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Abstract

The naked mole-rat (Heterocephalus glaber) is
the longest-lived rodent, with a maximal reported
lifespan of 37 years. In addition to its long lifes-
pan — which is much greater than predicted based
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on its small body size (longevity quotient of
~4.2) — naked mole-rats are also remarkably
healthy well into old age. This is reflected in a
striking resistance to tumorigenesis and minimal
declines in cardiovascular, neurological and
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reproductive function in older animals. Over the
past two decades, researchers have been investi-
gating the molecular mechanisms regulating the
extended life- and health- span of this animal, and
since the sequencing and assembly of the naked
mole-rat genome in 2011, progress has been
rapid. Here, we summarize findings from pub-
lished studies exploring the unique molecular
biology of the naked mole-rat, with a focus on
mechanisms and pathways contributing to
genome stability and maintenance of proteostasis
during aging. We also present new data from our
laboratory relevant to the topic and discuss our
findings in the context of the published literature.

11.1 Introduction

At 37 years (Lee et al. 2020) — and counting — the
naked mole-rat (Heterocephalus glaber; ~45 g) is
the longest-lived rodent known (Buffenstein
2005). This species exceeds the longevity of the
previous rodent record holder, the much larger
(11 kg) African porcupine, Hystrix cristata by
more than 10 years, and lives an order of magni-
tude longer than similar-sized mice (AnAge:
(Tacutu et al. 2018)). Based upon the most recent
allometric equations, the naked mole-rat exhibits
the highest documented longevity quotient (LQ;
the ratio of the observed maximal lifespan/pre-
dicted maximal lifespan; LQ = currently ~4.2') for
a non-volant mammal (de Magalhaes et al. 2007).
Naked mole-rats are subterranean small rodents,
native to the Horn of Africa. They are unique
among mammals, being one of two eusocial spe-
cies in which breeding is restricted to one female
(‘queen’) and 1-3 males per colony (Jarvis 1981).
The majority of the non-breeding subordinates
never leave their natal colony and perform many of
the maintenance tasks associated with life below
ground in arid regions where food is scarce and
patchily distributed. Like other eusocial animals,
such as wasps and bees, dominant breeders exhibit

!Predicted maximal longevity in years was based on the
allometric equation of de Magalhaes et al. (2007):
tma = 4.88 M®153 where M is the mass in grams.

lower risk of dying than subordinate naked mole-
rats, although even the subordinate animals are
remarkably long-lived compared to other rodents
of comparable size (Ruby et al. 2018).

The naked mole-rat is an attractive, naturally-
evolved model to study the molecular mechanisms
protecting against aging and age-related diseases,
showing negligible physiological decline with
advancing age (Buffenstein 2008). Unlike humans
that already show declines of cardiac function
albeit in the absence of pathology once they are in
their thirties (25% maximum lifespan), naked
mole-rats maintain cardiac function well into their
third decade ~80% maximum lifespan (Grimes
et al. 2014), and, strikingly, exhibit few signs of
age-associated cardiac pathologies (Buffenstein
and Craft 2021). Additionally, these animals are
remarkably resistant to tumors — both natural and
experimentally induced — with less than 10
observed cases from thousands of necropsies over
a 40 year period (Liang et al. 2010; Delaney et al.
2016; Taylor et al. 2017; Seluanov et al. 2018;
Delaney et al. 2021). Understanding the molecular
mechanisms employed to attenuate physiological
declines during aging and protect against tumori-
genesis and other chronic diseases could be bene-
ficial in developing therapeutic strategies to
promote healthy aging in humans and other ani-
mals. These processes include transcriptional,
post-transcriptional, translational, and post-trans-
lational events, knowledge of which is likely to
facilitate a better understanding of cytoprotective
mechanisms pivotal to the aging process.

In this review, we summarize some of the
unusual molecular biology insights gained from
comparative studies using the naked mole-rat that
may be pertinent to healthy aging. Additionally,
we share some novel and unpublished data from
our laboratory, through which we aim to high-
light some of the naked mole-rat’s unique fea-
tures associated with maintaining cellular
homeostasis i.e. a stable, optimal internal envi-
ronment. This chapter is broadly divided into
three sections: (a) naked mole-rat genomic stabil-
ity; (b) insights gleaned from the transcriptome
of the naked mole-rat; and (c) maintenance of a
stable proteome throughout the long life of this
animal. The bulk of this review will deal with the
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Fig. 11.1 Hallmarks of genome and proteome stabil-
ity in naked mole-rats. Naked mole-rats show negligible
aging phenotypes even in their third decade of life as a
result of several mechanisms that allow them to maintain
healthy, functional genomes and proteomes. These mech-
anisms, indicated in the accompanying schematic, include
elements that are known to be protective in other species
as well as some that are unique to this species. Although
largely unexplored, transcriptomic evidence points to

proteome as there is a paucity of genomic and
transcriptomic studies on this animal, clearly
highlighting pivotal gaps in our knowledge that
need to be addressed in the future. Indeed, most
of the insights into mechanisms pertinent to the
unique biology of naked mole-rats were obtained
from protein-based investigations (Fig. 11.1).

11.2 Maintenance of Genome
Stability During Aging

Published genome assemblies and karyotyping
data reveal that naked mole-rats have 30 pairs of
chromosomes (2n = 58XY) and their genome
comprises about 22,561 protein-coding genes
(George 1979; Kim et al. 2011; Keane et al.
2014). Of these, approximately 98% could be at
least partially annotated based on homology with
either human and/or mouse protein coding genes
(Kim et al. 2011). In addition, 1779 non-coding
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minimal changes in mRNA abundance between young
and old naked mole-rats, suggesting these animals may
also have unique mechanisms to maintain a stable tran-
scriptome during aging. Solid green and red arrows repre-
sent established/confirmed findings in naked mole-rats;
pale red arrows and green boxes with dashed borders indi-
cate our hypotheses based on published observations and
our unpublished data; ‘?” indicates pathways that need
further investigation in naked mole-rats

sequences have been annotated in the naked
mole-rat genome (Keane et al. 2014), yet few
studies have explored their functional importance
in this species. Nevertheless, the sequencing and
assembly of the naked mole-rat genome has,
without a doubt, paved the way for comparative
transcriptomics and biochemical experiments to
discover unique characteristics of this species
that might contribute to its extended lifespan,
negligible senescence and resistance to cancer.

Genome instability, epigenetic alterations and
telomere attrition have long been considered
some of the universal hallmarks of aging (Lopez-
Otin et al. 2013). Remarkably, accumulating evi-
dence indicates that naked mole-rats maintain
genome stability throughout their long lifespan.
In this section, we discuss several mechanisms
that may allow these animals to maintain a stable
genome (Fig. 11.1), including slow organismal
growth, tightly controlled cell proliferation rates,
and elevated DNA repair pathways.
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11.2.1 Unique Features of Genome
Maintenance and Cell Division
in Naked Mole-Rats

11.2.1.1 DNA Repair and Genome

Stability

Naked mole-rats are thought to exhibit a lower

mutation rate than observed in mice. This prem-

ise is based upon the observation of fewer germ-
line nucleotide substitutions in naked mole-rats

(MacRae et al. 2015b) and is consistent with the

finding that ~34 DNA repair genes are expressed

at higher levels in liver tissue from naked mole-
rats in comparison to mice (MacRae et al. 2015a).

Among these are genes involved in DNA damage

sensing, non-homologous end joining (NHEJ),

mismatch repair and homologous recombination
repair. Although the expression of genes involved
in base excision repair (BER) was found to be
comparable between mouse and naked mole-rat
in this study, subsequent studies by some of the
same authors, as well as unpublished data from
the Buffenstein laboratory, demonstrated higher
activity of BER as well as nucleotide excision
repair (NER) pathways in both liver tissue and
primary fibroblasts isolated from naked mole-rats

when compared to mice (Evdokimov et al. 2018)

(Buffenstein, unpublished data).

Naked mole-rats exposed to 12 Gy irradiation
showed less accrual of DNA damage compared
to mice — this could be due to the fact that naked
mole-rat DNA is more resistant to DNA damage
or that these animals have enhanced DNA repair
mechanisms. The surviving naked mole-rats
from this study are still tumor-free, >10 years
after exposure to radiation (Lewis and
Buffenstein, unpublished observations).
Collectively, these data suggest that the high lev-
els and activity of DNA repair pathways in naked
mole-rats play important roles in maintaining
low mutagenesis rates, thereby possibly lowering
the risk of cancer development.

The tumor suppressor protein p53 also plays
an important role in the DNA repair process and
in maintaining genome stability. Following DNA
damage, p5S3 modulates chromatin accessibility,
transcriptionally upregulates genes involved in
NER and BER, and, importantly, induces cell
cycle arrest in a p21-dependent manner (Williams

and Schumacher 2016). Strikingly, naked mole-
rats have very high levels of p53 protein (Lewis
et al. 2012) that appears to be remarkably stable
and long-lived: in embryonic fibroblasts the half-
life of naked mole-rat pS3 is 10X greater than
that of mouse p53 (Deuker et al. 2020). It is likely
that this “ultra-stable p53”, together with elevated
levels of DNA repair proteins, play key roles in
maintaining genome integrity as well as in pre-
venting tumor formation in naked mole-rats.
Paradoxically, Andziak et al. demonstrated
elevated baseline levels of 8-hydroxy-2'-
deoxyguanosine (8-OHdG), a marker of oxida-
tive damage to DNA, in kidney and liver tissue
from young naked mole-rats when compared to
physiologically age-matched mice (Andziak
et al. 2006). Similarly, high levels of lipid peroxi-
dation and protein carbonyls were also reported
in young naked mole-rats. Unlike in mice, how-
ever, these did not accrue during the first 20 years
of life, suggesting that naked mole-rats may have
a greater tolerance threshold of damage, above
which they initiate repair. Additionally, the mem-
brane phospholipid composition of naked mole-
rats is markedly different to mice, which could
contribute to the observed differences in lipid
oxidation levels. For example, naked mole-rat
membranes contain 9X less docosahexaenoic
acid (DHA) than mice (Hulbert et al. 2006;
Mitchell et al. 2007). The presence of measurable
levels of damage in cells from healthy animals
might also function in actively maintaining vari-
ous repair processes and thereby ‘priming’ these
cells to respond more effectively to acute stress-
ors, as is evident in some other species (Ristow
and Schmeisser 2014). Indeed, one could postu-
late that constitutive maintenance of an active
pool of proteins involved in DNA repair could
allow for quick and timely repair of any subse-
quent damage. The observed high levels of oxi-
dized lipids and proteins in naked mole-rats may
be attributed to the comparatively hyperoxic lab-
oratory environment that they are forced to con-
tend with from birth. This is a marked contrast to
the harsh, hypoxic, hypercapnic gaseous atmo-
spheres below ground, in which they have
evolved (Andziak and Buffenstein 2006). The
upregulated repair pathways described above
likely prevent excessive accumulation of DNA
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a Mouse cells (37°C)

Fig. 11.2 Naked mole-rat cells grow to confluence
under optimal growth conditions. Like mouse primary
skin fibroblasts (a), we find that naked mole-rat skin fibro-
blasts (b) also grow to confluence under optimal growth
conditions. However, under suboptimal growth conditions
or in the presence of environmental stressors, the cells
undergo growth arrest while often remaining viable for
extended periods (c; heat stress at 37 °C for 20 days)

damage throughout their long lives in both the
comparatively hyperoxic captive conditions and
the highly variable oxidative atmospheres
encountered in their natural subterranean
habitat.

11.2.1.2 Cell Proliferation

In comparison to other rodents of similar size,
naked mole-rats show extremely slow rates of
growth and development both in utero and post-
natally, continuing somatic growth for at least
1 year after sexual maturity, and brain develop-
ment for even longer (Jarvis et al. 1991; O’Riain
and Jarvis 1998; Orr et al. 2016). Similarly, pri-
mary skin fibroblasts isolated from adult naked
mole-rats grow three-times slower than their
mouse counterparts, with a population doubling
time of ~3-4 days compared to ~1 day in mice
(Miyawaki et al. 2016). Although this may be
explained by the cooler conditions that naked
mole-rat cells are routinely cultured at (32—
33 °C, corresponding to their normal body tem-
perature versus 37 °C, the normal growth
temperature for mouse cells), even when grown
at the same temperature as mouse cells (35 °C),
growth rates remain slower than observed in
mice (Liang et al. 2010) (Lewis, Narayan and
Buffenstein, unpublished observations). At
37 °C, naked mole-rat cells initially divide, but
subsequently undergo cell cycle arrest.
Strikingly, they remain viable for at least

b Naked mole-rat cells (32°C)

c Naked mole-rat cells
: o .

(37°C)

We use the following media formulation: MEM (Thermo
Fisher Scientific #11095) supplemented with 10% fetal
bovine serum and 1X antibiotic-antimycotic mix (Thermo
Fisher Scientific #15240062). Our naked mole-rat cells
are cultured on Corning Biocoat collagen-I coated dishes
(VWR #62405-617) and maintained at 32 °C, 5% CO,,
3% O,. Media is changed every 1-2 days

3 weeks at this high temperature following cell
cycle arrest (Narayan and Buffenstein, unpub-
lished observations; Fig. 11.2).

Little is known of the mechanisms employed
by naked mole-rats to regulate cell cycle and
growth rate. One potential factor that has gener-
ated considerable attention is the versatile naked
mole-rat Ink4 locus. In addition to the cyclin-
dependent kinase inhibitor pl16™X* and tumor
suppressors p142RF [p194RF in mice] and p15™K®,
this locus also generates a fourth product in
naked mole-rats that has not been observed in
humans and mice. This unusual product is a
hybrid of p15™&4 (exon 1) and p16™&4 (exons 2
and 3) that is referred to as pALT™K4 (Tian et al.
2015). Induction of pALT™* unique to naked
mole-rats, was observed in response to stressors
such as ultraviolet irradiation and oncogenic
stimuli and its expression reportedly allows
naked mole-rat cells to arrest more efficiently in
comparison to induction of p15™NK#® or p]EINKs
alone (Tian et al. 2015). The ability of naked
mole-rats to induce growth arrest through the
induction of an alternatively spliced pl5/pl6
transcript in addition to the canonical /nk4 locus
transcripts may serve to provide an extra layer of
cell cycle regulation.

pALT™NK%P_mediated growth arrest has been
attributed to an unusual form of contact inhibi-
tion, termed ‘early contact inhibition’ (ECI),
wherein cells stop proliferating at relatively low
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densities (Seluanov et al. 2009). ECI may be due
to the secretion of a sticky viscous substance,
very high molecular weight hyaluronan, into the
cell culture supernatant by naked mole-rat der-
mal fibroblasts and this is most obvious when
media is not changed for several days (Tian et al.
2013). Our laboratory and others have been
unable to independently confirm these important
findings and attribute this to disparate experimen-
tal cell culture protocols. In contrast to those out-
lined by Seluanov et al. (2009), our approach
yields cells proliferating to higher densities than
observed in primary mouse cultures (Lewis,
Narayan and Buffenstein, unpublished observa-
tions, Fig. 11.2). However, we have found that
when cells encounter even mild stress (e.g., 21%
oxygen, low concentrations of heavy metals, or
high temperature) or suboptimal conditions, they
stop growing regardless of confluence (Lewis
et al. 2012). Further efforts should be directed
towards determining the contributions of both
ECI and pALT™K4 to the observed cancer resis-
tance of naked mole-rats.

Interestingly, studies examining induced plu-
ripotent stem cells (iPSCs) in the naked mole-rat
suggest that the Ink4 locus may also be impli-
cated in cancer resistance of iPSCs (Miura et al.
2021). Elevated ARF expression in naked mole-
rat iPSCs has been proposed to safeguard against
teratoma formation in vivo. In addition, the
authors report a disruptive frameshift mutation in
embryonic stem (ES) cell-expressed Ras (ERAS)
that introduces a premature stop codon and
reduced ERAS expression and function in naked
mole-rats — these unique features, in concert with
other unknown mechanisms, likely make iPSCs
from this species remarkably resilient to tumori-
genesis (Miyawaki et al. 2016; Suarez-Cabrera
et al. 2018).

11.2.1.3 Naked Mole-Rat Epigenome

Epigenetic changes including alterations in DNA
methylation and chromatin modifications are
widely accepted as hallmarks of aging (Lopez-
Otin et al. 2013; Benayoun et al. 2015). These
modifications not only sculpt DNA accessibility,
thereby modulating downstream gene expression
programs, but also function in maintaining

genome stability (Benayoun et al. 2015; Dabin
et al. 2016). A handful of reports have begun to
investigate the epigenome of naked mole-rats and
reveal that similar to other mammals, this appears
to be subject to regulation (Tan et al. 2017; Lowe
et al. 2018, 2020). Epigenetic remodeling driven
by expression of reprogramming factors such as
OCT4, SOX2, KLF4, and c-MYC has been well
characterized. Strikingly, in contrast to mice, one
report indicates that naked mole-rat cells are
resistant to epigenetic remodeling at specific
genes upon expression of classical reprogram-
ming factors (Tan et al. 2017). Inactivation of the
tumor suppressor retinoblastoma protein by
expression of the SV40 Large T antigen seems
necessary to promote epigenetic changes and
allows reprograming to iPSCs (Tan et al. 2017).
While an independent study described successful
reprogramming of naked mole-rat cells by
expression of the same classical reprogramming
factors, both studies reveal that naked mole-rat
iPSCs fail to, or are very inefficient at, forming
teratomas in vivo (Miyawaki et al. 2016; Tan
et al. 2017). Whether epigenetic mechanisms are
at play in preventing tumorigenesis in this con-
text remains to be addressed. Intriguingly, a com-
parison of histone post-translational modifications
by mass spectrometry indicates that naked mole-
rat fibroblasts exhibit higher levels of repressive
histone 3 lysine 27 trimethylation (H3K27me3)
and lower levels of activating H3K27 acetylation,
amongst several other epigenome differences,
when compared to mouse (Tan et al. 2017). These
findings indicate that naked mole-rats harbor dif-
ferences in both the intensity and patterns of
chromatin modifications that may in turn play an
important role in epigenetic regulation of gene
expression in this species.

In addition to histone modifications, epigene-
tic changes during aging extend to DNA modifi-
cations. During mammalian aging, cells undergo
global DNA hypomethylation and also exhibit
site-specific DNA hypermethylation primarily at
promoter CpG sites of genes involved in differen-
tiation and development (Hannum et al. 2013;
Horvath 2013; Benayoun et al. 2015). Specific
DNA methylation signatures are considered
molecular biomarkers of aging due to their ability
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to predict chronological age with high confidence
in a number of different species including
humans, mice, dogs, and whales (Hannum et al.
2013; Horvath 2013; Polanowski et al. 2014;
Stubbs et al. 2017; Thompson et al. 2017; Lowe
et al. 2018). Interestingly, two studies reveal that
DNA methylation-derived ‘epigenetic clocks’
exist in naked mole-rats and can be used to pre-
dict naked mole-rat chronological age (Lowe
et al. 2018, 2020). In humans and naked mole-
rats, the rates of change of age-associated DNA
methylation are slower than in mouse, with only
30 aging-associated differentially methylated
positions (aDMPs) identified in naked mole-rats,
compared with >2800 in mice (Lowe et al. 2018).
Using liver tissue from 24 naked mole-rats, 23
aDMP sites were selected to predict age, and
when these were measured in liver tissue from a
different set of animals aged between 43 and
1,196 weeks (<1 to 23 years), good correlation
between the predicted age and actual age was
observed (R = 0.88) (Lowe et al. 2020). The
aDMP sites could also predict the age of naked
mole-rats with high confidence when applied to
skin tissue (Lowe et al. 2020). These fascinating
studies clearly implicate epigenetic mechanisms
of aging in naked mole-rats and highlight the
necessity for future functional studies in this
organism. In particular, it will be interesting to
determine whether these seemingly unique fea-
tures of the naked mole-rat epigenome, most
notably, the observed differences in histone
dynamics, play protective roles in genome
stability.

11.2.1.4 Telomere Maintenance

Telomeres play a critical role in preserving
genome stability by blocking nucleolytic degra-
dation at chromosome ends in addition to inhib-
iting chromosome fusions and unnecessary DNA
recombination and repair events (Blackburn
et al. 2015). Telomere attrition is a hallmark of
aging and is implicated in both genomic instabil-
ity and tumorigenesis. In addition to the telomer-
ase ribonucleoprotein complex that maintains
telomere length, a telomere-protective protein
complex known as shelterin also exists to protect

chromosome ends (de Lange 2005). Telomerase
activity in a number of different somatic tissues
from naked mole-rats was reported to be similar
to that of other similarly sized mammals
(Seluanov et al. 2007). Additionally, telomere
length in naked mole-rat skin fibroblasts cul-
tured ex vivo was found to be in a similar range
to that observed in humans, bats and deer mice
(Buffenstein, unpublished data), all of which are
much shorter than the long telomere lengths
observed in inbred laboratory mice. Seluanov
et al. report that unlike humans, naked mole-rat
telomere length does not appear to change dras-
tically in skin fibroblasts upon extended growth
ex vivo i.e. between early and late passage cells
(Seluanov et al. 2008), indicating that naked
mole-rats may have distinct mechanisms to pro-
tect and maintain chromosome ends. In this
regard, it is interesting to note that factors
involved in telomere maintenance harbor distinct
features in this species. For example, RNA-seq
data for young (4 years old) and old (20 years
old) naked mole-rats indicate that levels of
telomerase reverse transcriptase (Zerf) is unal-
tered with age (Kim et al. 2011). These findings
are in contrast to studies in mice, where Tert
mRNA expression was found to decline with
advancing age (Zhang et al. 2018). Although the
expression of other telomerase components such
as the non-coding telomerase RNA component
(Terc) were not reported in this study, some
sequence variation has been reported in the
naked mole-rat Terc gene, including a SOX17
transcription factor binding site in the promoter
region that is not present in humans or guinea
pig (Evfratov et al. 2014). Similarly, sequence
variations within structural domains of 7Terc that
may impact RNA secondary structure and func-
tion have also been reported in naked mole-rats
(Evfratov etal. 2014). In addition, genes involved
in telomere maintenance and end protection
including 7epl (component of the telomerase
complex) and Terfl (component of the shelterin
complex), undergo positive selection in naked
mole-rats (Kim et al. 2011). These differences in
factors involved in telomere maintenance could
represent distinct regulatory mechanisms in
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naked mole-rats compared to other species.
Further investigations into how these factors and
possibly additional chromosome end protection
pathways promote naked mole-rat genome sta-
bility, protection from DNA damage, and
extraordinary longevity remain to be addressed.

11.3 Maintenance of Post-
transcriptional Gene
Regulation During Aging

Post-transcriptional control of gene expression is
fundamental to achieving a functional proteome
and plays an integral role in maintaining cellular
homeostasis (Mata et al. 2005). Indeed, accurate
control of mRNA turnover, well-orchestrated
pre-mRNA splicing, and translational control
mechanisms are all critical for survival, under-
scored by observations that alterations in these
pathways are associated with numerous diseases
and aging (Abdelmohsen et al. 2008; Masuda
etal. 2009; Smith-Vikos and Slack 2012; Borbolis
and Syntichaki 2015; Wei et al. 2015; Steffen and
Dillin 2016). Several studies in model systems
ranging from worms to mice have demonstrated
that the transcriptome is commonly dysregulated
with age. In some instances, transcript abundance
appears to be significantly more variable in older
individuals, with genes from the same functional
group often exhibiting expression changes in
opposing directions (Southworth et al. 2009;
Rangaraju et al. 2015). This phenomenon has
been named ‘transcriptional drift’. Suppression
of transcriptional drift in the nematode
Caenorhabditis elegans gives rise to a more
youthful transcriptomic profile and extends lifes-
pan (Rangaraju et al. 2015).

Surprisingly, unlike in other mammals, tran-
script levels in young (4 years old) and older
(20 years old) naked mole-rats were found to be
largely similar, particularly in the brain (Kim
et al. 2011). In addition, and consistent with this
finding, both young and old naked mole-rats
were also found to have ~2-fold higher levels
relative to young mice of splicing factors in
spleen and brain tissue that
tained throughout their lives. Importantly, unlike

are main-

mice that show altered splicing patterns with age,
alternative splicing of distinct transcripts impli-
cated in aging were well-maintained through old
age in naked mole-rats (Lee et al. 2020). Thus,
from these limited investigations, it seems likely
that naked mole-rats may not display some age-
associated alterations at the post-transcriptional
level that are commonly observed in other mam-
mals. Systematic investigation into post-
transcriptional control of gene expression in this
species is warranted and should illuminate how
such processes are maintained, as well as how
these may contribute to the maintenance of a sta-
ble proteome well into old age.

Some additional evidence points towards
unique aspects of post-transcriptional RNA pro-
cessing in naked mole-rats and is evident from
findings that these animals harbor a distinct ribo-
somal RNA (rRNA) cleavage pattern due to the
presence of a so-called ‘hidden break’ within its
genome. As the most abundant RNA in cells,
non-coding rRNA is the backbone of ribosomes
and is integral for nucleolar stability (Thomson
et al. 2013). Following transcription from ribo-
some DNA (rDNA), a large precursor rRNA
(pre-TRNA) molecule is extensively processed by
hundreds of proteins and non-coding RNAs to
yield 18S, 28S and 5.8S rRNA, leading to the
biogenesis of mature ribosomes in the cytoplasm
(Thomson et al. 2013). In naked mole-rats, an
insertion of >200 nucleotides was identified
within a highly conserved region of IDNA, which
consequently led to fragmentation of the mature
28S rRNA into two distinct molecules in this spe-
cies (Azpurua et al. 2013; Fang et al. 2014).
Interestingly, hidden breaks are commonly found
in tDNA of protostomes (Natsidis et al. 2019).
The main outstanding questions on this topic are:
(1) do these hidden breaks harbor any regulatory
role(s) affecting rRNA processing or ribosome
function; and (2) what cellular machinery is
responsible for the recognition and splicing of
this region to generate fragmented 28S
rRNA. These will be discussed in the section
“Unusual ribosome structure”.

While the naked mole-rat non-coding RNA
transcriptome remains largely unexplored, one
study has shed some light on long non-coding
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RNAs (IncRNAs). In this study, the authors
report >4000 putative IncRNAs in the naked
mole-rat and, consistent with other mammals,
some of these appear to show tissue-specific
expression patterns (Jiang et al. 2016). As our
knowledge of the mammalian non-coding
genome is rapidly expanding and accumulating
evidence links non-coding RNAs to human health
(Esteller 2011), future efforts to investigate the
naked mole-rat non-coding RNA transcriptome
are warranted. Without a doubt, insights into how
these animals maintain a healthy, long, cancer-
free life could be found by studying IncRNAs
and other classes of non-coding RNAs that are
unique to naked mole-rats. Additionally, as we
enter a new frontier in the study of RNA modifi-
cations or the epitranscriptome and its impact on
post-transcriptional regulation of gene expres-
sion (Frye et al. 2018; Zhang et al. 2019), it seems
prudent to extend these studies to naked mole-
rats in order to determine their contributions
toward maintaining a stable transcriptome in this
remarkable mammal.

11.4 Maintenance of a Functional,
Stable Proteome During
Aging

Loss of protein homeostasis (proteostasis) is
observed in several human age-related diseases
and “proteostasis collapse” shortens lifespan in
several organisms, making it a hallmark of the
aging process (Taylor and Dillin 2011; Lopez-
Otin et al. 2013). As macromolecules responsible
for carrying out most essential cellular processes,
proteins must be present: (1) at specific times; (2)
in optimal concentrations; (3) in the correctly
folded state; and (4) in the correct sub-cellular
compartment. This requires tight regulation at the
levels of mRNA translation, post-synthesis fold-
ing, maintenance of the active conformation, and
timely degradation. The machinery responsible
for orchestrating these activities is called the
‘Proteostasis Network’ (PN), and its primary
function is to maintain proteostasis through a
functional, healthy proteome.

The PN comprises >2000 proteins, broadly
divided into three categories: protein synthesis
machinery, molecular chaperones, and protein
degradation machinery (Klaips et al. 2018;
Jayaraj et al. 2020). Components of the protein
synthesis machinery include the ribosome,
RNA-binding proteins, and numerous transla-
tion factors. Their primary job is to ensure
mRNA transcripts are accurately and efficiently
translated into proteins in a temporally and spa-
tially restricted manner. Although some newly
synthesized small polypeptides can fold into
their native conformation directly on the ribo-
some, the vast majority of these require other
PN components called chaperones to aid in their
folding into functional conformations. These
chaperones include, for example, various heat-
shock proteins (HSPs) and their associated
cofactors, as well as T-complex protein-1 ring
complex or chaperonin containing TCP-1
(TRiC/CCT) proteins. Additionally, as protein
synthesis is error prone, with approximately
I in 10* amino acids incorrectly incorporated
(Zaher and Green 2009), the ribosome-associ-
ated quality control (RQC) pathway plays a fun-
damental role in detecting faulty polypeptides
which can be subsequently degraded by the
ubiquitin-proteasome system (UPS) (Brandman
and Hegde 2016). In addition to removal of
nascent polypeptides containing misincorpo-
rated amino acids, the UPS also degrades mis-
folded proteins and maintains proteostasis
through the timely degradation of enzymes and
other signaling proteins. Although ~80% of all
protein degradation is accomplished by the
UPS, other PN components, including autoph-
agy and various proteases, also play a critical

role in protein degradation (Collins and
Goldberg 2017).
What sets naked mole-rats apart from

humans, mice and many other animals, are find-
ings suggesting that there is, in fact, no age-
dependent decline in the abundance or function
of PN components examined in these animals.
Indeed, molecular chaperones are maintained at
high levels throughout the life of the animal,
abundance as well as activity of the protein deg-
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Fig. 11.3 The cytosolic proteostasis network in naked
mole-rats. A schematic representation of cytosolic pro-
teostasis network components in naked mole-rats is
shown. Notably, naked mole-rats have a cleaved 28S
rRNA, which might contribute to the observed increase in
translational accuracy in this species. Based on our unpub-
lished findings and observations in the literature, we spec-
ulate that protein synthesis rates in naked mole-rats are
lower than in mice, which, in conjunction with high levels
of chaperones such as HSP70, would give rise to fewer
misfolded proteins. High levels of HSP90 in these animals
could participate in the activation of signaling proteins
such as hormone receptors, kinases and transcription fac-
tors. Naked mole-rats are able to withstand many cellular
stressors, likely due to high levels of the chaperones
HSP70 and HSP27. These proteins possibly help to refold
misfolded proteins and minimize the formation of toxic

radation machinery appears to be unchanged
during aging, and, correspondingly, there is no
build-up of polyubiquitinated proteins or oxi-
dized proteins with age in naked mole-rats,
unlike in other species (Fig. 11.3). In this sec-
tion, we discuss insights gained, mainly using
molecular biology approaches, into some mech-
anisms responsible for maintaining a functional,
stable proteome in naked mole-rats during

aging.

protein aggregates. When aggregates are formed, high
autophagic activity in naked mole-rats clears these.
Misfolded proteins are also targeted for degradation via
the ubiquitin-proteasome system, which is facilitated by
high levels of CHIP and HSP70, as well as increased pro-
teasome activity in naked mole-rats. Consequently, naked
mole-rats show reduced build-up of poly-ubiquitinated
proteins. Finally, the 6-12 amino acid peptides produced
as a result of proteolytic cleavage in the proteasome are
further cleaved into free amino acids through the action of
peptidases. Naked mole-rats have lower levels of TPP2
protein than mice; yet, remarkably, they show ~4-fold
higher TPP2-specific activity. Solid green and red arrows
represent established/confirmed findings in naked mole-
rats; pale green and red arrows (with dashed borders) indi-
cate our hypotheses based on published observations as
well as our unpublished data

11.4.1 Unique Features
of the Proteostasis Network
in Naked Mole-Rats

11.4.1.1 Unusual Ribosome Structure

Ribosomes are comprised of two subunits, a large
and small subunit (60S and 40S in eukaryotes,
respectively), both of which contain numerous
ribosomal proteins intertwined with or anchored
to the rRNA backbone. Several ribosomal pro-
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teins and distinct regions of rRNA are necessary
for accurate mRNA decoding and for catalyzing
amino acid transfer to the nascent, growing poly-
peptide chain (Doudna and Rath 2002; Wilson
and Doudna Cate 2012; Yusupova and Yusupov
2014). Oddly, as discussed above, the naked
mole-rat 28S rRNA harbors a ‘hidden break’
sequence that leads to the fragmentation of the
28S rRNA into two distinct pieces (Azpurua
et al. 2013; Fang et al. 2014). This unusual cleav-
age pattern is shared with two of their South
American relatives, the tuco-tuco (Ctenomys
brasiliensis) and degu (Octodon degus), but is not
seen in the guinea pig (Cavia porcellus) or in the
Damaraland mole-rat (Fukomys damarensis),
suggesting that it was a trait present in the com-
mon hystricomorph ancestor which was subse-
quently lost by some species within the clade
(Melen et al. 1999; Azpurua et al. 2013). In an
attempt to elucidate the consequences of a
cleaved 28S rRNA sequence on ribosome struc-
ture and mRNA translation, cryo-electron
microscopy (cryo-EM) structural studies were
conducted on ribosomes isolated from cultured
skin fibroblasts of the naked mole-rat, and also
on ribosomes from other hystricomorph rodents,
the tuco-tuco and guinea pig. Interestingly, the
gross structure of the large ribosomal subunit is
essentially similar, regardless of whether the 28S
rRNA is cleaved (naked mole-rat, tuco-tuco) or
not (guinea pig) (Gutierrez-Vargas 2020).
However, subtle structural differences in the
A-site finger (ASF) and adjacent structures
between the guinea pig and the other two species
were observed. The length of the ASF reportedly
affects frameshift activity in bacteria, with shorter
ASFs exhibiting enhanced +1 frameshift activity
(Komoda et al. 2006). Thus, the ASF appears to
be important for maintenance of the correct read-
ing frame and may contribute to increased trans-
lational fidelity or accuracy. While increased
rates of translational accuracy, measured using
luciferase-based reporter assays, have also been
reported in naked mole-rats, further investiga-
tions using, for example, novel mass
spectrometry-based techniques such as those
developed in yeast and E. coli proteomes
(Mordret et al. 2019), will enable one to quanti-

tively assess this exciting question. Increased
translation accuracy is a hallmark of pristine pro-
teostasis as it leads to the generation of fewer
aberrant polypeptides, thereby potentially freeing
up PN chaperone and UPS components and
allowing them to respond rapidly during stress
conditions. Not surprisingly, increased transla-
tional accuracy is linked to prolonged longevity
(Ke et al. 2017). Similarly, lowering global rates
of translation, achieved by either genetic or
chemical modulation of the activity of the mam-
malian target of rapamycin (mTOR) protein com-
plex, a master regulator of protein synthesis,
extends lifespan in a variety of models including
yeast, worms, flies and mice (Fabrizio et al. 2001;
Kapahi et al. 2004; Powers et al. 2006; Hansen
et al. 2007; Selman et al. 2009). It has been pos-
tulated that under conditions of reduced transla-
tion, these models divert energy utilization into
repair processes, which possibly leads to an
increase in lifespan. The reduction in protein syn-
thesis observed upon mTOR inhibition and cor-
responding increase in lifespan is likely also
associated with increased translation fidelity;
indeed, it was recently shown that enhancing the
activity of a translation elongation factor kinase,
EEF2K, a protein that is otherwise inactivated by
mTOR, results in increased translation accuracy
and extended lifespan (Xie et al. 2019). It is also
possible that selective translation of specific
mRNAs, even upon repression of global protein
synthesis rates, impacts the aging process.
Contrary to evidence in multiple species link-
ing reduced translation rates to extended lifespan,
Azpurua et al. reported similar rates of protein
synthesis in naked mole-rat and mouse skin fibro-
blasts (Azpurua et al. 2013). This finding is hard
to resolve with subsequent mass spectrometry
data revealing that proteins are generally turned
over at slower rates in naked mole-rats than in
mice (Swovick et al. 2018), as this would neces-
sitate high rates of degradation in order to main-
tain  steady-state. Protein  synthesis and
degradation are extremely energy-intensive pro-
cesses, and increases in translation rates are
actively selected against (Wagner 2005). Thus, it
seems unlikely that the naked mole-rat will have
evolved with high synthesis and degradation rates
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together with a strikingly low metabolic rate and
extended lifespan for an animal of its size
(Buffenstein and Yahav 1991; Buffenstein 2005).
In support of our hypothesis and preliminary
experimental findings that low levels of protein
synthesis might occur in the naked mole-rat con-
sistent with other models of longevity (Narayan
and Buffenstein, unpublished observations),
ribosomal protein abundance was found to be
lower in comparison to guinea pigs (Heinze et al.
2018). Moreover, gene set enrichment analysis
(GSEA) showed that ‘ribosome’ (KEGG path-
way) and ‘peptide chain elongation’ (Reactome
pathway) are both decreased in naked mole-rats
(Heinze et al. 2018). Collectively, these disparate
studies suggest that rates of protein synthesis and
turnover could be lower in naked mole-rats than
in shorter-lived rodents, and these, together with
high translation accuracy, are likely key contribu-
tors in maintaining a stable and functional
proteome.

11.4.1.2 High Levels of Molecular
Chaperones

Molecular chaperones play a critical role in pro-
teostasis and assist in the attainment of native,
functional protein conformations without them-
selves being present in the final tertiary struc-
ture of substrate proteins (Jayaraj et al. 2020).
Broadly speaking, chaperones are classified as
either “holdases” i.e. proteins that bind to and
stabilize proteins, thereby preventing them from
aggregating, “foldases” i.e. proteins that actively
aid in the folding of proteins thus allowing them
to attain their functional conformations, or “dis-
aggregases” (also called “unfoldases”) i.e. pro-
teins that participate in breaking up and
resolubilizing aggregates (Barends et al. 2010;
Richter et al. 2010). The majority of molecular
chaperones are heat shock proteins (HSPs); con-
sequently, the terms ‘chaperone’ and ‘heat
shock protein’ are often used interchangeably in
scientific literature. HSPs are sub-classified
based on their size into functionally similar
families: small heat shock proteins (sHSPs),
HSP40 proteins or DNAIJ proteins, HSP60 pro-
teins or chaperonins, HSP70 proteins, HSP90
proteins and HSP100 (also referred to as

HSP110) proteins (Kampinga et al. 2009;
Jayaraj et al. 2020).

Several studies using antibody-based meth-
ods such as Western Blotting have shown that
naked mole-rats have elevated basal expression
of many chaperones compared to mice and other
rodents (Rodriguez et al. 2014; Pride et al. 2015;
Rodriguez et al. 2016). It also appears that,
under conditions of cellular stress, naked mole-
rats are able to further induce expression of
some chaperones to much higher levels than
mice (Pride et al. 2015), thereby affording even
greater cytoprotection. Indeed, such high levels
of HSPs are in keeping with observed positive
correlations between basal levels of HSPs and
lifespan not only in rodents, but also in other
mammals and birds (Salway et al. 2011; Pride
et al. 2015; Rodriguez et al. 2016). In this sec-
tion, we highlight the molecular chaperones that
show differential abundance in naked mole-rats
relative to short-lived mice. These include com-
ponents of the sHSP family, HSP70 protein
family and HSP90 family. Additionally, by
employing antibody-independent technologies
to evaluate protein abundance in naked mole-
rats relative to other species, we present novel
unpublished findings from our laboratory. Our
study uses Tandem Mass Tag (TMT)-based
quantitative mass spectrometry (Thompson
et al. 2003; Pappireddi et al. 2019) to measure
chaperone abundance in liver tissue from 16
young, healthy naked mole-rats and 16 young,
healthy mice (8 males and 8 females per spe-
cies). There are major advantages of using mass
spectrometry in comparative biology studies.
Firstly, unlike antibody-based measurements,
mass spectrometry does not rely on the assump-
tion that the antibody binds with equal affinity
to the target protein in all species under consid-
eration. This is usually not the case due to dif-
ferences in epitope sequence and/or differential
post-translational modification (PTM) of the
epitope. In mass spectrometric measurements,
however, we can restrict our analysis to peptides
that have identical sequence (and PTM) between
the species, which enables direct species com-
parisons. Moreover, by quantifying multiple
sequence-identical peptides from each protein
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in mass spectrometric studies, there is increased
confidence that the measured change is real. For
highly conserved proteins like HSPs, these mea-
surements can include many dozens of sequence-
identical peptides.

Small Heat Shock Proteins: Levels of HSP27
(HSPB1) have consistently been shown to be
elevated in naked mole-rats compared to many
other rodents, and the protein appears to be
induced to much higher levels in naked mole-rat
cells than in mouse cells after heat stress (Pride
et al. 2015; Rodriguez et al. 2016). Our mass
spectrometry data corroborate these findings:
HSP27 levels were generally higher in liver tis-
sue from both female and male naked mole-rats

compared to physiologically
C57BL/6 mice (Fig. 11.4).
HSP27 and other sHSPs, such as HSP20 and
a-crystallin, are ATP-independent chaperones
that function primarily as holdases — they bind to
proteins to prevent aggregation and maintain
misfolded proteins in folding-competent states
for other chaperones like HSP70 (Bakthisaran
et al. 2015; Webster et al. 2019). Additionally,
cytoprotective sHSPs can have a variety of other
benefits including anti-inflammatory properties
and the ability to suppress the generation of reac-
tive oxygen species (ROS) (De et al. 2000; Arrigo
et al. 2005; Rothbard et al. 2012; Asthana et al.
2014; Bakthisaran et al. 2015). Given the impor-

age-matched

N~
N
(C}-) HSP70 HSP40 HSP90
T family family ~ family
8 2 ¢ ?
=
=] ®
%"g [ !
&S ® e
§E1 T o Sex
o2 ¢ Female
@E ? ¢ Male
ol =
§’g O
b=
3
= ® @
—1- @
- m < m N N = =
M@ = o « @ O Q
& £z < 2 &8 3
3 553z ¢8F°F
r 2 @ o &

Fig. 11.4 Differentially expressed molecular chaper-
ones in naked mole-rats in comparison to mice. TMT-
based quantitative mass spectrometry was used to measure
the abundance of molecular chaperones in liver tissue
from young, healthy naked mole-rats and physiologically
age-matched C57BL/6 mice (20-60 month old naked
mole-rats and 3-5 month old mice; n=8 per sex per spe-
cies). Shown are the most differentially expressed chaper-
ones in the interspecific comparison. For this comparative

analysis, only tryptic peptides that had identical sequences
in both species were used (1-3 peptides for HSPB1, 8-13
peptides for HSPA1B, 4-7 peptides for HSPA12A, 2-7
peptides for HSPA12B, 2 peptides for DNAJB2, 3—7 pep-
tides for DNAJC2, 51-61 peptides for HSP9OAA1 and
7-11 peptides for TRAP1). Shown is the mean log, fold
change of the naked mole-rat protein relative to mouse,
and the upper and lower limits of the 95% confidence
intervals for these measurements (error bars)
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tance of sHSPs in suppression of ROS generation
and in preventing build-up of misfolded proteins,
the high HSP27 levels observed in naked mole-
rats are likely to be crucial in preventing the
accumulation of oxidized proteins following
stress (or during aging) by providing yet another
layer of protection against oxidative stress in this
species.

HSP70 and HSP40 protein families: The
HSP70 family of proteins includes key chaper-
ones that facilitate the folding of a variety of sub-
strate proteins in an ATP-dependent manner. For
reviews of members of this family and their
numerous functions please see (Bukau and
Horwich 1998; Rosenzweig et al. 2019; Jayaraj
et al. 2020). In addition to folding a large propor-
tion of the cellular proteome and preventing pro-
tein aggregation, HSP70, working together with
HSP40, is critical in protein triage i.e. deciding
when a protein cannot be folded and should be
targeted for UPS degradation (McDonough and
Patterson 2003). It does this in concert with E3
ligase enzymes such as carboxy-terminus of
HSC70 interacting protein (CHIP or STUBI),
which specifically ubiquitinates misfolded
HSP70 and HSP90 client proteins (McDonough
and Patterson 2003).

Western blot analysis revealed that the levels
of HSP70 family proteins, particularly HSPA1A
and/or HSPA 1B (collectively known as ‘HSP70”),
as well as the associated quality control E3 ligase
CHIP, are generally higher in naked mole-rats
than in mice, although there are tissue-specific
differences (Rodriguez et al. 2014; Pride et al.
2015; Rodriguez et al. 2016). Our quantitative
mass spectrometric measurements in liver tissue
confirm these findings. Expanding upon this, we
find that while HSP70 (HSPA1B) levels are
higher in male and female naked mole-rats when
compared to mice (Fig. 11.4), HSC70 (HSPAS),
BiP (HSPAS) and GRP75 (HSPA9) levels are
largely comparable (Narayan and Buffenstein,
unpublished observations). Interestingly,
HSPA14 and its associated HSP40 protein
DNAIJC2, both of which are components of the
mammalian  ribosome-associated =~ complex
(mRAC) (Jaiswal et al. 2011) that maintains

newly synthesized polypeptides in a folding-
competent state, are present at lower levels in
naked mole-rats (Fig. 11.4). Lower levels of
mRAC may be indicative of less protein misfold-
ing in naked mole-rats possibly arising from
reduced rates of protein synthesis.

Our proteomics data also reveal that HSPA12A
and HSPA12B, HSP70 family members that have
not previously been studied in naked mole-rats,
are present at ~2-fold higher levels in naked mole-
rat liver tissue relative to mice (Fig. 11.4). These
newer members of the HSP70 family harbor sev-
eral unique functions. For example, when mice
genetically engineered to overexpress human
HSPA12B and wild-type littermates were sub-
jected to ischemia/reperfusion injury by middle
cerebral artery occlusion, animals overexpressing
HSPA12B exhibited decreased infarct volumes
and showed fewer neurological defects (Ma et al.
2013). These transgenic mice were also protected
from lipopolysaccharide (LPS)-induced cardiac
dysfunction and inflammation as well as myocar-
dial infarction-induced cardiac damage (Li et al.
2013). High basal levels of these proteins in naked
mole-rats may have evolved to protect against
variable oxygen availability in the deep nests and
superficial burrows (Buffenstein and Craft 2021)
and may likely contribute to the extreme tolerance
to hypoxia observed in this species (Park et al.
2017).

Levels of many of the twenty-two HSP40 pro-
teins measured in our mass spectrometry study
are comparable in naked mole-rats and mice
(Narayan and Buffenstein, unpublished observa-
tions). The only HSP40 protein that we found to
be significantly elevated in both female and male
naked mole-rats (~3-4-fold higher) when com-
pared to mice is DNAJB2 (Fig. 11.4). This pro-
tein has been shown to play a vital role in
preventing the aggregation of superoxide dis-
mutase (SOD1) in a SOD1(G63A) genetically
engineered mouse model of amyotrophic lateral
sclerosis (ALS) (Novoselov et al. 2013), and has
also been shown to strikingly reduce aggregation
of Tar DNA-binding protein 43 (TDP-43) (Chen
et al. 2016). Like other HSP40 proteins, DNAJB2
(also known as HSJ1A) has a J domain that
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allows it to bind to HSP70; additionally, it also
has ubiquitin interacting motifs (UIM) allowing
it to target substrates for proteasomal degrada-
tion. Indeed, DNAJB2’s role in preventing SOD1
aggregation has been shown to be UPS-dependent
(Novoselov et al. 2013). Thus, the elevated level
of DNAJB2 observed in naked mole-rats could
play a key role in preventing protein aggregation
and maintaining proteostasis through interactions
with other chaperones and the UPS.

HSP90 protein family: Unlike other chaper-
ones, HSP90’s primary function appears not to be
in folding nascent polypeptides or preventing pro-
tein aggregation, but rather in allowing subtle con-
formational shifts in proteins, helping them to
reach their active state whereby they can bind
ligands or other proteins (Pearl and Prodromou
2006). Examples include the stabilization and
ligand binding of steroid hormone receptors and
the folding and activation of various signaling pro-
teins including kinases and transcription factors.
Given its role in activating kinases that function in
various growth-promoting signaling pathways,
HSP90 is an attractive cancer target. Indeed,
HSP90 inhibition has been studied as an anti-
cancer therapeutic for about three decades,
although to date, no drug has been approved for
clinical use (Neckers and Workman 2012; Yuno
et al. 2018).

Using antibody-based measurements, HSP90
protein levels were shown to be largely compa-
rable in naked mole-rat tissues relative to mice
(Rodriguez et al. 2014, 2016). Based on our mass
spectrometric data of specific HSP90 family
members, mitochondrial HSP90 (TRAP1) levels
are ~2-fold lower in naked mole-rats, while
HSP90a (HSP9OAAIL) levels are higher
(Fig. 11.4). This is interesting, given elevated
HSP90 levels are usually associated with poor
prognosis in cancers, yet naked mole-rats have an
extremely low incidence of tumors. It is probable
that elevated HSP90a in naked mole-rats serves
other (beneficial) functions: these could include,
for example, stabilizing the high levels of p53
present in naked mole-rats (Walerych et al. 2004;
Lewis et al. 2012; Deuker et al. 2020) and/or
maintaining p53 in an easily-activatable state

and/or assisting HSP70 in protein triage through
interactions with the UPS.

In summary, a number of molecular chaper-
ones, notably HSP70, HSPA12A/B, DNAJB2,
HSP27 and HSP90a are present at higher levels
(2-4 fold) in naked mole-rats relative to mice
(Fig. 11.4), and likely play important roles in
maintaining a healthy proteome throughout the
long life of this animal through efficient protein
folding and prevention of misfolded protein aggre-
gates (Fig. 11.3). Consistent with this hypothesis,
protein extracts from young and old naked mole-
rats were demonstrated to be more resistant to
unfolding than mouse proteins in the presence of
denaturants such as urea (Perez et al. 2009).
11.4.1.3 Increased Activity of Protein
Degradation and Cellular
Recycling Machinery
A key function of the PN is to recognize polypep-
tides or proteins that are aberrantly folded and to
eradicate these from the intracellular milieu.
Additionally, the PN also participates in main-
taining steady state of proteins through turnover
of correctly folded proteins in a timely manner.
This is particularly important for transcription
factors which tend to have numerous downstream
targets — if these proteins are not tightly regulated
and degraded in a temporal manner, the signaling
pathways they control will be chronically “on”,
which could be detrimental to cells.

Underscoring the critical role of protein deg-
radation machinery in maintaining proteostasis is
the observation that enhancing the function of the
proteasome or autophagy through genetic or
chemical interventions results in extended health-
and life- span in a variety of animal models
(Kruegel et al. 2011; Rubinsztein et al. 2011;
Vilchez et al. 2012; Pyo et al. 2013; Nguyen et al.
2019). Correspondingly, a common feature of
long-lived models of aging is a high basal level of
proteasome and/or autophagic activity, and,
importantly, sustained activity of these compo-
nents through life (Kenyon 2010; Vilchez et al.
2014; Labbadia and Morimoto 2015). Like these
genetically/chemically-manipulated long-lived
experimental models of aging, naked mole-rats
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show high proteasome activity and elevated
autophagy (Rodriguez et al. 2012; Zhao et al.
2014; Triplett et al. 2015), which is discussed in
detail below.

Proteasome: When compared to mice, naked
mole-rats have higher basal 26S proteasome
activity in multiple tissues (Perez et al. 2009;
Rodriguez et al. 2012) (Janki, Kramer, Grimes
and Buffenstein, unpublished observations).
What is unclear in these studies is how this was
achieved: whether the observed increase in activ-
ity is due to enzyme abundance (i.e. naked mole-
rats have more proteasomes than mice), specific
activity (i.e. proteasomes in naked mole-rats are
more efficient at degrading substrates) or some
combination of both. To address this discrepancy,
we searched our TMT-based mass spectrometry
dataset, generated using liver tissue from young,
healthy naked mole-rats and mice (n = 16 per
species) for proteasome subunits. We focused on
components of the 20S core proteasome and the
19S regulatory particle (also known as PA200),
which together form the 26S proteasome. First,
we demonstrated that in the same samples used
for mass spectrometry, higher proteasome activ-
ity was observed in the naked mole-rat samples
(2-fold higher than in mice), corroborating pub-
lished findings (Fig. 11.5a). Similar to the study
by Perez (Perez et al. 2009), our mass spectrom-
etry data showed that proteasome abundance was
comparable in both species for not only the core
proteasome subunits, but also the constituent pro-
teins of the 19S cap (Figs. 11.5b and c). The only
exception was PSMBS5, one of the catalytic sub-
units of the 20S core proteasome, which is pres-
ent at ~50% higher levels in naked mole-rats
(Fig. 11.5b).

Our data raise the interesting possibility that
naked mole-rat proteasomes might have a higher
specific activity than mouse proteasomes. This
could be due to: (1) higher levels of the catalytic
subunit PSMBS5 (Fig. 11.5b); (2) differential
expression of catalytic immunoproteasome sub-
units (Rodriguez et al. 2012); (3) the presence of
HSP70, which specifically binds to the naked
mole-rat proteasome and increases its activity
(Rodriguez et al. 2014); (4) possible different
proportions of the various regulatory proteasome

caps and hybrid combinations of these caps; (5)
presence of as yet unknown regulatory proteins
in the naked mole-rat proteasome; (6) presence of
specific as yet unknown PTMs in one/many pro-
teasome subunits; and/or (7) the finding that
naked mole-rats have fewer poly-ubiquitinated
proteins compared to mice (Perez et al. 2009),
which frees up the proteasome to degrade the
artificial substrate used in these proteasome
activity assays. The last point merits some dis-
cussion as although the Suc-LLVY-AMC
peptide-based proteasome activity assay was
originally described to measure the activity of
purified proteasomes in vitro, it has since been
routinely used to determine maximum protea-
some activity in cell and tissue extracts (Rivett
et al. 1994; Liggett et al. 2010). This is in spite of
previous findings that the artificial substrate, Suc-
LLVY-AMC, can be also cleaved by calpains,
tripeptidyl peptidase (TPP2) and chymotrypsin-
like proteases. All of these enzymes are usually
present in cell/tissue extracts and show disparate
activity under different experimental conditions,
thereby complicating data interpretation (Chandu
et al. 2003; Giguere and Schnellmann 2008). In
addition to the presence of these non-proteasomal
proteases, data interpretation in this assay is also
complicated by the presence of other proteasome
substrates such as oxidized proteins and poly-
ubiquitinated proteins in cell extracts. Thus, the
artificial substrate must compete with endoge-
nous substrates for proteasome-degradation, and
so a higher measured activity in this context
could be due to fewer endogenous proteasome
substrates in that particular sample, freeing up
the proteasome to degrade the artificial substrate.
This makes the assay a readout for proteasomal
substrate load rather than specific activity.
Regardless of these caveats, the finding that “pro-
teasome activity” detected in naked mole-rats —
whether due to a lower substrate load in this
species i.e. fewer misfolded proteins and polyu-
biquitinated proteins, or higher specific activity
of the proteasome — is greater than mice is strik-
ing, as it suggests that proteasomes in this species
have a greater capacity to cope with conditions of
stress, during which UPS activity is critical for
survival.
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Fig. 11.5 Higher proteasome activity is observed in tis-
sue extracts from naked mole-rats compared to mice.
(a) Proteasome activity was measured in liver extracts pre-
pared from naked mole-rats and physiologically age-
matched C57BL/6 mice (20—60 month old naked mole-rats
and 3-5 month old mice; n = 8 per sex per species) using
the established Suc-LLVY-AMC assay as previously
described (Rodriguez et al. 2012). Assays were run in the
absence and presence of the proteasome inhibitor epoxomi-
cin (10 uM). The difference between the total activity
(without epoxomicin) and activity in the presence of epox-
omicin is considered to be proteasome-specific and is dis-
played on the y-axis (Epoxomicin-corrected chymotryptic

(ChT) activity). Shown are the activity measurements for
each of the 8 animals in the groups (circles), the mean
(thick horizontal line), and standard deviation (error bars).
p-values were calculated using unpaired Student’s t-tests.
(b and ¢) TMT-based quantitative mass spectrometry was
used to measure the abundance of 20S core proteasome (b)
and 19S regulatory particle (¢) subunits in the liver extracts
prepared above. For this comparative analysis, only tryptic
peptides that had identical sequences in both species were
used. Shown is the mean log, fold change of the naked
mole-rat protein relative to mouse, and the upper and lower
limits of the 95% confidence intervals for these measure-
ments (error bars)
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Proteolysis in the proteasome usually gener-
ates peptides that are predominantly about 6—12
amino acids in length (Kisselev et al. 1999; Book
et al. 2005). These polypeptides are subsequently
processed by various endo- and exo- peptidases
that trim them into amino acids. Although gener-
ally overlooked in the PN, these peptidases play
important roles in preventing the accumulation of
toxic intermediate peptides and in facilitating
amino acid recycling. A key player here is the
protease TPP2, that physically interacts with the
proteasome and may possibly substitute for pro-
teasome functions in some contexts (Glas et al.
1998; Geier et al. 1999; Fukuda et al. 2017).
Given the observed high proteasome activity in
naked mole-rats, one would expect the activity of
downstream proteases like TPP2 to also be high.
Unexpectedly, our mass spectrometric data
showed that TPP2 protein levels were 34X
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Fig. 11.6 Naked mole-rats show ~4-fold higher TPP2
activity than mice. (a) TMT-based quantitative mass
spectrometry was used to measure the abundance of TPP2
in liver tissue from young, healthy naked mole-rats and
physiologically age-matched C57BL/6 mice (20—
60 month old naked mole-rats and 3—5 month old mice;
n = § per sex per species). For this comparative analysis,
only tryptic peptides that had identical sequences in both
species were used (12-15 peptides). Shown is the mean
log, fold change of the naked mole-rat protein relative to
mouse, and the upper and lower limits of the 95% confi-
dence intervals for these measurements (error bars). (b)
Liver extracts were prepared from 4 male naked mole-rats
(two 2 year old animals and two 7 year old animals) and 4

Butabindide-corrected

lower in young, healthy naked mole-rats when
compared to physiologically age-matched mice
(Fig. 11.6a). Strikingly, however, when we mea-
sured TPP2 activity in these extracts, we found
that in spite of having less TPP2 enzyme, the
measured activity in naked mole-rats was 3-5X
higher than in mice (Fig. 11.6b). As the artificial
peptide substrate used in the TPP2 activity assay
may also be cleaved be other cellular peptidases,
we performed our assays in the presence and
absence of butabindide oxalate (BO), an inhibitor
that has been reported to be specific for the
membrane-bound form of TPP2 (Rose et al.
1996; Glas et al. 1998; Dasgupta et al. 2014). The
difference between measured activity in the
absence and presence of BO may therefore be
inferred to be TPP2-specific (Fig. 11.6b). As with
the proteasome activity assay discussed above, it
is possible that the observed high TPP2 activity
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male C57BL/6 mice (two 4 month old animals and two
12 month old animals) as described previously for protea-
some activity assays (Rodriguez et al. 2012) and activity
assays were set up in a similar manner except using AAF-
AMC (100 uM) as the substrate. Assays were run in the
absence and presence of the TPP2-specific inhibitor but-
abindide oxalate (500 uM). The difference between the
total activity (without butabindide) and activity in the
presence of butabindide is considered to be TPP2-specific
and is displayed on the y-axis (Butabindide-corrected
TPP2 activity). Shown is the mean activity for the 4 ani-
mals in each group (grey bars) and standard deviation
(error bars). p-values were calculated using unpaired
Student’s t-tests
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detected in naked mole-rat liver extracts is due to
the presence of fewer endogenous TPP2 sub-
strates, rather than higher specific activity. There
could also be other TPP2-like proteases unique to
the naked mole-rat that contribute to the mea-
sured activity. Given these caveats, it would be
prudent to measure specific activity of TPP2
using purified protein prepared from naked mole-
rats and mice, in order to confirm our preliminary
findings based on whole liver extracts.
Nonetheless, it is intriguing to speculate that the
observed high TPP2 activity in naked mole-rats
not only assists in amino acid recycling, but also
perhaps compensates for any loss in proteasome
function under some stress conditions, as has
been observed in EL4 lymphoma cells (Glas
et al. 1998; Geier et al. 1999).

Autophagy: Although originally believed to be
solely a non-selective process essential for the
recycling of nutrients under conditions of stress
and starvation, autophagy has since been shown
to play a vital role in the selective clearance of
misfolded proteins and damaged organelles
including mitochondria and peroxisomes, mak-
ing it an important component of the PN
(Olzmann and Chin 2008; Glick et al. 2010).
There are numerous reports on the benefits of
autophagy in aging: elevated autophagy is a com-
mon feature of long-lived models. The mTOR
nutrient sensing pathway is a key regulator
(inhibitor) of autophagy, and indeed, inhibiting
mTOR signaling with rapamycin enhances the
rate of autophagy and extends lifespan (Zhang
et al. 2014). The lifespan extension benefits of
interventions such as caloric restriction (CR) and
reduced insulin/IGF1 signaling are also depen-
dent, at least in part, on autophagy (Madeo et al.
2015; Hansen et al. 2018). Additionally, overex-
pression of some autophagy genes, resulting in
increased rates of autophagy, has been shown to
extend lifespan (Simonsen et al. 2008; Pyo et al.
2013).

High basal levels of autophagy in naked
mole-rats when compared to mice has been
shown by two independent groups in skin fibro-
blasts (Rodriguez et al. 2011; Pride et al. 2015)
and in various tissues (Zhao et al. 2014).
Measurements were made using biochemical

methods (LC3-II/LC3-I ratio) and confirmed
using electron microscopy, which revealed the
presence of many more autophagosome-like
structures in naked mole-rats (Zhao et al. 2014).
Perhaps the most striking observation related to
autophagy in naked mole-rats is that in the brain,
rates of autophagy appear to be similar through-
out life — or at least until 24 years of age (Triplett
et al. 2015). In keeping with this finding, mTOR
signaling remains largely unchanged. This is in
stark contrast to mouse brains, where mTOR sig-
naling increases with age (Yang et al. 2012).
Autophagic flux also decreases in fibroblasts iso-
lated from older mice (Ott et al. 2016). The sus-
tained high level of autophagy throughout the
life of the naked mole-rat is likely critical to
maintaining its extended health- and life- span
by preventing the accumulation of misfolded
proteins, damaged organelles, and protein aggre-
gates in the animal.

11.5 Master Regulators of Cellular
Homeostasis and Stress
Resistance

Transcription factors including forkhead box O
(FOXO) proteins, nuclear factor erythroid
2-related factor 2 (NRF2 or NFE2L2), hypoxia-
induced factor 1 a (HIF1a) and heat shock factor
1 (HSF1) have been linked to extended longevity,
cellular detoxification and/or stress resistance in
a variety of invertebrate and vertebrate models
(Kenyon 2010; Leiser and Kaeberlein 2010; Li
et al. 2017; Denzel et al. 2019). Of these, NRF2
and HIFla have been investigated in naked mole-
rats in some detail (Fig. 11.7) and are discussed
below.

Although FOXO proteins are essentially
unexplored in these animals, transcript levels of
insulin/IGF1 signaling components appear to be
reduced (Kim et al. 2011). This is an important
and pertinent finding, as inhibition of insulin/
IGF1 signaling has been shown to induce FOXO
expression and extend lifespan in other species
(Kenyon 2010). Known FOXO targets include
autophagy genes, detoxification enzymes such as
catalase and SOD, and UPS genes (Greer and
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Fig. 11.7 Master regulators of longevity and stress
resistance in naked mole-rats. This schematic summa-
rizes known findings on master regulators of aging in
naked mole-rats. Signaling through the two major growth/
nutrient-sensing pathways implicated in longevity, insu-
1in/IGF1 and mTOR, are decreased in naked mole-rats.
These, together with increased signaling through various
protective pathways (NRF2, HIFla and HSF1), may

Brunet 2005), many of which are elevated in
naked mole-rats. Taken together, these data sug-
gest that FOXO levels and activity are likely ele-
vated in naked mole-rats and may be contributing
factors in their remarkable anti-aging phenotype.
The insulin/IGF1 signaling pathway has been
shown to closely interact with the mTOR nutrient
sensing pathway (Yoon 2017), downregulation of
which also extends lifespan in a variety of species
(Fabrizio et al. 2001; Kapahi et al. 2004; Powers
et al. 2006; Hansen et al. 2007; Selman et al.
2009). Strikingly, unlike in mice, where an age-
dependent increase in mTOR complex 1
(mTORC1) is observed, mTOR activity remains
unchanged during aging in naked mole-rat brains
(Yang et al. 2012; Triplett et al. 2015). Thus,
reduced signaling through the insulin/IGF1 and
mTOR pathways in the naked mole-rat, which
are possibly maintained during aging, could be
key contributors of healthy aging in this species
(Fig. 11.7).

HSF1, the regulator of heat shock protein
expression, particularly in response to cellular
stress, is also present at high levels in naked

result in stress resistance and longevity through increased
expression of antioxidants, chaperones and autophagic
and proteasome components. In this schematic, solid
green and red arrows represent established/confirmed
findings in naked mole-rats; pale green and red arrows
(with dashed borders) indicate our hypotheses based on
published observations as well as our unpublished data

mole-rats, and, interestingly, HSF1 protein lev-
els have been shown to positively correlate with
lifespan (Rodriguez et al. 2016). Although
FOXO and HSF1 act in anti-aging pathways
that are largely independent of each other, it has
been proposed that the synergistic activation of
both these transcription factors could be highly
beneficial in reducing proteotoxicity, particu-
larly in the context of neurodegenerative dis-
eases (Perez et al. 2012). The naked mole-rat
appears to validate this hypothesis, and further
studies to dissect the molecular details and con-
sequences of the activation of these beneficial
master regulators of anti-aging mechanisms in
naked mole-rats are an exciting research avenue
to explore.

11.5.1 Increased NRF2 Signaling
and Antioxidant Levels

NRF?2 is a transcription factor whose gene targets
include a plethora of antioxidants and detoxi-
cants including various glutathione S-transferase
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(GST) proteins and NAD(P)H:quinone oxidore-
ductase 1 (NQOI1), as well as some HSPs and
proteasome subunits (Jaiswal 2000; Reddy et al.
2007). Under non-stress conditions, NRF2 is
found in complex with Kelch-like ECH-
Associated Protein 1 (KEAPI1), which targets it
for proteasomal degradation (Itoh et al. 1999).
During oxidative stress, ROS oxidize specific
cysteine residues on KEAP1, causing a change in
conformation that prevents binding to NRF2
(Tong et al. 2006). Consequently, NRF2 is no
longer targeted for proteasome-mediated degra-
dation and can translocate to the nucleus to acti-
vate its target genes.

Naked mole-rats appears to have ~3-fold more
Nrf2 mRNA and NRF2 protein than mice under
non-stress conditions (Lewis et al. 2015). This is
likely due to the fact that KEAP1 is present at
much lower levels in naked mole-rats (Lewis
et al. 2015). Consequently, naked mole-rats are in
a ‘primed’ phase even under non-stress condi-
tions, ready to respond promptly and efficiently
to oxidative stress through high basal levels of
antioxidants (Lewis et al. 2012). These high anti-
oxidant levels are likely maintained well into old
age in these animals, as, unlike in mice and other
species, there is no age-associated increase in
oxidative damage i.e. protein carbonyls or lipid
peroxidation, in naked mole-rats (Andziak and
Buffenstein 2006; Andziak et al. 2006).

11.5.2 Increased HIF1x Levels
and Hypoxia Tolerance

Naked mole-rats are extremely hypoxia-tolerant
animals, able to survive up to 18 min without
oxygen (Park et al. 2017). This appears to be due
to a switch to anaerobic glycolysis driven by
increased uptake and utilization of fructose dur-
ing anoxia (Park et al. 2017). Additionally,
captive naked mole-rats appear to harbor some
other salient features in hypoxia signaling
response pathways. For example, the naked
mole-rat genome encodes an HIFl« protein con-
taining a T4071 amino acid substitution within
the Von Hippel-Lindau (VHL) protein interacting
domain compared to other mammals (Kim et al.

2011). Furthermore, the naked mole-rat VHL
protein also displays amino acid differences
(Kim et al. 2011). As VHL is responsible for the
ubiquitin-dependent degradation of HIFla under
normoxia, it seems probable these differences
may function in adaptation to extremely low oxy-
gen supply, at least in part, by impeding HIFla
degradation. Indeed, in keeping with their evolu-
tionary history of living with hypoxic conditions
for millions of years, HIFla is present at much
higher levels in a number of naked mole-rat tis-
sues compared to mice but nevertheless can be
further induced following experimental hypoxia
(Xiao et al. 2017a). Additionally, isolated pri-
mary hepatic stellate cells from the naked mole-
rat appear resistant to hypoxia as evidenced by
lack of cell death following hypoxia exposure
(Xiao et al. 2017a). Collectively, these findings
indicate that cell autonomous mechanisms likely
function in the naked mole-rat’s adaptation to
hypoxic stress.

A study probing the transcriptional response of
naked mole-rats to hypoxic exposure in compari-
son to normoxia found that the differentially
expressed transcripts in muscle tissue were
enriched for genes involved in cell adhesion, meta-
bolic processes, ion transport, ion transmembrane
transport, and cell-cell signaling. Furthermore,
KEGG pathway analysis revealed enrichment of
genes involved in focal adhesion, MAPK signal-
ing, circadian rhythm, cell cycle, metabolic path-
ways, and glycine, serine and threonine metabolism
(Xiao et al. 2017b). As the role of cell-cell contact
and focal adhesion in hypoxia remain poorly
explored, future studies investigating the role of
these pathways in naked mole-rats may shed light
on hypoxia adaptation and mechanisms that pro-
tect these animals from prolonged hypoxic stress.

11.6 Concluding Remarks

Likely in response to survival in arid, hypoxic,
hypercapnic subterranean environments, the naked
mole-rat has evolved an impressive suite of cellu-
lar defenses, that, in a predator-free laboratory
environment, translate into an unusually long,
healthy life. With elevated DNA repair pathways,
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antioxidants, molecular chaperones and strong cell
cycle control mechanisms, the naked mole-rat
appears to be primed to sense, and rapidly elimi-
nate, signs of cellular damage. The result is the
maintenance of homeostasis throughout the long
life of this remarkable animal, through a stable
genome and pristine proteome, which manifest as
sustained physiological function even in old age.
Although tremendous efforts have been made to
advance our understanding of naked mole-rat biol-
ogy, several new avenues are now ready for future
exploration, particularly in light of advances in
transcriptomic and proteomic methodologies.
Such studies will provide unparalleled insights
into the molecular mechanisms underlying the
extraordinary ability of the naked mole-rat to resist
physiological declines and associated pathologies
with increasing chronological age.
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