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Diploid hepatocytes drive physiological liver renewal

in adult humans
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e Retrospective '*C birth dating establishes the age of the
human liver (<3 years)

e Renewal rates of adult hepatocytes are independent of
subject age

e Diploid hepatocytes show more than 7-fold higher birth rates
compared with polyploid

e Contribution of higher ploidy levels to the diploid hepatocyte
pool is limited
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In brief

Based on radiocarbon birth dating, a
comprehensive model of hepatocyte
renewal in humans shows that the liver
remains a young organ. Hepatocytes
display a continuous and lifelong
turnover, which is highly dependent on
their ploidy level.

¢ CellP’ress


mailto:olaf_bergmann@tu-dresden.�de
https://doi.org/10.1016/j.cels.2022.05.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cels.2022.05.001&domain=pdf

¢? CellPress

OPEN ACCESS

Cell Systems

Diploid hepatocytes drive
physiological liver renewal
in adult humans

Paula Heinke,! Fabian Rost,1-2:3 Julian Rode,? Palina Trus,! Irina Simonova,! Eniko Lazar,* Joshua Feddema,!
Thilo Welsch,® Kanar Alkass,® Mehran Salehpour,” Andrea Zimmermann,-° Daniel Seehofer,%° Géran Possnert,”
Georg Damm,?° Henrik Druid,® Lutz Brusch,® and Olaf Bergmann'-4.10*

1Center for Regenerative Therapies, Technische Universitat Dresden, 01307 Dresden, Germany

2Max Planck Institute for the Physics of Complex Systems, 01187 Dresden, Germany

3Centre for Information Services and High Performance Computing, Technische Universitat Dresden, 01187 Dresden, Germany
4Department of Cell and Molecular Biology, Karolinska Institutet, 17177 Stockholm, Sweden

5Visceral-, Thoracic- and Vascular Surgery, University Hospital Carl Gustav Carus, Technische Universitat Dresden, 01307 Dresden, Germany
SDepartment of Oncology-Pathology, Karolinska Institutet, 17177 Stockholm, Sweden

7Department of Physics and Astronomy, Applied Nuclear Physics, lon Physics, Uppsala University, 75120 Uppsala, Sweden
8Department of Hepatobiliary Surgery and Visceral Transplantation, University of Leipzig, 04103 Leipzig, Germany

9Saxonian Incubator for Clinical Translation (SIKT), Leipzig University, 04103 Leipzig, Germany

10 ead contact

*Correspondence: olaf_bergmann@tu-dresden.de

https://doi.org/10.1016/j.cels.2022.05.001

SUMMARY

Physiological liver cell replacement is central to maintaining the organ’s high metabolic activity, although its
characteristics are difficult to study in humans. Using retrospective radiocarbon ('“C) birth dating of cells, we
report that human hepatocytes show continuous and lifelong turnover, allowing the liver to remain a young
organ (average age <3 years). Hepatocyte renewal is highly dependent on the ploidy level. Diploid hepato-
cytes show more than 7-fold higher annual birth rates than polyploid hepatocytes. These observations sup-
port the view that physiological liver cell renewal in humans is mainly dependent on diploid hepatocytes,
whereas polyploid cells are compromised in their ability to divide. Moreover, cellular transitions between
diploid and polyploid hepatocytes are limited under homeostatic conditions. With these findings, we present
an integrated model of homeostatic liver cell generation in humans that provides fundamental insights into

liver cell turnover dynamics.

INTRODUCTION

The liver has a remarkable potential to generate new functional
tissue in response to injury, which relies upon the proliferative ca-
pacity of liver cells. However, in humans, it remains unknown
whether parenchymal hepatocytes are constantly exchanged
throughout one’s lifetime or whether they are physiologically
long-lived cells, similar to cardiomyocytes and neurons (Berg-
mann et al., 2015; Huttner et al., 2014), that maintain structural
and functional integrity over the span of several decades.
During both homeostasis and disease, the replacement of liver
parenchyma relies on hepatocytes (Malato et al., 2011; Schaub
etal., 2014; Wang et al., 2017; Yanger et al., 2014). The contribu-
tion of other cells seems to be only relevant in the cases of severe
chronic damage when the normal hepatocyte response is ex-
hausted (Deng et al., 2018; Lu et al., 2015; Raven et al., 2017).
Reports in recent decades, which have relied mainly on cell-
cycle markers and nucleotide analogs, have estimated the age
of hepatocytes to be between 200 and 400 days in rodents (Mac-

L))

donald, 1961; Magami et al., 2002). On the other hand, a recent
pulse-chase study applying advanced isotope labeling sup-
ported the view that within the life span of a mouse, parenchymal
liver cells are only rarely exchanged and most are as old as neu-
rons (Arrojo et al., 2019). Estimations of hepatocyte turnover in
humans are scarce due to strict methodological limitations.
Therefore, it is not known whether the reported hepatocyte
renewal paradigm in mice can translate to a human life span of
more than 80 years.

Furthermore, it is unclear how pronounced hepatocyte hetero-
geneity affects cellular turnover. Recent animal studies have pro-
vided evidence of distinct subpopulations with special prolifera-
tive capacities. Reports have shown that hepatocytes from both
the periportal region (Font-Burgada et al., 2015; Pu et al., 2016)
and the pericentral region (Wang et al., 2015), as well as midzonal
(He etal., 2021; Wei et al., 2021) and randomly distributed hepa-
tocytes (Lin et al., 2018; Planas-Paz et al., 2016) are responsible
for maintaining the hepatocyte pool. However, other studies
have challenged these findings, and the existence of specific
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Figure 1. Identification and separation of hepatocyte nuclei in hu-
man liver tissue

(A) HNF4a. is specifically expressed in all hepatocyte nuclei (arrows) but not in
non-hepatocytes (arrowheads) (CV, central vein; PF, portal field), documented
by co-labeling with an established cytoplasmic marker for hepatocytes (Arg1).
(B) HNF40. immunolabeling (right) can be used to isolate hepatocyte nuclei
from non-hepatocyte nuclei using FACS compared with a negative control
(left) (representative of n = 35 liver samples). See also Figure S1.

proliferative subpopulations characterized by their zonation has
been questioned (Chen et al., 2020; Sun et al., 2020).

In contrast to most other cells in the human body, a fraction of
hepatocytes acquire a polyploid state during normal aging (Ku-
dryavtsev et al., 1993). Polyploidy has been attributed to cell-
cycle arrest and restricted proliferation in the liver and other tis-
sues (Derks and Bergmann, 2020; Donne et al., 2020; Ganem
et al., 2014; Wilkinson et al., 2019). This property has been
questioned with regard to hepatocytes based on the results
of several mouse studies that have described an equivalent
proliferative capacity irrespective of their ploidy level (Duncan
et al., 2010; Zhang et al., 2018). Importantly, the evolution
and degree of polyploidization show significant interspecies
differences. Sixty to seventy percent of human hepatocytes
remain diploid over a lifetime (Duncan et al., 2012; Kudryavtsev
et al., 1993), whereas up to ninety percent increase their ploidy
level in mice (Duncan et al., 2010; Wang et al., 2014). However,
the reasons and biological consequences of these variations
are poorly understood.

To date, a comprehensive exploration characterizing the dy-
namics of human hepatocyte turnover, including their age distri-
bution and the consequences for hepatocyte functionality in the
aging liver, is lacking. It is important to establish these character-
istics of cell renewal in the adult liver, particularly to gain a better
understanding of age-related diseases and the development of
liver cancer. Here, we provide a comprehensive model of human
liver cell turnover and the age distribution of diploid and polyploid
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hepatocytes through retrospective '“C birth dating and mathe-
matical modeling.

RESULTS

Liver nucleus isolation for retrospective *C birth dating
Nuclei were isolated from human liver tissue using density
gradient centrifugation and incubated with an antibody against
the nuclear transcription factor hepatocyte nuclear factor 4 alpha
(HNF4a). HNF4« is specifically expressed in hepatocyte nuclei
(Si-Tayeb et al., 2010) and therefore enables their identification
and separation from non-hepatocyte nuclei isolated from fresh
or frozen liver tissue (Figures 1A and 1B). Using fluorescence-
activated cell sorting (FACS), we isolated 73.6% =+ 10.5%
(mean + SD) hepatocyte nuclei from purified nuclear fractions
with no age-related changes (Figures 1B and S1B) in accordance
with the known cellular composition of the human liver (Donne
et al., 2020). Purities of the sorted HNF4a-positive hepatocyte
(98.2% =+ 0.9%) and HNF4oa-negative non-hepatocyte nuclei
populations (97.3% =+ 1.5%) were verified by FACS reanalyses
(Figure S1A).

Retrospective '*C birth dating of human liver cells
Genomic DNA was extracted from a total of 33 subjects, aged
20-84 (Table S1), from FACS-isolated hepatocyte nuclei (n =
29), non-hepatocyte nuclei (n = 11), and unsorted liver nuclei
populations (n = 23) (Table S4). '*C concentrations were deter-
mined using accelerator mass spectrometry (Bergmann et al.,
2015; Spalding et al., 2013) (Table S2). We corrected '“C con-
centrations for impurities introduced during nucleus sorting, as
described (STAR methods). The comparison of measured '“C
values of the samples with historic '4C atmospheric levels, al-
lowed for a first estimate on the magnitude of average genomic
ages in hepatic cells (Figures 2A and S2A). Assuming that all cells
were generated at the same time, the results indicate a contin-
uous and substantial turnover over the entire lifetime with an
average genomic '“C age of 6.1 + 3.9 years, independent of sub-
ject age (Figure S2B). This finding was confirmed by genomic '“C
concentrations of sorted hepatocyte nuclei (Figures 2B and 2C)
and non-hepatocyte nuclei (Figures S2C and S2D) with average
14C ages of 4.4 + 4.3 and 8.8 + 7.0 years, respectively. These re-
sults suggest that the human liver is a highly regenerative organ,
with most cells being continuously replaced over the human
lifespan.

Dynamics of hepatocyte renewal in humans

The measured '“C concentration is a result of the dynamics of
cell-cycle activity, which is described by rates of cell birth and
cell death (Bergmann et al., 2015; Huttner et al., 2014; Spalding
et al., 2013). In cycling cells, DNA is replicated semiconserva-
tively, resulting in daughter cells containing newly formed DNA
but also retaining portions of the mother cell’s DNA. This leads
to a memory effect where the '*C concentration in the daughter
cell is an average of the mother cell’s '*C concentration and the
current atmospheric '“C concentration. In turn, the complete his-
tory of cell divisions is needed to predict the '*C concentration
for a single cell that makes predictions non-trivial. In contrast
to the genomic '*C age described above, which gives only a first
estimate of turnover, mathematical models that incorporate the
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Figure 2. '“C retrospective birth dating of human hepatocytes

(A) Schematic representation of C data analysis. Measured *C data (blue dots) are depicted at the person’s birthdate (1). The curve of the equivalent level of the
atmospheric '“C (black line) would represent the time point of '“C formation of the analyzed cell population (2, dashed line) if all cells were born at the same time.

The difference between the time of sample acquisition (3) and the time point of "C formation (2) provides an estimate of the genomic C age.
(B) Genomic '*C concentrations of hepatocyte nuclei do not correlate with atmospheric *C concentration at the time of birth.
(C) The estimated 'C age of hepatocyte nuclei is independent of the persons’ age, indicating continuous lifelong cellular turnover (linear regression, n = 29,

R =0.26, p = 0.18). See also Figure S2.

dynamics of cell turnover are required to quantitatively charac-
terize the generation of human hepatocytes from our measured
genomic '“C data. Hence, we derived a population balance
equation for C concentration-structured cell populations incor-
porating a memory effect, which we used to predict the mean
4C concentration dynamics from cell turnover rates (see STAR
Methods). We constrained the turnover rates in such a way
that the total DNA content of the liver reflects constant nuclei
density as well as organ growth over the human life span
(Figures S4A-S4C). Applying an additive Gaussian error model
(see STAR Methods), we then estimated the cell turnover
rates using Bayesian inference. Different population structures
and turnover dynamics translate to different model variants,
which we termed scenarios. We selected the best-fitting
scenario, i.e., the scenario with the highest predictive power, us-
ing the leave-one-out (LOO) cross-validation method (Vehtari
etal., 2017).

With this approach, we first developed a scenario to analyze
the rate at which hepatocytes renew in general, assuming that
all cells are replaced at the same frequency. Based on our '*C
measurements, this one-population scenario (POP1, Figure S4E)
predicts that hepatocytes are dividing at a rate of 19% per yearin
young age (25 years), with only slight decrease to 17% in middle-
aged and old individuals (50-75 years) (Figure S4F), imposed by
the change in liver size (Figure S4A; STAR Methods).

Hepatocyte ploidy increases over the lifetime in humans

Rodents develop a considerable amount of hepatocyte binu-
cleation and polyploidy starting around the time of weaning (Gui-
dotti et al., 2003; Margall-Ducos et al., 2007). We described the
course of hepatocyte binucleation and polyploidization in adult
human liver tissue by automated image analysis of isolated he-
patocytes from fresh and frozen liver tissues samples, which
we validated by 3D imaging (Figures 3A, S3E, and S3F) and
FACS analyses (Figures S3E and S3G). We observed substantial
changes in the cellular and nuclear ploidy composition over the
lifetime (Figures 3B and S3H). The number of diploid hepato-
cytes is decreasing with age, in line with previous studies (Ku-
dryavtsev et al., 1993). Although more than 69% of hepatocytes
are still diploid in young adults (20-45 years), this fraction drops

to less than 58% in old subjects (> 65 years) (Figure 3B). Accord-
ingly, the percentage of polyploid hepatocytes, particularly
binucleated diploid and mononucleated tetraploid, increases
steadily over the lifetime, reaching up to 40% of all hepatocytes
at advanced ages. Higher ploidy classes represent less than
10% of all hepatocytes in adulthood, with less than 5% in young
and middle-aged (< 65 years) individuals (Figure S3H).

Ploidy is associated with differences in the age and
renewal rates of human hepatocytes

Having analyzed '“C values of hepatocyte nuclei, we went on to
separately measure genomic *C concentrations of primary hu-
man hepatocytes (PHH) and hepatocyte nuclei based on different
ploidy levels, extending the flow cytometry sorting strategy
described above (Figures 3C and 3E). Sorting hepatocyte nuclei
allowed a separation based on the nuclear ploidy level (n = 10),
where the collected diploid fraction was derived from mononucle-
ated and binucleated diploid hepatocytes, and the polyploid frac-
tion from mononucleated and binucleated polyploid hepatocytes.
Cellular ploidy classes were sorted by the cell-based ploidy sort-
ing strategy (n = 4): mononucleated diploid hepatocytes formed
the diploid fraction, whereas binucleated diploid cells were part
of the polyploid fraction. Reanalyses confirmed the purity of the
sorted diploid and polyploid populations (Figures S3I and S3J).
Analysis of twelve different paired cases revealed that polyploid
hepatocyte nuclei (n = 8, AA'C = 14.6 + 11.3) as well as polyploid
hepatocytes (n = 4, AA'C = 39.5 + 20.5) show significantly higher
4C concentrations than diploid from the same individual
(Figures 3D and 3F). The "*C concentrations of polyploid popula-
tions correspond to time points before the '*C formation date of
diploid populations, suggesting that polyploid hepatocytes are
older than diploid hepatocytes and might have different turnover
characteristics (Figure 2A).

Consequently, we developed two more refined mathematical
scenarios (scenario POP2p and POP3p) to fit all measured '“C
data from total hepatocyte nuclear fractions, ploidy-sorted he-
patocyte nuclei, and ploidy-sorted hepatocytes. These sce-
narios describe diploid and polyploid hepatocyte populations
with distinct rates of cell division and cell death (Figures 4A
and S4E; STAR Methods) and account for ploidy exchanges
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between the ploidy classes. To allow more precise parameter
estimates and because most polyploid hepatocytes are tetra-
ploid (Figures 3B and S3H), we neglected higher ploidy levels
(see STAR Methods). By considering the ploidy composition of
the hepatocytes (Figure 3B), these scenarios allow us to predict
4C concentrations for the three different hepatocyte sorts: total
hepatocyte nuclear fractions, ploidy-sorted hepatocyte nuclei,
and ploidy-sorted hepatocytes. In turn, by exploiting the different
compositions of the three sorting strategies, we were able to es-
timate turnover rates for each individual hepatocyte ploidy class.
Compared with the POP2p scenario, the more complex POP3p
scenario subdivided the polyploid population into a binucleated
diploid and a mononucleated tetraploid population (Figure S4E).
We constrained the turnover rates such that the scenarios
correctly predicted the changes in the composition of ploidy
populations during adulthood (Figure 4; STAR Methods).

In both scenarios POP2p and POP3p, the renewal dynamics of
diploid and polyploid hepatocytes showed no considerable age-
related changes during adulthood, in line with the above-tested
scenario POP1 (Figures 4B, S4F, and S4G). However, diploid
and polyploid hepatocyte populations display very different turn-
over characteristics. In a middle-aged individual, the annual cell
division rate for diploid hepatocytes is approximately 71%,
whereas it is only 10% among binucleated diploid and 1% among
mononucleated tetraploid hepatocytes (POP3p, Figure 4B). This
corresponds to average cell ages of 0.7 years for diploid hepato-
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Figure 3. The human liver is composed
of polyploid hepatocytes with different
genomic “C ages

(A) Human hepatocytes exhibit cellular and nuclear
ploidy (yellow arrowheads = mononucleated
diploid, white arrowheads = binucleated diploid,
white arrow = mononucleated polyploid, dashed
lines label the same hepatocyte in the three ste-
reological views).

(B) Automated image analysis of isolated hepato-
cytes (circles) was applied to develop hepatocyte
ploidy profiles. Pediatric ploidy data are taken from
Gahan and Middleton (1984) (squares). The anal-
ysis shows an age-dependent decrease of mono-
nucleated diploid hepatocytes (linear regression,
n =62, R =0.89, p < 0.0001) and increase of
binucleated diploid (linear regression, n = 62, R =

9 % 0.75, p < 0.0001) and mononucleated tetraploid
< hepatocytes (linear regression, n = 62, R = 0.86,
50 p < 0.0001).
(C) Separation of diploid (2n) and polyploid (pn)
00— ‘ hepatocyte nuclei with DNA stain (DRAQS5) using
d'ﬁlsé?ea‘:c;ﬁg;'d FACS (representative of n = 10 liver samples).
(D) Polyploid hepatocyte nuclei show higher
genomic '*C levels than diploid nuclei (paired
ttest, n =8, *p = 0.01).
(E) Separation of diploid (2n) and polyploid hepato-
200 —_— cytes (2x2n and pn) with DNA stain (Vybrant violet)
150 —"° using FACS (representative of n = 4 primary human
100 hepatocyte samples).
4 (F) Polyploid hepatocytes show higher genomic
50 / 14C levels than diploid (paired t test, n = 4, *p =
ol o—" 0.04). See also Figure S3.
diploid polyploid
Cellular ploidy

cytes, and 4.4 years for both binucleated diploid hepatocytes and
mononucleated tetraploid hepatocytes (Figure 4C). Given a total
hepatocyte number of 2.5 x 10"" in a human middle-aged liver
(Figure S4D), we estimate that approximately 700 million hepato-
cytes are born every day (see STAR Methods).

Although 95% of all diploid cells are exchanged within a year,
up to 12% of polyploid cells reside more than one decade in
the organ (POP3p, Figure 4D). As the fraction of polyploid hepa-
tocytes increases over the lifetime, the age distribution of
hepatocytes changes accordingly in aging individuals (POP3p,
Figures 4D-4F). In a 25-year-old individual, 84% of hepatocytes
are less than 2 years old, whereas this fraction decreases to 67%
in a 75-year-old subject. Although polyploid hepatocytes live
substantially longer than diploid hepatocytes, most liver cells
are short lived, irrespective of age, and more than half of all he-
patocytes have been born within the last year.

The ploidy conveyor in human liver

The ploidy turnover scenarios not only estimate the dynamics of
hepatocyte generation for diploid and polyploid cells but also de-
scribes cellular transitions between ploidy classes, as previously
suggested with the concept of a ploidy conveyor (Duncan et al.,
2010) (Figure S4E). Due to reduced complexity of the POP2p
scenario, the bidirectional exchange rates between hepatocyte
populations become strictly identifiable to explain the measured
14C age distributions (see STAR Methods). In a 25-year-old



Cell Systems

A B
O O 21507 mmm2n 2x2n  mmmdn
) g
§ 100
©
o:® Q@ |
2n 2x2n 4n 3 50
oo 4
{4
c
<

¢? CellPress

OPEN ACCESS

Figure 4. Ploidy is associated with the
renewal dynamics and age distribution of
human hepatocytes

(A) The mathematical scenario POP3p with the best
fit to our measured genomic '“C levels describes
cellular birth (circular arrows) and death rates
(downwards arrows) of mononucleated diploid (2n),
binucleated diploid (2x2n), and mononucleated

0+ r T T 1
% % % 0 20 40
Person age (years)

80 tetraploid (4n) hepatocytes, and an exchange be-
tween the ploidy classes (horizontal arrows).

(B) Estimated annual birth rates of 2n, 2x2n, and 4n
hepatocytes remain nearly constant during adult-
hood (POP3p).

c 2N 2x2n mmm4n 3l D 100+ Biﬂ éjgcades (C) The average cellular age of polyploid hepato-
Qo & = . — cytes is more than 6-fold higher than that of diploid
§,.\ 4 -2 801 -0 hepatocytes. Because polyploidization advances
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g § 3 ) g g 60 1 =50 with age, the overall hepatocyte age increases
221y T S84 -0 (POP3p).
% % T E ‘g 2n 20 (D) The age distribution of human hepatocytes is
§ 19— 2 20 10 illustrated for a person’s given age (POP3p). The
< oA T T ; d 0 0 decade in which a cell was born is shown in
0 2?’erso:2ge (yggrs) 80 20 40 80 different shades of gray. Polyploid hepatocytes
Person age (years) remain in the liver much longer than diploid hepa-

tocytes.

E F (E) Age distribution of diploid and polyploid (2x2n +

60 - mmm diploid 60 1 25 years 4n) hepatocytes at 25, 50, and 75 years of age
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) g 8 §‘ § 8 time.

% g 6 *g!_ 26 (F) Comparative age distribution of all hepatocytes
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T 2 2 tion of older cells over the lifetime (POP3p).

0 0 (G) There is a lifelong contribution of diploid hepa-

2P5erson agsg (vears) 75 tocytes to the polyploid cell pool (POP2p). How-

ever, the majority of polyploid hepatocytes arise
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subject, approximately 7% of polyploid hepatocytes arise from
diploid cells (POP2p, Figure 4G). Due to the continuous increase
in ploidy level, this exchange rate drops to 3% in a 75-year-old
individual. In contrast, only 1% of the diploid population origi-
nates from polyploid hepatocytes at a young age, and 4% of
diploid hepatocytes are generated by the polyploid hepatocyte
pool in old individuals (POP2p, Figure 4H). However, the vast
majority of diploid and polyploid hepatocytes are maintained
through renewal processes within their individual ploidy class
(Figures 4G and 4H).

DISCUSSION

Our current understanding of human liver homeostasis is far from
complete, and we have limited knowledge regarding to what de-
gree the replacement of parenchymal cells is required to maintain
the high metabolic activity of hepatocytes. Here, we used '“C
retrospective birth dating to evaluate the birth rates and turnover

Person age (years)

dynamics of human liver cells. We found
fundamental differences in the renewal be-
tween diploid and polyploid hepatocytes:
diploid cells are exchanged approximately once a year, although
higher ploidy classes reside up to one decade in the organ.

The human liver remains a young organ

Itis generally agreed that hepatocytes retain their ability to renew
in adulthood under physiological conditions (Macdonald, 1961). A
clear picture of the renewal behavior of parenchymal liver cells in
humans has been lacking until now. The turnover rate of adult he-
patocytes has been studied in a number of animal models (Arrojo
etal., 2019; Magami et al., 2002), but it remains unknown whether
these results can be translated to humans. A recent study using
SN labeling showed that the majority of murine hepatocytes are
not replaced within the observational period of 18 months (Arrojo
et al., 2019). The authors concluded that most hepatocytes are
not exchanged and are as old as post-mitotic neurons. However,
in humans, 1.5 years represent a rather short episode in life, and
much longer observation periods are necessary to conclude
that most hepatocytes do not renew in a lifetime. Studies in

Cell Systems 13, 499-507, June 15, 2022 503
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humans, which are based on the expression of the cell-cycle
marker Ki-67, have revealed a very low labeling index in homeo-
stasis (< 0.5%) (Vansaun et al., 2013) (Figure S1C). However,
suchimaging approaches reflect cell-cycle activity only at a single
time point without knowing the fate of the cycling cell. Moreover,
they do not provide information as to whether there are subpop-
ulations of hepatocytes that show different cycling frequencies.
Thus, these studies based on the detection of cell-cycle markers
are insufficient to establish reliable turnover rates in humans
(Spalding et al., 2008).

In contrast, '#C birth dating provides a cumulative measure of
cell renewal, which makes it possible to retrospectively study
cellular turnover in human tissue samples (Spalding et al.,
2005). "C birth dating has been applied to many organs to char-
acterize cellular ages and turnover dynamics (Bergmann et al.,
2009; Spalding et al., 2013; Yeung et al., 2019). These studies
have shown that '“C levels in genomic DNA accurately represent
atmospheric '*C concentrations from the time point of cell gener-
ation. Exchange of carbon atoms in genomic DNA at later time
points, such as methylation and DNA repair, does not affect the
measured “C levels (Figure S5A) (Spalding et al., 2005). Even a
100-fold higher level of DNA repair compared with cortical neu-
rons would affect the estimated annual birth rate only by 0.3%
(Figure S5B). Recently, independent laboratories using next-gen-
eration sequencing observed low amounts (< 5%) of aneuploidy
and copy-number variations in hepatocytes (Knouse et al., 2014;
Sladky et al., 2020). These studies suggest that the genomic sta-
bility of hepatocytes is similar to that of neurons (Knouse et al.,
2014) and therefore would not affect the results of '*C retrospec-
tive birth dating (Bergmann et al., 2012; Huttner et al., 2014).

We applied retrospective '*C birth dating to explore cell turn-
over in the human liver. By analyzing unsorted liver nuclei, we
report an average liver cell age of less than three years using
the simplified one-population scenario POP1. This finding pro-
vides a first indication that the human liver remains a young or-
gan and constantly renews throughout a person’s lifetime.

As the organ comprises different cell types, we further separated
nuclei from hepatocytes and non-hepatocytes. Genomic '“C con-
centrations suggest that hepatocytes are renewed over the whole
human lifetime, with a birth rate of 19% per year and an average
age of 2.7 years in young individuals. This turnover is slightly higher
than the renewal in medium and high age (17% per year, average
hepatocyte age 2.9 years), which coincides with the continuous
growth of the liver organ up to a middle age (Chouker et al.,
2004) (Figure S4A). Non-hepatocytes are only a small fraction of
liver cells but represent a very diverse group with various functions.
The largest populations include endothelial, Kupffer, and stellate
cells. However, a real characterization of their unique renewal dy-
namics is missing. Our obtained '“C data provide general insight
into the turnover behavior of non-hepatocytes. We determined
an average birth rate decreasing with age from 16% in young indi-
viduals (25 years) to 13% at 75 years of age. However, as we did
not focus on characterizing the renewal rates of individual subpop-
ulations, our "C measurements provide only an estimate of the
average turnover rate of all non-hepatocytes.

Hepatocyte ploidy determines cellular renewal capacity
Polyploidy has been described in several organs of the body,
including the heart (Bergmann et al., 2015) and the liver (Bou-
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Nader et al., 2020). However, the nature and biological role
of ploidy is only poorly understood (Derks and Bergmann,
2020). In contrast to other organs, polyploidy in the liver does
not contradict proliferation or regeneration in animal studies
(Lin et al., 2020; Zhang et al., 2018). In humans, there is little
knowledge on how polyploid cells, which represent a much
lower fraction than in the murine organ, contribute to tissue
renewal.

We show that human polyploid hepatocytes maintain their
ability to renew. However, the chance to be renewed is more
than 7-fold lower than that of diploid cells. Polyploid hepatocytes
can remain in the liver for more than a decade, forming a subpop-
ulation of long-lived cells. This apparent proliferative advantage
of diploid over polyploid hepatocytes is supported by numerous
publications (Chen et al., 2020; Wang et al., 2015; Wilkinson
etal., 2019). However, in contrast to humans, most murine hepa-
tocytes (90%) become polyploid starting approximately at the
time of weaning (Duncan et al., 2010; Wang et al., 2014). Arecent
mouse study labeling all preexisting cells with *N showed that
95% of all hepatocytes are not replaced within 1.5 years (Arrojo
et al., 2019), indicating that most hepatocytes are long lived.
Whether the described small fraction of renewing murine hepa-
tocytes might correspond to diploid hepatocytes with a higher
turnover rate, as we report in humans, remains an open question
and requires further investigation.

In mice, the distribution of polyploidy is strongly related to
zonal localization (Matsumoto et al., 2020; Morales-Navarrete
et al., 2015; Tanami et al., 2017). Therefore, it seems possible
that different renewal capacities of the ploidy classes also reflect
hepatocyte zonation. However, in the human liver, no particular
ploidy distribution regarding liver zonation has been reported
(Bou-Nader et al., 2020), indicating that renewal of hepatocytes
may not be related to zonal assignment. This difference under-
lines that the age distribution of hepatocytes varies across spe-
cies and that cell renewal in the mouse liver is different from that
in humans.

The polyploid hepatocyte population is mainly
maintained by self-renewal
The increase in hepatocyte ploidy over the lifetime was
described several decades ago (Kudryavisev et al., 1993). How-
ever, there are few data on the mechanism of this ploidy change
in the human liver. Aberrant cell-cycle activity of diploid hepato-
cytes has been seen as the main driver of polyploidy in the liver
(Celton-Morizur et al., 2009; Margall-Ducos et al., 2007). There-
fore, we were interested in understanding how often aberrant
cell-cycle activity results in a change in ploidy class in humans.
We observed that, independent of subject age, almost all diploid
hepatocytes showed regular cell divisions (>99%). At the same
time, dependent on age, approximately 21%-24% of polyploid
cells entering the cell cycle return to diploidy during adulthood.
The fractions of human hepatocytes changing the ploidy level
are in the same range as in murine models (Duncan et al., 2010).
We observed that an increase in the ploidy level is necessary to
explain the initial generation of polyploid liver cells. However, the
significant difference between the '*C concentrations in diploid
and polyploid hepatocyte nuclei (Figures 3D and 3F) already indi-
cates that such ploidy transition processes play only a minorrole.
The more refined analysis with our mathematical model confirms
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that the exchange between the diploid and polyploid population
is several-fold lower than the individual renewal rates of diploid
and polyploid hepatocytes (birth and death of cells). We report
that in young individuals, approximately 7% of polyploid hepato-
cytes originate from diploid hepatocytes, whereas this fraction
drops to 3% in older individuals (Figure 4G). Thus, the majority
of polyploid cells do not arise by a ploidy increase from diploid
cells but due to proliferation of already existing polyploid hepato-
cytes. In the last decade, the importance of a bidirectional ex-
change between different ploidy levels for maintaining liver ho-
meostasis has been emphasized in the ploidy conveyor model
(Duncan et al., 2010), although a more recent publication sug-
gests that the murine polyploid cell compartment remains stable
over 18 months in homeostasis (Matsumoto et al., 2020). We
observed that the contribution of polyploid cells to the diploid
cell pool was less than 4% over the whole lifetime (Figure 4H),
playing only a minor role in cell generation. In conclusion, our
model implies that the age-related increase in human hepatocyte
polyploidy is mainly attributed to a net increase in newly gener-
ated cells within the individual polyploid hepatocyte pool.

Continuous renewal of hepatocytes in the aging liver

It is important to understand the impact of aging on cell renewal
in the human liver, as many chronic liver diseases show a higher
prevalence in aged individuals (Kim et al., 2015). Until now, there
have been only limited data available on age-dependent hepato-
cellular renewal (Macdonald, 1961) and its impact on liver func-
tion. Our model provides no evidence that the renewal rates of
adult hepatocytes are affected by the subject’s age, with almost
constant birth rates in diploid and polyploid hepatocytes,
respectively (Figure 4B). However, due to the relative increase
in the size of the polyploid compartment in the aging liver, the
average hepatocyte age, and their age distribution change
over the human lifespan (Figures 4C-4F).

Polyploid cells have been associated with aneuploidy and
genomic instability (Storchova and Pellman, 2004). However,
we found substantially lower turnover rates in polyploid hepato-
cytes, possibly being a protective mechanism against replicative
senescence and somatic mutations. Moreover, polyploidy has
been suggested to be an adaptive response forming a buffer
against oxidative stress and DNA damage, increasing in liver ag-
ing and disease processes (Gentric and Desdouets, 2014).

Although our model is based on the assumption that hepato-
cytes are self-renewing cells, we cannot exclude that other cells
contribute to the pool of new hepatocytes as suggested under
pathological conditions (Deng et al., 2018; Lu et al., 2015; Raven
et al., 2017). Extending our POP2p scenario (POP2p_stem, Fig-
ure S4E, STAR Methods), we showed that a putative contribution
of a stem-cell-like population to the diploid hepatocyte pool has
to be small (0.04% per year in a middle-aged individual). It results
in similar renewal rates of diploid and polyploid hepatocytes as
described by the scenarios POP2p and POP3p (STAR Methods),
strengthening the robustness of the cell turnover rates pre-
sented here.

In summary, '*C retrospective birth dating revealed that the
human liver remains a young organ even in elderly individuals.
Over the whole lifetime, we observed a constant and high turn-
over of hepatocytes that is strongly associated with ploidy level.
Exchange between the ploidy classes plays only a minimal role in
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liver homeostasis in humans. Whether long-lived polyploid cells
make the liver more susceptible to age-dependent diseases or
act as aresilience factor to cope with cellular stress, thereby pre-
venting loss of organ function and cancer, remains an important
question to be addressed.
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Leipzig University Hospital
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Model selection and parameter estimates

This paper
This paper
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Nondiseased human liver tissues were obtained by KI Donatum after informed consent from the individual or next of kin from 32 au-
topsies between 2004 and 2018 from the Swedish National Department of Forensic Medicine and from twelve patients who under-
went liver resection surgery in 2017 and 2018 at the University Hospital Carl Gustav Carus Dresden (Table S1). Ethical permission for
these studies was granted by the regional ethics review board in Stockholm (Dnr 2005/1029-31/2 and Dnr 2010/313-31), and the
Ethikkommission an der TU Dresden (EK 365082016 and EK251062017). The liver tissues were frozen and stored at -80 °C until
further analysis. Nine liver tissue samples for liver cell isolation were obtained between 2018 and 2020 from macroscopically healthy
tissue that remained from resected human liver of patients with primary or secondary liver tumors or benign local liver diseases.
Informed consent of the patients for the use of tissue for research purposes was obtained according to the ethical guidelines of Leip-
zig University Hospital (177/16-lk, 2016/07/12 and 322/17-ek 2020/06/10).

Gender Age (years)
Post mortem tissue female = 10 25-79
n=232 male = 22 20-82
Surgical biopsies female =7 42-82
n=12 male =5 58-84
Primary hepatocytes female = 4 55-68
n=9 male =5 58-79

METHOD DETAILS

Isolation and cryopreservation of PHH

All media, solutions and materials used for this cell isolation procedure were sterilized by filtration or by autoclaving and every cell
culture work was performed under laminar flow cabinets. The isolation of PHH with high purity (> 92%) from liver tissue samples
was performed as described (Kegel et al., 2016). The protocol was modified by adding glucose and insulin to the Perfusion solution
| as described by Damm et al. (Damm et al., 2019). In brief, PHHs were isolated by a two-step EGTA/collagenase perfusion technique.
After isolation, PHHs were pooled, washed with PBS supplemented with calcium and magnesium ions and the number as well as the
viability of cells were determined using the trypan blue exclusion technique. Based on the cell count, the number of vials and the
number of cells per vial were defined (2*10° to 1*10”7 PHH per ml Cryopreservation Medium). The following steps were always
performed on ice and coolable racks for CryoVials, cold solutions as well as precooled freezing containers (4°C) were used.
The appropriate cell number was transferred into a new centrifugation tube and centrifuged again for 5 min at 50 xg and 4°C. The
resulting cell pellet was resuspended with the appropriate volume of PHH Cryopreservation Medium (70 % ChillProtec® plus-
Medium, 20 % FBS Superior, 10 % DMSO) and suspension was quickly transferred into CryoVials. Afterwards, vials were closed,
inverted briefly and transferred into a precooled freezing container as fast as possible. The freezing container filled with isopropyl
alcohol provides a repeatable -1°C/min cooling rate and thus optimal conditions for successful cell cryopreservation and recovery.
This container was stored quickly at -80°C for at least 24 hours before the cells were transferred to liquid nitrogen, -196°C for long-
term storage.

Nucleus isolation

All steps were carried out at 4 °C. Approximately 4 g of liver tissue was homogenized in 200 ml of lysis buffer (0.32 M sucrose, 10 mM
Tris-HCI, 5 mM CaCl,, 5 mM MgAc, 2 mM EDTA) using a domestic blender and dounce homogenizer. Samples were then suspended
in sucrose solution (2.1 M sucrose, 10 mM Tris-HCI, 5 mM MgAc), layered onto cushions of pure sucrose solution and centrifuged for
1 h at 26,500 xg. The isolated nuclei were then resuspended in nuclear storage buffer (0.44 M sucrose, 10 mM Tris-HCI, 70 mM KCl,
10 mM MgCl,, 2 mM EDTA).

Flow cytometry analysis and sorting

All steps were carried out at 4 °C. For flow cytometry-based sorts of isolated nuclei, nuclei were stained overnight with HNF4a-anti-
body (Santa Cruz, sc-374229, RRID: AB_10989766) 1:1000, followed by 1 h incubation with Alexa Fluor-488 coupled secondary anti-
body (Jackson Immuno Research, 715-546-151, RRID: AB_2340850) 1:1000. DRAQS (Biostatus, DR51000) 1:5000 was added as
nuclear stain directly before the analysis. Frozen PHH were thawed in a waterbath, washed once with 2mM EDTA, 1% BSA, in
PBS and incubated with Vybrant™ DyeCycle™ Violet Stain (Invitrogen™, V35003) 1:1000 for at least 4 h.
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Liver cell nuclei and PHHs were analyzed with a BD FACSAria™ 11, Il or Fusion. Singlets were identified and gated using FSC and
SSC. Hepatocyte nuclei were identified and sorted based on their increased Alexa Fluor-488 fluorescence intensity. Separation of
diploid and polyploid hepatocyte nuclei (Figure 3C) and hepatocytes (Figure 3E) was based on DNA intensity. Purities of the sorted
populations were confirmed by reanalyses (Figures S1A, S31, and S3J). Due to impurities, the measured '“C levels are actually a
mixture of hepatocyte and nonhepatocyte '“C concentrations. For a paired measurement in hepatocytes and nonhepatocytes
from the same individual, the purity-corrected '*C concentration was computed by solving the equations

measured _ corrected corrected
hepato - phepatochepato + (1 - phepato)cnonfhepaqov

measured _ corrected corrected
Chon-— hepato — Pron - hepatoCron — hepato + (1 — Pron- hepato)chepato )

for the corrected '*C concentrations cﬁgggfge‘j and cﬁg;"?}gm. In the equations, Phepato @Nd Pron —hepato are the purities of the hepa-
tocyte and the nonhepatocyte populations. Similarly, diploid and polyploid hepatocyte (nuclei) samples were corrected for purity for
paired measurements. In this case, the above equations were changed to reflect that tetraploid cells contain twice as much DNA as

diploid cells. The sorted liver cell nuclear pellets PHH were frozen at —20 °C until further processing.

DNA extraction from nuclei

All steps were performed under clean room conditions to prevent any carbon contamination of the samples. To extract DNA from
isolated nuclei, 500 ul DNA lysis buffer (1% SDS, 5 mM EDTA-Na2, 10 mM Tris-HClI, in UltraPure™ distilled water) and 6 pl proteinase
K (20 mg/ml) were added to the samples and incubated overnight at 64 °C. Half the volume of 5 M NaCl was added. Then, the sam-
ples were agitated for 15 s and centrifuged for 3 min at 16000 xg. Supernatants were transferred into glass tubes, 3x 96% ethanol
was added, and DNA was precipitated by inversion. Subsequently, DNA precipitates were washed three times in washing buffer
(70% EtOH, 0.5 M NaCl, in UltraPure™ distilled water) and dissolved in 500 pl UltraPure ™ distilled water. DNA quantity and purity
were assessed with UV spectroscopy (NanoDrop).

DNA extraction from PHH

1 ml Lysis Buffer (4 M urea, 1% Triton X-100, 10 mM EDTA, 100 mM NaCl, 10 mM Tris-HCI, pH 8.0, 10 mM dithiothreitol) supple-
mented with 20 pl proteinase K was added to each sample and incubated overnight at 64 °C on a shaker. The following day,
20 pl RNase Cocktail was added to the samples, which were then incubated for 1 h at 64 °C. Subsequently, samples were transferred
into DNA low-bind Eppendorf tubes, spun for 60 min at 16,900 xg and supernatants collected in clean vials. The MOPS and NaCl
concentration of the samples were adjusted to 50 mM and 750 mM, respectively. Qiagen genomic DNA columns were hydrated
and cleaned with 10 ml Buffer B (750 mM NaCl, 50 mM MOPS, 15% ethanol, 0.15% Triton X-100, pH 7.0) before the DNA samples
were transferred onto them. The columns were then washed twice with Buffer C (1 M NaCl, 50 mM MOPS, 15% ethanol, pH 7.0) and
the DNA eluted with 10 ml Buffer A (1.25 M NaCl, 50 mM MOPS, 15% ethanol, pH 8.0). 10 mL of ice-cold, 100% isopropanol was
added to the eluate and the mixture was incubated at -20 °C overnight to precipitate the DNA. The following day, the tubes were
centrifuged at 4,700 xg for 1 h at 4 °C. The pelleted DNA precipitate was moved into an Eppendorf tube and washed three times
with 70% ethanol. After the last washing step, the DNA pellet was dried and redissolved in 200 pl distilled water. The tubes were
then transferred into a dust-free facility. The DNA solution was pipetted into pre-baked glass vials and the liquid was let to evaporate
at 64 °C overnight. The following day, 500 uL UltraPure™ distilled water was added to the vials and the DNA was redissolved at 64 °C
for at least 1 h. In order to assess DNA concentration and purity, UV absorbance at 260 and 280 nm was measured for all DNA sam-
ples. The vials were stored frozen at -20 °C until they were submitted to AMS measurement.

Accelerator mass spectrometry (AMS)

Purified DNA samples were analyzed blindly with AMS as described previously (Spalding et al., 2013). The DNA samples were lyoph-
ilized to dryness and reduced to graphite, and 'C/'2C ratios were measured at the Department of Physics and Astronomy, Applied
Nuclear Physics, lon Physics, Uppsala University, Sweden, using a 170 kV commercial MICADAS accelerator mass spectrometer
(lonPlus AG, Zurich, Switzerland). The carbon background was subtracted, as described previously (Salehpour et al., 2015; Spalding
et al., 2013). All *C data are reported as A'*C, and the 2c-measurement error is given (Table S2).

Immunohistochemistry (IHC)
Four percent paraformaldehyde-fixed human liver tissues were either paraffin embedded or frozen. Sections were cut at thick-
nesses of 6 um (paraffin) and 40 um (cryo). Paraffin sections were deparaffinized and rehydrated, and antigens were retrieved
by 20 min incubation in boiling 0.05% citraconic anhydride buffer. The sections were incubated overnight with primary antibodies,
followed by 1 h incubation with secondary antibodies. The HNF4« signal was amplified using a Tyramide Super Boost Kit (Life
Technologies, B40933). Nuclei were counterstained with DRAQ5 (Biostatus, DR51000) 1:500. Images were collected with Apo-
tome or LSM.

To assess the fraction of cycling hepatocytes in homeostasis (Figure S1C), tissue sections were stained with primary antibodies
against HNF4a/Prox1 and Ki-67. Images were collected with Apotome. 9007 + 1197 HNF4a/Prox1+ nuclei were manually evaluated
for double positivity with Ki-67 using ImagedJ software (version 1.52p).
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Primary antibodies for IHC

Antigen Company Catalog Number Dilution RRID
Arginase-1 Sigma Aldrich HPA024006 1:1000 AB_1844987
Cytokeratin 19 Invitrogen MA5-12663 1:500 AB_10984317
HNF4o. Santa Cruz sc-374229 1:500 AB_10989766
Ki-67 Abcam ab16667 1:1000 AB_302459
Ki-67 Dako M7240 1:100 AB_2142367
Prox1 Abcam ab11941 1:800 AB_298722
Slc2a2 Atlas Antibodies HPA028997 1:1000 AB_2672860

Secondary antibodies for IHC

Antigen Conjugate Company Catalog Number Dilution RRID

Anti-Mouse IgG (H+L) Alexa Fluor® 555 Abcam ab150110 1:250 AB_2783637
Anti-Mouse 1gG (H+L) Biotin-SP (long spacer) Jackson Immuno Research 715-066-151 1:250 AB_2340788
Anti-Rabbit 1gG (H+L) Alexa Fluor® 555 Abcam ab150062 1:100 AB_2801638
Anti-Rabbit IgG (H+L) Alexa Fluor® 488 Jackson Immuno Research 711-546-152 1:250 AB_2340619

Cell isolation from liver tissue and immunolabeling
Fresh and frozen liver samples were kept on ice, cut into small pieces, fixed in four percent paraformaldehyde and digested overnight
at 37 °C (1.5 mg/ml collagenase B, 2.0 mg/ml collagenase D, in PBS) (Liu et al., 2021).

To assess the hepatocyte fraction of the isolated cells, they were incubated with Sic2a2 primary antibody (HPA028997, 1:500)
overnight and AF488-coupled secondary antibody (711-546-152, 1:250) for 1 h. Nuclei were counterstained with Vybrant
DyeCycle Violet Stain (Invitrogen, V35003). Cells were applied to slides and the fluorescence signal of 771 + 7 cells assessed manu-
ally with Apotome. Sic2a2 fluorescence signal was observed as abundant membrane staining and small bright dots on the cell sur-
face (Figure S3B). This fluorescence pattern was not detected in a negative control without primary antibody.

Automated determination of ploidy distribution

Hepatocyte ploidy classes were assessed in isolated cells from digested liver tissue (n = 30, see above) and from cryopreserved PHH
(n = 7). Nuclei were counterstained with Vybrant DyeCycle Violet Stain (Invitrogen, V35003), and cells applied to slides. At least 15
images were taken per sample with a Keyence BZ-X800e microscope at 20x magnification and analyzed for their ploidy distribution
using CellProfiler software (version 4.2.1). Nuclear ploidy was assigned based on the integrated fluorescence intensity, with individual
cut-offs set according to their DNA intensity histograms (Figure S3D). Binucleation was determined using the minimal distance to a
neighboring nucleus (empirically set to 2.8 um) (Figure S3C). In average 5067 + 2987 hepatocytes were classified per sample. To
validate the experimental strategy, we compared this automated approach to 3D imaging (see below) (n = 5, Figure S3E upper panel)
and FACS-observed ploidy levels (n = 30, Figure S3E lower panel) using Bland-Altman-analyses and observed similar results. We
only included data points that ranged in the 95%- confidence interval. The CellProfiler pipeline is available in Zenodo (see key re-
sources table). For our mathematical model, we used the measured fractions of mononucleated diploid (2n) binucleated diploid
(2x2n) and mononucleated tetraploid hepatocytes (4n) to describe the change of ploidy in the human liver over lifetime
(Figure 3B). Using linear regression, we determine the following functions for the ploidy:

p(t) = — 516%10°3t+0.921, (Equation 1)
Poxaon(t) = 1.67% 1073t + 7.36 % 1072, (Equation 2)
Pan(t) =1 — p(t) — Paxen(t). (Equation 3)

3D image analysis of hepatocyte ploidy

Immunohistochemistry was performed on 40 pm thick human liver sections. First, we visualized all nuclei (DRAQ5) and hepatocyte
nuclei specifically (HNF4a) (n = 4). An LSM confocal microscope (63x oil objective) was used to take image stacks with z spacing
0.5 um. 409 + 122 nuclei were automatically analyzed for their fluorescence intensity and size using Imaged software (version
1.52p), confirming a correlation of these two characteristics (Figure S3F).
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For stereological analyses, the LSM confocal microscope was used in conjunction with the VIS-Zeiss-LSM-Plugin (version
5.3.1.1723). 40 um tissue samples were stained for nuclei (DRAQ5) and hepatocyte membranes (Slc2a2), and an automated
meandering algorithm was applied to randomly choose fields of view. For integrated analysis of nuclear and cell ploidy, all
Slc2a2-positive hepatocytes, with complete cell bodies present in the tissue section, were examined in one field of view. Multinuclea-
tion was visually determined utilizing Slc2a2 membrane staining by zooming through the optical layers of the section. Furthermore,
hepatocyte nucleus diameters were measured at the maximal cross-sectional area. In total 102 + 2 hepatocytes had been studied per
sample (n = 5). To assign the nuclei to different ploidy classes based on their size (Bou-Nader et al., 2020; Tanami et al., 2017; Wa-
tanabe and Tanaka, 1982), a cluster analysis was performed for each individual case. The nuclear volumes were normalized to the
modal values, and cut-offs were set to 1.5x (2n <> 4n), 3x (4n <> 8n) and 6x mode (8n <> 16n).

Analysis of hepatocyte DNA density

To study the amount of hepatocyte DNA in the liver the density of hepatocyte nuclei was measured. Hepatocytes were labelled in
40 um tissue sections with HNF4a or Slc2a2 (Figure 3A). The counting tool and optical dissector of the VIS-Zeiss-LSM-Plugin (version
5.3.1.1723) were applied, enabling to record hepatocyte nuclei in a defined volume. Per sample three different regions of interest
were studied with at least ten fields of view randomly chosen by an automated meander algorithm (in total 758 + 144 nuclei per sam-
ple). The measured nuclei density p7e2%*? (nuclei / mm®) (Figure S4B) was calculated into a DNA density p&icaed (equivalents of
diploid nuclei / mm®) (Figure S4C) using the FACS-observed fractions of nuclear ploidy classes 2ngacs, 4neacs, 8Neacs (Figure S3G)
from the very same sample, by solving the equation

calculated measured
PDNA = Pruclei (QnFACs *1 + 4nFACS *2 + 8nFACS * 4)

Analysis of human liver size
To characterize the size of the liver over the human life span, documented liver weights were obtained from 259 autopsies performed
at the Swedish National Department of Forensic Medicine between 2003 and 2020. Informed consent was given. Ethical permission
for these studies was granted by the regional ethics review board in Stockholm (Dnr 2005/1029-31/2 and Dnr 2010/313-31). Only
individuals with non-diseased livers, and a BMI between 18.5 and 30.0 were included. Pediatric data are taken from (Johnson
et al., 2005). To adjust weight and volume data a liver organ density of 1.08 kg/L was assumed (Heinemann et al., 1999; Johnson
et al., 2005).

A universal b-spline of 2nd degree was fitted to collected data points of the liver volume (Figure S4A, n = 472). The b-spline has
the following parameters: positions of interior knot points: 0, 0, 0, 30, 60, 95, 95, 95; spline control points: 0.17, 1.42, 1.79, 1.44,
1.20, 0,0, 0.

Mathematical modeling of '*C dynamics
In the following, we derive the mathematical models, describe the methods for parameter estimation and model selection, and pre-
sent the results that were based on the models in detail.

We develop a mathematical model that predicts the genomic '“C concentration dynamics for a self-renewing cell population. To
date, label concentration dynamics have been modeled with age-, concentration- and division-structured cell populations (Bernard
et al., 2010; Hasenauer et al., 2012; Hross and Hasenauer, 2016; Schittler et al., 2013). In particular, the dynamics of 14C concentra-
tions were modeled with an age-structured cell population, assuming that mainly a rapidly cycling stem cell population contributes to
tissue homeostasis (Réu et al., 2017; Spalding et al., 2013; Yeung et al., 2019). Instead, our model rests upon the assumption that
hepatocytes are self-renewing cells, as demonstrated in several recent reports (Malato et al., 2011; Schaub et al., 2014; Wang et al.,
2017; Yanger et al., 2014).

We describe the state of a cell population i with a density in the '*C concentration space, n/(c), where n; is the density of cells with
14C concentration c. Cells divide at rate §;(t) and die at rate 6;(t). We model the cell density dynamics in a subject with the following
population balance equation:

cell birth by division
cell loss by division and death

—N—_—
= 26,-(t)/dc’ f(c,c'lca(t+b)) ni(c’) — (Bi(t)+6i(t)) ni(c)

an;(c)
ot

where c4(t +b) is the atmospheric '*C concentration adjusted for one year of delay along the food chain (see below), b is the time of
birth, and t is the age of the subject. The kernel f(c, c’|ca(t + b)) describes the fraction of dividing cells with '*C concentration ¢’ that
become cells with '*C concentration ¢ given an atmospheric '*C concentration of c,(t +b). We assume that new DNA, which is syn-

thesized during DNA duplication in the cell cycle, has an atmospheric '*C concentration. Then, the mean '*C concentration of the two

daughter cells is w. To fulfil this condition, the kernel must be symmetric around w, i.e.,

,(M Ca(Hb)) _ ,(M”,C/

2 —x¢ 2

Ca(t + b)).

Furthermore, the kernel is cell number conserving, i.e.,

e5 Cell Systems 13, 499-507.e1-e12, June 15, 2022



Cell Systems ¢ CellP’ress

OPEN ACCESS

%

/dc f(c,c|ca(t + b)) = 1.
0

In scenario POP1 (Figure S4E), there is only one population of cells that die at constant rates. The total number of cells N(t) =
J dc n(c) ~ DNA(t) is proportional to the total amount of DNA (see above) in the case of the one population scenario. Without restric-
0

tion of generality, we set this proportionality factor to one. Using this known development of the population size, we can determine the
birth rate: 8(t) = 6+ 9:N(t)/N(t). Overall, the dynamics are described by a single turnover rate that depends on the cell death rate and
number of cells. Now, we can derive the ordinary differential equation:

aoc _
3 = B(0) (calt + b) =)

for the mean '*C concentrationc = [ dc ¢ n(c).
0

Furthermore, we define a more complex scenario POP3p (Figures 4A and S4E) that accounts for the fact that hepatocytes exist in
different states of ploidy. As most polyploid hepatocytes are tetraploid (Figures 3B and S3H), we neglected higher ploidy levels, and
model a mononucleated diploid (2n), binucleated diploid (2x2n) and mononucleated tetraploid cell population (4n). In this scenario,
cell turnover occurs due to (a) cell division at rates B, Boxon @and Ban for 2n, 2x2n and 4n hepatocytes, respectively; (b) cell death
at rates 3, doxon @nd 34, for 2n, 2x2n and 4n hepatocytes, respectively; and (c) exchange between the ploidy populations whereby
the cells have to go through mitosis before they can change their population. A 2n cell can only convert to one 2x2n cell with
rate konsaoxon. A 2x2n cell can convert to four 2n cells (rate koxons2n) OF two 4n cells (rate koxons4n). Similarly, a 4n cell can convert
to four 2n cells (rate k4n»2n) OF two 2x2n cells (rate k4 s ox0n). After S-phase binucleated diploid and mononucleated tetraploid hepa-
tocytes have eight complete sets of chromosomes. We assume that they are indistinguishable in that after that phase. Therefore, the
probability of becoming a 2n, 2x2n or 4n cell is independent of whether the cell was a binucleated diploid or a mononucleated tetra-
ploid. This allows us to eliminate two rates:

K2x2n>2n .
Baxen = Kansaxen , (Equation 4)
Kan>2n
K2x2n>2n .
Koxan>4n = Ban : (Equation 5)
Kan>2n

We derive the population balance equations (the arguments for the kernel functions f(c,c’|ca(t +b)) and g(c,c’|ca(t +b)) are
skipped)

cell birth by division ploidy decrease of 2x2n and 4n cells
onop (C
N( ) = 2ﬁ2n dC/fng,—, (C/) + 4K2x2n>2n dc'f Noxon (C’) + 4K4n>2n dCIfn4n (C,)
ot ,
cell loss due to division, death and ploidy increase
—  (Ban + 020+ Kon>2x2n)N2n(C) (Equation 6)
cell birth by division unfinished division of 2n cells conversion from 4n cells
an2)<2n (C)
ot = 2840, | dC'f n2x2n(c/) +Konsoxon | AC'Q nzn(C/) +2 Kansoxon | dC'F Ny, (CI)
cell loss due to division, death and ploidy change
— (Baoxan + O2x2n + Koxons2n + Koxons an )N2xon (C) (Equation 7)
cell birth by division conversion from 2x2n cells
0Ngp (C)
at = 264,, dC/fn4,—, (C/) +2 Koxons4n dc'f Noxon (CI) —
cell loss due to division, death and ploidy change
— (Ban + Oan + Kans2n + Kans2x2n)Nan(C) . (Equation 8)
Y] PR . . . . . . /
Unfinished cell divisions of 2n cells with '*C concentration ¢’ always give rise to a 2x2n cell with '*C concentration “Tc(t) and hence

g(c,c'lca(t + b)) = K(C _ %(”b))
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where K is the Dirac delta function. The total cell numbers are given by
N; = / dc n;(c)
0

and hence with (6-8):

dNz,
ot = (Ban — 020 — Kansoxen)Nan + 4Kkoxon > 20Noxen + 4Kan>20Nan,
dN2x2n
at = (Baxon — O2xen — Kaxens>2n — Koxensan)Naxen + Kons 2xenNan + 2Kan > 2x20Nan,
dN4n
at = (54,1 — O4n — Kanson — K4n>2x2n)N4n + 2Koxon > anNoxon .

With the total amount of DNA, the ploidy curves (1-3) and the following relations:
N2n + 2N2x2n +2N4,7 = DN/A(t‘)7

Nz, + Naon +Nay = N(1),

Nop = p(E)N(t), Noxan = Paxen(H)N(t),Nan = (1 — p(t) — Paxen(t))N(t),

we can determine the population dynamics:

Ny = DNA(t)%
Noxen = DNA(t) %

1 — p(t) — paen(t)
2 - p(t)

Using the known development of the population sizes, we can eliminate 3 rates by using (9-11):

Nain = DNA(t)

_ (62n + K2n>2x2n)N2n (t) - 4K2x2n>2nN2x2n (t) - 4K4n>2nN4n (t) + atN2n (t)
ﬂZn (t) - N2 (t)

— Kons2x2nNan (t) + (52x2n — Boxon + Koxon>on + K2x2n>4n)N2x2n(t) + atN2x2n(t)

Kan>oxen(t) = ONan (1)
Bun(t) = — Kon>oxenNan (t) + (02xen — Boxon + Kaxen>2n — 3Kaxansan)Naxn () + 0:Nawen ()
4n 2Ny (1)
. 2(64n + K4n>2n)N4n (t) + 2atN4n(t)

Nan(t)

Cell Systems

(Equation 9)
(Equation 10)

(Equation 11)

(Equation 12)

(Equation 13)

(Equation 14)

To shorten the notation the argument of the time dependent functions are skipped. The mean '*C concentrations for the popula-

tions are given by

5 - J decen;(c)
(A NI

and with (6-8) this results in (arguments for c,(t +b), N;(t) and ¢;(t) are skipped):

.G, = B2nCalNan + 2Kox2n>2n (62x2n +Ca )N2x2n +2Kan>2n (Ep + Ca)N4n
tb2n =

_ N2n

_ Con (B2nNon + 4K2x0n > 20Naxon + 4kans2nNan)

N2n

e7 Cell Systems 13, 499-507.e1-e12, June 15, 2022

(Equation 15)



Cell Systems ¢ CellP’ress

OPEN ACCESS

9 _ Kons2x2nC2nNan + Ca(Kon>2x2nNan + 280400 Naxon) + 2Kan > 2x2n (Can + Ca)N4n
tb2x2n —
o 2N2x2n
_ 2Cay2n(K2n>2x2nN2n + BaxenNaxen + 2K4n > 2x2nNan)
2N2x2n

(Equation 16)

Kox2n>4n (szzn — 2C4n +Ca)Noyon

Equation 17
No, (Eq )

at64n = :8417 (Ca - Ep) +

The scenario POP2p is a simplified version of the POP3p scenario, where we assume that binucleated diploid (2x2n) and mono-
nucleated tetraploid cells (4n) behave identically. Thus, they are modeled with one population N, = Nayon + Nap. In this scenario, cell
turnover occurs due to (a) cell division at rates B, and B, for diploid and polyploid hepatocytes, respectively; (b) cell death at rates 5,
and 3, for diploid and polyploid hepatocytes, respectively; and (c) exchange between the ploidy populations whereby diploid cells
convert to polyploid cells by unfinished cell division at rate «2,, and conversely, polyploid cells convert to diploid cells at rate kp». We
derive the population balance equations

cell birth by division ploidy decrease of pn cells
cell loss due to division, death and ploidy increase
any(c —_— '
;E ) = 2B, [ dc'fny(c’) + 4kpp | dC'fnp(c’) — (B2 + 02 + Kkop)N2(C) , (Equation 18)
cell birth by division unfinished division of 2n cells cell loss due to division, death and ploidy decrease
on,(c —— .
g; ) - 28, [ dc'fny(c) + ko [ dCgna(c)) — (By + 0p + Kp2)Mp (C) . (Equation 19)

The derivation of the equations for the mean 14C concentration follows the same principle as the one for the POP3p scenario.
The population dynamics are:

% = (B2 — 02 — kop)Na +4KpoNp, (Equation 20)
% = (B, — 6p — Kkp2)Np +K2pNs. (Equation 21)
The population sizes develop as follows:
_ _P) .
N, = DNA(t) 2 - p( (Equation 22)
N, = DNA(t) - —P® (Equation 23)
2 —p(t)

Using (20,21) two parameters can be eliminated:

(62 + Kgp)Ng (t) + ath (t) — 4Kp2Np (t)7

62 (t) = N2 (t)

(Equation 24)

(Gp + Kp2)Np (t) + 0N, (t) — K2pN2(t)7‘

%0 = N0

(Equation 25)

The mean '*C concentrations are:

dEg _ ﬁg (t) (Ca — EQ)NQ (t) + 2Kp2 (Ep +Cq — 262)Np (t) .
a9 - No(D) , (Equation 26)

Kop (62 +Cq — 2Ep)N2 (t)
2N, (1)

e,

ar - Bo(t)(Ca — Cp) +

(Equation 27)

For the scenario extension POP2p_stem, we included an additional inflow to diploid cells from a stem cell population (Figure S4E).
We assume that the stem cells have the food chain delayed atmospheric '4C concentration and their flow is constant through the
lifetime. Except for the inflow term, the master equation for POP2p_stem is identical to POP2p (Equations 18 and 19).

cell birth by division ploidy decrease of pn cells
inflow from stem cells cell loss due to division, death and ploidy increase
on,(c —_—~ ——— )
65 ) = AK(c —ca) +20, [ dc'fny(c') + 4k [ dC'fnp(c) — (B2 + 02 + Kkp)N2(C) , (Equation 26)
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cell birth by division unfinished division of 2n cells cell loss due to division, death and ploidy decrease
on,(c — .
% = 28, | dc'fny(c') + ko [ dC'gna(c’) — (By + 6p + Kp2)Np (C) . (Equation 27)

K is the Dirac delta function and 2 determines the strength of the flow from the stem cell population to the diploid one. The pop-
ulation dynamics are:

N

% = 2+ (Bs — 65 — Kop)No +4KpoN, (Equation 28)
aN,
d_tp = (B, — 0p — Kkp2)Np +K2pNs . (Equation 29)

Using (20,21) two parameters can be eliminated:

— A+ (132 + Kgp)Ng (t) + a[Ng(t) — 4Kp2Np (t),

Ba(t) = AG (Equation 30)
1) = Ut SN (0)+ o) — ol Equation 31)
No(t)

Finally, the dynamics for the mean '*C concentration are:

%2 _ (Ca — 62)(/\4-6 (t)NQ(t))+2K 2(6 +Cyq — 262)N (t) .
= = 2 (D p2\=p LA (Equation 32)

dc,

at

Kop (62 +Cq — 2 Ep)Ng (t)
2N, 1)

= By(t)(Cca — Cp) + (Equation 33)
For all scenarios, we assume that all cells have the food chain delayed atmospheric '*C concentration at the time of subject birth,
i.e., Ci(t = 0) = ca(b) as the initial condition. This fully specifies the dynamics of the mean '“C concentration. We would like to note
that these scenarios are too complex to describe cell turnover with a simple turnover rate. We need to specify the death rates and the
exchange rates to fully define the model. The time-dependent cell birth rates can then be computed using the equations above. We
implemented a numerical solution of our model in Python (https://github.com/fbnrst/Heinke_2020).
Parameter estimation and model selection
Experimentally, we isolated hepatocyte nuclei or used PHH, and determined the mean 'C concentrations for different mixtures of
diploid and polyploid cell populations. In case of nuclei sorting, diploid nuclei (A2n) can originate from mononucleated diploid and
binucleated diploid cells, and tetraploid nuclei (A4n) can originate from mono- and binucleated tetraploid hepatocytes. In case of
cell sorting, diploid cells (B2n) only comprise mononucleated diploid cells, while the tetraploid hepatocyte fraction (B4n) contains
binucleated diploid and mononucleated tetraploid hepatocytes. Nonploidy-sorted nuclei (C) originate from cells of all possible nucle-
ation and ploidy levels. From scenario POP3p, we can predict the experimentally measured C concentrations by weighting the 'C
concentrations C», Caxe and €4, according to the relative fractions of ploidy levels in the hepatocyte populations:

Wlén62n (t) +.2ngZn‘62X2n (t) +'2W£1n64'7 (t)
Wh, +2Wh,o, +2W),

o) =

)

where w} are the weights of the j population for a sort of type i, and the factor 2 reflects that 2x2n and 4n cells have double the amount
of DNA. The weights are given by

W?ﬁ" =p(t), Wg\fg,, = Paxan(t), Wft‘sn =0,

WQ:N =0, Wg;‘gn =0, Wft‘r?n =1,
we' =1, wh, =0, wg," =0,
WZBr?n =0, W‘29)?2nn = Paxan(t), W4Br‘1m =1 —p(t) — paxan(l),

ws, =p(t), W5u, = Paxan(t), Wi =1 —p(t) — Paxan(t).

In case of the POP2p scenario the binucleated diploid and mononucleated tetraploid populations are combined to one polyploid
population

W), Ca(t) + QWLED (t)
Wh, + 2w,

c(t) =

C .
, Wp = Wopp + Wy, .

For the POP1 scenario, we ignored the different ploidy compositions of the samples.
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We used an additive Gaussian noise model to define a likelihood for our data. This noise has contributions from actual subject-
to-subject variability and from the measurement error a,znk for each sample k. We assumed that the subject-to-subject variability is
constant for all samples and with a variance of ¢2. The combined variance of the two Gaussians is o7 = o5 + 03, . We estimated
parameter ranges with Bayesian inference. Depending on the model, we used uniform priors in the log space for the unknown
rate parameters

U(log 1010~ ®years, log 110'years)
and a uniform prior for os:
os ~ U(0, 0.2).

Due to the cell number constraints, we must eliminate a rate for each population. Mathematically, these rates can become nega-
tive. However, because a negative rate is physically not possible, an infinitely unlikely value must be defined for the likelihood. For
such cases, the likelihood is setto — «.

To numerically solve the Bayesian inference problem (Frohlich et al., 2017; Hasenauer et al., 2012; Virtanen et al., 2020), we used
Markov chain Monte Carlo (MCMC) sampling as implemented in emcee: The MCMC Hammer (Foreman-Mackey et al., 2013). For
each scenario, we used 3000 samples, of which 1000 were used for the burn-in phase, and the number of chains was 50 times
the number of parameters resulting in 3000*50*number of parameters samples. The initial values for the unknown parameters
were drawn from the priors. However, if a set of initial values results in a negative rate it is discarded, and a new sample is drawn.
This avoids “stuck” chains in an area with a flat likelihood of — .

To select the model with the highest predictive power, we employed leave-one-out cross validation (LOO). We estimated LOO from
the MCMC chains using Pareto-smoothed importance sampling (Vehtari et al., 2017).

Bayesian inference results

MCMC sampling resulted in empirical distributions that approximate the posterior distributions of the estimated parameters. These
posterior distributions were visualized in Figures S6A-S6F for the hepatocyte scenarios, nonhepatocytes and nonsorted liver nuclei.
From these posterior distributions, we estimated parameter values and confidence intervals (Table S3). Using those point estimates,
the model predictions as well as the data are shown in Figures S7TA-S7C.

Hepatocytes

When using the simplest scenario POP1, we estimated a death rate of 17%/year (Cl: [16%/year, 19%/year) (Table S3). With 8(t) =
6+ 0:DNA(t)/ DNA(t), we can compute the time-dependent birth rate (Figure S4F, 8 = 17% /year for a 50-year-old subject).

In contrast, the most complex scenario POP3p explicitly incorporates polyploidization of the hepatocytes and distinguishes be-
tween a binucleated diploid and mononucleated tetraploid population. It produced the best fit of the data with a model weight of
52% (Table S3). The death rate of 72%/year (Cl: [23%/year, 162%/year]) for the diploid population is larger than the ones for the binu-
cleated diploid and the mononucleated tetraploid population with 0.1%/year (Cl: [0%/year, 42%/year]) and 19%/year (Cl: [14%/year,
29%/year]). This results in a higher turnover rate for the diploid population compared to the polyploid ones. The large confidence
interval of the binucleated diploid population indicates that only an upper bound for the death rate can be determined which is similar
to the one of the mononucleated tetraploid population. The exchange rates between the populations are small compared to the death
rates. Diploid cells increase their ploidy with a rate of 0.02%/year (Cl: [0%/year, 1.5%/year]). For the ploidy decrease from binucle-
ated diploid cells and mononucleated tetraploid cells the rates are 0.1%/year (Cl: [0.01%/year, 10%/year]) and 0.01%/year (Cl: [0%/
year, 0.1%/year]), respectively. Using Equations(12-14), we can compute the time-dependent birth rates (Figure 4B). They change
mainly due to the alteration of the liver size. The mononucleated diploid population divides much faster (8,, = 71% /year for a
50-year-old subject) than the binucleated diploid (8,40, = 10% /year for a 50-year-old subject) and the mononucleated tetraploid he-
patocytes (84, = 0.9% /year for a 50-year-old subject). The large uncertainties in the exchange rates as well as the death rate for the
binucleated tetraploid population make a more detailed analysis of this scenario ineffectual. However, it shows that the binucleated
diploid population could behave identical to the mononucleated tetraploid.

The POP2p scenario reduces the complexity of the POP3p scenario combining the two similarly behaving polyploid populations.
The scenario POP2p has a lower model weight of 28% (Table S3), but is still predicting the data well and has the benefit of much
smaller confidence intervals due to the decreased complexity. It also predicts clear differences in turnover for diploid and polyploid
hepatocytes with cell death rates of 72%/year (Cl: [25%/year, 156%/year]) and 10%/year (Cl: [6%/year, 15%/year]), respectively.
Remarkably, the exchange rates between the diploid and the polyploid population are comparably low. We found 0.5%/year (Cl:
[0.1%/year, 1%/year] for diploid to polyploid and 1.7%/year (Cl: [0.6%/year, 12%/year]) for polyploid to diploid. Using equations
(24) and (25), we can compute the time-dependent birth rates (Figure S4G). Both rates change mainly due to the alteration of the liver
size. The diploid population divides much faster (3, = 68% /year for a 50-year-old subject) than the polyploid population (8, = 11%/
year for a 50-year-old subject).

The POP2p_stem scenario is an extension of POP2p. The additional inflow of stem cells to the diploid hepatocyte population has
only a small effect on the parameters estimates. The death rates are 78%/year (Cl: [26%/year, 163%/year]) and 10%/year (CI: [7%/
year, 16%/year]) for the diploid and polyploid hepatocytes. The exchange rates between the ploidy classes are 0.02%/year (Cl: [0%/
year, 3%/year] for diploid to polyploid and 0.3%/year (Cl: [0.02%/year, 15%/year]) for polyploid to diploid. Despite the lower
point estimates for these exchange rates the confidence intervals are similar. The flow from the stem cells to the diploid population
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Xis 4+ 10~ * cells/year (Cl: [0 cells/year, 3 + 10~ 3cells/year]). For a given age, the rate of inflowing cells is A/N(t) (see Equation 22).
This corresponds to 0.043% contribution to the diploid hepatocyte compartment in a mid-aged individual (50-years-old).

We used the POP3p scenario to estimate the number of diploid and polyploid hepatocytes that are born every day. For a short time
interval, ty, these numbers can be estimated as

Non(t) = (282nNon + 4 Koxons2nNaxon + 4Kans2nNan)to,
N2x2n(t) = (2ﬂ2x2nN2x2n +2 K4n>2x2nN4n)t07
Nan(t) = (2 B4,Nan + 2K2x2n5 anNoxan)to,

Nop = p(t) No, Noxon = Paxen(t)No, Nan = No(1 — paxen(t) — p(t)),
where N is the total number of hepatocytes in the liver. Ng was calculated for 13 patients using the formula

No = ppuciei Viiver (2[7 + ? + 4n +2XT4I') + 8n + @)

where p,,,cei i the measured nuclei density (nuclei /1) (Figure S4B), Vjier the liver volume (I) (Figure S4A) and 2n, 2x2n ... are the frac-
tions of the respective ploidy classes (Figures 3B and S3H). Where no individual datapoints were available for the liver volume or frac-
tions of the ploidy classes, we used an estimate according to the spline or linear fits. Based on the linear regression of this cohort, we
assume that the liver of a 50 years-old person contains around 2.5 x 10'" hepatocytes (Figure S4D), in line with the literature (Nagy
et al., 2020). Accordingly, we estimate that approximately 647 million mononucleated diploid, 24 million binucleated diploid and 27
million mononucleated tetraploid hepatocytes are born every day.
Nonhepatocytes and nonsorted liver nuclei
For the nonhepatocyte sorts and the nonsorted liver nuclei, we used scenario POP1 to estimate an average turnover rate. We found
an average turnover rate of 14%/year (Cl: [10%/year, 18%/year]) and 19%/year (Cl: [16%/year, 21%/year]) for the nonhepatocyte
sorts and nonsorted liver nuclei, respectively.
Simulation of cell age distribution
We simulated a single-cell-based model to compute the cell age distribution for scenario POP3p (Figures 4C—4F). The state of the
model at time t is given by the birth times a; (i=1...n), b; (=1...m) and ¢ (k=1.../) of n diploid cells (2n), m binucleated diploid cells
(2x2n) and I mononucleated tetraploid cells (4n), respectively. We simulate the dynamics with a fixed time step 4t. At each time
step, the age of all cells is increased by 4t. Furthermore, the following events may occur for each cell at every time step: (a) 2n,
2x2n and 4n cells divide with probability 85 (t) X At, 8oy, (t) X At and B4, (t) X At, respectively. If cell division occurs, the corresponding
cell is removed, and two new cells are added. (b) 2n, 2x2n and 4n cells die with probability 6o X At, doxon X At and 64, X At, respec-
tively. If cell death occurs, the corresponding cell is removed. (c) A 2n cell turns into a 2x2n cell with the probability «on s oxon X At. (d) A
2x2n or 4n cell turns into four 2n cells with probability koxons2n(t) XAt and kans2n X At. (€) A 2x2n cell turns into two 4n cells with
probability koxonsan(t) X At. (f) A 4n cell turns into two 2x2n cells with probability k4n-2x2n(t) X At. In all cases, the age of new cells
is set to 0. If multiple events are selected for a single cell in a single time step, then only one of them is randomly selected with prob-
abilities that are proportional to the corresponding rates. For a small time step At, the cell number dynamics of the single-cell-based
model converges to the solution of equations (8-10) and (13-15). Additionally, the birth times of the cells (a/(t), b{t) and c((t)) allow the
cell age distribution to be calculated. We used the best-fit parameters for scenario POP3p (Table S3) to parameterize the model. The
simulation was initialized with 108 p(0) 2n cells 10° pax2,(0) 2x2n cells and 108 (1 —p(0) — paxon(0)) 4n cells. We performed the
model until t = 80 years using a time step of At = 10~2 years.
Genomic DNA repair in modeling "*C measurements
To determine the influence of the DNA repair, we include the exchange of DNA due to repair in the POP1 scenario (Figures S5A and
S5B). We assume that the repair leads to a continuous replacement of a small part of the DNA leading to the following master equa-
tion (see above for details):

on(c) , , , e

- " (y+0+ ﬂ)n(c)+7/dc D(f ¢’ + (1 — f)ca(t) — c)n(c)+2ﬁ/dcfn(c),
where D is the Dirac-delta-distribution, fis the fraction of damaged DNA, and v, é and 3 are the rates for the DNA repair, cell death and
cell division, respectively. From the master equation the mean '*C concentrations can be calculated:

effective DNA repair

dc

< - {6(t)+ ) }(Ca—fv)

B(t) = 6 +0:N(t)/N(t)

On the population level, the effective DNA repair rate equals the renewal rate of the entire DNA due to DNA damage.
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We used already measured '#C concentrations of cortical neurons (Huttner et al., 2014; Yeung et al., 2014) to estimate the impact
of DNA repair on the computed cell turnover rates. Cortical and cerebellar neurons are as old as the individual and are not exchanged
throughout lifetime (Bhardwaj et al., 2008; Huttner et al., 2014; Spalding et al., 2005). Thus, all measured exchange of '*C must be due
to DNA repair. Using the published '“C concentrations of cortical and cerebellar neurons (taken from Huttner et al., 2014, Table S3,
and Yeung et al., 2014, Table S5), we estimated an effective rate of DNA repair using a constant population size. To estimate an upper
limit of the potential impact of DNA repair on '“C concentrations, we included only subjects older than 50 years of age having the
longest history of putative DNA repair. The point estimate for the effective DNA repair rate is 0.003%/year (Cl: [0%/year, 0.03%/
year]) (Figure S5B). Using this point estimate, we can fit the POP1 scenario with DNA repair to our 14C measurements and determine
the effects of DNA repair to the death rate. Additionally, we increased the effective DNA repair up to 100-fold resulting in an upper
estimate for the influence of the DNA repair.

Validity of the error model

Here, we will show that our error model is consistent with the data. For parameter estimation, we used an additive Gaussian error
model that includes the reported, subject-specific '*C measurement error ¢; and an a priori unknown additional term ¢ that shall
reflect the effect of all other sources of variability. Hence, we assume that the residuals r;, i.e. the difference between predicted
and measured '*C concentration, follow a normal distribution:

ri ~ N(O,\/U,‘+(7)

where g; are the known errors from the mass-spectrometry measurement and we estimated o when fitting the models. If we normalize
the residuals, all residuals should follow the same normal distribution with standard deviation 1:

r,‘/\/O','+O'NN(O,1)

Indeed, the normalized residuals follow this distribution reasonably well for each scenario (Figure S5C).

Influence of the food chain delay on *C birth dating

4G birth dating has been used in several publications in which the accuracy of age determination has been documented in different
cell types of the human body, but also verified by dating Swedish tree rings (Bergmann et al., 2015; Huttner et al., 2018; Spalding
et al., 2005). The food chain delay of one year has been applied in several previous publications (mentioned above) to account for
a delay in incorporating atmospheric '*C into the human body. The existence of a carbon food lag is also supported by Georgiadou
et al. (2013), who estimated the lag between the measured atmospheric '*C concentration and the biological '*C concentration to
1.5+ 0.7 years. To test the influence of the food delay on our results, we fitted the POP1 scenario to the data using different food chain
delays. In Figure S5D, the obtained point estimates and 1c-error intervals of the turnover rate are depicted for different hypothetical
food chain delays. A delay of up to 3 years would have minimal influence on the point estimate compared to the error interval, and
therefore has little impact on our results.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with GraphPad (version 5.03). Details can be found in the figure legends. Numbers of technical
replicates are stated in the respective methods section. A statistical difference was assumed for p < 0.05.

For descriptive data analyses the mean + SD or median * interquartile range is shown. '*C measurements are reported with
2c-confidence interval. Age-dependencies of the genomic '“C age, hepatocyte ploidy fractions, fraction of FACS-isolated hepato-
cyte nuclei, density of hepatocyte nuclei, density of hepatocyte DNA and total hepatocyte number were analyzed with linear regres-
sions. The differences of '“C levels in hepatocyte ploidy classes were tested with paired t-test.

To select the scenario with the highest predictive power, we employed leave-one-out cross validation (LOO). The used MCMC
sampling resulted in empirical distributions that approximate the posterior distributions of the estimated parameters. From these
posterior distributions, we estimated parameter values and 1c-confidence intervals. For validation of the additive Gaussian error
model, the normality of the normalized residuals was tested with the Shapiro-Wilk test. Further statistical details of the mathematical
modeling can be found in the methods section.
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