss of NDRG1 was confirmed by protein immunoblot analy-
sis of isolated MuSCs and immunofluorescence staining of isolated
myofibers (Fig. 2, A and B). To probe NDRG1 function during aging,
NDRG1%¥° mice were aged to ~20 months and then treated with TMX.
Two weeks later, MuSCs were isolated from hindlimb muscles of wild-
type (WT) and NDRGI*© mice (Fig. 2C). Aged NDRG1¥® MuSCs exhibited
a significant increase in the rates of S phase entry and mitochondrial
accumulation during activation compared with controls, achieving
amounts similar to those of young MuSCs (Fig. 2, D and E). To assess
the role of NDRGI1 ablation in promoting MuSC activation in vivo, EQU
was administered to ~20-month-old NDRG1° and WT mice after
muscle injury. Three days later, activated MuSCs were isolated (Fig. 2F).
Consistent with our ex vivo result, MuSCs from old NDRGI®*© mice
displayed an increased rate of in vivo activation, similar in magnitude
to that of young MuSCs (Fig. 2G).

We tested whether the slowed rate of regeneration characteristic of
aged muscle might be driven by increased NDRG1 expression in aged
MuSCs. We injured the tibialis anterior muscles of both aged WT and
NDRGI° mice and measured the extent of regeneration 7 days later
(Fig. 2F). The rate of muscle regeneration was increased in NDRG1%©
mice (Fig. 2H and fig. S2B). By contrast, muscle regeneration in young
NDRGI®*° mice was not significantly altered compared with age-
matched controls (fig. S2, C and D). Thus, increased NDRG1 expression
in old MuSCs mediates the slowed rate of MuSC activation and muscle
regeneration of aged muscle.

NDRG1 ablation in aged MuSCs results in impaired cell survival
and defective regeneration after sequential injuries

Another phenotypic hallmark of aged MuSCs is defective cell survival
and resilience (1, 5, 7). Given that aged NDRG1¥° MuSCs appeared
rejuvenated with respect to their activation rate, we tested whether
NDRGI1 ablation affected survival of aged MuSCs and indeed found
impaired survival compared with controls (Fig. 3A). Likewise, aged
NDRG1¥° mice displayed a reduction in the number of quiescent
MuSCs [confirmed by calcitonin receptor (CalcR) staining (71)] 21 days
after muscle injury (Fig. 3B and fig. S3A). As defective MuSC survival
after injury can lead to impaired muscle regeneration in response to
a subsequent injury (), we induced two sequential injuries in the
muscles of aged NDRGI° and WT mice (Fig. 3C). Histological analy-
sis revealed that NDRG1°%© mice displayed an impairment in muscle
regeneration after the second injury (Fig. 3D), likely owing to the
reduced MuSC pool available for regeneration and in spite of the
enhanced regenerative potential of NDRGI%C MuSCs. We observed
a further reduction in quiescent MuSCs 21 days after a second injury
in the NDRG1°*° mice (Fig. 3E).

Thus, NDRG1 may mediate a critical phenotypic trade-off in aged
MuSCs. Whereas NDRGI expression blunts the ability of MuSCs to
activate promptly and regenerate muscle efficiently, it also promotes
MusSC survival, suggesting a trade-off between activation rate and re-
silience (12). To test whether accumulation of NDRGI1 with age is a
consequence of a survivorship bias that privileges cell resilience over
cell function, we ablated NDRG1 in the MuSCs of young mice and
subsequently aged the mice for a period of 18 to 20 months (Fig. 3F).
Indeed, aged NDRGI®®© mice displayed a decrease in the total MuSC
pool compared with that of their age-matched WT counterparts (Fig. 3G
and fig. S3, B and C). Aged NDRG1°¥° mice also showed significantly
delayed muscle regeneration (Fig. 3H), likely as a consequence of the
reduction in the number of surviving MuSCs. Despite the selection for
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Fig. 1. Increased abundance of NDRG1 transcripts and protein in aged MuSCs. (A) PCA plot of RNA-seq data
from freshly isolated MuSCs from young (3-month-old) and old (22-month-old) mice. (B) Volcano plots of
differentially expressed genes. Dashed lines indicate fold change (log,FC>1.5) and P value cutoffs (P,q; < 0.05).

(C) Normalized DESeq read counts of Ndrgl. (D) (Left) Representative immunofluorescence images of extensor
digitorum longus (EDL) single myofibers. PAX7, paired box protein 7; DAPI, 4’ 6-diamidino-2-phenylindole (scale bar,
50 um). (Right) Corrected total cell fluorescence (CTCF) for NDRGL. P values were calculated with a two-sided

resilience with age, old MuSCs are still less resilient than their young
counterparts. Although NDRGI enhances the resilience of old MuSCs,
there still exist a multitude of other factors that combine to make old
MuSCs less resilient than young MuSCs (5, 7, 12).

This survivorship bias theory of cellular aging begs a crucial evolu-
tionary question: If NDRGI1 expression confers a cellular survival ben-
efit that is selected for with age, why would NDRG1 not simply be
removed from the gene pool if it did not confer benefit during youth,
when the forces of natural selection are strongest? To address this
question, we ablated NDRGI1 in young mice and measured regenera-
tion after either a single injury or consecutive injuries (fig. S3D).
Although, as previously noted (fig. S2D), removal of NDRG1 had no
significant effect on the regeneration of young muscle after a single
injury, this was associated with a decline in the total number of MuSCs
(fig. S3, E and F). In response to a subsequent injury, we observed an
even greater decline in total MuSCs and now a regenerative impair-
ment (fig. S3, G and H). These results support a trade-off model in
which low NDRGI expression in young stem cells enables rapid regen-
eration while maintaining a baseline level of resilience, which is suf-
ficient for survival in young animals but inadequate for survival in the
harsher environment of aged tissue.

To test the idea that increased NDRG1 in young MuSCs would be
detrimental, we isolated a population of young MuSCs that had the
highest NDRG1 amounts and compared them using functional assays
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quences of increased NDRGI in young
MuSCs, we overexpressed NDRG1 in freshly
isolated MuSCs from young mice (fig.
S4E). Overexpression of NDRG1 resulted
in reduced activation rates (fig. S4F). Like-
wise, muscles transplanted with NDRG1-
overexpressing cells showed significantly
lower signals than did control cells
(fig. S4G).

Although we observed no significant
change in MuSC survival by NDRG1 over-
expression under control conditions, NDRGI-
expressing MuSCs showed improved
survival under conditions of oxidative
stress (fig. S4, H and I). Thus, overexpres-
sion of NDRG1 in young MuSCs slows the
rate of their activation, but as with aged
MusSCs, this is accompanied by increased
resilience.

*
%,
o

The phenotypic consequences of
NDRG1 accumulation in aged MuSCs
are mediated by repression of the
PI3K-AKT-mTOR pathway
We sought to determine the molecular
mechanism by which NDRGI elicited ef-
fects in old MuSCs. We therefore per-
formed RNA-seq of MuSCs from aged WT
and NDRGI®®© mice. PCA showed distinct clustering of WT and
NDRG1%¥C MusSCs, and volcano plot analysis revealed numerous dif-
ferentially expressed genes (fig. S5, A and B). Gene set enrichment
analysis revealed increased abundance of mRNAs encoding proteins in
the phosphatidylinositol 3-kinase (PI3K)-AKT-mTOR pathway upon
NDRGI ablation (Fig. 4, A and B). We confirmed increased activation
of this pathway after NDRG1 ablation by protein immunoblotting
(Fig. 4, C to E). Analysis of our RNA-seq data revealed up-regulation of
several genes in the PI3K-Akt-mTOR pathway (PIK3CA, AKT1, PTEN,
and CXCR#4) in NDRG1-ablated MuSCs (fig. S5C). We also found that
phosphorylation of S6, a downstream target of the mTOR pathway, was
increased in NDRG1%° MuSCs and was reduced upon treatment with
the mTOR inhibitor rapamycin (fig. S5D). Given the role of the mTOR
pathway in promoting cell cycle progression (13), we tested whether
the enhanced activation rate of aged NDRG1%© MuSCs is mediated by
the mTOR pathway. Inhibition of mTOR with rapamycin blunted the
enhanced rate of S phase entry in NDRG1%*° MuSCs (Fig. 4F).
Activation of mTOR in quiescent MuSCs results in a primed state
termed Gaert (I4), which is characterized by accelerated activation and
mediates enhanced muscle regeneration. On the basis of increased
mTOR signaling in NDRG1%© MuSCs, we tested whether they also exist
in this alerted state. Two hallmarks of MuSCs in Gyt are an increased
propensity to spontaneously exit quiescence and an increased size.
Indeed, old NDRGI*® MuSCs displayed these phenotypes, whereas
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Fig. 2. Enhanced MuSC activation and improved muscle regeneration after NDRG1 ablation in aged MuSCs. (A) (Left) Representative immunoblots of yellow fluorescent
protein-positive (YFP*) MuSCs isolated from WT and NDRG1K® mice. (Right) Band intensities of NDRG1 were normalized to those of a-tubulin (n = 3). (B) (Left) Represen-
tative immunofluorescence images of EDL single myofibers (scale bar, 50 um). (Right) CTCF for NDRG1 measured in YFP* WT and NDRG1%*® MuSCs. (C) Schematic for TMX
injection and YFP* MuSC isolation from old WT and NDRG1K® mice. (D) 5-ethynyl-2'-deoxyuridine (EdU) incorporation in old YFP* MuSCs. MuSCs were maintained in
culture for 40 hours in the continuous presence of EdU. The dashed line indicates mean value of EdU incorporation in young MuSCs (n = 5). (E) Relative mitochondrial
content measured in old YFP™ MuSCs. The dashed line indicates mean value of mitochondrial content in young MuSCs (n = 4). (F) Schematic for TMX injection, BaCly injury,
and invivo EdU administration related to (G) and (H). CSA, cross-sectional area; dpi, days post infection; Wk, week. (G) In vivo EdU incorporation in old YFP* MuSCs. EdU
was administered for 3 days after muscle injury. The dashed line indicates mean value of in vivo EdU incorporation in young MuSCs (n = 3). (H) (Left) Representative

immunostaining of regenerating muscle fibers from WT and NDRGI1C

mice 7 days after injury (scale bar, 100 um). (Right) Quantification of the mean CSAs of centrally

nucleated myofibers in muscle sections (n = 3 for WT, n = 4 for NDRG1%?). The dashed line indicates mean CSA in young mice 7 days after injury (n = 3). P values were
calculated with a two-sided unpaired Student's t test. Data are shown as mean + SD in (A), (B), (D), (E), (G), and (H); *P < 0.05, **P < 0.01, **#P < 0.001.

young NDRG1°°® MuSCs did not (Fig. 4, G to I, and fig. S5, E and F).
Both of these Gajert phenotypes were abrogated by rapamycin treat-
ment (Fig. 4, J to L), further highlighting the similarities between
NDRG1%¥° Galert MUSCs (14). Likewise, the ablation of NDRG1 in MuSCs
did not result in any evidence of muscle injury that might secondarily
lead to MuSC activation (fig. S5, G to K).

MuSCs in Gajert €xhibit an mTOR-dependent deficit in survival and
in long-term persistence (15), similar to that of NDRG1%¥© MusSCs.
Treating old NDRGI%*© mice with rapamycin partially rescued the
survival impairments associated with NDRGI1 ablation (Fig. 4M).
Additionally, rapamycin treatment blunted the enhanced rate of S
phase entry and mitochondrial accumulation characteristic of NDRGI-
ablated MuSCs (fig. S6, A and B). Rapamycin treatment also rescued the
regenerative impairments of NDRG1%¥° mice after sequential injuries

Science 29 JANUARY 2026

(fig. S6, C and D). Thus, the accumulation of NDRG1 with age sup-
presses mTOR signaling in MuSCs, rendering the cells less prone to
activate but more resilient. These conditions are in direct contrast to
the Galert state, in which MuSCs have increased mTOR signaling and
are thus more poised to activate but have reduced resilience (14, 15).

These findings support the conclusion that the accumulation of NDRG],
and the associated suppression of mTOR signaling, may be the result of
a survivorship bias that eliminates MuSCs with low NDRGI expression
that are less resilient, leaving MuSCs that have higher NDRGI expres-
sion but are less able to support rapid regeneration. MuSCs that do not
accumulate NDRGI1 during aging are highly prone to being depleted
from the MuSC pool over time. This view of aging is distinct from the
antagonistic pleiotropy theory, which proposes that aging-associated phe-
notypic dysfunction is a consequence of specific genes whose expression
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Fig. 3. Impaired cell survival and defective regeneration of aged muscle after sequential injuries in MuSCs lacking NDRG1. (A) (Left) Dead cells were quantified
immediately upon isolation of old YFP* MuSCs (n = 3). (Right) Quantification of dead cells during activation. Dead cells were counted 40 hours after plating (n =5for WT,n =4
for NDRG1%?). (B) Quantification of number of PAX7+ MuSCs per each tissue section21 days after injury (n = 4). (C) Schematic for TMX injection and repetitive BaCl; injuries
related to (D) and (E). (D) (Left) Representative immunostaining of regenerating muscle fibers 7 days after the second injury (scale bar, 100 pm). (Right) Quantification of the
mean CSA of centrally nucleated myofibers in muscle sections (n = 4). (E) Quantification of number of PAX7* MuSCs per each tissue section 21 days after the second injury

(n =4). (F) Schematic for TMX injection and BaCl, injury related to (G) and (H). (G) (Left) Representative tissue immunostaining images of muscle sections (scale bar, 100 pm).
(Right) Quantification of the number of YFP* MuSCs per tissue section (n = 4). (H) (Left) Representative immunostaining of regenerating muscle fibers (scale bar, 100 pm).
(Right) Quantification of the mean CSAs of centrally nucleated myofibers in muscle sections (n = 4). P values were calculated with a two-sided unpaired Student’s t test. Data
are shown as mean + SD in (A) to (C), (E), (F), (H), and (l); *P < 0.05, **P < 0.01, ***P < 0.001.

confers benefits to organisms during youth but detriments to organ-
isms with age (I6)—based on the idea that natural selection strongly
favors early-life benefits even when they come at the cost of late-life
harm. By contrast, NDRGI is an example of a gene whose increased
expression would be largely detrimental during youth because of the
impaired regenerative response but emerges prominently with age as
a result of a strong survivorship bias conferred to cells with high lev-
els of NDRGI1.

Thus, our work not only reveals an unexpected cause of impaired
tissue regeneration with age but also leads us to propose a conceptual
framework of organismal aging in which cell-specific survivorship bias,
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rather than antagonistic pleiotropy, underlies functional decline with
age. Additionally, our findings highlight the fact that molecular changes
associated with cellular aging may be positive compensatory responses
as opposed to drivers of age-related decline. In this case, delayed activa-
tion or reduced regenerative capacity might be interpreted as purely
detrimental consequences of aging. However, the trade-off for such det-
rimental changes, namely enhanced resilience, may avoid a much worse
outcome —the depletion of the stem cell pool and even less-effective
tissue maintenance and regeneration. Thus, aging-associated change in
gene expression, although costly in terms of cellular function, may in
fact support cellular survival and tissue integrity into old age.
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Fig. 4. Assessments of phenotypic consequences of increased NDRG1 in aged MuSCs downstream repression of the
PI3K-AKT-mTOR pathway. (A) Gene set enrichment analysis (GSEA) of hallmark gene sets enriched in differentially
expressed genes in old MuSCs. FDR, false discovery rate; NES, normalized enrichment score. (B) GSEA signature plots.
(C) Representative immunoblots of MuSCs isolated from old WT and NDRG1% mice. (D and E) From replicate studies as
shown in (C), band intensities of p-mTOR and p-AKT were normalized to those of total mTOR and AKT, respectively (n = 4).
(F) Freshly isolated old WT and NDRGIK® MuSCs were treated with 100 nM of rapamycin (rap) for 48 hours. EdU incorpora-
tion in the MuSCs was quantified after 40 hours culture in the continuous presence of EdU (n = 4). veh, vehicle. (G) Schematic
of TMX injection and in vivo EdU treatment. (H) In vivo EdU incorporation in YFP* MuSCs isolated from each group of mice
treated as described in (G) (n = 4). (1) (Left) YFP* MuSC size was measured as forward angle light scatter (FSC) with flow
cytometry (n = 4). (Right) Representative fluorescence-activated cell sorting plot. (J) Schematic of tamoxifen injection and
rapamycin and EdU treatments related to (K) and (L). (K) Spontaneous cell cycle entry in the absence of injury measured by
invivo EdU incorporation in freshly isolated MuSCs (n = 4). (L) Quantification of cell size by FSC (n = 4). (M) Quantification
of dead YFP* MuSCs upon isolation (n = 4). P values were calculated with a two-sided unpaired Student’s t test. Data are
shown as mean + SD in (D) to (F), (H), (), and (K) to (M); *P < 0.05, **P < 0.01; ns, not significant.
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Editor’'s summary

Muscle stem cells lose their regenerative capacities with age, and Kang et al. have demonstrated a role of NDRG1 (N-
myc downregulated gene 1), a tumor suppressor gene, in this process. Expression of NDRG1 was increased in muscle
cells from old mice, and genetic depletion of the gene enhanced muscle regeneration (see the Perspective by von
Maltzahn). However, there was a trade-off, and loss of NDRG1 wasn’t wholly beneficial. Cell survival and regeneration
were reduced after multiple injuries. Thus, the characteristics of aged muscle cells may reflect not so much a general
decline in function as selection of those cells with high NDRG1 expression. This trade-off may allow for resilience and
survival for aged muscles but with delayed activation and decreased regenerative capacity. —L. Bryan Ray
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