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Cellular senescence is an important anticancer mechanism that
restricts proliferation of damaged or premalignant cells. Cellular
senescence also plays an important role in tissue remodeling
during development. However, there is a trade-off associated
with cellular senescence as senescent cells contribute to aging
pathologies. The naked mole rat (NMR) (Heterocephalus glaber) is
the longest-lived rodent that is resistant to a variety of age-related
diseases. Remarkably, NMRs do not show aging phenotypes until
very late stages of their lives. Here, we tested whether NMR cells
undergo cellular senescence. We report that the NMR displays de-
velopmentally programmed cellular senescence in multiple tissues,
including nail bed, skin dermis, hair follicle, and nasopharyngeal
cavity. NMR cells also underwent cellular senescence when trans-
fected with oncogenic Ras. In addition, cellular senescence was
detected in NMR embryonic and skin fibroblasts subjected to
y-irradiation (IR). However, NMR cells required a higher dose of
IR for induction of cellular senescence, and NMR fibroblasts were
resistant to IR-induced apoptosis. Gene expression analyses of
senescence-related changes demonstrated that, similar to mice,
NMR cells up-regulated senescence-associated secretory pheno-
type genes but displayed more profound down-regulation of
DNA metabolism, transcription, and translation than mouse cells.
We conclude that the NMR displays the same types of cellular
senescence found in a short-lived rodent.
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Cellular senescence (CS) is a state of permanent cell-cycle
arrest that cells adopt in response to stress. Multiple stresses
induce CS, including telomere shortening that occurs during
replicative senescence, DNA damage such as y-irradiation leading
to stress-induced premature senescence (SIPS), and oncogene-
induced senescence (OIS). In addition, programmed CS occurs
during embryonic development, playing a critical role in tissue
remodeling (1, 2).

CS is believed to be an important mechanism to prevent
cancer (3, 4). However, CS also has its deleterious effects. Ac-
cumulation of senescent cells impairs tissue function and pro-
motes aging. Persistent senescent cells also display senescence-
associated secretory phenotype (SASP), which may result in
aging-related diseases, including cancer (5-7). Remarkably,
elimination of senescent cells extends the health and life span of
mice (8, 9), indicating that CS contributes to aging and age-
related diseases (10, 11).

The naked mole rat (NMR) (Heterocephalus glaber) is the
longest-lived rodent with a maximum life span of over 30 y (12).
Remarkably, NMRs are extremely cancer resistant and do not
show aging phenotypes or age-related diseases until very late in
their lives (13). Several mechanisms have been identified that
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contribute to longevity and cancer resistance of the NMR. Our
earlier studies revealed that cultured NMR fibroblasts exhibit
early contact inhibition (ECI) (14), which contributes to its
cancer resistance. ECI could be abrogated by the removal of
high-molecular-mass hyaluronan (15). Furthermore, an addi-
tional product from the INK4a/b locus, the p15/p16 hybrid, has a
stronger ability to induce cell-cycle arrest than either p15 or p16,
contributing to the cancer resistance of the NMR (16). Naked-
mole-rat-induced pluripotent stem cells are inefficient in form-
ing teratomas (17, 18), and NMR cells have a much higher
translation fidelity than mouse cells (19). NMRs display better
protein stability and less age-associated increase in cysteine ox-
idation during aging (20). Furthermore, NMRs have markedly
higher levels of cytoprotective NRF2-signaling activity (21). We
previously showed that, similarly to other small rodents, naked
mole rats do not display replicative senescence and express
telomerase in somatic tissues (22-24). However, other types of
senescence have not been investigated.

Significance

The naked mole rat (NMR) is the longest-lived rodent with a
maximum life span of over 30 years. Furthermore, NMRs are
resistant to a variety of age-related diseases and remain fit and
active until very advanced ages. The process of cellular senes-
cence has evolved as an anticancer mechanism; however, it
also contributes to aging and age-related pathologies. Here,
we characterize cellular senescence in the NMR. We find that
naked mole rat cells undergo three major types of cellular se-
nescence: developmental, oncogene-induced, and DNA damage-
induced. Senescent NMR cells displayed many common features
with senescent mouse cells, including activation of a senescence-
associated secretory phenotype. These results demonstrate that
the NMR retains the major types of cellular senescence re-
sponses despite its exceptional longevity.
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Since CS contributes to aging and age-related disease, from
which NMRs are remarkably protected, we set out to investigate
CS in the NMR. We found that NMR cells undergo develop-
mentally programmed senescence, OIS, and SIPS. However, in-
duction of SIPS in the NMR required a higher dose of DNA
damage compared with the mouse, and NMR cells were remark-
ably protected from DNA-damage-induced apoptosis. Tran-
scriptome analysis of senescent NMR cells showed similar
up-regulation of SASP genes, but more robust down-regulation
of DNA replication, transcription, and translation pathways
compared with senescent mouse cells. We conclude that NMRs
retain all of the major types of cellular senescence response;
however, NMR senescent cells display certain unique features that
may contribute to cancer resistance and longevity.

Results

Naked Mole Rats Display Developmental Senescence. Stress-induced
senescence is believed to have originated from developmentally
programmed senescence (1). Programmed senescence plays an
important role in tissue remodeling during development. To
determine whether NMR cells undergo developmental senes-
cence, senescence-associated p-galactosidase (SA-p-gal) staining
was performed on several tissues of newborn NMRs and mice.
Whole-mount SA-f-gal staining of newborn NMRs showed
positive staining in the nails and in focal areas of the skin (Fig.
1A4). Histological sections showed SA-p-gal—positive cells in the
nail bed (Fig. 1B), in the skin dermis, and in the dermis sur-
rounding the hair follicles (Fig. 1C) of newborn NMRs. These
locations did not show SA-p-gal-positive staining in newborn
mice. The implication that the SA-p-gal-positive areas are se-
nescent was also supported by the fact that they were positive for
p21. In addition, senescence has been recently reported to be a
physiological mechanism that controls the rate of bone growth
(25). In this regard, NMRs and mice had positive SA-B-gal
staining in the bone marrow (vertebra and skull; SI Appendix,
Fig. S1). SA-B-gal-positive cells were negative for the prolifer-
ation marker Ki67 (SI Appendix, Fig. S1). These results suggest
that NMR cells undergo programmed senescence during devel-
opment and that senescence occurs in several locations unique to
the NMR, as well as in other locations that are common with
mice. Senescent cells present in the hair follicles of the newborn
NMRs may be the reason behind NMR hairlessness.

Naked Mole Rat Fibroblasts Undergo Oncogene-Induced Senescence.
To investigate whether NMR fibroblasts undergo oncogene-
induced senescence, embryonic and skin primary fibroblasts from
mice (MEF and MSF, respectively) and NMRs (NEF and NSF,
respectively), derived from three animals of each species, were
transfected with either GFP or HRasV12 expression plasmids.
Cells were maintained for 12 d and then subjected to SA-p-gal
staining and BrdU incorporation assays. Cells of both species
displayed a senescent morphology (Fig. 24), SA-B-gal staining
(Fig. 2B), and reduction in DNA synthesis (Fig. 2C), indicating
that NMR cells undergo oncogene-induced senescence.

Attenuated SIPS and Apoptosis in NMR Fibroblasts in Response to
y-Irradiation. y-Irradiation induces SIPS in human and mouse
fibroblasts by activating a DNA damage response (26). To ex-
amine whether SIPS can be induced in the NMR, its embryonic
and skin fibroblasts as well as mouse embryonic and skin fibro-
blasts derived from three animals of each species were subjected
to 10 or 20 Gy of y-irradiation. Senescence was quantified by SA-
f-gal staining and BrdU incorporation. All four cell types showed
SA-B-gal-positive staining in response to y-irradiation. Notably,
at 10 Gy of y-irradiation NMR showed fewer SA-p-gal—-positive
cells than mouse cells. At the higher 20-Gy dose both mice and
NMR displayed similar numbers of SA-B-gal-positive cells (Fig.
3 A and B). Consistent with the SA-B-gal staining result, at 10 Gy

1802 | www.pnas.org/cgi/doi/10.1073/pnas.1721160115

C

DAPI + p21

Fig. 1. Developmental CS in the nail bed, dermis, and hair follicles of
newborn NMR. (A) Examples of SA-B-gal-positive structures in newborn NMR
after whole-mount staining. (B) Whole-mount SA-B-gal staining of newborn
NMR digits. Panels show sections of newborn NMR digits counterstained
with nuclear fast red. Magnified views of the nail bed area are indicated by
dashed squares. DAPI (blue) and p21 (red) immunofluorescence of digit
sections is shown, as indicated. (C) Whole-mount SA-g-gal staining of newborn
NMR skin. Panels show sections of the newborn NMR skin counterstained with
nuclear fast red. Magnified views of the dermal mesenchyme and hair follicle
are indicated by dashed squares. DAPI (blue) and p21 (red) immunofluores-
cence of skin sections is also shown. Note that the p21 signal in dermal cells is
nuclear. In contrast, the red immunofluorescence signal in the skin epidermis
and in the hair-follicle outer root sheath is mostly cytoplasmic (indicated with
asterisks), and, therefore, it is most likely a nonspecific signal.

NMR cells did not show a significant drop in BrdU incorporation,
while in mouse cells BrdU incorporation dropped significantly. In
the NMR cells, a significant drop in BrdU incorporation occurred
only at 20 Gy (Fig. 3C). Taken together, these results suggest that
NMR cells are more resistant to induction of SIPS than mouse
cells and require a higher dose to achieve the same percentage of
senescent cells.

Cell-cycle arrest and SIPS are triggered by the induction of
p21 cyclin-dependent kinase inhibitor. Strong p21 induction oc-
curred in MEF and NEF cells, but the p21 response was lower in the
NSF cells compared with the NEF and MSF cells (Fig. 3 D and E).

In addition to senescence, cells may undergo DNA-damage—
induced apoptosis, particularly when the DNA damage is severe
(27). Both MEF and MSF cells underwent massive apoptosis in a
dose-dependent manner while NEF and NSF cells showed only a
slight increase in apoptosis after 20 Gy irradiation, and no significant
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Fig. 2. Oncogene-induced CS of mouse and NMR fibroblasts. (A) Images of
SA-B-gal staining of mouse and NMR embryonic and skin fibroblasts 12 d
after transfection with HRasV12. (B) Quantification of p-gal-positive cells of
mouse and NMR fibroblasts in response to HRasV12. (C) BrdU incorporation
in mouse and NMR fibroblasts 12 d after transfection with HRasV12. MEF,
mouse embryonic fibroblasts; MSF, mouse skin fibroblasts; NEF, NMR em-
bryonic fibroblasts; NSF, NMR skin fibroblasts. The results are mean + SD (n =
3). **P < 0.01, ***P < 0.001.

apoptosis was observed under 10 Gy irradiation (Fig. 3F), suggesting
that NMR cells are resistant to y-irradiation (IR)-induced apoptosis.

To examine if the NMR and mouse fibroblasts experienced
the same physical DNA damage in response to y-irradiation, we
subjected cells to 10 and 20 Gy of y-irradiation and collected
immediately for comet assay. All four types of cells had similarly
increased tail DNA in response to y-irradiation (Fig. 3G and SI
Appendix, Fig. S2), suggesting that NMR and mouse cells sustain
similar levels of DNA damage. Taken together, these results
show that NMR fibroblasts undergo SIPS in response to y-
irradiation, but senescence and apoptotic responses are attenuated.

Comparison of Gene Expression Changes in Response to y-Irradiation
in NMR and Mouse Fibroblasts. To perform an unbiased character-
ization of the differences in response to y-irradiation between
NMR and the mouse at the gene expression level, we subjected
MEF, MSF, NEF, and NSF cells to 20 Gy of y-irradiation and
performed RNA sequencing (RNAseq). Total RNA was collected
from both treated and untreated cells 12 d later, a time point when
all irradiated cells displayed positive SA-p-gal staining (Fig. 34),
and sequenced. Three biological replicates (primary cells isolated
from three different animals) were sequenced for each condition.

To achieve uniform annotation of sequenced genes between
the species, we mapped the reads to the set of mouse and NMR
orthologs, which, after filtering and normalization, resulted in
the coverage of 10,959 genes. Following this procedure, samples
across species and cell types showed similar gene expression
profile distribution, making them appropriate for subsequent
analysis (SI Appendix, Fig. S3). To assess the gene expression
patterns across cell types and species, we performed principal
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component analysis (SI Appendix, Fig. S4). The samples segre-
gated more predominantly by species (first component; 51.5%
variance explained) than by the type of fibroblasts (mainly sec-
ond component; 24.7% variance explained; SI Appendix, Fig.
S4). As expected, irradiated samples also tended to cluster with
their paired controls, confirmed by Pearson correlation matrix of
gene expression profiles (SI Appendix, Figs. S4 and S5). In-
terestingly, gene expression across different NMR samples was
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Fig. 3. The y-irradiation—-induced CS of mouse and NMR fibroblasts.
(A) Images of SA-p-gal staining of mouse and NMR embryonic and skin fi-
broblasts in response to 10 or 20 Gy of IR. (B) Quantification of p-gal-positive
cells of mouse and NMR fibroblasts in response to IR. (C) BrdU incorporation
in mouse and NMR fibroblasts 2 d after IR. (D) Expression of p21 in response
to IR. Samples were harvested 2 d after IR and tested using Western blot.
(E) Quantification of p21 expression. (F) Apoptosis of mouse and NMR fi-
broblasts in response to IR. Three days after IR, cells were harvested and
subjected to an Annexin V apoptosis assay using FACS. (G) Comet assay
quantifying DNA damage in mouse and NMR fibroblasts induced by IR. MEF,
mouse embryonic fibroblasts; MSF, mouse skin fibroblasts; NEF, NMR em-
bryonic fibroblasts; NSF, NMR skin fibroblasts. For all except G, results are
mean + SD (n = 5); for comet assay (G), results are mean + SEM (n = 100).
*P < 0.05, **P < 0.01, ***P < 0.001.
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more tight than across mouse samples (SI Appendix, Fig. S4),
possibly reflecting chromosomal instability typical of cultured
mouse cells (28). To compare within-species and within-cell-type
variation of gene expression changes in response to y-irradiation,
we calculated gene fold changes averaged across replicates for
each species and cell type and built a Pearson correlation ma-
trix of the four analyzed groups. The correlation matrix showed
clear separation by species, confirming that within-species varia-
tion is lower than variation in the within-cell types (SI Appendix,
Fig. S6).

To i()ientify changes induced by y-irradiation in the NMR and
mouse transcriptomes, we examined differentially expressed
genes for each species and cell type using edgeR (29). We used a
Benjamini-Hochberg procedure to adjust for multiple compari-
sons and qualified as significantly changed the genes with the
adjusted P < 0.05 and fold change of >2 in any direction. Ap-
proximately two times more differentially expressed genes were
detected in mouse fibroblasts (651 for MEF and 751 for MSF)
compared with NMR fibroblasts (323 for NEF and 220 for NSF)
(Fig. 44). Notably, the number of statistically significant up-
regulated genes exceeded the number of down-regulated genes
for all analyzed groups (Fig. 44). In addition, many up-regulated
genes were shared across cell types and species (SI Appendix, Fig.
S7). Although we observed within-species clustering of gene fold
changes, we also observed statistically significant positive Pearson
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Fig. 4. Functional enrichment of changes induced by y-irradiation in NMR
and mouse fibroblasts. (A) Numbers of identified statistically significant
differentially expressed genes (Benjamini-Hochberg adjusted P < 0.05; fold
change > 2 in any direction) and enriched functions (g-value < 0.05) in NMR
and mouse fibroblasts in response to y-irradiation. Up- and down-regulated
entities are shown in red and blue, respectively. Although both mouse fi-
broblast types show more changes at the level of individual genes, these
changes are less systematic at the functional level compared with the NMR
cells. (B) Pathway enrichment of genes differentially induced by y-irradiation
based on GSEA. Z-scores (in logarithmic scale) corresponding to presented
functions are shown for each analyzed group. Z-scores of mouse and NMR
fibroblasts are colored in red and green, respectively. Dashed line corre-
sponds to the g-value of 0.05. Pathways include: Apoptosis (REACTOME); Cell
cycle (KEGG); Interferon, IFN alpha/beta signaling (REACTOME); Lysosome
(KEGG); Mito Translation, mitochondrial translation (GO BP); Proteasome
(KEGG); Ribosome (KEGG); SASP, senescence-associated secretory phenotype
genes; Spliceosome, (KEGG); TNF response, response to tumor necrosis factor
(GO BP); Transcription (REACTOME).
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correlation of genes logFC between any two analyzed groups
(Pearson correlation test P < 2:27'° for all comparisons), even
when comparing different cell types of NMR and mice (p =
0.17 for mice EF vs. NMR SF and p = 0.2 for mice SF vs. NMR
EF) (SI Appendix, Fig. S6), pointing to the existence of a general
gene expression response of fibroblasts to y-irradiation across
species and types of fibroblasts.

To further investigate the transcriptome response of NMR
and mice fibroblasts to y-irradiation, we performed Gene Set
Enrichment Analysis (GSEA) for each of the four analyzed
groups using the GO Biological Process (GO BP) and Molecular
Function and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) and REACTOME database gene sets as a reference.
Interestingly, although more genes were identified as differen-
tially expressed in mouse fibroblasts, more pathways were de-
tected as enriched in NMRs (1,151 for NEF and 551 for NSF)
than in mice (140 for MEF and 262 for MSF) (Fig. 44), in-
dicating that gene expression changes in the NMR are less
drastic, but more systematic and nonstochastic. Indeed, SDs of
logFC induced by y-irradiation in mouse samples are statistically
significantly higher than those in NMR samples (P = 0.015), as
determined by Mann-Whitney U test (SI Appendix, Fig. S8),
pointing to higher stochasticity and scale of transcriptome
changes in mice. Accordingly, more enriched functions in the
NMR were preserved when we examined each gene set source
individually using GSEA (SI Appendix, Fig. S9).

Many enriched functions and pathways were shared across cell
types and species. They include up-regulation of genes involved
in the immune response and down-regulation of genes involved
in cell cycle, DNA replication, translation, and ribosome protein
genes (Fig. 4B). When we analyzed the number of enriched
functions (with a GSEA adjusted P < 0.05) shared by embryonic
and skin fibroblasts within each species, we discovered more
functions perturbed in NMR fibroblasts (213 up-regulated and
257 down-regulated) than in mouse cells (61 up-regulated and
42 down-regulated), consistent with the results for every indi-
vidual cell type (S Appendix, Fig. S10). This finding confirms the
observation that the NMR response to y-irradiation includes
regulation of many common biological processes with mice, but
in NMRs these changes are more systematic and organized. A
complete list of functions that changed in both types of fibro-
blasts in each species, grouped by functional groups, is shown in
Dataset S1.

Enriched gene sets shared by mice and NMRs also included
SASP genes (as characterized in refs. 5-7), consistently activated
in analyzed groups (GSEA P < 107> for MSF, NEF, and NSF),
except MEF samples (GSEA P = 0.26) (Fig. 4B). Correlation
and linear model analyses showed consistency between expres-
sion of SASP genes in the NMR and mouse (SI Appendix, Fig.
S11) with the Pearson correlation coefficient equal to 0.53 (P =
2.8:1075) for SF and 0.63 for EF (P = 2.9-1077).

In addition to common functions, we discovered many
enriched pathways specific for certain species. Naked mole rat
cells displayed unique down-regulation of transcription,
spliceosome, and mitochondrial translation, which may indicate
a more profound inhibition of cellular metabolism. On the other
hand, pathways involved in protein and glycoprotein metabolism,
lipid metabolism, lysosome, extracellular matrix, and oxidative
stress response were uniquely activated in the NMR (Fig. 4B). In
addition, apoptotic processes were activated in the mouse
(GSEA adjusted P = 9-10~> for MEF and 10~ for MSF), but not
in the NMR (GSEA adjusted P = 0.125 for NEF and 0.302 for
NSF) cells after y-irradiation, which is consistent with the ele-
vated levels of apoptosis that we observed in the mouse cells
(Fig. 3F). A complete list of functions significantly activated or
inhibited in at least one of the analyzed groups can be found in
Dataset S2.
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To obtain further insights into similarities and differences in
the transcriptome response to y-irradiation in mice and NMRs,
we examined genes with the most similar and distinct expression
changes across these species. With the Benjamini-Hochberg
adjusted P value threshold equal to 0.05 and the fold change
threshold equal to 2, we detected 224 genes with common
changes and 782 genes with distinct changes between the NMR
and mouse (SI Appendix, Fig. S124). Interestingly, the majority
of genes with distinct behavior were genes up-regulated in the
mouse but not in the NMR. These genes included apoptotic
genes (GSEA adjusted P = 0.045), consistent with individual
GSEA results (SI Appendix, Fig. S12B). Among them, we could
identify the transcription factor E2fI, which mediates p53-
dependent and -independent apoptosis, together with its posi-
tive regulator Tfdpl, apoptosis activators Cflasr, Dapkl, and
Pmaipl (Noxa), with the latter known to be associated with
radiation response, cell-surface death receptor Fas, several
cytoskeleton-related genes (Plec, Lmnbl, Dsp), as well as several
genes related to proteasome structure and activity (Psmb3,
Psmc4, Psmd6, Psme4). Other enriched pathways associated with
genes activated in mice compared with NMR include transcrip-
tion (GSEA adjusted P = 3.87-107%) and spliceosome (GSEA
adjusted P = 8.2-107>). On the other hand, genes associated with
ribosome (GSEA adjusted P = 3.28-10) and lysosome (GSEA
adjusted P = 3.28-10~%) show significantly stronger inhibition in
mice compared with the NMR (SI Appendix, Fig. S12).

GSEA performed on the list of commonly changed genes
showed that ;)athways such as TNF signaling (GSEA adjusted
P < 3.53-107), ribosome (GSEA adjusted P < 1.43-107°), and
cell cycle (GSEA adjusted P < 1.43:107°) together with SASP
genes are commonly changed not only at the level of functional
enrichment, but also at the level of the same individual genes
involved in these pathways (SI Appendix, Fig. S12). The complete
list of significant functions (with adjusted P < 0.05) for common
and distinct genes can be found in Dataset S3.

Together, these results indicate that NMR and mice share many
common gene expression signatures in response to y-irradiation, both
at the level of individual genes and at the level of enriched pathways.
They include DNA replication, transcription, translation, cell cycle,
and immune response. At the same time, some biological processes,
such as apoptosis, glycoprotein metabolism, lysosome, extracellular
matrix, and oxidative stress response, show distinct behavior in these
species, pointing to unique adaptations of NMR fibroblasts to DNA
damage. Generally, although mouse fibroblasts demonstrate more
substantial transcriptome remodeling at the level of individual genes,
NMR fibroblasts show more organized and systematic regulation of
gene pathways upon entry to CS, thus hinting of higher robustness
and control of their gene expression profile.

Discussion

CS plays important roles in developmental tissue remodeling (1)
and tumor suppression in response to DNA damage (30, 31). We
previously showed that NMRs, similarly to mice and other small-
bodied rodents, do not display replicative senescence and con-
tinuously express telomerase (23, 24). Here, we demonstrate that
NMR cells undergo developmentally programmed senescence,
as well as oncogene- and IR-induced senescence (Fig. 5). These
results show that despite their exceptional longevity and re-
sistance to age-related diseases, NMRs still possess all major
types of CS programs. Developmental senescence may be an
evolutionarily conserved process not directly impacting the aging
process. However, senescent cells accumulating in adult organ-
isms have been linked to multiple age-related pathologies in-
cluding cancer (30), atherosclerosis (32), and osteoarthritis (33).
Elimination of senescent cells in mice displaying premature
aging due to genomic instability increases animal life span, and
elimination of senescent cells in wild-type mice increases their
health span (8, 9). However, our results indicate that the naked
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Fig. 5. CS in the naked mole rat. (A) Naked mole rat cells, similar to mouse
cells, can undergo the three major types of CS. (B) Summary of common and
distinct features of IR-induced SIPS between the NMR and the mouse.
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mole rat did not achieve longevity by eliminating the process of
CS. Remarkably, senescent NMR cells exhibit a typical signature
of SASP response including the conserved SASP factor CXCL-1
(GRO-a), which is believed to promote the growth of pre-
malignant epithelial cells (6). Thus, the SASP response, which is
linked to the proinflammatory and disease-promoting effects of
senescence is also preserved in the NMR.

NMRs may be somewhat protected from the induction of SIPS
due to their higher resistance to the damaging agents. We ob-
served that at 10 Gy of IR NMR cells displayed markedly fewer
senescent cells then at 20 Gy, while mouse cells displayed a high
level of senescent cells at both IR doses. Thus, NMRs may ac-
cumulate fewer SIPS senescent cells during aging. This could be
partly a result of better repair mechanisms or the protective role
from the high-molecular-mass hyaluronan (HA) secreted by
NMR cells (15). Ultimately, it would be interesting to quantify
senescent cells in aged NMRs. This would shed light on whether
senescent cells accumulate in vivo at similar rates to the shorter-
lived species. This experiment, however, is logistically challeng-
ing as aged, 20- to 30-y-old NMRs are not readily available.

Furthermore, NMR fibroblasts were resistant to IR-induced
apoptosis. Our RNAseq data demonstrated clearly that, unlike the
mouse fibroblasts, in the NMR p53 and apoptosis signaling path-
ways were not induced by IR. Therefore, we hypothesize that the
resistance of NMR cells to IR-induced apoptosis may be due to the
blunted induction of p53 signaling. Reaching confluence and cell-
cycle extension have been shown to promote resistance to apoptosis
by allowing additional time to repair damage (27, 34). The NMR
fibroblasts have a very slow rate of cell proliferation in culture, with
early contact inhibition associated with the induction of p16™<4?
and the additional INK4a/b hybrid product pALT™ 4" (14, 16).
The pALT™ 4 hybrid product induces stronger cell-cycle arrest
in response to UV and IR (16). The strong cell-cycle arrest in NMR
cells likely plays important roles in resistance to apoptosis. Gen-
erally, the resistance to IR-induced apoptosis in NMR may reflect
its higher threshold for stress tolerance due to better DNA repair
mechanisms or the protective effects of HA.
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Since the naked mole rat is extremely cancer-resistant and
long-lived, a question that could be raised is whether the re-
sistance to apoptosis provides any benefit for cancer resistance
or longevity. In terms of eliminating preneoplastic cells, apo-
ptosis seems to have stronger ability to prevent tumorigenesis
(27). However, too much apoptosis may deplete stem-cell re-
serves and contribute to frailty in old age (35, 36).

Gene expression analysis of NMR cells made senescent by IR
exposure (Fig. 5B) showed that many gene expression changes
upon CS were conserved with mice such as induction of SASP,
IFN, TNF response, and inhibition of protein translation and the
cell cycle. The changes unique to NMR included induction of
lysosomal genes, oxidative stress response, changes in extracel-
lular matrix, and inhibition of transcription, spliceosome, and
mitochondrial translation. These unique changes may have a
cytoprotective effect. Induction of lysosomal genes suggests ac-
tivation of autophagy. Autophagy plays important roles in re-
sponse to DNA damage (37-40). Previous study has shown that
NMR has higher autophagy (41). Here, we show that NMR fi-
broblasts are likely to undergo autophagy and induction of oxi-
dative stress response upon exposure to IR, possibly contributing
to NMR resistance to stresses. Furthermore, inhibition of tran-
scription and mitochondrial translation, observed only in the
NMR, suggests that senescent NMR cells inhibit metabolic ac-
tivities, thereby reducing pathogenesis of senescent cells. It has
been observed that down-regulation of the mTOR pathway in
senescent cells ameliorates the senescent phenotype (42, 43).
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Interestingly, fewer genes were changed in the senescent NMR
cells, compared with mouse cells, but these genes organized in
markedly more functional pathways. This result suggests that the
senescence-related gene expression changes in the NMR are
more systematic and nonrandom. Taken together, these unique
features of NMR senescent cells may reduce the pathogenic
properties of senescent cells and contribute to NMR longevity.

In summary, we have demonstrated that NMR cells undergo
developmental, oncogene-induced and stress-induced senescence.
This result shows that evolution of a long life span does not
eliminate the CS response. On the contrary, NMR cells were more
resistant to apoptosis than mouse cells, suggesting that NMR
cells favor senescence to apoptotic response. While the SASP
phenotype was conserved in the NMR cells, these cells displayed
a unique transcriptional signature that may reduce the pathogenic
effects of senescent cells and contribute to naked mole rat
longevity and cancer resistance.

Materials and Methods

All animal experiments were approved by and performed in accordance with
guidelines set up by the University of Rochester Committee on Animal Re-
sources. Detailed experimental procedures including analysis of senescence
by SA-p-Gal staining, cell culture, overexpression of an oncogene, Western
blotting, BrdU-incorporation assay, comet assay, flow cytometry, and RNA-
seq analysis are provided in S/ Appendix, SI Materials and Methods.
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