
www.manaraa.com

Cell division rates decrease with age, providing a
potential explanation for the age-dependent
deceleration in cancer incidence
Cristian Tomasettia,b,c,1, Justin Polingd, Nicholas J. Robertsb,e, Nyall R. London Jr.f, Meredith E. Pittmang,
Michael C. Haffnerb,h, Anthony Rizzoh, Alex Barash, Baktiar Karimi, Antonio Kimb, Christopher M. Heaphyb,h,
Alan K. Meekerb,h, Ralph H. Hrubanb,e,h,j,k, Christine A. Iacobuzio-Donahuel, and Bert Vogelsteinb,j,k,1

aDivision of Biostatistics and Bioinformatics, Department of Oncology, Johns Hopkins University School of Medicine, Baltimore, MD 21205; bSidney Kimmel
Comprehensive Cancer Center, Johns Hopkins University, Baltimore, MD 21205; cDepartment of Biostatistics, Johns Hopkins Bloomberg School of Public
Health, Baltimore, MD 21205; dPathology, Williamson Medical Center, Brentwood, TN 37207; eDepartment of Pathology, The Sol Goldman Pancreatic
Cancer Research Center, The Johns Hopkins University, Baltimore, MD 21231; fDepartment of Otolaryngology, Johns Hopkins University School of Medicine,
Baltimore, MD 21205; gDepartment of Pathology and Laboratory Medicine, Weill Cornell Medicine, New York, NY 10065; hDepartment of Pathology, The
Johns Hopkins University, Baltimore, MD 21231; iPathology & Histotechnology Laboratory, Leidos Biomedical Research, Inc., Frederick National Laboratory
for Cancer Research, Frederick, MD 21702; jLudwig Center, Johns Hopkins University School of Medicine, Baltimore, MD 21205; kHoward Hughes Medical
Institute, Johns Hopkins University School of Medicine, Baltimore, MD 21205; and lDepartment of Pathology, Rubenstein Center for Pancreatic Cancer
Research, Human Oncology and Pathogenesis Program, Memorial Sloan Kettering Cancer Center, New York, NY 10065

Contributed by Bert Vogelstein, July 15, 2019 (sent for review April 4, 2019; reviewed by Ronny Drapkin and Michel Wassef)

A new evaluation of previously published data suggested to us
that the accumulation of mutations might slow, rather than
increase, as individuals age. To explain this unexpected finding,
we hypothesized that normal stem cell division rates might de-
crease as we age. To test this hypothesis, we evaluated cell division
rates in the epithelium of human colonic, duodenal, esophageal,
and posterior ethmoid sinonasal tissues. In all 4 tissues, there was
a significant decrease in cell division rates with age. In contrast,
cell division rates did not decrease in the colon of aged mice, and
only small decreases were observed in their small intestine or
esophagus. These results have important implications for un-
derstanding the relationship between normal stem cells, aging,
and cancer. Moreover, they provide a plausible explanation for the
enigmatic age-dependent deceleration in cancer incidence in very
old humans but not in mice.
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Somatic mutation rates have been measured in several human
cell types with a variety of techniques (1–5). For both nuclear

and mitochondrial genomes, somatic mutations appear to in-
crease in a linear fashion throughout life. On the surface, this
accumulation is consistent with the increase in tumor incidence
with age that forms one of the cornerstones of our understanding
of cancer (6, 7). This relationship between age and cancer in-
cidence has important practical and conceptual ramifications,
given that the proportion of very old individuals in the pop-
ulation is expected to increase. As noted by many investigators,
however, there is a blemish in this otherwise satisfying picture: In
very old individuals, cancer incidence rates often decelerate (8–
11). Although hypotheses for this deceleration have been pro-
posed, understanding of the deceleration of cancer incidence
with age remains incomplete (8, 10–13). This conundrum led us
to question whether the expected linear accumulation of mu-
tations with age continues throughout life, even in old indi-
viduals. While evaluating the literature on this topic (4, 14, 15),
we noted that it was generally assumed, rather than demon-
strated, that the mutations continued to accumulate in a linear
fashion over time. When we removed the assumption of line-
arity from such regression analyses, a different picture often
seemed to emerge: a trend toward slowing in the rate at which
somatic mutations accumulate with age (SI Appendix, Figs. S1–
S3). This observation is supported by the analyses provided by
Podolskiy et al. (16)
How could this occur? It is unlikely that the DNA polymerases

responsible for replicating DNA acquire increased fidelity or

that DNA repair processes improve in aged individuals, and no
evidence for such beneficial changes in repair has emerged. We
considered it more likely that cell division rates decrease with
age. There is little known about division of stem cells in human
self-renewing tissues over time except that the number (rather
than division rate) of hematopoietic stem cells and epidermal
stem cells appear not to decrease with age (17, 18).

Results
Cell Division Rates Decelerate in Human Tissues. To test the hy-
pothesis that cell division rates may actually decrease with age,
histologically normal colon samples were obtained from 13 in-
dividuals in each of 2 age cohorts: 20 to 29 y of age and 80 to 89 y
of age. We used the Ki67 antibody, a well-established prolifer-
ation marker, to label sections from these tissues (Materials and
Methods). Ki67 labels nuclei during all active phases of the
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cell cycle (G1, S, G2, and mitosis), but is absent from resting
cells (G0).
We identified 151 labeled cells (15% of the 992 analyzed cells)

in the older cohort at positions 1 to 8 from the crypt bases—the
region where the stem cells are thought to reside, whereas in the
younger cohort, 219 labeled cells were found (26% of the 848
analyzed cells) (Fig. 1). The difference in Ki67 labeling was
highly significant (P < 3 ·10−5), with the proliferation rate in the
older group reduced by 41% of that in the younger group (95%
confidence interval [CI] = 23 to 59%) (experiment 1A, Fig. 2).
Moreover, a similar pattern was observed throughout the

replicating portion of the colonic epithelium (Dataset S1, re-
ferring to experiment 1A).
A reanalysis performed by a second pathologist, using an au-

tomated imaging method for the counting of labeling in the same
samples along the full crypt, confirmed these results: a highly
significant 44% reduction (P < 5 · 10−7) in the older group
(95% CI = 28 to 60%) (experiment 1B, Fig. 2 and Materials
and Methods).
To further validate these findings, experiments were per-

formed on 2 independent sets of histologically normal human
colon tissues using the same labeling technique (experiments 2
and 3, Fig. 2). In experiment 3, an antibody that recognizes the
lamin A/C protein was utilized to better visualize the outline of
each nucleus, particularly the regions that have high cellularity
(Materials and Methods and SI Appendix, Fig. S4). Again, a sig-
nificant decrease in cell proliferation at the first 8 positions from
the crypt basis was found in the older cohorts in both experi-
ments: a 37% (95% CI = 21 to 52%; P < 9 · 10−6) reduction and

a 39% (95% CI = 13 to 65%; P < 4 · 10−3) reduction, re-
spectively. These results, highly significant even when controlling
for multiple testing, document that colonic crypt epithelial cell
proliferation is reduced in older individuals.
We also performed a fourth experiment where the colonic

tissues were double-stained for Ki67 as well as Lgr5, a marker
associated with colonic stem cells. The double-positive cells were
too few to obtain a statistically significant result, but a trend was
found for the younger colons having higher proliferation than
the older cohort, with 16 double-stained cells (out of 14,400 total
cells counted [i.e., 0.001%]) in the old cohort vs. 56 double-
stained cells (out of 18,416 total cells counted [i.e., 0.003%]) in
the young cohort (Materials and Methods and SI Appendix,
Fig. S5).
Finally, in colon, we performed a fifth experiment on 46

paraffin-embedded sections of histologically normal colon (20
samples in the younger cohort and 26 in the older cohort), where
the colonic tissues were labeled using an antibody raised against
the mitosis-specific phosphorylation of histone H3 protein
(pHH3); this protein identifies dividing cells within the late G2
phase to M phase of the cell cycle (19), and represents an al-
ternative marker of cell proliferation. By analyzing the first 8 cell
positions from the base of the crypts on each side, we identified
14 labeled cells (1.02% of 1,376 cells analyzed) in the younger
cohort, and we identified 10 labeled cells (0.53% of the 1,872
cells analyzed) in the older cohort, using 2 to 7 widely separated
sections of tissue from each case (Materials and Methods and SI
Appendix, Fig. S6). Although these differences did not reach
statistical significance due to the very low number of positive
cells (P = 0.084), they suggest a 48% decrease in labeling in the
older cohort compared with the younger cohort, again support-
ing our findings using Ki67.
We next evaluated histologically normal human esophageal

biopsies from another 20 individuals in each age cohort (Mate-
rials and Methods).
The esophagus is lined by nonkeratinizing squamous epithe-

lium; therefore, the organization of cells in the esophagus differs
from that in the intestines. Thus, a slightly different strategy was
used to assess the proportion of labeled cells in this tissue type.
The stem cells in the esophagus are confined to the basal layer,
so only the basal layer was analyzed, and sections were chosen in
which the basal layer was consistently oriented with respect to
the long axes of the embedded tissue (Fig. 3). A mean of 54% of
the basal layer cells was labeled with Ki67 in the younger cohort
compared with 44% in the older cohort. Thus, the older cohort
group had a significant 19% decrease (95% CI = 12 to 25%; P <
9 · 10−8) in proliferation activity compared with the younger
group (experiment 1A, Fig. 4).
Using an automated imaging method, a second pathologist

reanalyzed these tissues, without restricting the analysis to the
basal layer. A mean of 33% and 52% labeled cells per 40× field
were identified as positive in the older and younger cohorts,
respectively. Thus, the older cohort group had a significant 37%
decrease (95% CI = 29 to 45%; P < 2 · 10−14) of the proliferation
activity of the younger group (experiment 1B, Fig. 4 and Mate-
rials and Methods).
To further validate these findings, experiments were per-

formed on 2 independent sets of human esophageal samples
using the same labeling technique (experiments 2 and 3, Fig. 4).
In experiment 3, an antibody that recognizes the lamin A/C
protein was utilized to better visualize the outline of each nu-
cleus, particularly the regions that have high cellularity (Material
and Methods). Again, a significant decrease in cell proliferation
in the basal layer of the esophagus was found in the older cohorts
in both experiments: a 10% (95% CI = 4 to 16%; P < 8 · 10−4)
decrease and 31% (95% CI = 8 to 53%; P < 8 · 10−3) decrease,
respectively. These results remain significant even when controlling

Fig. 1. Ki67 labeling of normal colon resections. Shown are examples of
Ki67 labeling in a 26-y-old individual (A and B) compared with an 80-y-old
individual (C and D). cr, properly oriented crypt; lu, location of the colonic
lumen; mm, muscularis mucosae. The crypts outlined in A and C are mag-
nified in B and D, respectively. Arrows indicate antibody-labeled nuclei,
which are outlined in red. Images in A and C were taken at a magnification
of 100×, while those in B and D were taken at a magnification of 400×.
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for multiple testing and document that esophageal cell turnover
is also reduced in older individuals.
Next, we evaluated histologically normal human duodenum

biopsies from 20 individuals in each age cohort (Materials
and Methods).
The epithelial cell organization of the duodenum is similar to

that of the colon, and the stem cells are located within the first
several positions of the crypts that separate one villus from the
next (Fig. 5). We found that the older cohort had significantly
fewer Ki67-labeled cells in this portion of the crypt (359 labeled
cells [52% of 688 analyzed]) than the younger cohort (404 la-
beled cells [70% of 576 analyzed cells]; P < 6 · 10−7). Thus, the
older cohort exhibited a 26% (95% CI = 16 to 35%) reduction in
cell proliferation (Fig. 6).
We then evaluated histologically normal posterior ethmoid

sinonasal biopsies from 7 individuals. The epithelial cell organi-
zation of the posterior ethmoid is similar to that of the esophagus
and shows a proliferative basal cell layer in a pseudostratified re-
spiratory epithelium. Means of 4% and 24% cells were identified
as positive in the older and younger cohorts, respectively. Thus,
the older cohort exhibited an 83% (95% CI = 54 to 100%; P =
2 · 10−5) reduction in cell proliferation (Figs. 6 and 7).

Cell Division Rates Do Not Decelerate in Laboratory Mice. Although
cancer incidence decelerates at advanced age in humans, no
deceleration occurs in mice (20). We wondered whether this

difference might reflect differences in stem cell division rates in
older individuals of the 2 species (21, 22). In rodents, there is
published information about changes in cell division with aging
in a few tissue types, although conflicting results have been
reported depending on the tissue type, strain, and technique
used (Materials and Methods). We compared the proliferation
rates in colon, small intestine, and esophagus of mice that were
either 1 or 25 mo old (5 male C57BL/6 mice per cohort). Nuclei
were assessed for Ki67 positivity, counting the basal layer of the
esophagus and positions 1 to 8 of the colon and small intestine
crypts, as we did in human tissues (Fig. 8).
In the colon, 64.1% of 3,758 analyzed cells were labeled in the

older cohort, while 66.2% of 3,984 analyzed cells were labeled in
the younger cohort, for a 3.6% reduction (95% CI = 0 to 4%),
and the difference was not statistically significant (Fig. 8 and
Dataset S2). Similarly, we observed a small, nonsignificant 3.9%
(95% CI = 0 to 4%) reduction in labeling in the small intestine in
the older cohort (80.8% of 4,116 analyzed cells in the old cohort
and 84.1% of 3,255 analyzed cells in the young cohort). In the
esophagus, the older cohort had a smaller proportion of labeled
cells (67.2% of 3,401 analyzed cells) than the younger cohort
(77.3% of 2,852 analyzed cells) (95% CI = 0 to 13%; P < 4 · 10−4)
(Fig. 8 and Dataset S2). However, the relative decrease in
esophageal proliferation in old mice (13%; Dataset S2) was
smaller than the 25% median decrease observed in old humans
across the 4 experiments (10 to 37%; Fig. 4).
In sum, the colon, small intestine, and esophagus of the older

cohort of mice had 97%, 96%, and 87% of the proliferation
activity of the corresponding tissues of the younger cohort, re-
spectively. In the colon, the difference was not statistically sig-
nificant, and in all tissues, the relative decrease in proliferation

Fig. 2. Effects of aging on cell proliferation in the human colon. Differences
in the proportion of Ki67-labeled cells (positions 1 to 8 from a crypt’s base
for experiments 1A, 2, and 3; full crypt for experiment 1B) in colon (with first
and third quartiles of the overall distribution) are illustrated.

Fig. 3. Ki67 labeling of normal esophageal biopsies. Shown are examples of
Ki67 labeling in a 25-y-old individual (A) compared with an 81-y-old indi-
vidual (C). bm, basement membrane; lu, location of the esophageal lumen.
The areas outlined in A and C are magnified in B and D, respectively. Arrows
indicate antibody-labeled nuclei, which are outlined in red. Images in A and
C were taken at a magnification of 100×, while those in B and D were taken
at a magnification of 400×.
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in old mice was far less than the decrease observed in old hu-
mans (Dataset S2).

Discussion
Evidence for decreased function of human and mouse stem cells
with age, such as a reduced ability to maintain homeostasis, has
been previously provided (23, 24). Our data do not contradict
these studies, but show that there is a decrease in the rate of cell
division with age, an observation that may or may not be related
to the function of these cells. Previous evidence for an age effect
on cell proliferation has been very limited (25–27) (Materials and
Methods). The data presented here establish that younger indi-
viduals have a higher fraction of dividing cells than older indi-
viduals in the regions considered for all 4 self-renewing tissues
analyzed (colon, duodenum, esophagus, and posterior ethmoid).
The results were highly significant, even when correcting for
multiple testing. A detailed analysis of colorectal cell pro-
liferation showed that, in addition to more slowly dividing cells in
the lower region of the crypt, overall crypt turnover is reduced in
older humans. This decreased turnover could conceivably affect
physiological and pathological processes, such as those involving
nutrition, immunity, and bacterial colonization.
We infer from the cell division data that mutation rates

(measured in units of time) are equivalently lower in the cells of
older individuals. For this inference to be false, polymerases or
repair enzymes would have to become less accurate in elderly

individuals. The inference is also supported by the reanalysis of
published data on mutation rates in normal stem cells, where a
decelerating trend was apparent in several of the datasets ana-
lyzed (SI Appendix). For example, from an indirect analysis of the
mutation rates in normal stem cells of the colon (SI Appendix),
we estimated a 42% decrease in mutation rates, remarkably
similar to the 40% median decrease in proliferation observed in
old humans across the 4 experiments (37 to 44% decrease;
Fig. 2).
Other factors thought to be involved in tumorigenesis, such as

decreased immune cell function, would increase rather than
decrease cancer incidence in the elderly. Our data and analyses
suggest that part of the enigmatic deceleration in cancer in-
cidence in humans may be due to a decrease in replicative mu-
tation rate (per unit time) caused by a decrease in cell division as
we age. These data do not exclude other potential causes, such as
the “weeding out of the susceptible” (8, 10, 11). It is also notable
that cancer incidence rates do not decelerate in mice (20). This
fact, combined with our discovery of a major difference between
mice and humans with respect to normal cell division rates,
provides further evidence for the causal relationship between

Fig. 4. Effects of aging on cell proliferation in human esophagus. Differ-
ences in the proportion of Ki67-labeled cells (basal layer for experiments 1A,
2, and 3; full tissue for experiment 1B) in esophagus (with first and third
quartiles of the overall distribution) are illustrated.

Fig. 5. Ki67 labeling of normal duodenal biopsies. Shown are examples of
Ki67 labeling in a 27-y-old individual (A) compared with an 84-y-old indi-
vidual (C). lu, location of the duodenal lumen; mm, muscularis mucosae; vi,
villus structures. The areas outlined in A and C are magnified in B and D,
respectively. Arrows indicate antibody-labeled nuclei, which are outlined in
red. Images in A and C were taken at a magnification of 100×, while images
in B and D were taken at a magnification of 400×.
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cancer incidence and the replicative mutations that occur when
normal stem cells divide (22, 28–31).
Our findings also have important implications for the aging

process itself and suggest several questions that can be addressed
in the future. For example, does the decreased cell division rate
apply to all stem cell types, including those of non–self-renewing
tissues that must repopulate after injury (e.g., muscle)? Is the
difference really human-specific, or does it apply only to species
with relatively long lifetimes? As it is known that short telomeres
cause replicative senescence (32, 33), does the rate of telomere
loss slow with age, thereby preserving telomere lengths? Are
species-specific and individual-specific differences in stem cell
dynamics attributable to differences in telomere lengths? Is the
implied lower turnover of cells responsible for some of the
phenotypic attributes of aging, such as changes in appearance
and cognitive function? Perhaps most importantly, what is the
biochemical basis for the decreased division rates in the stem
cells of older individuals?

Materials and Methods
Labeling with Ki67 in Human Tissues. All human samples reported in this paper
were deidentified prior to use in our study. The experiments were performed
under Johns Hopkins Institutional Review Board (IRB) no. 00166559 and
Tissue Banking Protocol NA_031006340. All samples were formally deiden-
tified and informed consent was obtained whenever the IRB deemed it
necessary. Formalin-fixed, paraffin-embedded (FFPE) tissue blocks of surgi-
cally resected normal colon were selected from 13 individuals in each age

cohort (20 to 29 y old and 80 to 89 y old) who had undergone bowel re-
section for nonneoplastic (e.g., trauma, diverticulitis) or neoplastic indica-
tions. Care was taken to use normal tissues (confirmed to be normal by
histopathology) that were at least 10 cm away from any diseased tissue.
Tissue blocks containing histologically normal esophagus and normal duo-
denum biopsies were obtained from an additional 40 individuals in each age
cohort (20 for each esophageal age cohort and a different 20 for each du-
odenal age cohort). Histologically normal posterior ethmoid sinonasal bi-
opsies from 7 individuals were also obtained. Patients with normal sinonasal
cavities underwent an endoscopic endonasal transethmoid approach for resection
of a nonsecreting pituitary adenoma. Ethmoid tissue was collected and immedi-
ately placed into 4% paraformaldehyde, after which specimens were paraffin-
embedded.

Slides were reviewed to confirm the complete absence of neoplastic
epithelium or other pathology in slides adjacent to those used for
immunohistochemistry.

Ki67 (rabbit polyclonal; Novocastra, NCL-KI67p, lot no. 6013874) immu-
nohistochemistry was performed in the Immunohistochemistry Laboratory at
Johns Hopkins Hospital using standard clinical pathology laboratory proce-
dures. The Ki67 immunohistochemistry on posterior ethmoid tissues was
performed using the antibody Ki67 (rabbit monoclonal; Abcam, Ab16667, lot
no. GR3185488-1).

All stained slides were reviewed by a single pathologist without knowl-
edge of the age of the individual contributing the sample. A random set of 10
slides per age cohort was independently reviewed by a second pathologist to
ensure uniformity of Ki67 scoring. We scored any cell that showed any Ki67
positivity as positive. The colon crypts chosen for scoring were those with
well-oriented, open lumen from surface to base. The number of positive cells
per crypt and location of each positive cell within the crypts were noted.

Duodenal villi chosen for scoring were well oriented vertically, with the
number of positive cells per villus and location of each positive cell (positions 1
to 8) within the villus noted. Esophageal and posterior ethmoid biopsies were
scored as the number of positive cells out of the total number of cells per well-
oriented 40× field; only cells in the basal layer of the stratified epithelia
were counted.

Further experiments were conducted for the colon and the esophagus. A
total of 127 crypts in 44 patients and 95 crypts in 13 patients were analyzed,
respectively, for the 2 further experiments on colonic tissue (colon experi-
ments 2 and 3, Fig. 2).

A total of 231 well-oriented 40× fields in 23 patients and 95 well-oriented
40× fields in 32 patients were analyzed, respectively, for the 2 further ex-
periments on esophageal tissue (esophagus experiments 2 and 3, Fig. 4).

The smaller fraction of dividing cells in the lower compartment of the
colonic crypt in older individuals has implications for crypt dynamics. If the
fraction of dividing cells higher up in the crypt—the “transiently amplifying
cells” (34)—is the same in the younger and older cohorts, then the length of
time required for all epithelial cells of the crypt to be replaced by new cells
would be higher in older individuals (i.e., crypt turnover would be reduced).
Conversely, if the fraction of dividing cells higher up in the crypt is lower in

Fig. 6. Effects of aging on cell proliferation in human duodenum and
posterior ethmoid. Differences in the proportion of Ki67-labeled cells in
duodenum (positions 1 to 8 from a crypt’s base) and in posterior ethmoid
(with first and third quartiles of the overall distribution) are illustrated.

Fig. 7. Ki67 labeling of normal posterior ethmoid sinonasal biopsies. Shown
are examples of Ki67 labeling in a 32-y-old individual (A) compared with an
83-y-old individual (B). bm, basement membrane; lu, location of the sinus
lumen. Arrows indicate antibody-labeled nuclei. Images were taken at a
magnification of 20×.
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the younger than the older cohort, then crypt turnover could be the same,
independent of age. To distinguish between these possibilities, we assessed
Ki67 labeling throughout each crypt, dividing them into equally sized
compartments, each with a length of 8 cells, starting from the base of
the crypt and continuing to the edge of the transiently amplifying region
(position 32). We found that the younger cohort had a much higher proportion
of proliferating cells in each section of the crypt, and that the differences
were highly statistically significant (Dataset S1). Thus, cellular turnover, as
well as cellular proliferation in colonic crypts, is significantly different in
older individuals.

Ki67 staining actually reflects the fraction of cells in a population that are
not quiescent, and these cells are assumed to be replicating. Ki67 is therefore
generally used as a measure of proliferation rate, although the proliferation
rate in a tissue can only be accurately determined through sequential rather
than static measurements. This is obviously impossible in studies of retro-
spective human tissues such as ours.

Ki67 plus Lamin A/C Immunolabeling. For experiment 3 (in both human colon
and human esophagus, Figs. 2 and 4 and SI Appendix, Fig. S4), tissue slides
were deparaffinized, rehydrated, and steamed for 30 min in target retrieval
citrate buffer (Vector Labs) and then incubated with protein blocking re-
agent (Dako) for 20 min. Ki67 primary antibody was incubated for 2 h,
followed by Alexa Fluor 488-labeled secondary antibody detection. Simul-
taneously, to easily delineate adjacent nuclei, a monoclonal lamin A/C pri-
mary antibody was incubated for 2 h, followed by Alexa Fluor 568-labeled
secondary antibody detection. After appropriate washing, the slides were
stained with DAPI, mounted with ProLong Gold antifade (Thermo Fisher
Scientific), and coverslipped. An antibody that recognizes the lamin A/C
protein was utilized to better visualize the outline of each nucleus, partic-
ularly the regions that have high cellularity. The specific information on the
antibodies is as follows: lamin A/C (rabbit monoclonal; Abcam, clone no.
EPR4100, catalog no. ab108595, lot no. GR257223-12) and Ki67 (mouse
monoclonal; Life Technologies, clone no. 7B11, catalog no. 180192Z, lot no.
1766903A).

Ki67 plus Lgr5 Stainings. Combined immunofluorescence staining for LGR5
and Ki67 was performed on FFPE tissue sections (SI Appendix, Fig. S5). Briefly,
following dewaxing and rehydration, slides were immersed in 1% Tween-20
for 60 s, and heat‐induced antigen retrieval was then performed in a
steamer using a citrate-saline pH 6.0 buffer (Vector Laboratories; catalog no.
H-3300) for 25 min. Slides were rinsed in phosphate-buffered saline with
Tween-20 (PBST), and endogenous peroxidase and phosphatase were inac-
tivated with a commercial dual-enzyme blocking reagent (Dako; catalog no.
S2003). Sections were then incubated for 15 h at 4 °C with a combination of

2 primary antibodies; goat-derived anti‐LGR5 (1:50 dilution; Santa Cruz
Biotechnology, catalog no. 68580) and rabbit-derived anti-Ki67 (1:50 di-
lution; Neomarkers, catalog no. RB-1510-PO). Following PBST washings, the
primary antibodies were detected by 45 min of incubation with combined
species-appropriate fluorescent secondary antibodies, Alexa Fluor 488 don-
key anti-goat and Alexa Fluor 568 donkey anti-rabbit, diluted 1:100 in
phosphate-buffered saline (Molecular Probes; catalog no. A11055 and cat-
alog no. A10042). Nuclear counterstaining with DAPI (Sigma–Aldrich) was
conducted, coverslips were then applied with antifade mounting medium
(Thermo Fisher Scientific; ProLong Gold, catalog no. P36934), and slides were
stored in the dark at 4 °C until viewed.

PHH3 Stainings. PHH3 staining (Cell Signaling) was performed in the Immu-
nohistochemistry Laboratory at Johns Hopkins Hospital using standard
clinical pathology laboratory procedures.

Automated Imaging Method. Two pixel-level classifiers were trained in Ilastik
(https://www.ilastik.org): (1) The first segmented only immunohistochemistry-
positive nuclei, and (2) the second segmented all nuclei independent of im-
munohistochemistry staining status. The Ilastik classifiers were then used in
CellProfiler (https://cellprofiler.org) to extract the individual areas of (1) and (2)
for a given region of interest in Ki67 immunohistochemistry-stained tissue. The
ratio of the total areas calculated for (1) relative to (2) served as the Ki67%-
positive estimate. All segmentation masks that were produced were visually
reviewed by a pathologist (A.B.). All data are available on GitHub (https://
github.com/cristomasetti/).

Immunolabeling with Ki67 in Mice. Conflicting results have been reported on
cell division rates in mice depending on the tissue, strain, and technique used
(refs. 35, 36 and references therein). To obtain an estimate of the division
rates in mouse tissues that would be directly analogous to those obtained in
humans, we used the approach described above, based on Ki67 labeling, to
evaluate the same 3 tissue types in mice. Accordingly, we compared the
proliferation rates in colon, small intestine, and esophagus of mice that were
either 1 or 25 mo old (5 male C57BL/6 mice per cohort). All animal experi-
ments were approved by the Johns Hopkins Institutional Animal Care and
Use Committee. One- and 25-mo-old male C57BL/6 mice were purchased
from Hilltop Labs. Five mice from each age group were euthanized, and
appropriate tissues were fixed in 10% neutral buffered formalin before
being embedded in paraffin. For Ki67 immunohistochemistry, tissues were
sectioned at 4 μm, deparaffinized in xylene, and rehydrated through graded
alcohols. Slides were placed in citrate unmasking solution (catalog no.
H-3300; Vector Laboratories), steamed for 45 min with Target Retrieval
Solution (catalog no. S1699; Dako), and then placed in PBST (catalog no.

Fig. 8. Ki67 labeling of normal murine colon, small intestine, and esophagus. Shown are examples of Ki67 labeling in 1-mo-old (A–C) compared with 25-mo-
old (D–F) male C57BL/6 mice. Images of colon (A and D), small intestine (B and E), and esophagus (C and F) were taken at a magnification of 400×. Both
positively labeled (brown) and unlabeled (blue) nuclei can be seen in the photomicrographs. lu, location of the luminal surface; mm, muscularis mucosae.
Examples of positive nuclei, either in crypts or in the basal layer, are indicated by arrows and are outlined in red.
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P3563-10PAK; Sigma Life Sciences). Slides were then incubated in blocking
solution (catalog no. S2003; Dako) for 5 min. Ki67 primary antibody (catalog
no. Ki67P-CE; Leica) was diluted 1:500 in Antibody Dilution Buffer (catalog no.
ADB250; Ventana) before staining slides for 45 min at room temperature.
After washing, slides were incubated with a secondary antibody (catalog no.
PV6119; Leica) for 30 min at room temperature. They were then incubated
with DAB (3,3’-diaminobenzidine) reagent (catalog no. D4293-50SET; Sigma
Life Sciences) and counterstained with hematoxylin. Ten regions of esoph-
agus, small intestine, and colon were randomly chosen from the slides of
each mouse. The nuclei within these regions were assessed for Ki67 posi-
tivity, counting the basal layer of the esophagus or the crypt cells (positions 1
to 8) of the intestines, using well-oriented crypts as described above (Fig. 8).

Scoring Pathologist Information. The slides were scored by the following
pathologists: colon experiment 1A (J.P.), colon experiment 1B (A.B.), colon
experiment 2 (C.A.I.-D.), and colon experiment 3 (C.A.I.-D.); esophagus ex-
periment 1A (M.E.P.), esophagus experiment 1B (A.B.), esophagus experiment
2 (M.E.P.), and esophagus experiment 3 (C.A.I.-D.); duodenum (J.P.); posterior
ethmoid (M.C.H.); colon Ki67 and Lgr5 (M.E.P.); colon Ki67 and lamin A/C
(C.A.I.-D.); colon pHH3 (J.P.); and all countings on mice samples (J.P.
and M.E.P.).

All datasets are provided in Datasets S1–S11.

Statistical Analysis of Ki67 Labeling. The significance of the differences in the
number of positive cells among all tissue samples from humans, as well as for
all tissues from mice, was determined by the Welch t test, providing an es-
timate for the difference in the means between the 2 groups and the CI. All
statistical analyses were performed using R software, version 3.5.1 (R
Development Core Team).

Previous Literature on the Effect of Aging on Cell Proliferation. There have
been a few attempts in the past to estimate the effect of aging on cell
proliferation, and we comment briefly on them.

Corazza et al. (26) used proliferating cell nuclear antigen (PCNA), which
we do not consider as good as Ki67 as a cell division marker because PCNA
is important for both DNA synthesis and DNA repair (DNA polymerase

epsilon is involved in resynthesis of excised damaged DNA strands during
DNA repair).

Ciccocioppo et al. (25) used MIB-1 and showed an increase of apoptosis as
well as an increase in cell proliferation in older people in the crypt, in con-
trast to our findings, but not in the villi. They state: “It should be underlined
that, as far as MIB-1 expression is concerned, the present results are slightly
at variance from those of a previous study of ours in which a different
marker of enterocyte proliferation (PCNA) was used [Corazza et al. (26)].
Both PCNA and MIB-1 expression was increased in aged crypt enterocytes,
but only PCNA turned out to be raised at the villous level.”

Roncucci et al. (27) used [3H]thymidine in rectal mucosa and concluded
that proliferation is higher in older people. However, when considering the
5 compartments in which the crypts have been divided (with 1 being the
lowest, the base of the crypt [figure 1 in ref. 27]), we find 2 results consistent
with ours and 1 that is not: (1) The lowest compartment (base of the crypt)
had a higher proliferation than the higher compartments, independent of
age, precisely as we show in our Dataset S2, and (2) the lowest compartment
1 had more proliferation in young patients than in old patients in agree-
ment with our results and contrary to their overall claim; thus, in the stem
cell range, their results agree with ours. (3) In the upper compartment,
however, they find more proliferation in old than young patients. Here, we
think that since the signal, as demonstrated in point 1 by both us and them,
gets smaller and smaller in the upper compartments, noise is probably
confounding the results. We cannot explain, however, the difference with
our results in the intermediate compartments (II and III).

Potential limitations of all these studies are a lackof technical and biological
experiment replicates, a small number of slides and crypts analyzed per
sample (not reported), and the fact that only 1 tissue was considered.
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