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The naked mole rat (NMR), Heterocephalus glaber, the longest-living rodent,
provides a unique opportunity to explore how evolution has shaped adult
stem cell (ASC) activity and tissue function with increasing lifespan. Using
cumulative BrdU labelling and a quantitative imaging approach to track
intestinal ASCs (Lgr5") in their native in vivo state, we find an expanded pool of
LgrS* cells in NMRs, and these cells specifically at the crypt base (Lgr5c)
exhibit slower division rates compared to those in short-lived mice but have a
similar turnover as human LGRS cells. Instead of entering quiescence (GO),
NMR Lgr55¢ cells reduce their division rates by prolonging arrest in the G1
and/or G2 phases of the cell cycle. Moreover, we also observe a higher pro-
portion of differentiated cells in NMRs that confer enhanced protection and
function to the intestinal mucosa which is able to detect any chemical imbal-
ance in the luminal environment efficiently, triggering a robust pro-apoptotic,
anti-proliferative response within the stem/progenitor cell zone.

In multicellular organisms, long-term maintenance of tissue home-
ostasis requires a tight regulation of adult stem cell (ASC) activity to
ensure efficient repair and regeneration’. In high-turnover mammalian
tissues, like the intestine, population equilibrium is primarily con-
trolled through the continual division and differentiation of ASCs, and
subsequent apoptosis of mature cells>. The longer survival of ASCs

puts them at an increased risk of accumulating mutations and reduces
their fitness which is seen during ageing®™ and in diseases such as
cancers®’.

The drive to proliferate and the need to maintain genomic
integrity are two of the most powerful forces acting on ASCs. Mam-
malian ASCs in many tissues are predominantly found in a quiescent
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state, allowing them to persist as non-dividing cells over extended
periods of time®™. In addition to avoiding DNA replication-induced
mutations, quiescent cells also rely on anaerobic glycolysis for ATP
production which minimises damage from cellular respiration" ",
However, DNA repair is attenuated during quiescence as error-prone
nonhomologous end joining repair is utilised*”. A switch from
quiescence to proliferation is associated with an increase in the levels
of reactive oxygen species™ and accrual of replication errors”. The
increasing damage that accumulates in actively cycling cells is
balanced by the activation of more precise DNA repair by homologous
recombination in late S and G2 phases of the cell cycle™*%,

Activation of repair mechanisms temporally delays cell cycle
progression until lesions are repaired”>. As DNA replication and cell
division are tightly coordinated, correlations between mutations and
cell division rates from diverse fields?*~* have often been interpreted
as merely reflecting the replicative origin of mutations, but accrual of
mutations should track cell divisions from both replicative and non-
replicative sources when repair is efficient”. A comprehensive analysis
of how long specific cell types, especially ASCs, spend in different
phases of the cell cycle has the potential to help understand the con-
tributions of various sources to somatic mutagenesis and reconcile
findings of similar mutation rates in human ASCs with different turn-
over rates®® and their differentiated progeny in mitotically active and
inactive tissues”.

The need to understand ASC function within their niche has
relied on mammalian model systems like mice® and species-specific
differences in ASC kinetics have largely been overlooked. Recently,
xenotransplantation techniques enabling more refined analyses of
human ASC dynamics in vivo have shown that the crypt-based
columnar (CBC) cells (LGR5**) in the intestinal epithelium, long
believed to be continuously cycling, unlike the +4 or other ASC
populations’, enter a quiescent (GO) state in contrast to murine
Lgr5**¢ cells™. These differences in the cell cycle states of ASCs from
different species will inevitably affect the types of damage accrued,
repair mechanisms employed and, ultimately, somatic mutation
rates. Interestingly, a cross-species study that sequenced colonic
crypts from 16 mammals has shown an inverse scaling of somatic
mutation rates with lifespan suggesting that somatic mutation rates
are evolutionarily constrained.

The evolutionary adaptations of ASCs, which represent the apex
of the cellular hierarchy in tissues, possibly have one of the greatest
impacts on organismal health and lifespan. However, there is a critical
paucity of in vivo data on the basic parameters of cell division in ASCs
and progenitor cells in long-lived species. Accurate estimates of ASC
division rates can be achieved with cumulative labelling assays®**.
Similarly, determining tissue-specific ASC division rates is important
and, in relation to the intestine, although Lgr5-expressing cells are the
bona fide stem cells in both the small intestine and colon®?*, local
niche factors driving differential ASC division rates need to be con-
sidered. Investigating ASC dynamics will enable a better understanding
of the underlying mechanisms that contribute to different lifespans
and mutation rates across species with diverse evolutionary histories
and longevity.

Results

Lgr5is expressed in crypt base columnar cells in naked mole rats
The intestinal crypt is an anatomically distinct structure that makes
up the stem cell niche in many species, including mice and humans,
and adult stem cells (ASCs) within the niche are located at the crypt
base and marked by Lgr5 expression®*, We specifically assessed the
presence, abundance, and distribution of LgrS-expressing cells
(Lgrs") within the NMR intestine. Using an in situ hybridization
(ISH) probe specific to NMR Lgr5 mRNA, we found that the NMR
crypts harboured 150% more Lgr5™ cells in the small intestine (duo-
denum) compared to mouse (Fig. 1a, Supplementary Fig. 1). These

Lgr5* cells in the NMR small intestine were interspersed by larger cells
which most likely represent Paneth cells. In the distal colon, NMR
crypts accommodated 57% and 51% more LgrS® cells than corre-
sponding mouse and human crypts, respectively (Fig. 1b, Supple-
mentary Figs. 2 and 3).

Spatial analysis of Lgr5" cell distribution along the vertical crypt
axis showed a consistently higher frequency (87%) of Lgr5" cells at the
crypt base at cell positions O to 3 in the mouse small intestinal crypts,
in agreement with previous findings® (Fig. 1c, left) while 76% of Lgrs*
cells occupied positions O to 4 in the wider NMR duodenal crypts
(Fig. 1c, right). Similarly, single-cell analysis in the colonic crypts
revealed that 62% of all murine Lgr5* cells resided at positions O to 4
(Fig. 1d, left), 68% at positions O to 4 in humans (Fig. 1d, middle) and
80% resided at positions O to 4 in the NMRs (Fig. 1d, right). Therefore,
in all three species, the majority of Lgr5' or LGRS5" cells reside at the
basal positions of the crypts.

NMR Lgr55¢ cells are proliferative and do not enter quiescence
To determine any proliferative differences between the NMR and
mouse Lgr5* cells, and human LGRS cells, specifically at the crypt base
(Lgr5*®® or LGRS'“E%), we co-labelled intestinal tissue from all three
species with the proliferation marker, Ki67, and Lgr5/LGRS ISH probes
specific to each species (Fig. 2a, b, left). Analysis of the small intestine
revealed that the majority (82%) of mouse Lgr5 ¢ scored positive for
Ki67 (Fig 2a, right), which is in line with previous observations®, while
in the NMR, we detected 65% of Lgr5'®Ki67" cells (Fig. 2a, right). In the
colon, there was no difference in the Ki67 status of Lgr5*® cells
between the two rodent species, with approximately 48% of Lgr5* ¢
cells scoring positive for Ki67 (Fig. 2b, right). However, in human
colonic crypts, only 7% of LGRS were positive for Ki67 (Fig. 2b, right)
which is similar to previous studies showing slower cycling status of
crypt base cells in humans®***, It is noteworthy that we observed the
Ki67 antigen in NMR cells as highly concentrated foci in the nucleus
whereas in the mouse, Ki67 staining was mostly present throughout
the nucleoplasm (Fig. 2a, b).

In order to assess if Lgr5*® cells in NMRs entered quiescence
(GO), we used p27, a cyclin-dependent kinase inhibitor, that modulates
the probability that cells will exit the active cell cycle after a mitotic
division*>*, Firstly, we found no Lgr5 ¢ cells that were also positive
for p27 in the mouse small intestine (duodenum), in agreement with
the actively cycling status of mouse ASCs**>*? (Fig. 2c). Similarly, we
detected no p27 positivity in the NMR Lgr5*“® cells of the duodenum
(Fig. 2¢). We did observe a few cells in the upper region of the small
intestinal crypts that expressed p27 in both rodent species (Supple-
mentary Fig. 4a).

Analysis of the colonic tissue revealed that only 8.80% (+1.76%) of
murine Lgr5*t¢ cells expressed p27 (Fig. 2d), similar to that reported
recently®, which most likely represents cells arrested in G1. In contrast,
we found 86.34% (+ 3.05%) of human LGR5"“®¢ cells in individuals of 28
to 33 years of age were positive for P27 (Fig. 2d), which is also in
agreement with previous findings that used an older cohort (age 50-60
years) and showed P27* cells to be predominantly in GO*'. We found no
evidence of p27 expression in the NMR Lgr5™E¢ cells in the colon
(Fig. 2d). In all three species, cells further up the colonic crypts showed
p27/P27 expression (Supplementary Fig. 4b). Anterior prostate tissues
from both mouse and NMR were also used as positive controls to
check the cross-reactivity of p27 antibody (Cell Signalling Technology,
#3686) used in our study (Supplementary Fig. 4c).

In summary, our data shows that, unlike human LGR5"“*C cells, a
much higher proportion of mouse and NMR Lgr5 5 cells exhibit Ki67
positivity that suggests the presence of these cells in the S, G2, and/or
M phases of the cell cycle when Ki67 protein is continuously
produced®. While non-proliferating LGRS'“®C cells in humans appear to
be P27 positive and hence in GO (quiescence), Lgr5*“® cells in mice and
NMRs that were unaccounted for by Ki67 staining did not show p27
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positivity. The lack of Ki67 expression in these rodent cells may be
reflective of the undetectable levels of this protein in G1 when Ki67 is
continuously degraded®.

Cell cycle kinetics of ASCs of NMR small intestine
Ki67 expression provides a snapshot information of a cell’s prolifera-
tion status. In order to precisely determine the cellular kinetics of ASCs
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in the small intestine of wild-caught NMRs (6 to 24 months old), we
used a cumulative labelling protocol with 5-Bromo-2’-deoxyuridine
(BrdU) to temporally track the uptake of this nucleoside analogue
during the DNA-synthesis phase (S) in Lgr5'“® cells (Fig. 3a). Details of
how we first determined the appropriate dose of BrdU to be admi-
nistered in NMRs (100 mg/kg bodyweight) and the frequency of
injections needed (every 8 h) to ensure maximal bioavailability of BrdU
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Fig. 1| Abundance and location of Lgr5' cells in the NMR intestine.

a Representative confocal images of mouse and NMR small intestinal (duodenum)
crypts co-stained with species-specific Lgr5 RNAscope probe (red), anti-EpCAM
antibody (yellow) and DAPI (blue). White arrows indicate Lgr5-expressing (Lgr5")
cells. Bar graph showing the mean percentage (+SEM) of Lgr5" cells in total epi-
thelial cells per crypt in wild-caught mice (12-months-old) and wild-caught NMRs
(12-months-old) (n =138 crypts counted from 3 animals per species, P<0.0001, -
test). b Co-stained confocal images of the mouse, human and NMR distal colonic
crypts. White arrows indicate LgrS* or LGRS* cells. Bar graph showing the mean
percentage (+SEM) of Lgr5* or LGRS" cells per colonic crypt in mice (12-months-old,
n =129 crypts counted from 3 animals), humans (28-33 year-old, n = 30 crypts from
4 individuals) and NMRs (12-months-old, n =150 crypts from 3 animals). Exact P-

values from t-tests are shown on the graph. c Scatter plot showing the mean per-
centage (+SEM) of LgrS" cells at specific positions relative to the crypt base in the
small intestine. 87% of Lgr5* cells reside at positions O to 3 in mice and 76% are
found at positions O to 4 in NMRs (n =276 cells counted at each position using 3
animals per species). The inset represents the numbering schema used for each cell
along the crypt axis. d Distribution of rodent Lgr5" or human LGRS" cells (mean
percentage + SEM) at specific positions in the colonic crypts. 62%, 68% and 80% of
Lgr5* or LGRS' cells reside at positions O to 4 in mouse, human and NMR crypts,
respectively (n =258 cells counted at each position from 3 animals per rodent
group; n =130 cells counted at each position from 4 human samples). In all cases,
statistical significance was determined by Student’s ¢-tests using two-tailed,
unpaired and unequal variance. Scale bars are indicated on the images (20 um).

in all proliferating cells of NMR crypts are given in the Supplementary
Note 1 and Supplementary Fig. 5.

Previous studies in the mouse small intestine have shown that
within 4 h of BrdU administration, a third of crypt-based columnar
(CBC) cells labelled positive for BrdU and, within 24 h, all CBC cells per
crypt section were BrdU* or EdU’, implying an average cycling time of
these cells in the order of one day****. By contrast, our experiments in
NMRs (6 to 24 months old) showed that after 8 h (0.33 days), only 28%
(£1.92) of CBC in the small intestine had taken up the label (Fig. 3b, c).
We, therefore, extended the administering of BrdU for a longer period,
pulsing NMRs every 8 h for 5 days and analysing intestinal tissue at
regular intervals. By day 4, 96.5% (+1.5) of NMR CBCs in the small
intestine labelled positive for BrdU (Fig. 3b, c).

To estimate the length of the total cell cycle (Tt) and DNA-
synthesis phase (T;) specifically in Lgr5 ¢ cells, we co-stained NMR
duodenal tissue with an anti-BrdU antibody and Lgr5-ISH probe
(Fig. 3d). Based on the assumption that Lgr5*®¢ cells are asynchro-
nously distributed in the cell cycle and divide asymmetrically*** and
do not enter quiescence (GO) (Fig. 2c), we measured the labelling
index which is the proportion of cells labelled with BrdU at a specific
time in the total Lgr5*®¢ population (LgrS*®*“BrdU*/Lgr5'®). The
labelling index increased in a linear relationship with time until
saturation was reached at day 3.5 (Fig. 3e). We derived the Tt of NMR
Lgr§*°E¢ cells from the slope of the regression line (Tt =1/slope, Eq. 1
in Methods), which was 4.00 days (+0.21) (Fig. 3e). The T, of these
cells was estimated from the y-intercept of the regression line using
the labelling index at the instant of the first BrdU treatment at time O
(to) (Ts X slope, Eq. 1 in Methods). This was found to be 0.47 day
(+0.10) (Fig. 3e). For estimation of Ty and T, in the mouse duodenal
Lgr5*°E¢ cells, we injected BrdU in C57BL/6) mice (2-3 months-old)
every 6 h for 54 h and harvested small intestinal tissues hourly after
each injection (Fig. 3f, top). BrdU uptake in mice also showed a linear
increase with time until saturation was reached after 25h of BrdU
treatment (Fig. 3f, bottom). The Tt of mouse Lgr5*®¢ cells was esti-
mated as 1.45 days (+0.07) and the Ts was 0.392 day (+0.03) (Fig. 3f,
bottom). This division time matched closely with that pre-
viously found in mouse small intestinal CBCs where no LgrS5 staining
was performed*.

We proceeded to determine the length of the M phase (Ty,) in the
mouse and NMR Lgr5 B¢ cells of the duodenum by quantifying the
proportion of 1gr5*“® cells that were positive for phospho-histone H3
(Ser28) (Supplementary Fig. 6a). Using the formula Ty =Tt X
LgrSB°PHH3"(Ser28)/Lgr5'® (Eq. 3, Methods), this was estimated to
be 0.07 days (+0.01) in mice and 0.06 days (+ 0.01) in NMRs (Fig. 3g,
left). Having derived the T, Ts and Ty of Lgr5*“®C cells in both species,
we next found the length of G1 and G2 phases (Eq. 7, Methods) to be
1.00 days (+0.08) in mice and 3.47 days (+0.23) in NMRs (Fig. 3g,
middle). The differences in the length of time spent by duodenal
Lgr5T°B¢ cells in specific phases of the cell cycle and comparisons
between the two species are shown in Fig. 3g. In summary, we
observed no significant difference in the duration of S and M phases
between mouse and NMR Lgr5 °E€ cells. However, these small intestinal

ASCs in NMRs arrest roughly 3 times longer in the gap phases (G1, G2)
of the cell cycle compared to mice.

We also used the BrdU labelling index (LI) in vivo at a single time
point (¢) (30 min in mice and 1 day in NMRs) to estimate the Tt of
Lgr5* cells above the crypt base which most likely represent early
progenitor cells (Fig. 3h). These cells occupy positions 5 to 12 in
NMRs and 4 to 10 in mice from the crypt base (Fig. 1c). Using the
equation Tt = (¢+ Tg)/LI, for t< Ty - Ts* (Eq. 1, Methods) where T is
assumed to be similar in Lgr5" cells located at different positions in
the crypts® (0.392 days in mice and 0.47 days in NMRs, Fig. 3e, f), we
found the Ty of Lgr5tebovethecrypebase callg was 1.30 days (+0.06) in mice
and 2.34 days (+0.17) in NMRs (Fig. 3i, left). In comparison to ASC cell
division rates at the crypt base, Lgr5" cells above the crypt base were
12% faster in mice and 71% faster cycling in NMRs (Fig. 3i).

Cross-species comparison of ASC division rates in the colon
Similar to the small intestine, Lgr5" cells at the crypt base also function
as ASCs in the mouse® and human colon®. However, differences in the
cell cycle kinetics due to differences in the local niche factors driving
proliferation between the two tissue types need to be explored. Ana-
lysing colonic tissue of wild-caught NMRs (6 to 24-months-old) after
successive pulsing with BrdU (Fig. 4a, b), we observed that only 7%
(£0.92) of colonic CBCs had taken up the label after 8 h (Fig. 4c). By day
5, 71% (+3.02) of CBCs labelled positive for BrdU (Fig. 4c). To estimate
the length of the total cell cycle (Tt) and S-phase (Ts) specifically in
Lgr5®C cells, we co-stained NMR distal colon with an anti-BrdU anti-
body and LgrS-ISH probe (Fig. 4d). The proportion of Lgr5*® cells
labelled with BrdU increased linearly with time in the colon (Fig. 4e).
We derived the Ty of colonic Lgr5*“® cells in NMRs from the slope of
the regression line (Tt =1/slope, Eq. 1 in Methods), which was 7.52 days
(+0.52) (Fig. 4e). Interestingly, these estimates of NMR Lgr5'®¢ cell
division time are very similar to that recently reported for human
colonic LGRS™®¢ cells (7.3 days)*.. Using the rate of BrdU incorporation
and the proportion of Lgr5*°E¢ cells labelled at the instant of the first
BrdU injection at ¢ = O in the colon, we estimated the T to be 0.42 days
(+0.08) (Fig. 4e, Eq. 1 Methods). For determining division rates of
Lgr5 B¢ cells in the mouse colon, we administered BrdU in vivo in mice
according to the schema in Fig. 4f (top). Using the slope of the linear
regression, Tt was estimated to be 2.02 days (+0.08) (Fig. 4f, bottom;
Eq. 1 Methods) while the T was found to be 0.392 days (+0.04) (Fig. 4f,
bottom; Eq. 1 Methods).

We used phospho-histone H3 (ser28) staining in both mouse
and NMR colonic tissues to detect cells in the M-phase of the cell cycle
(Supplementary Fig. 6b). The length of the M phase (Ty;) was calcu-
lated by quantifying the fraction of Lgr5'“E¢ cells that were positive for
phospho-histone H3 using Eq. 3 (Methods). The Ty, was similar in
mouse and NMR Lgr5°E¢ cells, 0.08 day (+0.01) and 0.13 day (+0.03),
respectively (Fig. 4g, left). Having estimated the T, Ts and Ty, we next
calculated the time colonic Lgr5*® cells spent in the gap phases (Gl
and G2) of the cell cycle using Eq. 7 (Methods), which was 1.55 days
(£0.09) in mice and 6.97 days (+0.53) in NMRs (Fig. 4g, middle). In
summary, no significant differences in the duration of S and M phases
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NMRs and mice (Fig. 1d). Using Eq. 1 (Methods) where T, is assumed to
be similar in LgrS* cells located at different positions in the crypts*
(0.392 days in mice and 0.42 days in NMRs, Fig. 4e, f), we found the Tt
of [gr5+abovethecryptbase callg to be 1.38 days (+0.03) in mice and 2.74 days
(+0.18) in NMRs (Fig. 4i, left). Similar to our findings in the small
intestine, Lgr5" cells above the crypt base in the colon divide much
faster than colonic ASCs at the crypt base (Lgr5™®) (46% faster in mice
and 174% faster in NMRs, Fig. 4i).

We expanded our analysis to include human colonic LGRS"¢ cells
for side-by-side comparisons of cell cycle kinetics with rodent species.
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Fig. 2 | Cycling status versus quiescence of Lgr5'®¢ cells. a Confocal images

showing the crypt-base region of the wild-caught mouse (12-months-old) and wild-
caught (12-months-old) NMR small intestine co-stained with Lgr5 RNAscope probe
(red), anti-Ki67 antibody (green) and DAPI (blue). Asterisk (*) indicates Lgrs5-
expressing cells at the crypt base (Lgr§™c) and white arrows mark Lgr5®“Ki67*
cells. Bar graph showing the mean percentage (+SEM) of Ki67* cells in the total
population of Lgr5 B¢ cells per crypt in mouse and NMR small bowel (n =126 crypts
counted from 3 animals/group, P<0.0001, t-test). b Confocal images showing the
crypt base of mouse, human and NMR distal colons co-stained with species-specific
Lgr5 or LGRS RNAscope probe (red), anti-Ki67 or KI67 antibody (green) and DAPI
(blue). Asterisks (*) indicate Lgr5"®° and white arrows mark Lgr5*®°Ki67" cells. Bar
graph showing the mean percentage (+SEM) of Ki67* cells in total LgrS'¢ cells per
crypt of NMR and mouse colon (n =80 crypts counted from 3 animals/group,
P=0.72, t-test) and the mean percentage (+SEM) of KI67"LGRS"* cells per crypt in
human colon (n= 65 crypts from 4 normal human samples, P<0.0001, t-test).

¢ Confocal images of mouse and NMR small intestinal crypt base co-stained with
species-specific Lgr5 RNAscope probe (red), anti-p27 antibody (green) and DAPI
(blue). Asterisks (*) indicate Lgr5*®. All Lgr5*®C cells in the mouse and NMR small
intestinal crypts were negative for p27. Bar graphs showing the mean percentage
(+SEM) of Lgr§"®p27* cells per crypt (n = 51 crypts counted from 3 animals/group).
d Confocal images of the crypt base in mouse, human and NMR colon co-stained
with species-specific Lgr5 or LGRS RNAscope probe (red), anti-p27 or P27 antibody
(green) and DAPI (blue). Asterisks (*) indicate Lgr5"C or LGRS cells. White
arrows show LGR5*®“P27* cells in the human crypt. White circles mark p27 positive
cells in mouse and NMR crypts. Bar graphs showing the mean percentage (+SEM) of
p27* or P27* cells in the total population of Lgr5*®® or LGRS cells per crypt

(n =50 crypts counted from 3 animals/rodent group and n =30 crypts from 4
human samples, P< 0.0001, -test). In all cases, Student’s ¢-tests using two-tailed,
unpaired and unequal variance was used. Scale bars are indicated on the ima-
ges (20 um).

We first attempted to delineate the time spent by human LGRS cells
in the active cell cycle (G1 to M) from that in the quiescent state (GO) by
using the expression of KI67, phospho-H3 (528) and P27 to mark the
proportion of LGRS ¢ cells in specific cell cycle phases. In slow-cycling
cells, Ki67 has been shown to be in the detectable range in immuno-
fluorescence assays mostly from the S to M phases of the cell cycle®.
We first detected 11.23% (+3.16) LGRS cells that scored positive for
KI67" in normal human colonoscopy samples (65 to 70 years, n=>5)
(Supplementary Fig. 7a). Using this proportion of LGRS"“*K167" cells
and Ty of 7.3 days reported recently®, we found the total length of time
spent by LGRS cells in S, G2 and M phases of the cell cycle was
0.82 days (Eq. 2, Methods). By quantifying the proportion LGRS"¢
cells that were Phospho-Histone H3 (S28) positive (1.20% +0.30), we
found the length of the M phase (Ty;) to be 0.09 days (Supplementary
Fig. 7b, Eq. 3 Methods). Using our estimate of Ty; and the duration of
the S phase of LGRS" cells provided previously® (0.25 day), we found
that human colonic LGRS cells spent 0.48 days in the G2 phase of
the cell cycle. (Supplementary Fig. 7b, Eq. 4 Methods).

We next used P27 expression to quantify the proportion of
LGR5™*¢ cells in the G1 and GO phases of the cell cycle and found that
84.8% (+1.91) were P27 positive (Supplementary Fig. 7a). Using Eq. 5
(TL, 60" =Ty (ref. 31) X LGRS*®*°P27"/ LGRS*“*, Methods), we esti-
mated that LGRS *“ cells spent 6.19 days in G1 and GO (Supplementary
Fig. 7b). To discriminate LGRS cells in GO from those in G1, we used
data published by Ishikawa et al. where double staining of Pyronin Y
and Hoechst 33342 was used to identify LGR5'P27* cells with DNALY/
RNA"Y content in GO and DNA"*"/RNA"°" in G1*'. Approximately 83%
of LGR5'P27*cells were found to be in the GO phase™, referred to as the
quiescence fraction (QF). Using Eq. 6 (Tgo™ " = QF (ref. 31) x Tg1, go)™>
Methods), we estimated the duration of GO to be roughly 5.14 days
(Supplementary Fig. 7b). Finally, we found the duration of T¢; (Eq. 7
Methods) was 1.34 days (Supplementary Fig. 7b). In summary, our
cross-species comparison shows that human and NMR colonic ASCs
divide slower than mouse ASCs (Lgr5'®“) and while human LGRS ¢
cells slow down their division rates by entering quiescence (GO), NMR
Lgr5T¢ cells extended their cell cycle by spending the majority of their
time in the gap phases (G1/G2) (Fig. 4j).

ASC division rates scale with lifespan and correlate with somatic
mutation rates

Using our estimates of Lgr5*® cell division rates in mice and NMRs, we
sought to look for a relationship between the rate of ASC division and
lifespan. First, we assessed the congruence between Ki67 positivity and
cell division rates determined by BrdU labelling (Fig. 3e-f, Fig. 4e-f).
We found that there was a positive association between Ki67 positivity
and cell division rates per year of Lgr5*“® cells in the NMR and mouse
intestinal tissues (Fig. 5a). We, therefore, used Ki67 or KI67 as a sur-
rogate marker to assess any changes in the rodent Lgr5*“® or human
LGRS cell division rates at different ages in all three species. The

proportion of Lgr5*“®*Ki67* cells did not change in the small intestine
between 6 months, 1-year and 3-year-old NMRs (Fig. 5b, left). Similarly,
there were also no proliferative differences in the small intestinal
Lgr57°B¢ cells between 2-months, 12-months and 18-months-old mice
(Fig. 5b, middle). We also found no change in the KI67 positivity in
human colonic LGRS'E¢ cells with increasing age (28 to 74 years;
Fig. 5b, right).

Having established that the cell division rates of Lgr§*® or
LGR5™®¢ cells did not alter with age, we next investigated the rela-
tionship between ASC division rates and lifespan. Using log-log
allometric regression analysis, we found an inverse correlation of
ASC division rates in the colon with lifespan (P=0.002, 95% con-
fidence interval, Fig. 5c, left). A similar qualitative relationship was
observed with the Lgr5 5 cell division rates in NMR and mouse small
intestine (Fig. 5c, left). Interestingly, the cell division rates of rodent
Lgr5 or human LGRS cells above the crypt base, which proliferate
faster than Lgr5"5¢ or LGRS™®¢ cells in all three species (Figs. 3i, 4i and
ref. 31), did not correlate with lifespan (P=0.33, Fig. 5c, right). We
predict that by the end of their life, Lgr5*¢ cells in mice with a
lifespan of 3.7 years (age at which 80% of individuals reaching
adulthood die)** would have undergone approximately 931 divisions
in the small intestine and 669 in the colon. In NMRs, Lgr55¢ cells will
have divided 2281 times in the small intestine and 1213 in the colon by
the end of life*2. Based on the cell division estimates of human colonic
LGRS5E¢ cells?, the total divisions by the end of life (83.6 years)* in
humans will be approximately 4180.

Somatic mutation rates in the colonic crypts across 16 mammalian
species have recently been shown to scale with lifespan®, and the same
study used previous estimates of ASC division rates in mice, rats*®
and humans®*° to suggest that differences in ASC kinetics cannot fully
explain differences in somatic mutation rates and burden across
species®. We used our estimates of Lgr5*“® division rates in mouse and
NMR colons and those previously described for human colonic
LGRS cells® to understand to what extent the observed somatic
mutation rates® can be attributed to differences in the ASC division
rates. Using log-log allometric regression analysis, we observed a
positive correlation between the somatic mutation rates and ASC
division rates in the colon (Fig. 5d). Under a simpler model where
mutation accumulation in the crypt is a result of mutations which
occur at cell division in ASCs, we found that in mice every cell division
would lead to about 4.4 substitution mutations, compared to 2 in
NMRs and 1in humans. In mice, substitution mutation accumulation in
the crypt occurred at a rate roughly 17 times faster than in humans and
9 times faster than NMRs*. Normalising substitution mutation rate per
species by Lgr5"E¢ or LGRS'“E¢ cell division rates (181 divisions/year in
mice and 50 divisions/year in humans) reduced the fold difference
between mouse and human mutation rates to 5, thus roughly 72% of
the excess mutations in mice per year can be accounted for by ASC
division rates. The equivalent comparison between mouse and NMR
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substitution rates per ASC division rate showed 73% higher mutation
rates in mice resulting from having a faster ASC turnover. In NMRs and
humans, ASC division rates were similar but there was a 1.96-fold dif-
ference in mutation rates which is possibly due to differences in either
the repair efficiency or differential damage accrued by NMR Lgr5*&¢
and human LGRS cells. The longer arrest of NMR Lgr5 ¢ cells in G1
and/or G2 compared to the extended period of GO of human LGR55¢

cells (Fig. 4j) suggests that NMR cells may experience higher damage
due to increased metabolic rates in the active cell cycle. In summary,
we show that ASC division rates play an important role in the accrual of
somatic mutations, with fast-dividing mouse lineages accumulating
much higher mutation rates while longer-lived species like NMRs
and humans reduce their mutation rates by slowing down their ASC
turnover.
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Fig. 3 | Cytokinetics of Lgr5'C in the NMR small intestine. a Schema showing

BrdU injection schedule in NMRs (green) and time of tissue collection (red). b NMR
crypts co-stained with anti-BrdU antibody (brown) and haematoxylin (blue). Dotted
circles indicate crypt-based columnar (CBC) cells. ¢ Bar graphs showing the mean
percentage (+SEM) of labelled CBC cells (BrdU*CBC) at different time points in
NMRs, derived by counting n =20 crypts per animal (3 animals sacrificed at 0.33, 1,
2 days and 2 at 0.67, 3, 4, 5 days). d Imnmunofluorescent image showing Lgr5S
mRNA (red), BrdU (green), and DAPI (blue) in NMR crypt injected with BrdU for
3 days. Asterisks (*) mark LgrS* cells at the crypt base (Lgr5'®®) and white arrows
indicate Lgr5*®BrdU" cells. e Scatter plot showing a linear relationship between the
ratio of Lgr5*®“BrdU" cells to the total number of Lgr5 ¢ cells (labelling index) with
time in NMRs until BrdU labelling becomes saturated. Each data point represents
the mean (+SEM) of 20 crypts counted per animal (n=3 animals at 0.33, 1 and

2 days; n=2at0.67, 3, 4 and 5 days). f Top, BrdU injection times in mice (green) and

time points when small intestinal tissues were collected (red). Bottom, scatter plot
showing a linear increase in BrdU labelled murine Lgr5 ™ cells with time. Each dot
denotes the mean (+SEM) of 30 crypts counted per animal (n =3 animals/time
point). g Bar graphs (mean + SEM) showing the length of specific cell cycle phases
of mouse and NMR Lgr5*E€ cells. Exact P-values have been indicated on the graphs.
h Schema showing the experimental design for estimating the total cell cycle
time, T, of LgrS' cells located above the crypt base by injecting BrdU (green) in
mice and NMRs and time points when tissues were collected (red). i Bar graphs
showing the mean (+SEM) T of LgrS* cells above the crypt base (left) and Lgr5*t©
(right) in mice and NMRs. Exact P-values have been indicated on the graphs. Sta-
tistical significance was determined by performing Student’s ¢-tests using two-
tailed, unpaired and unequal variance. Scale bars are indicated on the images

(25 um or 50 um).

NMR intestine is resistant to dextran sodium sulphate (DSS)
treatment

To assess differences above the stem cell zone in the NMR intestine, we
also characterised the differentiated cells in these animals which
showed a higher proportion of enteroendocrine, enterocytes and
goblet cells compared to mice (Supplementary Note 2, Supplementary
Fig. 8, Supplementary Table 1). We observed a thicker mucus layer and
elevated expression of mucins in the NMR intestine (Supplementary
Note 2, Supplementary Fig. 8d), which suggested an enhanced pro-
tection of the underlying epithelium from invading pathogens, as well
as to toxins and other environmental irritants. To test this we treated
wild-caught NMRs with dextran sodium sulphate (DSS), which is a
commonly used chemical that penetrates the mucosal membrane and
induces acute intestinal injury and inflammation in mice’*". In mice, a
typical protocol involves administering 2.5% DSS in drinking water for
7 days with disease induction occurring within 3-7 days®. This method
of delivering DSS could not be used in NMRs as they do not drink water
and get all their water requirements from their plant-based diet. For
direct comparisons, we, therefore, attempted to administer DSS in
both mice and NMRs by oral gavaging that ensured delivery into the
stomachs of the animals (Fig. 6a). Oral gavaging can induce significant
stress in animals and, therefore, our strategy involved gavaging every
4 h during the day for 3 consecutive days in total (Fig. 6a). There were
significant differences in the extent of intestinal damage caused by the
two methods of delivering DSS (via drinking water or oral gavaging) in
mice which are discussed in detail in Supplementary Note 3 (Supple-
mentary Fig. 9). Differences in weight loss experienced by mice using
the two methods is also discussed in Supplementary Note 4 (Supple-
mentary Fig. 10).

Oral gavaging in mice (C57BL/6), 2 to 4 months-old) for 3 days
resulted in mild damage in roughly 30% of the distal colon (Fig. 6b). In
these damaged regions, we observed beginnings of surface epithelial
erosion and crypt atypia, changes in the crypt size, crypt branching
and expansion into the muscularis externa (Fig. 6b). There was also
some modest infiltration of immune cells into the lamina propria and
submucosa region (Fig. 6b, Supplementary Fig. 9c, e). Normal crypts
were seen in undamaged regions of the colon in DSS-treated mice
(Fig. 6b). There were no signs of ulcerations, submucosal oedema or
complete loss of surface epithelium in the distal colon which were
commonly observed in the longer 7-day treatment with 2.5% DSS
(Supplementary Fig. 9d, e). Our intestinal injury model of 3 days by oral
gavaging in mice resembled a chronic model of colitis with a low
degree of dysplasia-like atypia where 1% DSS was administered in water
over a period of 42 days™.

Interestingly, in NMRs (6 to 24 months old), 2.5% DSS treatment
via oral gavage did not even induce mild epithelial damage (Fig. 6c)
and no inflammation was detected in any part of the colon (Supple-
mentary Fig. 11a). We further attempted to induce damage in NMRs by
increasing the concentration of administered DSS to 5.0% and 8.75%. In
5.0% DSS-treated NMRs, the stool consistency changed from normal

hard black (score 0) to soft (score 1) while in the 8.75% treated NMRs,
the stool consistency became very soft and slightly watery (score 2)
(Fig. 6d). However, histological analysis of the intestinal tissue of NMRs
treated with these higher concentrations of DSS showed an intact
epithelial lining (Fig. 6e) and there were no signs of inflammation
(Supplementary Fig. 11a). Pathological scoring by two independent
pathologists comparing DSS-treated mice and NMRs is summarized in
Fig. 6f and Supplementary Fig. 11a. It is possible that if the experiment
had been extended for longer than 3 days, we may have detected some
damage in the NMR intestine, but in our side-by-side comparison with
mice, we concluded that NMRs are more resistant to tissue damage
by DSS.

Dextran sodium sulphate (DSS) triggers a robust pro-apoptotic
and anti-proliferative response within NMR crypts

We expanded our analysis to assess any perturbations in the intestinal
crypt cells after 2.5% DSS treatment for 3 days in mice and NMRs. In
mice, the number of LgrS* cells at the crypt base (Lgr5"€) in regions of
mild damage (crypt atypia) was similar to unaffected regions of the
distal colonic crypts in DSS-treated and control animals (3 to 4 Lgr5'5¢
cells per crypt) (Fig. 7a, b, left). Similarly, in the most proximal regions
of the intestine (duodenum), DSS-treated mice showed no change in
the Lgr5'®¢ cell numbers compared to controls (Fig. 7b, right). This
observation is in agreement with a previous report that showed that
the magnitude of loss of Lgr5' cells is dependent on the administered
dose of DSS, with complete ablation only observed in affected regions
after treatment with 3% DSS for 6 days™. Analysis of DNA fragmenta-
tion using terminal-deoxynucleotidyl-transferase-dUTP-nick-end-
labelling (TUNEL) assay enabled in situ visualization of the apoptotic
process at a single cell level**. We observed a roughly 3-fold increase in
TUNEL" cells at the crypt base in the distal colon as well as in the
duodenum of DSS-treated mice compared to controls (Fig. 7c, left). In
cells residing above the crypt base at positions 5 to 13 (colon) and 4 to
13 (small intestine), we found a modest increase in the apoptotic index
in the distal colon and no change in the duodenum of treated mice
(Fig. 7c, right).

Surprisingly, analysis of DSS-treated NMR intestinal tissues by ISH
showed a complete absence of Lgr5 expression in cells at the base and
above the crypts in distal colons (Fig. 7d, e). Additionally, DSS treat-
ment also affected the Lgr5 expression in the NMR small intestine.
Quantification of Lgr5-mRNA fluorescent puncta showed no signal in
86% of cells at positions O to 6 along the crypt axis in the duodenum
(Fig. 7e). To confirm if the loss of Lgr5 expression in DSS-treated NMRs
was due to mRNA degradation triggered early in apoptosis®, we used
TUNEL staining on NMR tissues. In 2.5% DSS-treated NMRs, we
observed highly elevated levels (18-fold increase) of TUNEL" cells in the
crypt base cells of the distal colon and a 4-fold increase in the duodenal
crypt base compared to controls (Fig. 7f, left). In cells above the crypt
base located at positions 5 to 13, we also found an increase in TUNEL"
cells in the distal colon and duodenum of treated NMRs (Fig. 7f, right).
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The precise fold change differences in the apoptotic index follow-
ing 2.5% DSS treatment for 3 days between the two rodent species and
with a previous report of mice treated for 5 days®® is summarised in
Supplementary Table 2. In summary, in response to DSS-treat-
ment, crypt-based cells representing ASCs are more extensively
eliminated by apoptosis in NMRs compared to mice. Additionally,
unlike in mouse, apoptosis of cells within the progenitor zone is not

confined to the distal colon but observed also in the proximal
regions of the NMR small intestine.

Alterations in the cell proliferation of the distal colon have been
reported previously in mice treated for 5 days with 2.5% DSS**”. We
also sought to assess any proliferative changes following 3 days of oral
gavaging with 2.5% DSS in mice and NMRs. We found that there was no
change in the Ki67 status of Lgr5' cells in the murine distal colon
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Fig. 4 | Cytokinetics of colonic Lgr5*® across species. a Schematic representa-
tion of BrdU injections (green) in NMRs and time of colonic tissue collection (red).
b Images of NMR colonic crypt stained with anti-BrdU antibody (brown) and hae-
matoxylin (blue). CBC cells are marked by dotted circles. ¢ Bar graphs showing the
mean percentage (+SEM) of labelled CBC cells (BrdU*CBC) over time, derived from
counting n =30 crypts per animal (3 NMRs sacrificed at 0.33,1,2 days; 2at 0.67, 3, 4,
5 days). d Confocal image showing Lgr5 mRNA (red dots), BrdU (green) and DAPI
(blue) in NMR colonic crypt cells after 3 days of BrdU injection. Asterisks (*) mark
Lgrs* cells at the crypt base (Lgr5*®C). White arrows indicate Lgr5*®“BrdU" cells.

e Scatter plot showing a linear increase in the BrdU labelling index (Number of

Lgr5*®“BrdU"/Total number of Lgr5*“®) over time in NMRs. Each dot represents a
mean of 40 crypts (+SEM) counted per animal (n =3 animals at 0.33, 1 and 2 days;
n=2animals at 0.67, 3, 4 and 5 days). f Top, Schema showing times when BrdU was

injected (green) and colons harvested (red) in mice. Bottom, scatter plot showing a
linear increase in the labelling index of murine Lgr5'® cells with time. Each dot
denotes the mean (+SEM) of 30 crypts counted per animal (n =3 animals/time
point). g Bar graphs showing the duration of specific cell cycle phases of Lgrs*®©
cells in mice and NMRs. Exact P-values are indicated on the graphs. h Experimental
design for measuring the total cell cycle time (Ty) of LgrS" cells above the crypt base
by injecting BrdU (green) in mice and NMRs and time of tissue collection (red). i Bar
graphs showing T+ of colonic LgrS' cells above the crypt base (left) and Lgr5'* cells
(right) in mice and NMRs. Exact P-values are indicated on the graphs. j Stacked bar
graphs showing the time (days) spent by mouse, human and NMR colonic ASCs in
each phase of the cell cycle. Student’s t-tests using two-tailed, unpaired and
unequal variance were used. Scale bars are indicated on the images (25 um).

(normal or atypical crypts) or in the damage-resistant crypts of the
duodenum (Fig. 7g). A similar analysis of NMR Lgr5*¢ cells that had
not undergone apoptosis in the duodenum showed no change in the
Ki67 status compared to controls (Fig. 7h). However, we observed
statistically significant changes in the Ki67 status of cells above the
crypt base in both DSS-treated mice and NMRs. There was a 24%
reduction in the proportion of Ki67" cells in the distal colonic crypts
(both normal and atypical) of DSS-treated mice compared to controls
(Fig. 7i, left). We even observed a 13% decrease in Ki67" cells in the
duodenal crypts of treated mice (Fig. 7i, right). In NMRs, DSS treatment
led to a much more profound decrease in the Ki67 positivity, with 88%
reduction in the distal colon and 62% in the duodenum, compared to
controls (Fig. 7j). Supplementary Table 2 provides a summary of the
proliferative differences in the crypt cells following DSS treatment
between the two rodent species and how these compare to a previous
study in mice which used 2.5% DSS for 5 days™.

Finally, to assess the ability of NMR crypts to return to normal, we
withdrew DSS and allowed animals to recover for 14 days and analysed
intestinal tissues every 1 to 2 days for 7 days (Fig. 7k). Lgr5*® cells in
NMRs returned to numbers seen at homoeostasis, 4 cells/crypt in the
distal colon and 8 cells/crypt in the duodenum, after 5 and 3 days of the
recovery period, respectively (Fig. 7, Supplementary Fig. 11b). This re-
emergence of the Lgr5" cells suggests a source of another reserve stem
cell population or dedifferentiation of progenitor cells. In summary,
our results show that the NMR intestine responds to low levels of
chemical insults by triggering apoptosis in the majority of Lgr5™ cells
across the entire intestine and by shutting down cellular proliferation
in the progenitor cells of the crypts.

Discussion

In mice and human intestines, Lgr5* cells found at the base of the
crypt of Lieberkiihn (Lgr5*°®) are the bona fide ASCs that bear the
regenerative burden required for tissue maintenance®?*. We find
that the majority of Lgr5" cells in NMRs are also present at the crypt
base in the small intestine and colon. However, NMR crypts harbour a
higher proportion of ASCs compared to both mice and humans.
Interestingly, an expanded poor of ASCs is also seen in the NMR
haematopoietic system®®. Our study is the first to cumulatively label
the NMR proliferative population of ASCs and progenitors in vivo,
allowing accurate measurements of division rates®. Surprisingly,
although NMRs are phylogenetically closer to mice, turnover rates of
Lgr§'¢ cells in NMRs are much more similar to human LGRS"5¢
cells®. The slower cellular kinetics of ASCs may be a general char-
acteristic across tissue types in NMRs as our findings in the small
intestine and colon mirror the slower proliferation of NMR neural®
and haematopoietic®® stem cells. Other cell types like NMR iPSCs®°
and fibroblasts® also divide slower than murine counterparts and
while cell-autonomous growth suppressive mechanisms have been
identified and linked to cancer resistance in these cell lineages®®***,
future studies need to be undertaken to unravel specific cell cycle
modulators in NMR ASCs.

The in vivo division rates of mouse and NMR £gr5*® and human
LGRS™®¢ *' cells in the small intestine and colon showed an inverse
correlation with lifespan but, intriguingly, no relationship was seen
when using division rates of Lgr5" or LGRS5" cells above the crypt base,
which most likely represent early progenitors®® and divide faster in all
three species. This suggests that evolutionary constraints are most
likely to act on ASC populations. We also observed a positive corre-
lation between our estimates of ASC division rates in the colon and
reported somatic mutation rates*’. This is in line with previous
phylogenetic** and comparative X, Y chromosomes and autosomes
studies®®*® showing that the accrual of mutations tracks with cell
divisions. Our study also provides a unique insight into the non-
replicative origins of somatic mutagenesis. The longer Gl and/or G2
arrest of NMR ASCs compared to extended GO of human ASCs sug-
gests that higher damage due to increased metabolic rates at G1 and G2
phases would increase the non-replicative errors in NMRs, which may
partially explain the 2-fold difference in the substitution rates in the
NMR colonic crypt cells compared to human counterparts®.

We have also characterised the differences in the differentiated
zone of the NMR intestine compared to mice. The selection of sig-
nificantly shorter intestinal length in NMR has necessitated the co-
emergence of longer villi in the small bowel, presumably to maximize
surface area for nutrient and water absorption. The proportion of
specialised cells (e.g. goblet, enteroendocrine and enterocytes) in the
intestine, that carry out the main function of digestion and absorption,
is also much higher in the NMR intestine compared to mice. The
increased goblet cells, elevated expression of Muc2 and the presence
of a thicker intestinal mucus layer in NMRs provide a more robust
physical barrier between the epithelial cells and luminal contents of
the intestine that is harder to penetrate compared to mice. Indeed, we
failed to induce even mild mucosal injury or inflammation in NMRs
after treatment with very high concentrations of DSS for 3 days.
Resistance to stressors is emerging as a common trait of long-lived
organisms® ", including in NMRs’>”>, However, even in the absence of
any overt histological damage of the intestine, DSS treatment in the
NMRs resulted in a more robust response in the stem and progenitor
cells compared to mice. In NMRs, the majority of Lgr5-expressing cells
undergo apoptosis and there is a drastic reduction in the proliferation
of cryptal cells from the proximal to the distal regions of the intestine.
Our results imply that the shorter intestinal tract in NMRs has evolved
highly efficient sensory mechanisms to detect oxidative stress™ in the
lumen and their first line of defence against such an insult is to elim-
inate or halt the proliferation of most of their cycling cells in the crypts,
and as such minimise macromolecular damage in ASCs, thus ensuring
no damage is passed on to daughter cells. Finally, we show the re-
emergence of Lgr5" cells after the removal of DSS which suggests a
source of another reserve stem cell population or dedifferentiation of
progenitor cells that serve to replenish Lgr5* cells after injury, similar to
that previously shown in mouse”’®.

In summary, our study characterising the intestinal tract of
NMRs adds to the growing line of evidence showing how these
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Fig. 5| ASC division rates are inversely proportional to lifespan and positively
associated with somatic mutation rates. a Regression analysis showing a positive
correlation between Lgr5*®¢ cell division rates per year determined by BrdU
labelling and Ki67 positivity in NMR (left) and mouse (right) small intestine and
colon. Each data point represents the mean value of 30 crypts counted per animal
and the shaded area represents 95% confidence interval of the regression line. P-
values and R? from two-tailed F-tests and correlation coefficients (r) are indicated
on the graphs. b Bar graphs showing mean percentage (+SEM) of proliferation
index of rodent Lgr5'®“ or human LGRS"®“ cells across different ages in NMRs (n=3
animals/age group) (left), mice (n =3 animals/age group) (middle) and humans
(n=4 individuals in 28 to 33-years-old age group, n =5 in 65 to 70-years-old and
n=5in 71 to 74-years-old group) (right). P-values from two-tailed Wilcoxon rank-
sum tests are indicated on the graphs. c Left, allometric regression of division rates
of colonic ASCs at the crypt base (Lgr5"®¢ or LGRS"®) on lifespan. Mean division

05 10
log, [Lifespan(years)]
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rates of small intestinal Lgr5"* cells in mice and NMRs (black triangles) are also
shown but have not been included in the least-square fit. Right, regression of
division rates of colonic Lgr5* or LGR5" cells located above the crypt base on life-
span. Mean division rates of small intestinal Lgr5" above crypt base cells in mice and
NMRs (black triangles) are also shown but have not been included in the least-
square fit. Red triangles represent mean colonic Lgr5* cell division rates (n=3
animals/species) or LGRS cell division rates in humans (n = 2 individuals taken from
Ishikawa et al.”).The shaded area represents the 95% confidence interval of the
regression line. P-values and R? by two-tailed F-tests and correlation coefficients (r)
are indicated on the graphs. d Allometric regression of substitution rates* on cell
division rates of colonic ASCs (Lgr5"®¢ or LGR5"®) cells. Red triangles indicate
mean substitution rates taken from Cagan et al.*> and the shaded area represents
95% confidence interval of the regression line. P-values and R? by two-tailed F-test
and correlation coefficients (r) are indicated.

Nature Communications | (2023)14:8484



https://doi.org/10.1038/s41467-023-44138-6

Article
a DSS administration (oral gavage)
(XXX ] (XXX ] (XXX ]
® —@ o— @
0 1 2 3 days

® DSS administration
Mouse: 12 ml/kg-bodyweight
NMR: 50 ml/kg-bodyweight

® Sacrifice animal

o000 (XXX ] (XX X)
® —@ o— \
0 1 2 3 days
b 2.5% DSS |

Beginning of surface
epithelial erosion (score: 1)

Crypt expansion into
muscularis externa (score: 2)

Mouse (distal colon)

Crypt branching and

Proximal colon

NMR
Mid colon

Watery

2{Very soft

1] Soft

Stool consistency

OC.O _‘"6.37Hﬁiﬁ)’"7"7;)1'.75”””2':6"”" 35 3o
0% DSS 25%DSS ~ %9, DSS 8.75% DSS
“oed) 8 e (0=2)

Distal colon

Normal (0)

Soft (1) Very soft (2)

watery and

yellowish misshaped

hard, black

Proximal colon

NMR

Distal colon

remarkable animals have evolved unique adaptations allowing for
long-term maintenance of tissue homeostasis and, as a secondary
consequence, lowering the incidence of ageing-related diseases such
as cancers. The evolution of a larger reserve of ASCs across tissue
types in NMRs would facilitate efficient tissue maintenance in an
environment of high oxidative”” and mechanical stress’®, and lower
the probability of deleterious mutations becoming fixed due to
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increased selection against deleterious variants’’* and slow down
clonal expansion seen in ageing®. The slower ASC division rates in
the NMR intestine, like in humans®, likely prevent proliferative
exhaustion of ASCs required for longer lifespans. Some tissues of the
NMR produce higher amounts of reactive oxygen species from
cytoplasmic and mitochondrial sources compared to mice®’. The
duration of the arrest in G1 and G2 has been shown to be linearly
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Fig. 6 | Histopathological assessment of NMR intestine after dextran sodium
sulphate (DSS) treatment. a Schema illustrating the experimental design for
administering DSS via oral gavage at specific time points (green dots) and days of
tissue harvest (red dots) in C57BL/6) mice (top) and wild-caught NMRs (bottom).
b Centre, representative colonic gut roll of 2.5% DSS-treated mouse, with 30% of
distal colon showing damage which is demarcated in red. Magnified images high-
lighting epithelial surface erosion, crypt damage and inflammation (black arrows)
in DSS-treated mice. Undamaged crypts are also shown. ¢ Haematoxylin and eosin
stained images of the proximal, mid, and distal colons comparing control and 2.5%
DSS treated NMRs. d Top, gradual change over 3 days in the stool consistency of

NMRs subjected to DSS treatment at different concentrations [0% (n =4 animals),
2.5% (n= 6 animals), 5.0% (n =2 animals) and 8.75% (n =2 animals)]. Bottom, pho-
tographs show three different stool consistencies observed in DSS-treated NMRs
(hard, black: Score 0; soft and yellowish: Score 1; very soft, misshaped and slightly
watery: Score 2). e Haematoxylin and eosin staining showing no damage in the
proximal and distal colons of NMRs treated with 5.0% and 8.75% DSS.

f Histopathological scores showing mild to moderate damage in DSS-treated mice
(n=3 animals per group, P-value = 0.03, two-tailed Wilcoxon rank-sum test) while
no damage was seen in any of the DSS-treated NMRs (2.5%, 5% and 8.75%; n=2
animals per treatment group). Scale bars are indicated on the images (100 um).

correlated with the amount of DNA damage®. Therefore, the pro-
longed G1 and/or G2 phases of the cell cycle in NMR ASCs may reflect
an adaptive mechanism that increases the time allocated for redox
repair against a backdrop of high oxidative stress.

Altogether, our study provides a mechanistic insight into Kirk-
wood’s disposal soma theory®*** which has long posited that species,
like mice, with high extrinsic sources of mortality, invest energy in
reproductive cell lineages rather than in optimising somatic cell
maintenance by repair mechanisms like DNA repair and antioxidant
systems. NMRs, like humans, have lower extrinsic threats and are able
to reproduce over a longer period of time and, by evolutionary opti-
misation, have allocated more resources to long-term tissue main-
tenance, some of which as we show include an expanded pool of ASCs,
slowing down of ASC division rates and highly efficient intracellular
mechanisms to detect and respond to environmental change in the
intestinal lumen.

Methods

Ethics

This study involved undertaking animal procedures in four different
countries: U.K, USA, Austria, and the Republic of South Africa. Animal
procedures were carried out in accordance with Home Office, UK
regulations and the Animals (Scientific Procedures) Act, 1986 of UK,
the Institutional Animal Care and Use Committee (IACUC) of USA, Act
7,1991 of South Africa, and the Directive 2010/63/EU of the European
Parliament.

Normal human colonoscopy samples were collected under the
research tissue bank ethics 16/YH/0247 supported by NIHR Biomedical
Research Centre, Oxford, UK. and under the London Dulwich
Research Ethics Committee (reference number 15/L0/1998). Written
informed consent was obtained from all participants undergoing
routine bowel cancer or IBD screening. All samples were anonymized.

Mouse husbandry

Wild-caught mice (F1) were acquired from a founder population trap-
ped in lower Austria and Vienna (2016) and housed at the Konrad
Lorenz Institute of Ethology, University of Vienna, Austria. All C57BL/
6] mice used in this study were purchased from Charles River (Kent,
UK) or the Jackson Laboratory (USA) and housed at Biomedical Ser-
vices Unit in John Radcliffe Hospital, Oxford, UK or at Rutgers Uni-
versity Animal Facility in Newark, New Jersey, USA. Mice were housed
in individually ventilated cages under specific pathogen-free condi-
tions and maintained at 19-23 °C temperature with 45-65% relative
humidity, in an alternating 12-h light/12-h dark cycles and fed with food
and water ad libitum.

Naked mole rat husbandry

Naked mole rats (NMRs) were housed at the Animal Facility of the
Department of Zoology and Entomology, University of Pretoria. The
NMRs were kept in tunnel systems consisting of several Perspex
chambers containing wood shavings as nestling material. The NMR
room was maintained at temperatures ranging between 29-32°C,
with relative humidity around 40-60%. NMRs were fed chopped fresh
fruits and vegetables (apple, sweet potato, cucumber, and capsicum)

daily ad libitum along with weekly supplement of ProNutro
(Bokomo). Since NMRs obtain all their necessary water from food
sources, no drinking water was provided to the animals. All scientific
procedures on NMRs were conducted under ethics approval
(NAS046-19 and NAS289-2020) by the Animal Ethics Committee,
University of Pretoria. In addition, DAFF section 20 approval was
granted (SDAH-Epi-20111909592).

For all analyses, both male and female mice, NMRs, and humans
were included in the study.

In vivo administration of BrdU and EdU

15mg/mL solution of BrdU (5-bromo-2’-deoxyuridine, Abcam,
ab142567) and 12.3 mg/mL solution of EdU (5-ethynyl-2-deoxyuridine,
Merck, 900584) were prepared in sterile 1x PBS (Gibco, 10010023) and
filtered through a 0.2 um strainer. Using a 27-gauge needle and 1 mL
syringe, 100 mg per kg bodyweight BrdU and 82.14 mg per kg body-
weight EAU were administered intraperitoneally. Animals were
checked regularly for signs of discomfort (hunched back, shivering,
low mobility) after the injection.

For cumulative labelling protocol using BrdU, the first injection in
naked mole rats was administered between 14:00 to 15:00. Subsequent
BrdU injections were given every 8h for a duration of 5 days and
intestinal tissues were collected every 8 h after the first injection. In
C57BL/6 ] mice, the first BrdU injection was also given between 14:00
to 15:00, with further injections given every 6 h for a total of 2.25 days.
Mouse intestinal tissues were collected 1h after each injection. The
rationale for the frequency and total number of injections in the two
species is discussed in Supplementary Note 1.

In vivo administration of dextran sulphate sodium

Dextran sulphate sodium (DSS) salt (Merck, 42867) was dissolved in
sterile ddH,O to prepare O to 8.75% (w/V) solution. Using a 2 mL syr-
inge fitted with a plastic feeding tube (Prime Bioscience, FTP-20-38),
50 mL per kg bodyweight of DSS solution in NMRs or 12 mL per kg
bodyweight in mice was administered orally at specific intervals for
3 days. Body mass was monitored daily and stool samples collected
while animals were also checked for signs of discomfort (e.g. hunched
back, shivering, low mobility) every 3 h.

Intestinal tissue collection and processing

After sacrificing the animals by approved procedures, the intestine was
immediately isolated from the abdominal cavity and fatty tissue was
removed. The small intestine was then divided into three equal sec-
tions: SB1 (duodenum), SB2 (jejunum) and SB3 (ileum). All three parts
of the small intestine and colon were then flushed with 1x PBS (Phos-
phate Buffered Saline) solution using a P100O pipette to clean all the
faecal material. Each tissue section was then cut open longitudinally
using a gut cutting device®® and the edges pinned down onto a 3MM
filter paper such that the luminal side was facing upward. The tissue
was then fixed in 10% neutral buffered formalin overnight at room
temperature. The following day fixed intestinal tissues were rolled
using the Swiss-rolling technique® and stored in 70% ethanol at 4 °C.
Next, formalin-fixed Swiss-rolls were dehydrated through increasing
concentrations of ethanol, cleared through xylene, and embedded in
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paraffin. The paraffin blocks were sectioned at 4 um thickness using a
microtome (Anglia Scientific).

Haematoxylin and Eosin staining

Tissue sections on SuperFrost Plus slides (VWR, 6310108) were
deparaffinized by submerging slides in xylene (2 times, 10 min each)
and rehydrated in 100% ethanol (2 times, 5min each), 95% ethanol

(2 min), 70% ethanol (2 min), 50% ethanol (2 min), and distilled water
(5 min). Sections were then stained with Harris Haematoxylin (Merck,
HHS32) for 2 min 45s followed by washing in running tap water for
5 min. Next, slides were dipped in 95% ethanol ten times before sec-
tions were counter-stained with Eosin solution (Merck, 117081) for
3 min. This was followed by tissue sections being dehydrated in 95%
ethanol (15 s) and 100% ethanol (2 times, 15 s each), dipped in xylene (2
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Fig. 7| Response of NMR intestinal crypt cells to DSS. a Confocal images showing
Lgr51SH (red) and DAPI (grey) staining in control (0%) and 2.5% DSS-treated murine
colonic crypts. White arrows indicate Lgr5 " cells. b Bar graphs showing the mean
(+SEM) of Lgr5'“B¢ cells per crypt between control and DSS-treated mice (n =40
crypts counted from 3 animals/group). P-values from ¢-tests are indicated. ¢ Bar
graphs showing the mean (+SEM) TUNEL" cells per 100 crypts (apoptotic index) at
the crypt base (left) and above crypt base (right) in mice (n =3 animals/group). P-
values from the two-tailed Wilcoxon rank-sum test are given. d Confocal images
showing Lgr5 ISH (red) and DAPI (grey) in NMR colonic and duodenal crypts. White
arrows indicate Lgr5'® cells. e Scatter graph showing mean (+SEM) /grS mRNA
expression levels at specific cell positions along the crypt axis in control and DSS-
treated NMRs (n =50 crypts counted from 3 animals/group). f The mean (+SEM)
TUNEL" cells per 100 crypts at the crypt base (left) and above crypt base (right) in
NMRs (n =4 animals analysed in 0% and 3 animals in 2.5% DSS-treated group). P-

values generated from the two-tailed Wilcoxon rank-sum test are indicated. g, h Bar
graphs showing mean percentage (+SEM) of Ki67-positive cells in Lgrs" ¢ cells per
crypt in (g), mouse colon and duodenum (n =40 crypts from 3 animals/group) and
in (h), NMR duodenum (n =30 crypts from 3 animals/group). P-values from t-tests
are indicated. i, j Bar graph showing mean percentage (+SEM) of Ki67" cells in all
epithelial cells in the intestinal crypts of control and treated (i) mice (n =40 crypts
from 3 animals/group) and (j) NMRs (n =30 crypts from 3 animals/group). P-values
from t-tests are indicated. k Schema showing the recovery period in NMRs after
2.5% DSS treatment (green) and times of tissue collection (red). I Line graph
showing the mean number (+SEM) of Lgr5'“®¢ cells in the duodenum (black) and
colon (grey) of NMRs after DSS withdrawal (n =20 crypts from 1 animal at each
time-point). Where indicated, Student’s t-test using two-tailed, unpaired and
unequal variance was employed. Scale bars are indicated on the images (25 um).

times, 5min each), and finally coverslipped using DPX Mountant
(Merck, 06522).

Alcian blue staining

Tissue sections on SuperFrost Plus slides (VWR, 6310108) were first
deparaffinized with xylene (2 times, 5 min each). They were rehydrated
in 100%, 90%, 70% ethanol (5 min each) and tap water (2 min), dipped
in 3% acetic acid solution (3 min) before staining with Alcian blue 8GX
(Merck, A5268) solution (pH 2.5) for 30 min. Tissue sections were then
washed (5 min) in running tap water and counterstained (5 min) with
Nuclear Fast Red (Merck, N3020). After 1 min wash in running tap
water again, tissue sections were dehydrated in ethanol, dipped in
xylene and finally coverslipped using DPX Mountant (Merck, 06522).

Measuring the thickness of the mucus layer in the colon

To preserve the mucus layer of the colonic epithelium, contact with
any aqueous solution was avoided after the excision of the intestinal
tissue. Without removing the faecal matter, several segments of the
colon were cut using a scalpel and fixed overnight at room tempera-
ture in methacran/Carnoy’s solution which was composed of 60%
methanol, 30% chloroform, and 10% glacial acetic acid. On the second
day, fixed tissues were processed in 100% methanol (2 times, 30 min
each), 100% ethanol (3 times, 60 min each) and xylene (2 times, 60 min
each). Processed tissues were embedded in paraffin and 4 um thick
sections cut and stained with Alcian blue as described above. Stained
tissues were photomicrographed at 60x magnification on an Olympus
BX51 brightfield microscope. For both NMRs and mice, 30 indepen-
dent measurements of the mucus layer were taken from 3 animals
using the ‘measure’ tool in Fiji package®.

Alkaline phosphatase staining

Tissue sections on SuperFrost Plus slides (VWR, 6310108) were
deparaffinized in xylene (2 times, 5 min each) and rehydrated in 100%,
90%, 70% ethanol (5min each) and distilled water (5 min). A hydro-
phobic barrier was drawn around the tissue sections using a PAP pen
(Vector Lab, H-4000) before incubating in the AB solution (AP Staining
kit, SystemBio, AP100B-1) for 20 min at room temperature in the dark.
All sections were then washed in 1x PBS (5min, on a shaker), coun-
terstained with Nuclear Fast Red (5 min), washed in running tap water
(1 min), dehydrated in ethanol, dipped in xylene and finally cover-
slipped with DPX Mountant (Merck, 06522).

Immunohistochemistry

4 um thick formalin-fixed paraffin-embedded (FFPE) sections were cut
using a microtome and dried overnight on SuperFrost Plus slides
(VWR, 6310108). Tissue sections were baked at 60 °C for 1 h the next
day, deparaffinized in 3 rounds of xylene (5 min each) and rehydrated
in 100%, 90%, 70% ethanol and distilled H,O (5 min each). Endogenous
peroxidase activity was quenched by incubating sections in 3% H,0,
(Merck, 8222871000) for 20 min. A heat mediated antigen retrieval

was performed by boiling sections in 10 mM sodium citrate buffer (pH
6.0) for 10 min which was followed by 20 min of cooling down in the
same solution. This was followed by incubating the tissue sections in 1x
PBSTX (0.1% Triton X) for 10 min. All sections were then blocked for1h
at room temperature using 5% serum which matched the species of the
secondary antibody. Next, primary antibodies were diluted in antibody
diluent (1% BSA dissolved in 1x PBS) which was applied to the tissue
sections and incubated overnight at 4 °C. The primary antibodies used
in this study were Chromogranin A (Abcam, ab15160) at 1:2000 and
BrdU (Abcam, ab6326) at 1:500. It is noteworthy that in our BrdU
staining, we did not use HCl-mediated DNA denaturation and only
performed heat-mediated antigen retrieval (98-100 °C) which has been
shown to produce a brighter signal than acid hydrolysis®. After 3
rounds of washes (5 min each) with 1x PBST (0.1% Tween20 in 1x PBS),
tissue sections were then incubated for 1 h at room temperature with
biotinylated secondary antibodies diluted at 1:300. For our study
specifically, we used goat anti-rabbit IgG (Vector Laboratories, BA-
1000) and goat anti-rat IgG (Abcam, ab207997). To detect the bioti-
nylated target, we used the Avidin/Biotinylated enzyme Complex
(ABC) kit (Vector Laboratories, PK-6101) and developed the signal
using the DAB (3,3’-diaminobenzidine) solution (R&D systems, 4800-
30-07). The tissue sections were then counterstained with Harris
Haematoxylin (Merck, HHS32) for 5s, dehydrated in 70%, 90% and
100% ethanol for 15 s each, dipped in xylene and coverslipped using
DPX Mountant (Merck, 06522).

mRNA ISH

Species-specific RNAscope probes from ACD Bio-techne were used to
detect Lgr5S mRNA expression in NMR (584631), mouse (312171) and
human (311021) intestinal tissues. We used the RNAscope Multiplex
Fluorescent Detection Kit v2 (ACD Bio-techne, 323110) and followed
the instructions of the manufacturer (document number 323100-USM,
ACD Bio-techne) to detect Lgr5 mRNA targets at a single cell level in
FFPE tissue sections mounted on SuperFrost Plus slides (VWR,
6310108).

Multiplex mRNA ISH with immunofluorescence

To enable multiplexing of mRNA and proteins, we adapted the
manufacturer’s instructions (document number 323100-USM, ACD
Bio-techne) for RNAscope Multiplex Fluorescent Detection Kit v2
(ACD Bio-techne, 323110) to exclude the step involving protease
treatment. Once the mRNA signal was developed, we proceeded to
detect proteins by first washing tissue sections (2 times, 2 min each)
in 1x TBST (0.1% Tween20 in 1x Tris-buffered saline). This was fol-
lowed by blocking for 1 h at room temperature with 10% serum which
matched the species of the secondary antibodies. Multiple primary
antibodies (diluted in 1% BSA in 1x TBS) were then applied to the
tissue sections and incubated overnight at 4 °C. The dilutions of
various primary antibodies used in our study were 1:500 for EpCAM
(Abcam, ab71916), 1:500 for Ki67 (Cell Signaling, 12202), 1:200 for
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p27%P! (Cell Signaling, 3686 and 2552), 1:500 for BrdU (Abcam,
ab6326) and 1:2000 for PHH3-S28 (Abcam, ab32388). Following pri-
mary antibody incubation, the next day we washed the sections
thrice in 1x TBST (5min each) before incubating them with
fluorophore-linked secondary antibodies (at 1:500 dilution) for 1h at
room temperature. Fluorescent secondary antibodies used in our
study included goat anti-rabbit Alexa 488 (Invitrogen, A11008), goat
anti-rat Alexa 488 (Invitrogen, A11006), goat anti-rabbit Alexa 555
(Invitrogen, A21428) and goat anti-rabbit Alexa 633 (Invitrogen,
A21070). Following the secondary antibody incubation, tissue sec-
tions were washed three times in 1x TBST (5min each) and coun-
terstained with DAPI (Invitrogen, D1306) for 15min at room
temperature before mounting with coverslips (VWR, 631-0138) using
Diamond Antifade Mountant (Invitrogen, P36961).

TUNEL assay

Click-iT™ Plus TUNEL Assay Kit (Invitrogen, C10617) was used follow-
ing the manufacturer’s instructions to detect apoptotic cells FFPE tis-
sue sections.

EdU detection

EdU-Click 488 kit (Base Click, BCK-EdU488-1) was used according to
the instructions provided by the manufacturer to detect EdU-positive
cells in FFPE tissue sections.

Measuring plasma BrdU concentration

Plasma BrdU concentration was determined following the protocol
described by Barker et al.’°. In brief, 100 uL naked mole rat blood was
collected by a tail vein puncture after 8 hand 16 h of BrdU injection.
The blood was mixed with heparin to stop clotting and centrifuged at
13,000g for 15 min to separate all blood cells. Plasma was collected
from the top layer and stored at -80 °C.

HEK293T cells (ATCC, CRL-3216) were cultured in high-glucose
DMEM (Merck, D6546) containing 10% FBS (Gibco, 10270), 1x
Penicillin-Streptomycin (Merck, P4333-100ML), and 2 mM L-glutamine
(Gibco, 25030-024) at 37 °C with 5% CO,. Cells were plated on a 13 mm
sterile glass coverslip precoated with poly L-lysine (VWR, 631-0149) in a
24-well plate (Starlab, CC7682-7524) and cultured overnight. The
media was replaced with 500 pL fresh culture media containing 10 uL
plasma or standard BrdU solution (3, 10, 20, 30, 40, 50 ug/ml) and
incubated at 37 °C for 4 h. Cells were then washed with 1x PBS and fixed
in 4% paraformaldehyde for 20 min at room temperature. Fixed cells
were kept in 1x PBS at 4 °C before proceeding to immunocytochemical
detection of BrdU.

Fixed cells on coverslips in 24 well plates were incubated with
3% H,0, for 10 min at room temperature. After washing with 1x PBS,
cells were incubated in 2N HCI for 1h at room temperature to
denature DNA strands. Fixed cells were then incubated in 0.1M
Borate buffer (pH 8.5) for 30 min at room temperature and in 1x
PBSTX (0.1% Triton X) for 10 min. Cells were blocked with 5%
goat serum for 1 h at room temperature and incubated with rat anti-
BrdU primary antibody (Abcam, ab6326, 1:2000) overnight at
4°C. The next day, cells were washed three times in 1x PBST and
incubated with goat anti-rat-biotin-linked secondary antibody
(Abcam, ab207997, 1:400) for 1h at room temperature. The bioti-
nylated signal was developed using the ABC Kit (Vectastain, PK-6101)
following the manufacturer’s instructions and detected with DAB
solution (R&D systems, 4800-30-07). Gill's No. 3 Haematoxylin
(Merck, GHS316-500ML) was used for counterstaining and cells on
the coverslips were mounted on glass slides using Aquatex mounting
agent (Merck, 108562).

Crypt-villous isolation and qRT-PCR
Intestinal tissue was washed with PBS, cut open longitudinally and laid
flat on a glass slide with the luminal side facing upward. The small

intestinal villi were scrapped off the flat tissue by a glass slide and
collected in cold 1x PBS. The remaining tissue containing crypts was
chopped into <2 mm pieces using a scalpel, washed three times with ice-
cold 1x PBS and incubated in chelation medium (2 mM EDTA in 1x PBS
without Ca* and Mg”, Gibco 10010023) for 40 min with agitation at
4°C. The digested tissue was shaken vigorously for 30s in 1x PBS to
release crypts and villi. To separate out crypts and villi of the small
intestine, the solution was passed through a 100 um cell strainer. The
isolated crypts in the flow through were pelleted and transferred to RLT
Buffer (Qiagen, 79216). RNeasy microkit (Qiagen, 74004) was used for
RNA extraction. Extracted RNAs were incubated with DNasel (Ther-
moFisher, EN0521) at 37 °C for 30 min, followed by a 10 min incubation
with EDTA at 65°C. High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, 4368814) was used to generate complementary
DNA from total RNA. Quantitative real-time-PCR (qRT-PCR) was per-
formed on LightCycler96 (Roche) with mouse and naked mole rat
Gapdh used as an endogenous control. The IDs of Tagman Gene
expression assays (Applied Biosystems) used in this study are Gapdh
(Mm99999915 g1,  Hg05064520 gH), Muc2  (MmOI1276681 ml,
Hg05250665_g1), Synaptophysin (Mm00436850_m1, Hg05249763_ml),
and Aldolase B (Mm00523293 ml1, Hg05103981_ml). The 2 method
was used to calculate the relative gene expression levels.

Brightfield microscopy

Brightfield images of tissue sections were captured using an Olympus
BX51 microscope coupled with an Olympus DP70 camera system using
DP controller software. Villi were imaged using 10x objective while
crypts were imaged with 20x (for colon) or 60x (for small intestine)
objective lens. Histopathological scoring in this study was performed
based on the digital images obtained on Hamamatsu (Nanozoomer
HT) scanner at 40x magnification.

Histological quantification (brightfield)

To quantify cell numbers in crypt-villous structures from brightfield
images, ‘cell counter’ plugin of Fiji software was used. The dimensions
of crypt-villous structure were calculated using the ‘measure’ tool
in Fiji.

Fluorescent microscopy

Fluorescent images of intestinal crypts were acquired from 4 um thick
tissue sections with a Plan Apochromat 63x or 100x 1.4 oil objective on
a Zeiss LSM 780 upright or inverted confocal microscope. Images were
acquired in Zen SP7 FP3 (black) software using 405nm, 488 nm,
561 nm, and 633 nm laser lines in sequential tracks. Z-stacks of 6-12
optical sections with 50% overlap between subsequent planes were
captured within the span of a single cell at 0.3 um z-distance, 0.087 um
pixel dimension, and 12-bit depth.

For generating the RGB images used in the figures (Figs. 1a, b,
2a-d, 3d, 4d, 7a, d, Supplementary Figs. 1-4, 5d, e, 11b), the origi-
nal.czi raw files were imported into Fiji software package and a
maximum intensity z-projection was created from the stacks. Using
the “split channel” option of Fiji, the multicolour fluorescent images
were separated into individual channels (DAPI, Alexa 488, Cy3, Alexa
633). The maximum and minimum displayed pixel values of indivi-
dual channels were adjusted across the entire image set including in
negative controls (i.e. linear adjustment) to correct for auto-
fluorescence that had been introduced in the image stacks during
acquisition. Then, using “merge channel” option in Fiji, two/more
channels were combined to create a composite image (Lgr5/Ki67 or
LGRS5/K167, LgrS/EpCAM or LGRS/EPCAM, Lgr5/p27 or LGRS/P27, LgrS/
BrdU, Lgr5/pHH3 or LGR5/PHH3) while keeping the individual chan-
nels intact. Finally, all the individual and composite images were
converted into ‘RGB color type’ and saved in TIFF format. These
images (TIFF) were compiled in Adobe Illustrator 2020 software to
produce the panels presented in the figures.
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Histological quantification (fluorescent)

Z-stack images were processed in batch mode of Fiji package. Firstly, a
maximum intensity projection was created to generate a 2D image
from the stacks. Next, each channel of the image was separated, and
maximum and minimum displayed pixel values were adjusted across
the entire image set including negative controls. To quantify the
number of rodent Lgr5 or human LGR5 mRNA expressed in a single cell,
all the ISH dots were manually counted within the cell periphery
demarcated by EpCAM staining. As the Lgr5 or LGRS signal was cap-
tured using confocal microscopy at a resolution of 237 nm, over-
lapping/merged Lgr5 or LGRS mRNA signal dots were rarely observed.
To calculate the distribution of Lgr5" or LGRS" cells relative to other
cells along the crypt axis, the cell present at the crypt apex was
assigned position O and we counted cells on each side of this cell to
acquire datapoints in our quantifications. Any cell containing more
than three Lgr5 or LGRS mRNA puncta was considered positive for Lgr§
or LGRS expression (Lgr5" or LGRS").

We observed significant variation in autofluorescence levels
between mouse, human and NMR intestinal tissues, with mouse tissue
emitting the most and naked mole rats the least. This variation
necessitated adjusting the laser powers of the confocal microscope
during image acquisition so that maximal image contrast was achieved
while also reducing the autofluorescence signals. The maximum and
minimum displayed pixel values of individual channels were adjusted
across the entire image set (i.e. linear adjustment), including in nega-
tive controls, to correct for autofluorescence. These adjustments
resulted in varying intensities for specific signals in the three species
and, therefore, we took a binary approach for the quantification of the
antibody-based signals. The presence of any specific signal in the tar-
get compartment inside a cell was considered positive regardless of
the staining intensity.

Estimating the length of the total cell cycle (T1) and S-phase (T)
by cumulative labelling with BrdU

We determined the length of the cell cycle (T) and S-phase (Ts) in CBC
cells (Lgr5'®°) of naked mole rats by counting the fraction of BrdU-
labelled Lgr5'¢ cells after successive pulsing over 5 days in NMRs and
2.25 days in mice. As the CBC cells (Lgr5**“) cells are on average
asynchronously and asymmetrically dividing®, the labelling index (LI)
which provides the ratio of labelled cells to the total population
(L1 =Lgr5"®BrdU"/Lgr5'®“) at any given time (¢) can be modelled by
Eq. 1 below where Ty is the total cell division time®.

LI=(1/T)Xt +(Ts/Ty),for e Ty — T .
LI=1fore>T; — Tg @
Equation 1 assumes that there are no or only very few stem cells
(based on p27 negativity in NMR and mouse Lgr5"“® cells) that remain
quiescent for the duration of the BrdU experiment. The [fit tool in
STATA was used to calculate the least square fit of the data by con-
sidering the time points before LI reached saturation. We derived Tt
from the slope of the regression (T+=1/slope). When t=0, LIo=Ts/Tt
which s the y-intercept of the graph. Thus, the duration of S-phase (Ts)
was estimated from the y-intercept of the regression line.

Estimating the duration of the specific cell cycle phases

For human LGRS"®¢ cells, we assumed KI67 is undetectable at G1/S
transition and detected in the S to M phases of the cell cycle*®. We
determined the fraction of LGRS ¢ cells that expressed K167 and cal-
culated the length of S, G2 and M-phase (T(s, 2, m)) Using Eq. 2:

Tis,comKI67 " =TRPUX LGRS ®BCK167* /LGRS * B @

The time in mitosis (Ty;) was calculated after quantifying the
fraction of rodent (mouse or NMR) Lgr5E¢ or human LGRS™5¢ cells

positive for phospho-histone H3 using Eq. 3:

TMKi67+ — TT(linear regression)x Lgr5+CBCpHH3 + (Ser28)/Lgr5 +CBC (3)

or

T\ M67* =T (ref31)X LGRS * CBCPHH3 " (Ser28)/LGRS B¢

Using Ts estimated by Ishikawa et al.*' previously, the length of G2-
phase (Tg,) was calculated using Eq. 4:

T62K167+ =T(s,cz,M)K167+ _ (TSKI67+ +TMK167+) )
After quantifying the fraction of LGRS*“®C cells expressing P27, we
calculated the time spent in GO and G1 (T(gy, co)">") using Eq. 5:

Teico ™t =Tr(ref3)X LGRS P27 + /LGRS 5 )

We took the fraction of LGR5'P27" cells in GO phase (QF) from
Ishikawa et al. * to calculate the length of GO in human LGR5" ¢ cells
using Eq. 6:

Teo™ " =QF(ref3)X Tg1c0) " (6)

Finally, using Eq. 7, we quantified the time human colonic LGRS ¢
cells spend in G1 (Tgy):

_T P27+ P27+ K67+ K67+ KI67 +
Tr=Tgo +Tg +Ts +Tgy +Ty @

In NMR and mouse, Lgr5*® cells are negative for p27 such that
Tgo=0. For these species, we derived the combined length of time
spent in G1 and G2 (T Tg) from Eq. 7.

Estimating cell division time of Lgr§b°vecmptbae cells from single
time point analysis of BrdU labelling

Using the length of Ts from cumulative BrdU labelling in Lgr: cells
and assuming no change in Ts in Lgr5* cells located at different posi-
tions within the crypt®, we measured the total cell division time (Ty) of
Lgr5taboveenpbase callg ysing Eq. 1 by measuring the labelling index (LI) at
a single time point (¢) after pulsing animals with BrdU in vivo. More
specifically, in C57BL/6 mice (n=3 animals, 4 months old), we admi-
nistered BrdU once and analysed intestinal tissue at £= 0.5 h. In NMRs
(n=3 animals, 6-24 months-old), we pulsed the animals with BrdU
every 8 h and analysed the intestine after =1 day.

CBC

Statistical analysis

We used Microsoft Excel (v16.77.1) for inputting raw data after col-
lection. All statistical tests and graphs displayed in this paper were
generated using StataMP 14.1. Details of statistical tests performed are
described in figure legends. P-values are generated by conducting two-
tailed t-tests, F-test and Wilcoxon rank sum test as indicated in each
figure legend. No blinding and randomization were performed during
the analysis.

Illustration

All the figures presented in this manuscript were prepared using
Adobe lllustrator 2020 (version 24.1). Vector line arts shown in Figs. Ic,
d, 3a, h, 44, h, 6a, Supplementary Figs. 5d, e, and 9a, b were created
using the curvature tool of Adobe lllustrator.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
Source data are provided as a Source Data file. Source data are pro-
vided with this paper.

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Biteau, B., Hochmuth, C. E. & Jasper, H. Maintaining tissue home-
ostasis: dynamic control of somatic stem cell activity. Cell Stem Cell
9, 402-411 (2011).

Gehart, H. & Clevers, H. Tales from the crypt: new insights into
intestinal stem cells. Nat. Rev. Gastroenterol. Hepatol. 16,

19-34 (2019).

Lopez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M. & Kroemer,
G. The hallmarks of aging. Cell 153, 1194-1217 (2013).

Bodmer, W. F. & Crouch, D. J. M. Somatic selection of poorly dif-
ferentiating variant stem cell clones could be a key to human
ageing. J. Theor. Biol. 489, 110153 (2020).

Rossi, D. J., Jamieson, C. H. & Weissman, I. L. Stems cells and the
pathways to aging and cancer. Cell 132, 681-696 (2008).
Yamashita, M., Dellorusso, P. V., Olson, O. C. & Passegue, E. Dys-
regulated haematopoietic stem cell behaviour in myeloid leukae-
mogenesis. Nat. Rev. Cancer 20, 365-382 (2020).

Barker, N. et al. Crypt stem cells as the cells-of-origin of intestinal
cancer. Nature 457, 608-611 (2009).

Li, L. & Clevers, H. Coexistence of quiescent and active adult stem
cells in mammals. Science 327, 542-545 (2010).

van Velthoven, C. T. J. & Rando, T. A. Stem cell quiescence: dyna-
mism, restraint, and cellular idling. Cell Stem Cell 24,

213-225 (2019).

Cho, I. J. et al. Mechanisms, hallmarks, and implications of stem cell
quiescence. Stem Cell Rep. 12, 1190-1200 (2019).

Shyh-Chang, N. & Ng, H. H. The metabolic programming of stem
cells. Genes Dev. 31, 336-346 (2017).

Tothova, Z. et al. FoxOs are critical mediators of hematopoietic
stem cell resistance to physiologic oxidative stress. Cell 128,
325-339 (2007).

Suda, T., Takubo, K. & Semenza, G. L. Metabolic regulation of
hematopoietic stem cells in the hypoxic niche. Cell Stem Cell 9,
298-310 (201M1).

Sotiropoulou, P. A. et al. Bcl-2 and accelerated DNA repair mediates
resistance of hair follicle bulge stem cells to DNA-damage-induced
cell death. Nat. Cell Biol. 12, 572-582 (2010).

Mohrin, M. et al. Hematopoietic stem cell quiescence promotes
error-prone DNA repair and mutagenesis. Cell Stem Cell 7,
174-185 (2010).

Hochmuth, C. E., Biteau, B., Bohmann, D. & Jasper, H. Redox reg-
ulation by Keap1 and Nrf2 controls intestinal stem cell proliferation
in Drosophila. Cell Stem Cell 8, 188-199 (2011).

Kunkel, T. A. Evolving views of DNA replication (in)fidelity. Cold
Spring Harb. Symp. Quant. Biol. 74, 91-101 (2009).

Beerman, I., Seita, J., Inlay, M. A., Weissman, I. L. & Rossi, D. J.
Quiescent hematopoietic stem cells accumulate DNA damage
during aging that is repaired upon entry into cell cycle. Cell Stem
Cell 15, 37-50 (2014).

Nakamura, K. et al. H4K20meO recognition by BRCA1-BARD1 directs
homologous recombination to sister chromatids. Nat. Cell Biol. 21,
311-318 (2019).

Hustedt, N. & Durocher, D. The control of DNA repair by the cell
cycle. Nat. Cell Biol. 19, 1-9 (2016).

Shaltiel, I. A., Krenning, L., Bruinsma, W. & Medema, R. H. The same,
only different—DNA damage checkpoints and their reversal
throughout the cell cycle. J. Cell Sci. 128, 607-620 (2015).

Chao, H. X. et al. Orchestration of DNA damage checkpoint
dynamics across the human cell cycle. Cell Syst. 5, 445-459
e445 (2017).

283.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Branzei, D. & Foiani, M. Regulation of DNA repair throughout the cell
cycle. Nat. Rev. Mol. Cell Biol. 9, 297-308 (2008).

Li, W. H., Ellsworth, D. L., Krushkal, J., Chang, B. H. & Hewett-
Emmett, D. Rates of nucleotide substitution in primates and rodents
and the generation-time effect hypothesis. Mol. Phylogenet. Evol. 5,
182-187 (1996).

Crow, J. F. The origins, patterns and implications of human spon-
taneous mutation. Nat. Rev. Genet. 1, 40-47 (2000).

Tomasetti, C. & Vogelstein, B. Cancer etiology. Variation in cancer
risk among tissues can be explained by the number of stem cell
divisions. Science 347, 78-81 (2015).

Gao, Z., Wyman, M. J., Sella, G. & Przeworski, M. Interpreting the
dependence of mutation rates on age and time. PLoS Biol. 14,
€1002355 (2016).

Blokzijl, F. et al. Tissue-specific mutation accumulation in human
adult stem cells during life. Nature 538, 260-264 (2016).

Abascal, F. et al. Somatic mutation landscapes at single-molecule
resolution. Nature 593, 405-410 (2021).

Guasch, G. & Fuchs, E. Mice in the world of stem cell biology. Nat.
Genet. 37, 1201-1206 (2005).

Ishikawa, K. et al. Identification of quiescent LGR5(+) stem cells in
the human colon. Gastroenterology https://doi.org/10.1053/j.
gastro.2022.07.081 (2022).

Cagan, A. et al. Somatic mutation rates scale with lifespan across
mammals. Nature 604, 517-524 (2022).

Nowakowski, R. S., Lewin, S. B. & Miller, M. W. Bromodeoxyuridine
immunohistochemical determination of the lengths of the cell
cycle and the DNA-synthetic phase for an anatomically defined
population. J. Neurocytol. 18, 311-318 (1989).

Rode, J., Goerke, T., Brusch, L. & Rost, F. How fast are cells dividing:
probabilistic model of continuous labeling assays. Preprint at
bioRxiv https://doi.org/10.1101/550574 (2019).

Barker, N. et al. Identification of stem cells in small intestine and
colon by marker gene Lgr5. Nature 449, 1003-1007 (2007).
Sugimoto, S. et al. Reconstruction of the human colon epithelium
in vivo. Cell Stem Cell 22, 171-176.e€175 (2018).

Basak, O. et al. Mapping early fate determination in Lgr5+ crypt
stem cells using a novel Ki67-RFP allele. EMBO J. 33,

2057-2068 (2014).

Lipkin, M., Sherlock, P. & Bell, B. Cell proliferation kinetics in the
gastrointestinal tract of man. Il. Cell renewal in stomach, ileum,
colon, and rectum. Gastroenterology 45, 721-729 (1963).

Potten, C. S., Kellett, M., Rew, D. A. & Roberts, S. A. Proliferation in
human gastrointestinal epithelium using bromodeoxyuridine

in vivo: data for different sites, proximity to a tumour, and polyposis
coli. Gut 33, 524-529 (1992).

Besson, A. et al. A pathway in quiescent cells that controls
p27Kip1 stability, subcellular localization, and tumor suppression.
Genes Dev. 20, 47-64 (2006).

Susaki, E., Nakayama, K. & Nakayama, K. I. Cyclin D2 translocates
p27 out of the nucleus and promotes its degradation at the GO-G1
transition. Mol. Cell Biol. 27, 4626-4640 (2007).

Ritsma, L. et al. Intestinal crypt homeostasis revealed at single-
stem-cell level by in vivo live imaging. Nature 507, 362 (2014).
Miller, I. et al. Ki67 is a graded rather than a binary marker of
proliferation versus quiescence. Cell Rep. 24, 1105-1112

el105 (2018).

Schepers, A. G., Vries, R., van den Born, M., van de Wetering, M. &
Clevers, H. Lgr5 intestinal stem cells have high telomerase activity
and randomly segregate their chromosomes. EMBO J. 30,
104-1109 (201M1).

ltzkovitz, S., Blat, I. C., Jacks, T., Clevers, H. & van Oudenaarden, A.
Optimality in the development of intestinal crypts. Cell 148,
608-619 (2012).

Nature Communications | (2023)14:8484

18


https://doi.org/10.1053/j.gastro.2022.07.081
https://doi.org/10.1053/j.gastro.2022.07.081
https://doi.org/10.1101/550574

Article

https://doi.org/10.1038/s41467-023-44138-6

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Escobar, M. et al. Intestinal epithelial stem cells do not protect their
genome by asymmetric chromosome segregation. Nat. Commun.
2, 258 (2011).

Snippert, H. J. et al. Intestinal crypt homeostasis results from neu-
tral competition between symmetrically dividing Lgr5 stem cells.
Cell 143, 134-144 (2010).

Rijke, R. P., Plaisier, H. M. & Langendoen, N. J. Epithelial cell kinetics
in the descending colon of the rat. Virch. Arch. B Cell Pathol. Incl.
Mol. Pathol. 30, 85-94 (1979).

Bach, S. P., Renehan, A. G. & Potten, C. S. Stem cells: the intestinal
stem cell as a paradigm. Carcinogenesis 21, 469-476 (2000).
Okayasu, |. et al. A novel method in the induction of reliable
experimental acute and chronic ulcerative colitis in mice. Gastro-
enterology 98, 694-702 (1990).

Yan, Y. et al. Temporal and spatial analysis of clinical and molecular
parameters in dextran sodium sulfate induced colitis. PLoS ONE 4,
e6073 (2009).

Randall-Demllo, S. et al. Characterisation of colonic dysplasia-like
epithelial atypia in murine colitis. World J. Gastroenterol. 22,
8334-8348 (2016).

Girish, N. et al. Persistence of Lgr5+ colonic epithelial stem cells in
mouse models of inflammatory bowel disease. Am. J. Physiol.
Gastrointest. Liver Physiol. 321, G308-G324 (2021).

Gavrieli, Y., Sherman, Y. & Ben-Sasson, S. A. Identification of pro-
grammed cell death in situ via specific labeling of nuclear DNA
fragmentation. J. Cell Biol. 119, 493-501 (1992).

Thomas, M. P. et al. Apoptosis triggers specific, rapid, and global
mRNA decay with 3’ uridylated intermediates degraded by DIS3L2.
Cell Rep. 11, 1079-1089 (2015).

Davidson, L. A. et al. Alteration of colonic stem cell gene signatures
during the regenerative response to injury. Biochim. Biophys. Acta
1822, 1600-1607 (2012).

Araki, Y., Mukaisyo, K., Sugihara, H., Fujiyama, Y. & Hattori, T.
Increased apoptosis and decreased proliferation of colonic epi-
thelium in dextran sulfate sodium-induced colitis in mice. Oncol.
Rep. 24, 869-874 (2010).

Emmrich, S. et al. Characterization of naked mole-rat hematopoi-
esis reveals unique stem and progenitor cell patterns and neotenic
traits. EMBO J. 41, €109694 (2022).

Yamamura, Y. et al. Isolation and characterization of neural stem/
progenitor cells in the subventricular zone of the naked mole-rat
brain. Inflamm. Regen. 41, 31 (2021).

Miyawaki, S. et al. Tumour resistance in induced pluripotent stem
cells derived from naked mole-rats. Nat. Commun. 7, 11471 (2016).
Seluanov, A., Gladyshev, V. N., Vijg, J. & Gorbunova, V. Mechanisms
of cancer resistance in long-lived mammals. Nat. Rev. Cancer 18,
433-441 (2018).

Seluanov, A. et al. Hypersensitivity to contact inhibition provides a
clue to cancer resistance of naked mole-rat. Proc. Natl Acad. Sci.
USA 106, 19352-19357 (2009).

Tian, X. et al. High-molecular-mass hyaluronan mediates the cancer
resistance of the naked mole rat. Nature 499, 346-349 (2013).
Tian, X. et al. INK4 locus of the tumor-resistant rodent, the naked
mole rat, expresses a functional p15/p16 hybrid isoform. Proc. Natl
Acad. Sci. USA 112, 1053-1058 (2015).

Sato, T. et al. Single Lgr5 stem cells build crypt-villus structures
in vitro without a mesenchymal niche. Nature 459, 262-265 (2009).
Chang, B. H., Shimmin, L. C., Shyue, S. K., Hewett-Emmett, D. & Li,
W. H. Weak male-driven molecular evolution in rodents. Proc. Natl
Acad. Sci. USA 91, 827-831(1994).

Makova, K. D. & Li, W. H. Strong male-driven evolution of DNA
sequences in humans and apes. Nature 416, 624-626 (2002).
Segurel, L., Wyman, M. J. & Przeworski, M. Determinants of mutation
rate variation in the human germline. Annu. Rev. Genomics Hum.
Genet. 15, 47-70 (2014).

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Salmon, A. B. et al. Fibroblast cell lines from young adult mice of
long-lived mutant strains are resistant to multiple forms of stress.
Am. J. Physiol. Endocrinol. Metab. 289, E23-E29 (2005).

Kapahi, P., Boulton, M. E. & Kirkwood, T. B. Positive correlation
between mammalian life span and cellular resistance to stress. Free
Radic. Biol. Med. 26, 495-500 (1999).

Harper, J. M., Salmon, A. B., Leiser, S. F., Galecki, A. T. & Miller, R. A.
Skin-derived fibroblasts from long-lived species are resistant to
some, but not all, lethal stresses and to the mitochondrial inhibitor
rotenone. Aging Cell 6, 1-13 (2007).

Lewis, K. N., Mele, J., Hornsby, P. J. & Buffenstein, R. Stress resis-
tance in the naked mole-rat: the bare essentials - a mini-review.
Gerontology 58, 453-462 (2012).

Salmon, A. B., Sadighi Akha, A. A., Buffenstein, R. & Miller, R. A.
Fibroblasts from naked mole-rats are resistant to multiple forms of
cell injury, but sensitive to peroxide, ultraviolet light, and endo-
plasmic reticulum stress. J. Gerontol. A Biol. Sci. Med. Sci. 63,
232-241(2008).

Yang, X. et al. Reductively modified albumin attenuates DSS-
Induced mouse colitis through rebalancing systemic redox state.
Redox Biol. 41, 101881 (2021).

Tian, H. et al. A reserve stem cell population in small intestine
renders Lgr5-positive cells dispensable. Nature 478,

255-259 (201M1).

Buczacki, S. J. et al. Intestinal label-retaining cells are secretory
precursors expressing Lgr5. Nature 495, 65-69 (2013).

Pamenter, M. E. Adaptations to a hypoxic lifestyle in naked mole-
rats. J. Exp. Biol. https://doi.org/10.1242/jeb.196725 (2022).

Jarvis, J. U., O'Riain, M. J., Bennett, N. C. & Sherman, P. W.
Mammalian eusociality: a family affair. Trends Ecol. Evol. 9,
47-51(1994).

Nowak, M. A., Michor, F. & lwasa, Y. The linear process of somatic
evolution. Proc. Natl Acad. Sci. USA 100, 14966-14969 (2003).
Werner, B., Dingli, D., Lenaerts, T., Pacheco, J. M. & Traulsen, A.
Dynamics of mutant cells in hierarchical organized tissues. PloS
Comput. Biol. 7, 1002290 (2011).

Cannataro, V. L., McKinley, S. A. & St Mary, C. M. The evolutionary
trade-off between stem cell niche size, aging, and tumorigenesis.
Evol. Appl. 10, 590-602 (2017).

Goodell, M. A. & Rando, T. A. Stem cells and healthy aging. Science
350, 1199-1204 (2015).

Labinskyy, N. et al. Comparison of endothelial function, O2-* and
H202 production, and vascular oxidative stress resistance between
the longest-living rodent, the naked mole rat, and mice. Am. J.
Physiol. Heart Circ. Physiol. 291, H2698-H2704 (2006).

Kirkwood, T. B. Evolution of ageing. Nature 270, 301-304 (1977).
Kirkwood, T. B. & Holliday, R. The evolution of ageing and longevity.
Proc. R. Soc. Lond. B Biol. Sci. 205, 531-546 (1979).

Rudling, R., Hassan, A. B., Kitau, J., Mandir, N. & Goodlad, R. A. A
simple device to rapidly prepare whole mounts of murine intestine.
Cell Prolif. 39, 415-420 (2006).

Bialkowska, A. B., Ghaleb, A. M., Nandan, M. O. & Yang, V. W.
Improved swiss-rolling technique for intestinal tissue preparation
for immunohistochemical and immunofluorescent analyses. J. Vis.
Exp. https://doi.org/10.3791/54161 (2016).

Schindelin, J. et al. Fiji: an open-source platform for biological-
image analysis. Nat. Methods 9, 676-682 (2012).

Tang, X., Falls, D. L., Li, X., Lane, T. & Luskin, M. B. Antigen-retrieval
procedure for bromodeoxyuridine immunolabeling with con-
current labeling of nuclear DNA and antigens damaged by HCl
pretreatment. J. Neurosci. 27, 5837-5844 (2007).

Barker, J. M., Charlier, T. D., Ball, G. F. & Balthazart, J. A new method
for in vitro detection of bromodeoxyuridine in serum: a proof of
concept in a songbird species, the canary. PLoS ONE 8,

63692 (2013).

Nature Communications | (2023)14:8484

19


https://doi.org/10.1242/jeb.196725
https://doi.org/10.3791/54161

Article

https://doi.org/10.1038/s41467-023-44138-6

Acknowledgements

Adult human colonoscopy samples were collected by research nurses
led by Yukari Kimura and James Chivenga at John Radcliffe Hospital,
Oxford and Lee Meng Choong at King’s College Hospital, London. We
thank the patients who consented for our study. We thank Wolfson
imaging facility at the Weatherall Institute of Molecular Medicine for
allowing access to confocal microscopes and also for providing advice.
We also thank Sheeba Irshad'’s laboratory for providing scanning
microscopy support. We thank Annika Posautz for helping with the tissue
processing of wild-caught mice and Adrian Tordiff for providing veter-
inary supervision of naked mole rats. We also thank Anne Goriely and
Daniel Crouch for their comments on the manuscript. This research was
financially supported by Cancer Research UK (Grant code: C6199/
A27327, I.T.) and the South African Research Chair of Mammal Beha-
vioural Ecology and Physiology from the DST-NRF (GUN 64756, N.C.B.).
J.E.E. and S.I. were funded by the National Institute for Health Research
(NIHR) Oxford Biomedical Research Centre. The views expressed are
those of the authors and not necessarily those of the National Health
Service, the NIHR or the Department of Health.

Author contributions

S.I. conceived and designed the project. Animal experiments were
conducted by S.M., S.B., and D.W.H. Histological staining and imaging
were performed by S.M. and data analyses were performed by S.M. and
S.B. Naked mole rats and ethics for in vivo work were acquired by N.C.B.
and D.W.H. Ethics for DSS and BrdU experiments in C57BL/6 mice were
acquired by N.G. Wild-caught mice were supplied by D.J.P. and B.W.
S.G.T, B.H. and J.E.E. provided human colonoscopy samples. B.J., M.B.,
P.M.A. and F.R. provided statistical and mathematical input. Histo-
pathological scoring was performed by P.G. and P.Z. Y.L., J.H. and A.T.
helped with tissue processing and animal husbandry. J.K. provided
guidance on confocal microscopy. RT-PCR was conducted by S.I.
Intellectual input was provided by I.T., N.C.B., W.F.B., and J.E.E. The
paper was written by S.I. and commented on by all other authors.

Competing interests
M.B. is an employee of Bristol Myers Squibb, San Diego 92121, California,
USA. P.M.A. is a consultant for CRISPR Therapeutics (Cambridge, MA,

USA) and received funding from Kite Pharma (San Diego, CA, USA) for
research unrelated to the work reported here. A.T. is an employee of
Novo Nordisk Research Centre Oxford, Oxford OX3 7FZ, UK. The
remaining authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-44138-6.

Correspondence and requests for materials should be addressed to lan
Tomlinson or Shazia Irshad.

Peer review information Nature Communications thanks Karl Lenhard
Rudolph, Shinya Sugimoto and the other, anonymous, reviewer for their
contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:8484

20


https://doi.org/10.1038/s41467-023-44138-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Adult stem cell activity in naked mole rats for long-term tissue maintenance
	Results
	Lgr5 is expressed in crypt base columnar cells in naked mole�rats
	NMR Lgr5+CBC cells are proliferative and do not enter quiescence
	Cell cycle kinetics of ASCs of NMR small intestine
	Cross-species comparison of ASC division rates in the�colon
	ASC division rates scale with lifespan and correlate with somatic mutation�rates
	NMR intestine is resistant to dextran sodium sulphate (DSS) treatment
	Dextran sodium sulphate (DSS) triggers a robust pro-apoptotic and anti-proliferative response within NMR�crypts

	Discussion
	Methods
	Ethics
	Mouse husbandry
	Naked mole rat husbandry
	In vivo administration of BrdU and�EdU
	In vivo administration of dextran sulphate�sodium
	Intestinal tissue collection and processing
	Haematoxylin and Eosin staining
	Alcian blue staining
	Measuring the thickness of the mucus layer in the�colon
	Alkaline phosphatase staining
	Immunohistochemistry
	mRNA�ISH
	Multiplex mRNA ISH with immunofluorescence
	TUNEL�assay
	EdU detection
	Measuring plasma BrdU concentration
	Crypt-villous isolation and qRT-PCR
	Brightfield microscopy
	Histological quantification (brightfield)
	Fluorescent microscopy
	Histological quantification (fluorescent)
	Estimating the length of the total cell cycle (TT) and S-phase (Ts) by cumulative labelling with�BrdU
	Estimating the duration of the specific cell cycle�phases
	Estimating cell division time of Lgr5+above crypt base cells from single time point analysis of BrdU labelling
	Statistical analysis
	Illustration
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




