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ABSTRACT Mouse and Caenorhabditis elegans mutants with altered life spans are being used to investigate the aging process and how
genes determine life span. The survival of a population can be modeled by the Gompertz function, which comprises two parameters. One
of these parameters (“G") describes the rate at which mortality accelerates with age and is often described as the “rate of aging.” The
other parameter (“A") may correspond to the organism'’s baseline vulnerability to deleterious effects of disease and the environment. We
show that, in mice, life-span-extending mutations systematically fail to affect the age-dependent acceleration of mortality (G), but instead
affect only baseline vulnerability (4). This remains true even when comparing strains maintained under identical environmental conditions.
In contrast, life-span-extending mutations in C. elegans were associated with decreases in G. These observations on mortality rate kinetics
suggest that the mechanisms of aging in mammals might fundamentally differ from those in nematodes.
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HE aging process can be studied by investigating genetic
variants that alter life span in model organisms (Finch and
Ruvkun 2001; Hekimi 2006). For example, the fact that mu-
tations of genes involved in the insulin/insulin-like signaling
pathway can extend life span in Caenorhabditis elegans, Dro-
sophila, and mice is considered to imply a role for this path-
way in the aging process (Kenyon 2010). Likewise, a role for
mitochondrial function in aging is suggested by the finding
that impairments to mitochondrial function can extend life-
span in C. elegans and mice (Ewbank et al. 1997; Feng et al.
2001; Dillin et al. 2002; Lee et al. 2003; Liu et al. 2005;
Hughes and Hekimi 2011; Wang and Hekimi 2015).
Another point of view is provided by the study of mutations in
a number of genes that induce segmental progeroid syndromes
and shorten life span in mice. The short life span of these mutant
mice is accompanied by the accelerated expression of some of
the phenotypes commonly encountered in aging (Mounkeset al.
2003; Wong et al. 2003; Baker et al. 2004; Chang et al. 2004;
Trifunovic et al. 2004). While these have often been presented
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as representing alterations to the aging process, it remains pos-
sible that their shorter life spans are caused by the induction of
specific pathologies that only mimic aspects of the actual aging
process (Harrison 1994; Miller 2004).

It has also been argued that an extension of life span may
not necessarily be concrete evidence of a retardation of the
aging process (Orr et al. 2003; De Magalhaes et al. 2005;
Ladiges et al. 2009). In this view, a life-span-extending in-
tervention may simply remedy deficiencies in the environ-
ment or in the genetic makeup of one particular strain. The
intervention would therefore extend life span by correcting
specific flaws rather than altering the aging process. These
considerations create a conundrum: If life span is not a reli-
able measure of aging, how can we confirm that a particular
manipulation truly affects the aging process? One approach is
to assess physiological phenotypes that are known to deteri-
orate with age, such as cognition or the functioning of the
cardiovascular or immune systems, to detect similarities or
discrepancies with the patterns observed in control strains.
An alternative criterion is to consider whether a particular
manipulation changes how mortality rates increase with age
(Sacher 1977; Finch et al. 1990; De Magalhaes et al. 2005;
Yen and Mobbs 2010). This is based on the hypothesis that
the increased incidence of the age-related pathological
changes that characterize the aging process is reflected in
changing mortality rates.
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Human mortality rates increase exponentially with age, as
first noted and quantified by Benjamin Gompertz in 1825 (de-
scribed by Olshansky and Carnes 1997). This property has sub-
sequently been observed for the mortality rates of model
organisms including mice, Drosophila, and C. elegans
(Johnson 1987; Gavrilov and Gavrilova 1991; De Magalhaes
et al. 2005). The Gompertz model of mortality is commonly
expressed by the following equation, where the mortality rate
(R) can be represented at any age (t) for a given population by

R(t) = Aelt.

“G” describes the rate at which mortality rates accelerate with
age and ‘A’ represents the initial mortality rate at time O (Finch
1990). “A” is strictly theoretical as a mortality rate, since there
can be no actual mortality at time 0. Instead, it can be de-
termined by extrapolation from mortality rates at greater
ages and does not necessarily correspond to true mortality
rates at birth or during youth. Figure 1 shows how changes to
the Gompertz parameters affect the survival curve of a hypo-
thetical population of mice with a median life span of 2 years
(solid black line). Decreasing A (solid blue lines) extends life
span by shifting the inflection point of the curve rightward,
such that it occurs proportionally later in age, relative to
maximum life span. There is no change in the apparent
“slope” of the curve. In contrast, decreasing G (dashed blue
lines) decreases the slope.

A has been described as measuring the vulnerability to
disease unrelated to the onset of aging (Sacher 1977) or
the effect of the environment on mortality (Finch et al.
1990). Changes to A will alter mortality rates evenly across
the life span of the population. In contrast, since the param-
eter G can be considered a rate constant for the age-related
increase of mortality of a sample or population, it is often
given a preeminent role as an indicator of the “rate of aging”
(Sacher 1977; Finch et al. 1990). This is a logical hypothesis,
since an increased or decreased G would likely reflect the rate
at which physiological conditions are declining with age.
Therefore it is often assumed that interventions that extend
life span by slowing aging, rather than by alleviating some
age-independent pathology, will be associated with a de-
creased G; likewise, those that accelerate aging would be
associated with an increased G (Takeda et al. 1981; Finch
et al. 1990; Honda et al. 1993; Pletcher et al. 2000; De
Magalhaes et al. 2005; Merry 2005; Yen et al. 2008;
Tricoire and Rera 2015). It should be noted, however, that
some have argued against this viewpoint and suggest that
G should not be assigned a dominant role as a measure of
aging (Driver 2001; Masoro 2006).

Although the Gompertz model seems to fit survival
curves for many human and model organisms, it can be
modified to provide a better fit. It can include additional
terms that account for mortality rates that plateau at later
ages (logistic model), deaths due to exogenous, non-aging-
related environmental causes (Makeham model), or both
(i.e., logistic-Makeham) (Wilson 1994). Some caution is
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Figure 1 The effect of changing Gompertz parameters on the appear-
ance of survival curves. A “baseline” survival curve with a median life
span of 2 years is shown in black [G = 2.6, In(A) = —4.6]. Increased life
spans (median life span of 3 and 4 years) obtained by decreasing A [In(A)
of —7.2 and —9.8] while keeping G fixed are shown as solid blue lines.
Increased life spans obtained by decreasing G (to 1.6 and 1.1) while
keeping A fixed are shown as dashed blue lines. Vertical dashed lines
show typical ages used for assessment of changes to age-dependent
pathologies in mice.

necessary, however, when interpreting survival curves that
appear to be better fitted by more complex variants. For
example, if the survival curve of a population is not opti-
mally fitted by a particular model, then the addition of
further parameters will naturally allow for more flexibility
to adjust the model to the survival curve, without neces-
sarily being informative about the underlying biology
(Wilson 1994). Furthermore, a population of =100 is nec-
essary to reliably determine which model best fits a partic-
ular distribution (Wilson 1994). Since most life span
studies in mice use fewer animals than this, it is reasonable
to use the simplest possible model in these cases, i.e., the
Gompertz model.

Using this model, some studies observed a decreased G in
cohorts of long-lived mice (Lapointe et al. 2009; Hughes
and Hekimi 2011). However, a recent analysis of 29 pub-
lished life span studies found this to be relatively rare in
mice subjected to life-span-extending dietary or genetic
manipulations (Yen et al. 2008). Instead, it was changes
in A, not G, that were most frequently observed, with 4 of
12 long-lived strains having a statistically significant in-
crease in A, but only 1 of 12 having a decreased G. Strik-
ingly, the remainder did not exhibit any statistically
significant changes in Gompertz parameters. Life-span-
shortening interventions were somewhat more likely to be
associated with decreases in G, with 6 of 15 short-lived
strains associated with a statistically significantly decrease
in G and 5 with a decrease in A. We theorized that actual
changes in the parameters are being masked by the rela-
tively small sample sizes that often characterize life span
studies in mice and that looking at individual studies by this
method will fail to reveal systemic relationships between
changes to life span and Gompertz parameters.



Since a substantial number of studies reporting changes in
mouse life span resulting from genetic manipulations have
now been published, we hypothesized that a correlation-
based approach may be a more powerful technique to search
for patterns in Gompertz parameter shifts. For example, a
negative correlation between life span and G across long-lived
lines of mice would suggest that their extended longevity was
due to a decreased rate of aging.

Dramatic changes in mortality rate trajectories have been
reported across different species (Jones et al. 2014), demon-
strating the importance of studying these phenomena in di-
verse model organisms. The nematode roundworm C. elegans
has been used to identify many life-span-extending and
-shortening mutations. The strength of invertebrate model
systems such as C. elegans for aging research is their short
life span and the possibility to repeatedly carry out experi-
ments with very large cohorts, as well as the possibility to
identify mutants with very large increases in life span. Early
studies with this organism established that C. elegans mortal-
ity patterns apparently followed the Gompertz model
(Johnson 1990; Honda and Matsuo 1992; Vanfleteren et al.
1998), with variations depending on growth conditions
(Vanfleteren et al. 1998). Later studies investigated whether
the environment and mutations could alter Gompertz param-
eters in this organism (Lenaerts et al. 2007; Wu et al. 2009;
Yen and Mobbs 2010). We therefore elected to analyze short-
and long-lived C. elegans as a comparator to our analysis of
mice.

By the straightforward method of plotting Gompertz pa-
rameters against life span we found that most of the genet-
ically driven variability in life span between normal- and
long-lived groups of mice was due to changes in A, not G.
In fact, G remained remarkably invariant for different groups
of wild-type mice as well as for mice with genetic variations
that extend life span. The only exceptions to this trend were
some interventions that acutely shortened life span. We also
found this to be true for a collection of inbred mouse strains
studied under uniform conditions as part of the Mouse Phe-
nome Database at The Jackson Laboratory (Yuan et al. 2009).
Thus, with the exception of some severe life-span-shortening
interventions, life span in laboratory mice is largely deter-
mined by factors that affect initial vulnerability, rather than
age-dependent mortality rate acceleration. In contrast to
mice, we found life span to be associated with changes in
G, not A, among long-lived C. elegans mutants. This was true
as a trend across long-lived mutants and was also observed by
analyzing changes to Gompertz parameters among numerous
replicate studies of the well-characterized daf-2, isp-1, and
eat-2 mutants.

Materials and Methods
Estimation of Gompertz parameters

To estimate Gompertz parameters, numerical survival data
were extracted from published Kaplan-Meier survival curves,

using Engauge Digitizer 6.2 (Mark Mitchell, http://markum-
mitchell.github.io/engauge-digitizer/). Survival data were
divided into 10- or 1-day intervals for mice and C. elegans,
respectively, and Gompertz parameters were determined by
maximum-likelihood estimation (MLE) using WinModest
1.0.2 (Pletcher 1999), according to the Gompertz or logistics
hazard functions (Pletcher et al. 2000):

Gompertz: R(t) = Aet
Logistic: R(t) = (Ae)/[1+L(A/G)(e% —1)].

All estimates had associated inform values of “0,” indicating
that the maximume-likelihood procedure was able to success-
fully resolve parameters within the given range and that as-
ymptotic confidence intervals could be calculated. For all
groups, the accuracy of the estimation was graphically con-
firmed by overlaying the resulting Gompertz survival func-
tion on the raw survival data, using Prism 6 (GraphPad
Software).

For C. elegans, initial analysis using the logistic model
yielded a clear bimodal distribution of values across
strains for the logistic parameter “I’, with clusters of
value >0.01 and <1 X 10°. Parameters in this lower group
were more difficult to determine by MLE, with many
appearing to resolve to arbitrarily small values without
resulting in further changes to A or G. We therefore set these
values to 0.

Model comparison

We used WinModest’s likelihood theory-based tools to deter-
mine which model (among Gompertz, logistic, Makeham,
and logistic-Makeham) provided the best fit for C. elegans
survival curves. This methodology takes into account the fact
that models with additional parameters will naturally be less
constrained when attempting to fit to a data set and therefore
identifies the mortality model with the fewest parameters
that fits the data sufficiently. This method is therefore supe-
rior to simple comparison of correlation coefficients obtained
by regression-based methods.

General statistics

Nonparametric Spearman correlation was used to quantify the
relationship between life span and Gompertz parameters.
Prism was used to determine Spearman correlation coeffi-
cients and perform significance tests. For all tests a P-value <0.05
was taken to indicate statistical significance.

For pairwise comparisons between values of mutant and
control parameters, differences (mutant minus control) were
used rather than ratios because of the presence of negative or
extremely low values. The nonparametric Wilcoxon signed-
rank test was used to determine whether the average effect
size was significantly different from 0. As an additional
method of investigating the role of Gompertz parameters
in alterations to life span, we used WinModest’s longevity
decomposition tool to determine the extent to which the
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Table 1 Maximume-likelihood estimations of the Gompertz parameter values determined from published survival curves (set 2)

Control Mutant
Gene and Median life Median life
allele or strain Sex Background? span (D) n In(A) G span (D) n In(A) G Source
AC5~/~ M+F  129/SvJ-C57BL/6 755 25 —6.74 3.46 990 13 —11.73 4.72 Yanetal (2007)
cIGF-119 M FVB/N 705 39 —-3.54 1.73 880 38 —4.05 1.72 Li and Ren (2007)
IRS1~/~ F  C57BL/6 750 21 =511 2.73 970 14 —6.85 2.83 Selman et al. (2008)
M 785 35 —6.84 3.50 860 13 —20.25 9.28
Klotho*4é M C3H 785 29 —-4.09 2.18 890 22 —5.61 2.53 Kurosu et al. (2005)
Klotho+48 M 1000 22 —6.24 2.55
Klotho*4é F 735 25 —-4.30 241 840 28 —6.54 3.13
Klotho+48 F 825 29 —-591 2.83
MTt9 M FVB 850 55 —-4.78 2.28 980 55 —4.26 1.58 Yang et al. (2006)
FGF2119 M C57Bl/6) 840 32 —-4.56 1.94 1100 37 —7.24 257 Zhang et al. (2012)
S6K 1/~ F  C57BL/6 820 23 —-4.43 2.15 975 29 —6.07 2.45 Selman et al. (2009)
Hcrt-UCpP2 F  C57BL/6 550 316 =291 2.07 660 26  —4.06 2.42 Contietal (2006)
M 720 366 —324 1.75 815 53 —485 237
MIF—/~ F C57BL/6J-129/Sv) 740 24 -4.60 2.51 900 39 —5.01 2.17 Harper et al. (2010)
IRS1-/~ F  C57BU/6 780 16 —-6.57 341 870 15 —4.18 1.86 Selman et al. (2011)
M 770 37 —6.27 3.22 890 12 —5.88 2.58
GHRH/~ M C57BL6-129SV 610 56 —-2.24 1.38 920 39 —6.18 2.67 Sun etal. (2013)
F 660 52 —3.55 2.16 960 58 —-4.67 1.90
IGF-1R*~ F  C57BL/6) 800 38 —-5.35 2.62 870 34 —6.45 2.84 Xuetal (2014)
bIGF-1+/~ M 129/SvXC57BL/6 830 20 —-5.15 2.32 975 9 —13.98 5.70 Kappeler et al. (2008)
F 850 22 —-5.54 263 880 18 —-6.70 2.99
Ptentd M  C57BL6-CBA 780 49 —-4.77 2.56 880 32 —5.35 2.40 Ortega-Molina et al. (2012)
(75%:25%)
F 790 63 -6.17 3.1 910 32 —7.82 3.45
Akt1+/~ F  C57BL/6 780 79 —-5.40 2.85 870 80 —6.42 2.99 Nojima et al. (2013)
M 840 101 —-584 2.77 895 103 —-5.17 2.29
mTORA/A M 12951-C57BL/6Ncr 680 10 -5.44 3.19 830 17 —5.39 2.57 Wuetal (2013)
F 800 24 —3.59 1.74 960 26 —6.95 2.89
bSirt1t9 F  C57BL/6) 795 43 —-5.81 2.91 930 34 —7.40 3.25 Satoh et al. (2013)
M 855 47 =573 2.71 925 33 —-8.35 353
Sirt6to->> M C57BL/6J-BALB/c 865 35 -6.15 2.86 985 23 —6.41 2.54 Kanfietal. (2012)
Sirtete-108 M 730 36 —-4.08 2.18 790 25 —-486 2.23
Gpxd*'— M C57Bl/6 960 50 —-6.33 2.68 1030 50 —8.81 3.57 Ran et al. (2007)
mGstad '~ F  C57BL/6 740 50 —-4.12 2.18 840 50 —6.36 3.06 Singh et al. (2010)
hMTH 19 M+F C57BL/6 790 42 —-7.89 4.02 910 34 —6.78 2.94 De Luca et al. (2013)
TRXt9¢ M C57BU/6 890 60 —-4.15 1.73 950 60 —5.20 2.09 Pérez et al. (2011)
TgTertta? ?  C57BL6-DBA/2 690 68 —391 2.24 1010 27 —7.83 3.14 Tomés-Loba et al. (2008)
UCP119 M+F C57BL/6 820 53 —-4.85 2.29 940 51 —6.30 2.76 Gates et al. (2007)
Dgat~~ F  C57BL/6) 750 30 —-4.34 230 940 30 —7.38 3.20 Streeper et al. (2012)
PKA RIB~/~ M C57BU/6 900 20 —9.53 433 970 20 —6.68 2.79 Enns et al. (2009)
|kB-aPN M C57Bl/6 880 23 —11.26 5.28 965 31 —9.31 3.92 Zhang et al. (2013)
BubR1t9 M+F C57BL/6-SV129 630 60 —-3.12 2.00 730 57 —3.36 1.70 Baker et al. (2013)
AT1A~/~ M C57BL/6X129/SVEv 760 206 —-998 536 940 20 —12.57 5.30 Benigni et al. (2009)
ETA/~ M C57BL/6) 730 34 —-3.82 1.74 920 28 —3.90 1.49 Ceylan-Isik et al. (2013)
AgRP~/~ M+F C57BL/6J-129Sv 650 16 —-5.03 3.45 710 21 —5.66 3.36 Redmann and
Argyropoulos (2006)
Arf/p53t9 ?  C57BL/6) 840 1 =512 2.47 950 25 —8.16 3.51 Matheu et al. (2007)
Mclk 1+~ M+F  129/Svj-BALB/c 764 14 —-8.87 4.61 900 54 —5.2 2.35 Lapointe et al. (2009)
PAPP-A—/~ F C57BL/6-129Sv/E 670 50 —3.48 2.00 880 38 —4.77 2.08 Conover et al. (2010)
M 680 45 =271 145 830 40 —-3.98 1.75

M, male; F, female.

? Dash denotes a mix of the indicated backgrounds; “Xx" denotes F; cross.

b Sample size approximated from survival curve.

€ Cohort 2, male.

9 Sp53/Sp16/SArf/TgTert!d vs. Sp53.

differences in Gompertz parameters between control and
mutant groups contributed to changes in life span (Pletcher

et al. 2000).
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VBA code used to generate the simulated data described in
supplemental figures is provided in File S2, as a macro-en-
abled workbook for Microsoft Excel 2010.
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Data availability

The authors state that all data necessary for confirming the
conclusions presented in the article are represented fully
within the article or Supplemental Material (File S1).

Results

Life span of normal or genetically modified long-lived
mice is largely determined by changes to A, not G

To calculate Gompertz parameters, one requires numerical
survival data beyond what is typically provided in published
reports. Gompertz parameters for anumber of short- and long-
lived strains have previously been determined (Yen et al.
2008), and we included those in our analysis (set 1, summa-
rized in Table S1; note that we did not include calorically
restricted groups in our analysis). We divided the mice into
groups based on their life spans. Short-lived mice were de-
fined as those subjected to genetic manipulations that short-
ened life span relative to that of controls. We also included in
this group lines of mice known to have average life spans
markedly shorter than those of conventional lines of lab-
oratory mice, namely NZB/W mice, which are known to
suffer from severe autoimmune disease (Partridge et al.
2005), and senescence-accelerated mice (SAM) as well
as their “senescence-resistant” (SRM) controls (Avraam et al.
2013). Normal-lived mice were defined as those of the control
strains, with life spans typical of laboratory mouse strains.
Median “normal” life spans varied considerably (from 550 to
960 days), presumably dependent upon genetic background
or husbandry. Lines of mice were defined as long lived if their
life span was extended relative to that of normal-lived
controls.

This compilation was published in 2008, and the increasing
ease of mouse genetic manipulations and continued interest in
understanding the causes of aging have meant that the num-
ber of long-lived strains has continued to grow. We therefore
obtained numerical survival data from the published survival
curves of an additional 32 separate studies comparing 31 sep-
arate long-lived mutants (set 2, summarized in Table 1). We
did not search for additional short-lived strains of mice.

The two sets together therefore encompass a diverse col-
lection of genetic manipulations that have been shown to
extend life span and likely comprise a majority of published
reports of long-lived strains of mice (Yuan et al. 2009; Selman
and Withers 2011; Liao and Kennedy 2014). The affected
genes include those playing a role in oxidative stress re-
sponse, signaling (mTOR, insulin/insulin-like, or growth
hormone), metabolism, genomic integrity, mitochondrial
function, and cellular proliferation. One strain of mice, Atg5
transgenics (Pyo et al. 2013), was excluded from further
analysis because the parameter estimates [G of 8-14 and a
In(A) of —14 to —25] were so markedly different from those
of the remainder of the strains (Table 1).

To determine whether either Gompertz parameter
changed systematically with changes in longevity, we ex-
amined the relationship between median life spans and
Gompertz parameters for each cohort. In short-lived mice
the correlation of G with life span approached statistical sig-
nificance (Figure 2A: r = —0.47, P = 0.06). However, this
was largely due to the two shortest-lived lines (Klotho and
Lmna mutants), with median life spans <2 months (if they
were excluded, r = —0.22, P = 0.46). These two lines also
had by far the largest G (22 and 61, respectively, compared to
a median value of 3.3 for short-lived mice). There was no
correlation between life span and G for normal- or long-lived
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mice in set 1 (Figure 2A:r=0.11,P=0.70 andr = 0.25,P =
0.44, respectively). For set 2 (Figure 2B: r = 0.29, P = 0.0503
and r = 0.24, P = 0.10 for normal- and long-lived groups,
respectively), we saw no negative correlation and a border-
line statistically significant positive correlation (underscoring
that the changes in G in this set are not responsible for the
increased life spans).

In contrast to G, there was a clear negative correlation
between life span and In(A). This was apparent for short-,
normal-, and long-lived lines in set 1 (Figure 2C: r = —0.59,
P =0.018;r=—-0.54,P =0.04; and r = —0.82, P = 0.0015,
respectively) and for normal- and long-lived lines in set
2 (Figure 2D: r = —0.57, P < 0.0001 and r = —0.50, P =
0.0003, respectively).

Combining sets 1 and 2 together yields similar results to
those when they are analyzed separately, with no statistically
significant effect on G (Figure S1A) and a negative correlation
between In(A) and lifespan (r = —0.65, P < 0.0001) (Figure
S1B). Likewise, analyzing males and females separately (Fig-
ure S2) does not affect the Gompertz parameter-life span
relationship, with a negative correlation between In(A) and
life span (r = —0.69 and —0.55 for females and males, re-
spectively, P < 0.0001). The same relationship was also ap-
parent when restricting the analysis to those studies carried
out in the most commonly used background strain, C57BL/6,
where there was a weak positive correlation between G and
life span (r = 0.29, P = 0.04) and a strong negative correla-
tion between In(A) and life span (r = —0.60, P < 0.0001)
(Figure S3).

Estimation of Gompertz parameters can be subject to biases
resulting in systematic under- or overestimations (Promislow
et al. 1999), especially for smaller samples sizes, potentially
introducing statistical artifacts into our analysis. Correction
for potential systematic biases in parameter estimations (de-
termined using standard resampling techniques), as well as
removal of possible outliers, did not change the effects de-
scribed above (see Figure S4 and its legend).

Genetic differences underlie the relationship between A
and life span in a panel of inbred mice

The results shown in Figure 2 imply that the biological mech-
anisms that determine life span in laboratory mice are largely
those associated with changes to A, rather than G. As de-
scribed above, A has been interpreted as representing the
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W,

indicates that the change in parameter value contributes to the increased life span. Negative values indicate that the parameter change acts to shorten
life span. *** P < 0.0001 vs. 0 by Wilcoxon signed-rank test.

Figure 3 Pairwise comparison within studies of
long-lived mouse strains relative to normal-lived
controls (set 2). (A) Difference in Gompertz pa-
rameter values between long-lived and control
groups within studies (males and females ana-
lyzed separately). A positive value corresponds
to an increase in parameter value for long-lived
mice and a negative value to a decrease. (B) Frac-
tional contribution of each parameter change to
the extended life span of long-lived groups of
mice. Each bar is 1 unit long. A positive value

effect of age-independent factors on life span. It is therefore
possible that the systematic decrease in A with increased life
span that is apparent in Figure 2 could be due to environ-
mental differences between studies, with more beneficial
environments resulting in decreased aging-independent
mortality rates and, consequently, longer life spans. Indeed,
differences in the quality of husbandry have been raised as a
potential confounding variable in aging studies (Liang et al.
2003; Ladiges et al. 2009).

To address this question, we conducted a pairwise com-
parison, within studies, of Gompertz parameters for normal-
and long-lived lines in set 2 of mice. Among 52 long-lived lines
(males and females analyzed separately), A was decreased
relative to normal-lived controls in 43 lines. Within-study
In(A) values decreased by an average of —1.504 units in
the long-lived group (P < 0.0001 vs. 0 by Wilcoxon signed-
rank test). In contrast, G was increased by an average of 0.26
units (P = 0.08 vs. 0) (Figure 3A).

The above analysis considers A and G separately, when, in
reality, changes in both parameters cooperate to establish a
new survival trajectory when the survival curve of a popula-
tion is shifted. It is possible to determine the contribution of
each parameter to changes in average longevity (longevity
decomposition), revealing the extent to which each parame-
ter is responsible for the shift in life span (Pletcher et al.
2000). Thus, among the long-lived strains of set 2, changes
to A account for the majority of the life span increase in 38 of
52 long-lived strains (Figure 3B; P = 0.0009 vs. expected by
chance, by chi-square test).

To further differentiate between environmental and ge-
netic effects we determined the relationship between the
Gompertz parameters and life span among a group of 31 in-
bred strains of mice of various average life spans that were
maintained under uniform conditions. Complete survival data
were obtained from the Mouse Phenome Database, main-
tained by The Jackson Laboratory (Bogue et al. 2016). The
31 inbred strains used in this study were selected to encom-
pass the greatest possible genetic diversity (Yuan et al. 2009,
2012) and included wild-derived strains as well as represen-
tatives from the seven genetically related groups that com-
prise laboratory mice (Yuan et al. 2009).

In this data set (Figure 4, Table S2), there was no corre-
lation between median life span and G (r = 0.16, P = 0.23),
but life span was correlated with In(A) (r = —0.58, P < 0.0001).


http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.192369/-/DC1/FigureS1.tif
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.192369/-/DC1/FigureS1.tif
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.192369/-/DC1/FigureS1.tif
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.192369/-/DC1/FigureS2.tif
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.192369/-/DC1/FigureS2.tif
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.192369/-/DC1/FigureS3.tif
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.192369/-/DC1/FigureS4.tif
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.192369/-/DC1/TableS2.docx

These relationships were unchanged when we corrected for
systematic bias in parameter estimations, as well as upon
removal of possible outliers (Figure S5).

As an additional test, we determined the relationship be-
tween the Gompertz parameters and life span among a group
of 44 recombinant inbred strains of mice of various average life
spans that were maintained under uniform conditions (males
and females analyzed separately) (Liao et al. 2010). Although
the small sample size of these groups (n = 5) limits the re-
liability of Gompertz parameter estimation, we still observed
the same pattern of relationships between Gompertz param-
eters and life span, with no correlation between G and life
span (r = 0.14, P = 0.2) and a negative correlation be-
tween In(A) and life span (r = —0.38, P = 0.0006) (Figure
S6, Table S3).

Life span in C. elegans mutants is associated with
changes to G, not A

We wondered whether other classic model organisms com-
monly used for aging research would demonstrate a similar
invariance for G with increased life span. The nematode
C. elegans is one of the most widely used model organisms for
the study of aging (Antebi 2007; Li and Ren 2007; Van
Raamsdonk and Hekimi 2010). We calculated Gompertz pa-
rameters from published survival curves of 39 long-lived and
8 short-lived mutants, along with the 20 associated wild-type
(N2) controls (Table 2). These mutants were chosen to affect
a diverse collection of biological pathways including, but not
limited to, mitochondrial function, insulin/insulin-like sig-
naling, nutrient uptake, stress resistance, sensory perception,
and autophagy. All life span experiments were carried out at
20° on agar plates and had an associated N2 control. Because
of the large number of long-lived worm mutants that have
been identified, this represents only a limited subset of po-
tentially usable strains. For comparison, the GenAge data-
base of aging-related genes (Tacutu et al. 2013) currently
lists 112 long-lived C. elegans mutants (although survival
experiments for these mutants were not all conducted in a
manner that would have satisfied our inclusion criteria).

Initial observations showed that the standard Gompertz
model poorly fitted the survival of many groups of worms. In
line with this, an automated life span analysis performed on
populations of C. elegans with very large sample sizes (>200
animals) has recently shown that the exponential increase in
mortality rates that characterize the Gompertz survival
model largely ceases at later ages (Stroustrup et al. 2016).
Thus, logistic models that account for late-life mortality rate
deacceleration provide a better fit for C. elegans survival data.
Indeed, of the 11 groups of N2 worms with n > 100 [at which
sample size the actual population model can be reliably de-
termined from the sample (Wilson 1994)] all but 1 were best
described by the logistic model (see Materials and Methods
for details of the model comparison method). Of the 18 mu-
tant strains with n > 100, 16 were best fitted by the logistic
model. We therefore used this model to analyze all C. elegans
survival curves.
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Figure 4 Maximum-likelihood estimations of the Gompertz parameter
values plotted against median life span for strains maintained as part of
the mouse phenome project at The Jackson Laboratories (see Table S2 for
numeric values and descriptions of lines). Lines of best fit, Spearman
correlation coefficients (r), and associated P-values are shown. (A) Gompertz
parameter G, acceleration of mortality rates with age. (B) Natural log-
arithm of A, baseline mortality. Note that the line of best fit (determined
by linear regression) is shown as an aid for the reader and that the P-values
shown were determined separately by nonparametric methods. n = 13-32,
average = 30.1.

For C. elegans, median life span for short-lived strains
exhibited a trend toward a negative correlation with G
(r = —0.55, P = 0.16), and there was a statistically signifi-
cant negative correlation between G and lifespan for control
N2 or long-lived worms (r = —0.53,P = 0.02 and r = —0.70,
P < 0.0001, respectively) (Figure 5A). In contrast to what we
repeatedly observed in mice, there was no statistically signif-
icant relationship between In(A) and life span (Figure 5B).
There was an inverse relationship between the logistic pa-
rameter L and median life span for N2 worms (r = —0.54,P =
0.01), but this relationship did not reach statistical signifi-
cance for short- or long-lived strains (Figure 5C). These rela-
tionships were unchanged when we corrected for systematic
bias in parameter estimations, as well as upon removal of
possible outliers (Figure S7). Thus, changes to the rate-of-
aging parameter G seem to account for the bulk of the life
span increase in C. elegans.

Within studies, pairwise comparisons between mutant and
N2 control worms reveal that G is increased and that changes
to G make the greatest contribution to the increase in aver-
age life span, for 6 of 7 short-lived strains (Figure 6, A and
B). Among long-lived mutant strains, In(A) values were ac-
tually increased by an average of 1.24 (P = 0.0044 vs. 0 by
Wilcoxon signed-rank test) and the value of the L parameter
changed by an average of —1.38 (P = 0.0022 vs. 0). These
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Table 2, continued

Mutant

N2

Effect on

Median life

Median life

Source
Apfeld and Kenyon (1999)

life span
2.056
2.222
2.333

L
0.299
0.509

0.487

G
0.186
0.192

0.097

In(A)

-8.90
-9.17
—6.66

n
105

span (D)

L
2.471

G
0.475

In(A)

—8.45
-8.45
-8.91

n
347

347
309

span (D)

Allele(s)
0678

Gene(s)

37
40

18
18
18

tax-4

Apfeld and Kenyon (1999)
Van Raamsdonk and

31
114

2.471

0.475

p801

che-3
isp-1

42

0.982

0.451

gm150

Hekimi (2009)
Van Raamsdonk and

2.444

0.169 0.687

-9.36

147

44

0.982

0.451

309 -8.91

18

0k1030

clk-1; sod-2

Hekimi (2009)
Apfeld and Kenyon (1999)

2.444
2.810

0.000

0.429

0.092

-6.74
—-8.43

347 -8.45 0.475 2.471 44 46
-7.72 2000

18
21

p813

osm-5

Van Raamsdonk et al. (2010)

0.130

59

0.265

0.303

2000

el370;

daf-2; clk-9

gm164
e1370,

Van Raamsdonk et al. (2010)

3.200

0.313

0.055

2.747 48 2000 —6.08

0.720

2000 —10.90

15

daf-2; clk-2

agm37
el370

Van Raamsdonk and

0.000 3.500

0.074

63 168 —7.38

0.982

0.451

309 -8.91

18

daf-2

Hekimi (2009)

Note that some mutant strains were compared to the same N2.

2 Twenty worms per plate were examined with three trials per strain.

b Sum of at least three independent trials and an initial number of 80 worms per strain per trial.
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Figure 5 Logistic parameter values for short-lived, long-lived, and wild--
type control (N2) lines of C. elegans. Lines of best fit, Spearman correla-
tion coefficients, r, and associated P-values are shown. (A) MLE
estimations of the Gompertz parameter G, describing the age-related
acceleration of mortality rates. (B) Natural logarithms of the MLE estima-
tions of the Gompertz parameter A, the baseline mortality rate. (C) MLE
estimations for the late-stage mortality rate deacceleration parameter L.
Note that the line of best fit (determined by linear regression) is shown as
an aid for the reader, and the P-values shown were determined separately
by nonparametric methods.

effects (which by themselves would decrease life span) were
offset by a decrease in G (—0.28, P < 0.0001 vs. 0) (Figure
6C). Accordingly, changes to G made the greatest contribu-
tion to the increased average life span in 33 of 39 long-lived
strains (Figure 6D).

Due to the inherent variability in any one study, it would be
difficult to reliably conclude whether a particular long-
lived strain has a certain characteristic effect on the
Gompertz parameters. For example, unique environmental
or methodological issues could subtly influence the pattern of
mortality in a particular study. We therefore analyzed survival
results from multiple studies for three long-lived mutants that
have been widely studied. We chose daf-2(e1370) as a model
of impaired insulin/insulin-like signaling (Kenyon et al.
1993; Murphy and Hu 2013), isp-1(qgm150) as a model of
impaired mitochondrial function (Feng et al. 2001; Dancy
et al. 2015; Wang and Hekimi 2015), and the feeding-im-
paired eat-2(ad1116) mutant as a model of caloric restriction
(Lakowski and Hekimi 1998; Lan et al. 2015). We identified
18 daf-2 studies, 13 isp-1 studies, and 23 eat-2 studies
and determined the Gompertz parameters from published
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Figure 6 Pairwise comparison
within studies of short- and long-
lived C. elegans strains relative to
their normal-lived N2 controls. (A)
Differences in Gompertz parameter
values between short-lived and N2
groups within studies. A positive
value corresponds to an increase in
parameter value for the mutant and
a negative value to a decrease. (B)
Fractional contribution of each pa-
rameter change to the shortened
life span of short-lived lines of
worms. Each bar is 1 unit long. A
positive value indicates that the
change in parameter value contrib-
utes to the shortened life span of
the mutant. Negative values indicate
that the parameter change acts to
lengthen life span. (C) Differences
in Gompertz parameter values be-
tween long-lived and N2 groups
within studies. (D) Fractional contri-

(mm A mm G L|

bution of each parameter change to the lengthened life span of long-lived lines of worms. A positive value indicates that the change in parameter value
contributes to the increased life span of the mutant. Negative values indicate that the parameter change acts to shorten life span.

survival data (Table S4). There were decreases in G for the
long-lived mutants relative to normal-lived N2 controls for
each group of mutants (Figure 7, A-C, P = 0.0012 vs. a change
of 0 by Wilcoxon signed-rank test) and no statistically signifi-
cant effects on A or L (Figure 7, A-C). Likewise, decomposition
of the contribution of each parameter to the increased longev-
ity of each mutant revealed that, in the majority of studies for
each mutant, changes to G were the dominant contributor to
the increased average life span (Figure 7, D-F). We therefore
conclude that daf-2, isp-1, and eat-2 mutations can be reliably
said to extend life span through decreases to the age-depen-
dent acceleration of mortality rates.

Discussion

We found that the age-dependent acceleration of mortality
rate, G, remained essentially invariant throughout the wide
range of life spans that characterized normal and genetically
long-lived mice (Figure 2). This is consistent with earlier
findings that G is reasonably constant between different hu-
man populations and among a small number of inbred strains
of laboratory mice (Finch 1990), as well as among wild-
caught strains of Drosophila (Spencer and Promislow 2005),
and that life-span-extending interventions in mice had a
tendency to be associated with statistically significant
changes in A, rather than G (Yen et al. 2008). We have shown
that this effect is systematic, rather than sporadic, and can be
observed even in homogenous environmental conditions,
where the genetic makeup of the strains is the only variable
(Figure 4). Thus it appears that most variation in mouse life
span—save for extreme shortenings—is largely due to mech-
anisms that affect initial vulnerability. Importantly, this is true
among populations of both wild-type control strains and those
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with experimentally introduced or spontaneous single-gene
mutations that extend life span.

The apparent invariance of G for mice (Figure 2 and Figure
4) suggests that it is fixed within a relatively narrow band,
with both increases and decreases likely to be associated with
dramatically shortened life spans. Indeed, for the data set
containing short-lived mice, the three lowest G values, as well
as the seven largest, were associated with shortened life
spans (Table S1 and Figure 2A). Interestingly, even decreases
in G associated with extended life span may be accompanied
by signs of early frailty relative to wild type. For example,
young Mclk1*/~ mice have impaired mitochondrial function
and increased mitochondrial oxidative stress that is not ap-
parent in aged Mclk1*/~ mice (Lapointe and Hekimi 2008;
Lapointe et al. 2009). This is associated with increased mor-
tality relative to that of wild-type siblings that is reversed at
~2 years of age (made dramatically apparent by a crossing
over of the survival curves at midlife), coupled with an in-
creased A (Lapointe et al. 2009). Similarly, young Prop14¥
mice (with decreased G, Table S1) exhibit some marked
physiological deficiencies in addition to their dwarf stature,
including infertility, decreased ambulatory activity, and early
frailty exemplified by a requirement for a prolonged nursing
period and group housing (Conover and Bale 2007), along
with a trend toward an increased A. Thus, observations in
these two strains are consistent with decreases to G in mice
being associated with detrimental effects of varying severity.
These may be counterbalanced by protective effects over the
long term, resulting in an increased life span.

Short-lived lines of mice demonstrated great variability in
terms of the relationship between the Gompertz parameters
and life span (Figure 2). This is consistent with the view that
some or all of these lines may be short lived due to sicknesses
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distinct from aging and that the diversity of possible causes of
mortality in this group combined to prevent the establish-
ment of any clear pattern.

The remarkable invariance of G across a great range of
mouse life spans would imply that these differences in life
span do not reflect changes to the underlying biological aging
process. This would seem to suggest that the vast majority of
variation to life span seen in normal or long-lived mice—
whether due to single-gene mutations or the more complex
genetic heterogeneity among different strains—is not associ-
ated with any change in the aging process, but rather to
aging-independent physiological features. Thus, Bub1b mu-
tants (G = 2.55; median life span = 6 months), C57Bl/6
controls for Trx transgenic mice (G = 2.67; life span =
19 months), and Propl®¥ mice (G = 2.89; life span =
41 months) could be said to be aging at essentially the same
rate. This is a surprising finding, since several long-lived strains
of mice have been found to be resistant to the development of
age-dependent pathologies (Flurkey et al. 2001; Kinney et al.
2001a,b; Ladiges et al. 2009), including several strains in which
G was not decreased. For example, long-lived AC5~/~ mice (G
of 4.72 vs. 3.46 in controls) were protected from aging-induced
cardiomyopathy (Yan et al. 2007), and both long-lived female
Irs1=/~ mice (G of 2.83 vs. 2.73 in controls) and S6K1~/~ mice
(G of 2.45 vs. 2.15 in controls) exhibited superior maintenance
of motor skills and immune function into old age relative to
their wild-type controls (Selman et al. 2008, 2009). Such signs
of delayed biological aging have also been observed in FIRKO

Figure 7 Pairwise comparison of
Gompertz parameters within stud-
ies of long-lived daf-2, isp-1, and
eat-2 mutants (tabulated data in
Table S4). (A-C) Differences in
Gompertz parameter values be-

F (mm A  mm G L|

tween N2 and (A) daf-2(e1370),

Iigit
iy

(B) isp-1(gm150), and (C) eat-
2(ad1116) mutants within studies.
A positive value corresponds to an
increase in parameter value for
the mutant and a negative value
to a decrease. (D-F) Fractional
contribution of each parameter
change to the lengthened life
span of (D) daf-2, (E) isp-1, and
(F) eat-2 mutant worms. Each bar
is 1 unit long. A positive value in-
dicates that the change in param-
eter value contributes to the
increased life span of the mutant.
Negative values indicate that the
parameter change acts to shorten
life span. ** P =0.0012, *** P <
0.0001 vs. 0 by Wilcoxon signed-
rank test.

(Katicet al. 2007) and «MUPA (Gutman et al. 2011; Yanai et al.
2011) mice, both of which were found to be long lived with a
statistically significant decrease in A and a trend toward an
increased G (Table S1).

It would seem surprising that a population that is not aging
slower would consist of individuals showing a slower rate of
biological aging. How can we explain long-lived mice with
fewer age-dependent pathologies but an unchanged rate of
population aging? One possible explanation for this apparent
paradox is that these interventions are delaying the age of
onset of age-related pathologies, rather than slowing their
progression. Pathological analysis carried out at a single
young and old age (represented by the vertical dashed lines
in Figure 1), as is common in murine life span studies, would
not differentiate between delays in pathology onset and a
change in the rate at which they worsen. Interestingly, a
delayed onset of age-related pathology would also mirror
the changes to mortality patterns for populations where life
span increases due to changes to A, in which the rapid increase
in mortality rates that characterizes mid- to old-age animals is
delayed (Figure 1, solid blue lines). It has also been suggested
that such a “rectangularization of the survival curve” in human
populations would be associated with decreased durations of
morbidity and hence beneficial (Fries 1980).

It is also worth noting that, although the theory behind
the Gompertz model has been well explored (Gavrilov and
Gavrilova 2001; Ricklefs and Scheuerlein 2002; Milne 2008),
the role of G as a measure of the rate of aging does not seem
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to have been subject to experimental validation (Driver 2001;
Masoro 2006). As an alternative to the traditional view of G
as a measure of aging, it has been suggested that a reduction
in age-specific mortality throughout most of adult life would
be sufficient evidence of a slower rate of aging, even if the
rate at which it increased with age was unaffected (Masoro
2006). If future studies were to find that long-lived lines of
mice display convincing evidence of a slower rate of accumu-
lation of age-dependent pathology (i.e., slower biological ag-
ing), despite alterations to A rather than G, this may be cause
to rethink our conventional understanding of the meaning
behind the Gompertz parameters.

The extended life spans of long-lived C. elegans mutants were
found to be associated with decreases in the Gompertz param-
eter G, the rate of aging. This is in striking contrast to what we
observed in mice. Such species-specific differences should per-
haps not be unexpected: Although C. elegans has important
advantages as a model organism for the study of aging, they
are (unlike mammals) poikilothermic and self-fertilizing her-
maphrodites (Brenner 1974; Hekimi et al. 2001), and aspects
of their aging process are clearly distinct from those of mammals
(Gruber et al. 2014). For example, the last portion of worm life
span is often spent lying immobile on its plate, moving only
rarely or if prodded (in some long-lived mutants, they can spend
one-quarter of their life in this state) (Van Raamsdonk et al.
2010). This is not observed in mice, where immobility is cause
for immediate euthanasia. Nematodes are also tolerant of
physiological states that would be lethal in mammals, such
as extreme hypoxia and hyperoxia (Van Voorhies and Ward
2000).

Another striking difference between long-lived worm and
mouse mutants is the degree to which life span can be extended.
Among the studies analyzed here, the average percentage of
increase in life span was 76% for worms [with a maximum of
250% for daf-2(e1370) mutants and eight other strains with
a >100% increase] vs. 20% for mice (including sets 1 and 2).
Among mice, the two strains showing the greatest increase in
life span showed increases of 92% and 51%, respectively, sub-
stantially less than observed for long-lived C. elegans (Figure
S8A). It is possible that dramatic physiological shifts are re-
quired for the greatest increases in life span and that these
are associated with changes to G rather than A. Thus we could
predict that long-lived strains of C. elegans or mice with equiv-
alent increases in life span relative to their controls might show
similar changes to their Gompertz parameters. This is difficult
to test because of the limited overlap in the degree of life span
extension between the two species (Figure S8B). However, at
the point of greatest overlap (C. elegans and mice with median
life spans extended between 1.3 and 1.4 times relative to their
controls), while there does not appear to be a difference in the
effects on G, the effects on In(A) are significantly different be-
tween the two species [P = 0.0317 by Mann-Whitney test, with
In(A) tending to be increased in long-lived worms and de-
creased in long-lived mice]. This suggests that the interspecies
difference in parameter effects is not simply due to the degree
of life span extension.
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The trends that we have described in this study do not rule
out the existence of long-lived mouse mutants with decreases in
G rather than A or long-lived worms with changes to A rather
than G. Such exceptions would in fact be valuable comparators
to lines showing the more stereotyped pattern of changes and
may help relate changes in mortality trends to underlying bi-
ological mechanisms. Interestingly, one environmental inter-
vention, caloric restriction, seems to increase life span in mice
via decreases to G, rather than A (Simons et al. 2013).

C. elegans, in particular, are attractive model organisms for
identification of short- or long-lived strains that exhibit atyp-
ical Gompertzian behavior because their short life span
and minimal requirements for uptake allow for higher-
throughput life span experiments with greater sample sizes.
Indeed, a recent study used a novel automated imaging sys-
tem to collect high-precision survival data for multiple repli-
cate populations of =500 animals (Stroustrup et al. 2016).
Intriguingly, the authors found that life-span-shortening or
-extending mutations resulted in survival curves that could
be mapped onto control survival curves by application of a
single temporal scaling parameter. The mortality rate models
used here were constructed using a parameterization that is
incompatible with such investigations of temporal scaling
(Stroustrup et al. 2016), but it is tempting to imagine using
this tool to identify strains of C. elegans that have extended
life spans characterized by decreases to A, rather than G.

In conclusion, our principal finding is the interspecies vari-
ation in mortality rate kinetics in response to genetically driven
changes to life span. In normal and long-lived mutant mice,
there was a remarkable invariance of the age-dependent accel-
eration of mortality rate, represented by the Gompertz param-
eter G, across a wide range of median life spans. Although
genetic manipulations are capable of increasing G in mice, such
changes are more likely to result in shortened than in length-
ened life span. Genetic alterations that extend life span, or
affect life span within the normal range, almost invariably act
through changes to the age-independent Gompertz parameter
A. This appears to be true for single-gene mutations, as well as
for the more complex changes that affect life span in various
laboratory strains. This indicates that the vast majority of
mouse life span extensions achieved via genetic manipulation
are due to a delay in the onset of age-dependent mortality,
rather than a slowing of the aging rate itself. This was not,
however, conserved across species, with long-lived C. elegans
exhibiting a decreased G. It is perhaps not surprising that the
nature of life span extension may be fundamentally different
between these species, given the substantial differences in
physiology and environmental niche occupied, as well as life
spans that differ by orders of magnitude.
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Table S1. Previously published (Yen et al. 2008) maximum likelihood estimations of the
Gompertz parameter values obtained from published survival curves (Set 1).

Control Intervention
Median Median
Gene and_ Background n lifespan In(A) G n lifespan In(A) G
allele or strain
(days) (days)

Atm ™, Terc ™ C57BL/6XWWG - - - 51 343 | 151 16 (Wong et al. 2003)
NZB/W NZWxNZB(F1) - - - 22 274 | -3.16 6.251  (Conde et al. 1998)
Bub1b™™" 129/SvxFVB - - - 212 182 | 0.321 2.55 (Baker et al. 2004)
Clebp®® C57BL/6J 30 8511 -5.29 2.33 ,

wbioh 30 684 * 6.02 34 (Chiu et al. 2004)
Lep C57BL/6J 40 547 | -4.81 3.65

B6(B6C3F1) .
Cat TG «CS7BL /6] 58 790 495 244 42 9731 -5.95 2.48 (Schriner et al. 2005)
GHTG C56BL/6XSIL 16 800 456  2.14 9 400 | -6.73 6.06 1  (Bartke 2003)
Ghr ™ OLA-BALB/cJ 15 698 348  1.95 11 888 1 -5.25 2.14 (Coschigano et al. 2003)
Ghrhr "™ C57BL/6 31 882 6.77 2.86 35 1094 1 -8.47 2.9 (Flurkey et al. 2001)
lgfir *" 129/J 17 654 336 225 20 7751 -5.62 2.88 (Holzenberger et al. 2003)
Insr " (Firko) FVBx129S4 67 913 475 222 60 10171 -7.56 | 2.98 (Bliiher et al. 2003)
Klotho ¥ C57BL/6J + C3H/J - - - 29 57 | -0.88  22.061 (Kuro-O etal. 1997)
L530P/L530P C57BL/6 +
Lmna 129S1/Sv - - - 25 29 | -1.27 61.06 1 (Mounkes et al. 2003)
MsrA * C57BL/6 + 14 788 413 258 17 400, 312 423  (Moskovitz et al. 2001)
129/SvJ

p53*" 129/SV + C57BL/6 217 500 | 371 2.75

o 56 826 * 722 334 (Tyner et al. 2002)
p53 129/SV + C57BL/6 35 672 | -5.2 2.97
p66°"° 129/Sv 14 761 -135 717 15 9731 -8.25 3.57 (Migliaccio et al. 1999)
pity 4vaw C3H/HeJ + DW/J 34 882 -7.66  3.44 25 1216 1 -7.96 2.47 (Flurkey et al. 2001)
EA'SL;,Z)G (a- FVBIN 33 851 -487 238 33 9881  -8.47 ] 3.32 (Miskin and Masos 1997)
PolgA™mt 129 + C57BL/6 - - - 38 336| -857] 11.271 (Trifunovic et al. 2004)
Prdx1 B6x129SVEvV - - - 34 730 | -3.15 1.46 | (Neumann et al. 2003)
Prop1 Ames Stock 13 650 38 204 16 12501  -9.57 | 2.89 (Brown-Borg et al. 1996)
Prop1 % Ames Stock 26 750 -6.68 3.8 24 10001  -6.05 2.33|  (Bartke et al. 2001)
Senescence
Accelerated AKR 377 395 ** -2.22 2.36 493 289 | -2.48 3.94 1 (Takeda et al. 1981)
Mice (SAM)

o C57BL/6J +

Top3B 129/SVEV - - - 30 441 | -1.11 0.89 | (Kwan and Wang 2001)
Trx TG C57BL/6 82 577 373 267 94 699 1 -4.26 2.52 (Mitsui et al. 2002)
win*, Terc”  CB7BL/6 +129Sv - - - 39 210, -0.671 208  (Changetal. 2004)

+ BALB/c + SLJ

Gompertz parameter values, their statistical significance and genetic backgrounds are as published
previously (Adapted from TABLE 1, Yen et al. 2008). Statistically-significant changes relative to controls
(as determined by Yen et al.) are indicated by up (increased) or down (decreased) arrows. When controls
were not reported, statistical comparisons were made against generic, representative control values (G =
2.93 and In(A) = -5.43). Tg: transgene. Median lifespans were obtained from the original cited paper.

* C/ebp and lep mutants shared the same control group, as did p53 *and

+/m

mice

** Controls for Senescence-Accelerated Mice ("senescence-resistant” mice) were considered to be short-
lived for the purposes of this analysis
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Table S2. Tabular data for lines of inbred mice described in Figure 4.

Female Male
Median Median
Strain lifespan n In(A) G lifespan n In(A) G
(days) (days)

129S51/Svim) 770 32 -5.01 250 880 32 -745 3.36
A/l 640 32 -5.67 3.69 620 30 -4.67 3.15
BALB/cBy) 760 32 -6.38 3.48 710 32 -3.53 205
BTBR T+ tf/J 600 32 426 3.05 560 32 -346 236
BUB/BnJ 620 24 -2.63 1.62 490 25 -2.26  1.37
C3H/Hel 780 29 -7.07 394 710 32 -548 3.07
C57BL/10) 890 32 -4.00 1.79 780 27 -6.08 3.27
C57BL/6) 865 29 -550 2.50 900 32 -7.64 3.40
C57BLKS/) 850 32 470 245 825 32 -742 355
C57BR/cd) 880 32 -6.12 296 850 32 -6.76 3.24
C57L/) 720 32 -12.75 7.24 730 32 -921 530
CAST/Ei) 670 17 -5.06 3.09

CBA/) 640 30 -3.77 240 650 32 -400 2.46
DBA/2) 640 32 -267 176 705 32 -443 276
FVB/NJ 760 29 -3.75 1.88 590 25 -297 1.84
KK/HIJ 590 32 491 351 620 32 -3.71 238
LP/) 810 32 493 237 810 32 -584 291
MOLF 680 32 -394 228 630 32 -6.05 4.26
MRL/MpJ 550 31 -4.89 3.81

NOD.B10Sn-H2 /J 660 32 -5.06 3.16 700 31 -358 201
NON/ShiLtJ 750 31 -6.27 3.50 840 32 -822 3.99
NZO/HILtJ 560 32 -2.79 2.03 415 31 -1.81 1.57
NZW/Lac) 730 32 491 2.68 770 32 -3.68 1.69
P/J 680 32 -394 229

PL/) 410 32 -257 240 460 32 -297 272
PWD/PhlJ 850 32 -5.70 2.77 815 27 -4.59 2.36
RINS/) 790 32 -7.75 3.97 830 32 -9.12 4.29
SIL/) 450 30 -236 2.01 510 16 -4.28 3.60
SM/J 750 32 522 2.86 780 31 -6.56 3.59
SWR/J 635 31 -3.20 1.92 710 32 -2.70 1.49
WSB/EiJ 950 32 -356 1.39 900 32 -2.89 117




Table S3. Tabular data for ad libitum-fed recombinant inbred mice described in Figure S3.

Male Female

Line Median Median

lifespan n In(A) G lifespan n In(A) G
Number

(days) (days)
3 700 5 -0.26 0.00 1045 5 -4.47 1.86
7 1048 5 -24.58 9.39 1143 5 -6.81 2.58
13 696 5 -4.26 2.36 863 5 -16.45 7.65
14 946 5 -3.92 1.86
16 758 6 -5.28 3.12 687 5 -2.18 1.37
19 981 5 -8.38 3.66 938 5 -8.41 3.87
22 1168 5 -14.64 5.11
23 1063 11 -5.35 2.07 991 15 -7.74 3.13
24 829 5 -4.31 2.30 1023 5 -3.05 1.22
25 979 5 -7.99 3.47 979 5 -44.12  17.45
26 1043 5 -31.75 11.98 1049 5 -34.42 12.90
28 716 5 -8.90 5.31
41 787 5 -27.82 14.08 986 5 -6.83 3.10
46 1147 5 -8.91 3.36
48 751 5 -4.10 2.22 898 5 -3.20 1.51
49 892 4 -4.24 2.08 712 5 -7.85 4.79
50 459 5 -2.07 2.04 291 5 -1.42 2.41
51 1018 5 -6.89 2.91 820 5 -5.14 2.63
52 713 5 -2.59 1.74
56 1277 5 -3.72 1.26 1145 5 -5.52 2.02
60 1073 5 -1.73 0.62
62 1055 5 -16.48 6.26
66 685 5 -2.56 1.60 743 5 -3.01 1.79
79 1094 5 -13.54 4,98
80 803 5 -7.75 4.09 887 5 -11.46 5.22
84 900 5 -8.43 4.01 810 5 -11.70 5.96
86 1111 5 -5.91 2.34 926 4 -7.43 3.33
89 951 5 -2.55 1.19 889 5 -2.74 1.48
90 829 5 -9.86 4.99 906 5 -35.11 15.19
92 994 5 -6.79 2.79 798 5 -3.66 1.82
94 718 5 -3.41 1.69 699 5 -5.99 3.84
97 991 5 37.24 999 5 33.35
98 1187 5 -7.32 2.58 1249 5 -9.22 3.07
99 930 5 -9.01 4.00 887 5 -3.25 1.63
100 895 5 -34.14 14.85 924 5 -35.15 15.11
103 823 5 -23.27 11.28 855 5 -8.81 4.23
107 1079 5 -13.01 4.83 596 5 -2.88 1.93
110 587 5 -5.45 4.20 851 5 -3.47 1.76
112 946.5 4 -3.24 1.42 600 5 -3.70 2.49
114 1013 5 -13.17 5.42 911 5 -4.85 2.20
115 992 5 -7.43 3.22 746 5 -4.49 2.70
117 893 5 -4.53 2.07 641 5 -3.41 2.30
122 859 5 -9.22 4.42 1010 5 -2.68 1.12
123 915 5 -5.46 2.51 962 5 -23.16 9.62

Line numbers correspond to those from source publication (Liao et al. 2010).



Table S4. Source publications and tabular data for daf-2, isp-1 and eat-2 mutant lines described
in Figure 7.

n Median Lifespan Fractional contribution to lifespan

Source Publication (days) increase

N2 mutant N2 mutant A G S

daf-2 (e1370)

(Kaeberlein et al. 2006) 58 41 19 37.5 0.40123 0.49956 0.09921
(Tullet et al. 2008) 90 88 21 39 0.436832 0.552616 -0.01055
(Troemel et al. 2006) 90 88 16 39 -0.10334 0.896655 0
(Yang and Hekimi 2010a) 400 150 18 44 0.121681 0.812151 -0.06617
(Wang et al. 2008) 80 80 19 34 -0.23511 0.75992 0.004969
(Mehta et al. 2009) 40 40 22 29 -0.241  0.577434 0.181565
(Tissenbaum and Guarente 2001) 142 293 18 45 -0.02147 0.906075 -0.07245
(Hsu et al. 2003) 48 41 20 45 -0.20419 0.790542 -0.00526
(Lin et al. 2001) 348 140 19 46 -0.1727 0.821857 -0.00544
(Garsin et al. 2003) 75 75 16 31 -0.05878 0.941221 0
(Huang et al. 2004) 180 114 16 36 -0.191  0.775917 -0.03308
(Dorman et al. 1995) 48 37 17 38.5 -0.06963 0.905061 0.025306
(Apfeld and Kenyon 1999) 100 100 18 53 -0.19923 0.787241 -0.01353
(Berdichevsky et al. 2006) 70 100 19 40 0.74393 0.23844 0.01763
(Kenyon et al. 1993) 49 42 19.5 44 -0.14888 0.764857 -0.08626
(Oh et al. 2005) 125 46 16 42 0.256288 0.608954 -0.13476
(Van Raamsdonk et al. 2010) 100 100 22 38 -0.07721 0.814284 0.108506
(Van Raamsdonk and Hekimi 2009) 309 168 19 66 -0.15918 0.814043 -0.02678

isp-1 (gm150)

(Feng et al. 2001) 380 283 22 34 -0.25783 0.733226 0.008946
(Curtis et al. 2006) 157 45 21 28 0.310793 -0.16912 0.520091
(Van Raamsdonk and Hekimi 2009) 309 114 19 43 -0.20072 0.778142 -0.02114
(Dingley et al. 2009) 38 37 14 21 -0.40716 0.586179 -0.00666
(Yang and Hekimi 2010b) 150 150 22 35 -0.33977 0.638542 -0.02169
(Lee et al. 2010) 107 96 15 27 0.867935 0.098988 -0.03308
(Yang and Hekimi 2010a) 400 200 21 35 -0.17697 0.816204 -0.00682
(Baruah et al. 2014) 112 117 22 32 -0.39118 0.608112 -0.00071
(Yee et al. 2014) 250 200 18 34 -0.22033 0.732193 -0.04748
(Hsu et al. 2003) 48 35 20 27 -0.28045 0.707574 -0.01197
(Torgovnick et al. 2010) 238 162 16 25 0.330464 0.589386 -0.08015
(Bennett et al. 2014) 365 206 20 26 0.245278 0.189918 0.564804

(Mouchiroud et al. 2011) 55 53 13 20 -0.17964 0.27395 0.546407



eat-2 (ad1116)
(Panowski et al. 2007)
(Park et al. 2010)
(Lakowski and Hekimi 1998)

70
60
50

(Van Raamsdonk and Hekimi 2009) 240

(Carrano et al. 2009)
(Seo et al. 2015)

(Hsu et al. 2003)

(Greer and Brunet 2009)
(Schreiber et al. 2010)
(Ching et al. 2011)
(Schleit et al. 2011)
(Yuan et al. 2012)
(Gaglia et al. 2012)
(Rousakis et al. 2013)
(Thondamal et al. 2014)
(Yee et al. 2014)
(Zimmerman and Kim 2014)
(Chin et al. 2014)
(Asthana et al. 2015)
(Hine et al. 2015)

(Seo et al. 2016)

(Singh et al. 2016)
(Merkwirth et al. 2016)

67
75
48
86
100
63
181
65
75
110
102
150
61
100
217
100
101
93
101

48
60
36
240
74
75
41
84
71
70
139
60
94
160
108
150
83
59
189
100
81
88
63

18
20
20
18
23
17
21
23
18
15
18
20.5
16
19
18
19
17.5
15
18
20
19.5
21
19

26
26
29
35
30
245
29
29
20
23
24
32
24
22
22
31
20
22
225
29
31
32
26

-0.27081
-0.29919
-0.05582
0.475685
-0.27415
0.896784
0.967482
-0.19653
-0.32004
-0.31604
0.753534
-0.01853
-0.27517
0.318461
0.404702
-0.19329
-0.1679
-0.24939
-0.35872
0.589966
0.574392
0.154243
-0.26723

0.634363
0.593557
0.623448
0.361144
0.725852
-0.0909
-0.03252
0.748508
0.599089
0.676153
-0.07513
0.981473
0.703776
0.597187
-0.24621
0.748434
0.570557
0.721649
0.641277
0.244302
0.385386
0.733848
0.693701

-0.09483
-0.10725
0.320736
0.163172
0
0.012314
0
-0.05496
0.080875
-0.00781
-0.17133
0
-0.02105
-0.08435
0.349087
0.058274
-0.26155
-0.02897
0
0.165732
-0.04022
-0.11191
-0.03907
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Figure S1. Maximum likelihood (MLE) estimations of the Gompertz parameter (A) 'G' and (B)
‘A, expressed as its natural logarithm, plotted against median lifespan for lines of mice with
varying lifespans, including both studies 1 and 2. Lines of best fit, Spearman correlation
coefficients (r) and associated p values are shown. Note that the line of best fit (determined by
linear regression) is shown as an aid for the reader, and the p-values shown were determined
separately by non-parametric methods. Thus, the slope of the line of best fit in panel A is unduly

influenced by the presence of a small number of abnormally high parameter values for the
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shortest-lived strains of mice. In contrast, the rank-based non-parametric Spearman correlation
coefficient is less sensitive to outliers, and hence better reflects the orientation of the majority of
points. The dashed line in panel (A) shows the line of best fit with the two highest 'G' values

excluded.
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Figure S2. Maximum likelihood (MLE) estimations of the Gompertz parameters 'G' and 'A’,

plotted against median lifespan for lines of mice with varying lifespans, separated by sex (Set 2).

Long-lived strains are represented by blue triangles and normal-lived (control) strains by grey

circles. Lines of best fit, Spearman correlation coefficients (r) and associated p values are shown.

Note that the line of best fit (determined by linear regression) is shown as an aid for the reader,

and the p-values shown were determined separately by non-parametric methods.
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Figure S3. Maximum likelihood (MLE) estimations of the Gompertz parameters 'G' and 'A’,

plotted against median lifespan for lines of mice with varying lifespans, for mice in the

C57BL6/J genetic background only (from Set 2). Long-lived strains are represented by blue

triangles and normal-lived (control) strains by grey circles. Lines of best fit, Spearman

correlation coefficients (r) and associated p values are shown. Note that the line of best fit

(determined by linear regression) is shown as an aid for the reader, and the p-values shown were

determined separately by non-parametric methods.
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Figure S4 Correction for maximum likelihood parameter estimation error and possible bias
due to outliers, corresponding to Figure 2. Panels (A) through (D) show relationship between
Gompertz parameters and median lifespan after correction for estimation error (as described
below). As previously described (Promislow et al. 1999), MLE consistently overestimated ‘G’
and underestimated In(A). However, the magnitude of these estimation errors (as median
(interquartile range), 0.087 (0.050 to 0.16), -0.16 (-0.29 to -0.094) for 'G" and In(A) respectively)
did not appreciably alter the parameter-lifespan relationship. Panels (E) through (H) show
relationship between Gompertz parameters and median lifespan in the absence of potential
outliers (shown as asterisks, and excluded from statistical analysis). Outliers were identified
using the robust regression and outlier removal (ROUT) method (with Q set to the recommended
value of 1%, corresponding to a 1% false discovery rate) in Prism (Motulsky and Brown 2006).

We determined parameter estimation errors via a resampling engine that we wrote in
Visual Basic for Applications 6.5 (Microsoft). This produced lifespans from a simulated cohort
of a theoretical population with a Gompertz distribution of known 'G" and 'A" values.

The inverse of the Gompertz cumulative hazard function (Conover et al. 2010) in the
form of the following function was used to generate survival times for populations adhering to
the Gompertz model:

(1/G)*In((G/A)*-In(rand())+1)

The effectiveness of this algorithm was tested by modeling a hypothetical Gompertzian
population with an ‘A" of 0.001 (In(A) of -6.908) and a ‘G’ of 0.1, with a sample size of 10000.
This generated data in a Gompertz distribution yielding MLE parameter estimates of A =

0.00098, G = 0.10044.
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In order to account for potential bias in parameter estimation we predicted estimation
error for each survival experiment included in our analysis, and used this to determine corrected
values. First, we generated subsamples from a Gompertzian population with the same parameters
as for the original survival experiment. For each experiment, 1000 subpopulations were
generated, each consisting of a number of subsamples corresponding to the original sample size.
Parameter values were estimated from these using MLE, and the median difference between
these subsample estimates and the estimates from the survival experiment were used to
determine estimation error. This was then subtracted from the original parameter values to
produce corrected values. Note that, while this accounts for systematic estimation error due to
sample size and location in the parameter space, it cannot account for random variation due to

sample size alone.
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Correction for maximum likelihood parameter estimation error and possible bias

due to outliers, corresponding to Figure 4 (inbred mice from Jackson labs Mouse Phenome

Database). Panels (A) and (B) show relationship between Gompertz parameters and median

lifespan after correction for estimation error as described for Figure S1. MLE consistently

overestimated 'G' and underestimated In(A). However, the magnitude of these estimation errors

(as median (interquartile range), 0.086 (0.064 to 0.11), -0.14 (-0.20 to -0.10) for 'G" and In(A)

respectively) did not appreciably alter the parameter-lifespan relationship. Panels (C) and (D)

show relationship between Gompertz parameters and median lifespan in the absence of potential

outliers (shown as asterisks, and excluded from statistical analysis). Outliers were identified

using the robust regression and outlier removal (ROUT) method (with Q set to the recommended

value of 1%, corresponding to a 1% false discovery rate) in Prism (Motulsky and Brown 2006).
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Figure S6 Nonlinear regression estimations of the Gompertz parameter values plotted
against median lifespan for ad libitum-fed recombinant inbred strains (Table S3) (Liao et al.
2010). Lines of best fit, Spearman correlation coefficients (r) and associated p values are shown.
(A) Gompertz parameter 'G', acceleration of mortality rates with age. (B) Natural logarithm of
‘A", baseline mortality. Note that while the line of best fit (determined by linear regression) is
shown as an aid for the reader, the p-values shown were determined by non-parametric methods.
Nonlinear regression was used rather than MLE as we found it to be more robust for
small sample sizes, for which MLE often failed to converge on a parameter estimate. To confirm

that non-linear regression could reliably estimate parameters from a sample size of five we used
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the resampling tool described in the legend for Figure S2 to generate 250 groups of 5 simulated
animals for a range of 'G' and 'A" parameter values encompassing the typical parameter space for
mice (In(A), 'G' values of -2,1; -3, 1.5; -4, 2; -5, 2.75; -6, 3.5; -7, 4; -8,4.5). We estimated
Gompertz parameters from these simulated groups via non-linear regression in Prism to estimate
parameter values. Estimates for ‘A" and 'G' were strongly correlated with their starting values (r >
0.98, p < 0.0001 for both parameters). Thus a sample size of 5 is sufficient to obtain meaningful

estimates of the Gompertz parameters by NLR.
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Figure S7 Correction for maximum likelihood parameter estimation error and possible bias
due to outliers, corresponding to Figure 4. Panels (A) through (C) show relationship between
logistic parameters and median lifespan after correction for estimation error as described in the
legend for Figure S2 and below. MLE tended to overestimate 'G' and underestimate In(A) and 'L".
However, the magnitude of these estimation errors (as median (interquartile range), 0.0021 (-
0.00014 to 0.0073), -0.044 (-0.11 to -0.015), -0.015 (-0.035 to 0.0012) for 'G’, In(A) and 'L’
respectively) did not appreciably alter the parameter-lifespan relationship. Panels (D) through (F)
show relationship between Gompertz parameters and median lifespan in the absence of potential

outliers (shown as asterisks, and excluded from statistical analysis). Outliers were identified
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using the robust regression and outlier removal (ROUT) method (with Q set to the recommended

value of 1%, corresponding to a 1% false discovery rate) in Prism (Motulsky and Brown 2006).
The following function representing the inverse of the logistic cumulative hazard

function (Conover et al. 2010) was used to simulate populations following the logistic model:
(In(-(G*(1-(L*A)/G-(1-(1-rand ) (-L))/(L*A)))/IG

To confirm that this yielded samples following a logistic distribution, we modelled a

hypothetical logistic population with an ‘A" of 0.000045 ( In(A) of -10), 'G' of 0.5 and 'L' of 1.

This yielded MLE parameter estimations of 0.0000448, 0.4999 and 1.008425 respectively.

Page 12 of 23



Hughes & Hekimi, 2016

Effect (ratio)

Worms  Mice

N
o
1

N
o
1

o
1

(difference)

N
o
1

Effect of increased lifespan L

GENETICS — Supporting Information

[N}
(=}

Fold-increase in median lifespan

1.6

15 16

Fold-increase in median lifespan

Figure S8. The relationship between changes to Gompertz parameters and magnitude of lifespan

extension in C. elegans vs. mice. (A) Magnitude of lifespan extension (as a ratio between long-

lived and control strains) for C. elegans and mice. (B) Effect of different magnitudes of lifespan

extension on Gompertz parameters, expressed as a difference for In(A) and 'G' between long-

lived and control strains. In order to facilitate comparisons between lifespan extensions of similar

magnitude, long-lived strains are binned along the x-axis according to the degree of lifespan

extension.
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Table S1. Previously published (Yen et al. 2008) maximum likelihood estimations of the
Gompertz parameter values obtained from published survival curves (Set 1).

Control Intervention
Gene and Median Median
. Background n lifespan In(A) G n lifespan In(A) G
allele or strain
(days) (days)

Atm ™, Terc " C57BL/6XWWG - - - 51 343 | 151 16| (Wong et al. 2003)
NZB/W NZWxNZB(F1) - - - 22 274 | -3.16 6.251  (Conde et al. 1998)
Bub1b™" 129/SvxFVB - - - 212 182 | 0.32 1 2.55 (Baker et al. 2004)
Clebp®® C57BL/6J 30 851 1 -5.29 2.33 _

/o 30 684 * -6.02 3.4 (Chiu et al. 2004)
Lep C57BL/6J 40 547 | -4.81 3.65

B6(B6C3F1) .
Cat TG C57BL/6] 58 790 495 244 42 973 1 -5.95 2.48 (Schriner et al. 2005)
GHTG C56BL/6xSIL 16 800 -456  2.14 9 400 | -6.73 6.061  (Bartke 2003)
Ghr " OLA-BALB/cJ 15 698 -348  1.95 11 888 1 -5.25 2.14 (Coschigano et al. 2003)
Ghrhr ™ C57BL/6 31 882 -6.77 2.86 35 10941  -8.47 2.9 (Flurkey et al. 2001)
IgfLr ** 129/ 17 654 -3.36 2.25 20 7751 -5.62 2.88 (Holzenberger et al. 2003)
Insr " (Firko) FVBx129S4 67 913 475 2.22 60 10171  -7.56 | 2.98 (Bliiher et al. 2003)
Klotho M C57BL/6J + C3H/J - - - 29 57 | -0.88 22061 (Kuro-O et al. 1997)
L530P/L530P C57BL/6 +
Lmna 12951/Sv - - - 25 29 | -1.27 61.06 1  (Mounkes et al. 2003)
” C57BL/6 + ,

MsrA 129/SvJ 14 788 -4.13 2.58 17 400 | -3.12 4.23 (Moskovitz et al. 2001)
p53™ 129/SV + C57BL/6 217 500 | 371 2.75

i 56 826 * -7.22 3.34 (Tyner et al. 2002)
p53 129/SV + C57BL/6 35 672 | 5.2 2.97
p66°"° " 129/Sv 14 761 -135  7.17 15 973 1 -8.25 3.57 (Migliaccio et al. 1999)
pit1 v C3H/HeJ + DW/J 34 882 -7.66  3.44 25 12161  -7.96 2.47 (Flurkey et al. 2001)
,\P/:S‘;/I)G’ (a- FVBIN 33 851 487  2.38 33 9881 -847| 332  (Miskin and Masos 1997)
PolgA™mt 129 + C57BL/6 - - - 38 336, -857) 11.271 (Trifunovic et al. 2004)
Prdx1 ™ B6x129SvEv - - - 34 730 | -3.15 1.46 | (Neumann et al. 2003)
Prop1 % Ames Stock 13 650 38 204 16 12501  -9.57 | 2.89 (Brown-Borg et al. 1996)
Prop1 % Ames Stock 26 750 -6.68 3.8 24 10001  -6.05 2.33|  (Bartke et al. 2001)
Senescence
Accelerated AKR 377 395 ** -2.22 2.36 493 289 | -2.48 3.94 1 (Takeda et al. 1981)
Mice (SAM)

" C57BL/6J +

Top3B 129/sVEV - - - 30 441 | -1.11 0.89 | (Kwan and Wang 2001)
Trx TG C57BL/6 82 577 373 2.67 94 699 1 -4.26 2.52 (Mitsui et al. 2002)
wmn”, Terc” ~ C57BL/6 +129Sv - - - 39 210, -0671 208  (Changetal 2004)

+ BALB/c + SLJ

Gompertz parameter values, their statistical significance and genetic backgrounds are as published
previously (Adapted from TABLE 1, Yen et al. 2008). Statistically-significant changes relative to controls
(as determined by Yen et al.) are indicated by up (increased) or down (decreased) arrows. When controls
were not reported, statistical comparisons were made against generic, representative control values (G =
2.93 and In(A) = -5.43). Tg: transgene. Median lifespans were obtained from the original cited paper.

* Clebp and lep mutants shared the same control group, as did p53 *and

+/m

mice

** Controls for Senescence-Accelerated Mice ("senescence-resistant” mice) were considered to be short-
lived for the purposes of this analysis
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Table S2. Tabular data for lines of inbred mice described in Figure 4.

Female Male
Median Median
Strain lifespan n In(A) G lifespan n In(A) G
(days) (days)

12951/Sviml 770 32 -5.01 2.50 880 32 -7.45 3.36
A/l 640 32 -5.67 3.69 620 30 -467 3.15
BALB/cBy) 760 32 -6.38 3.48 710 32 -3.53 2.05
BTBR T+ tf/J 600 32 -4.26 3.05 560 32 -346 236
BUB/BnlJ 620 24 -2.63 1.62 490 25 -2.26 1.37
C3H/Hel 780 29 -7.07 394 710 32 -548 3.07
C57BL/10) 890 32 -4.00 1.79 780 27 -6.08 3.27
C57BL/6) 865 29 -550 2.50 900 32 -7.64 3.40
C57BLKS/) 850 32 -4.70 2.45 825 32 -7.42 3.55
C57BR/cd) 880 32 -6.12 296 850 32 -6.76 3.24
C57L/) 720 32 -12.75 7.24 730 32 -9.21 5.30
CAST/Ei) 670 17 -5.06 3.09

CBA/) 640 30 -3.77 240 650 32 -4.00 2.46
DBA/2J 640 32 -2.67 1.76 705 32 -443 276
FVB/NJ 760 29 -3.75 1.88 590 25  -2.97 1.84
KK/HIJ 590 32 491 351 620 32 -3.71 238
LP/] 810 32 -4.93 2.37 810 32 -5.84 291
MOLF 680 32 -394 228 630 32 -6.05 4.26
MRL/MpJ 550 31 -489 3.81

NOD.B10Sn-H2 /J 660 32 -5.06 3.16 700 31 -3.58 201
NON/ShiltJ 750 31 -6.27 3.50 840 32 -822 3.99
NZO/HILt) 560 32 -279 2.03 415 31 -1.81 157
NZW/Lac) 730 32 491 2.68 770 32 -3.68 1.69
P/J 680 32 -394 229

PL/J 410 32 -2.57 2.40 460 32 -2.97 2.72
PWD/PhlJ 850 32 -5.70 2.77 815 27 -4.59 2.36
RINS/) 790 32 -7.75 3.97 830 32 -9.12 4.29
SIL/) 450 30 -236 2.01 510 16 -4.28 3.60
SM/) 750 32 522 286 780 31 -6.56 3.59
SWR/IJ 635 31 -3.20 1.92 710 32 -2.70 1.49
WSB/EiJ 950 32 -356 1.39 900 32 -2.89 117
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Table S3. Tabular data for lines of ad libitum-fed recombinant inbred mice described in Figure

S3.
Male Female
Line Median Median
lifespan n In(A) G lifespan n In(A) G
Number
(days) (days)
3 700 5 -0.26 0.00 1045 5 -4.47 1.86
7 1048 5 -24.58 9.39 1143 5 -6.81 2.58
13 696 5 -4.26 2.36 863 5 -16.45 7.65
14 946 5 -3.92 1.86
16 758 6 -5.28 3.12 687 5 -2.18 1.37
19 981 5 -8.38 3.66 938 5 -8.41 3.87
22 1168 5 -14.64 5.11
23 1063 11 -5.35 2.07 991 15 -7.74 3.13
24 829 5 -4.31 2.30 1023 5 -3.05 1.22
25 979 5 -7.99 3.47 979 5 -44.12 17.45
26 1043 5 -31.75 11.98 1049 5 -34.42 12.90
28 716 5 -8.90 5.31
41 787 5 -27.82  14.08 986 5 -6.83 3.10
46 1147 5 -8.91 3.36
48 751 5 -4.10 2.22 898 5 -3.20 1.51
49 892 4 -4.24 2.08 712 5 -7.85 4.79
50 459 5 -2.07 2.04 291 5 -1.42 2.41
51 1018 5 -6.89 2.91 820 5 -5.14 2.63
52 713 5 -2.59 1.74
56 1277 5 -3.72 1.26 1145 5 -5.52 2.02
60 1073 5 -1.73 0.62
62 1055 5 -16.48 6.26
66 685 5 -2.56 1.60 743 5 -3.01 1.79
79 1094 5 -13.54 4.98
80 803 5 -7.75 4.09 887 5 -11.46 5.22
84 900 5 -8.43 4.01 810 5 -11.70 5.96
86 1111 5 -5.91 2.34 926 4 -7.43 3.33
89 951 5 -2.55 1.19 889 5 -2.74 1.48
90 829 5 -9.86 4.99 906 5 -35.11 15.19
92 994 5 -6.79 2.79 798 5 -3.66 1.82
94 718 5 -3.41 1.69 699 5 -5.99 3.84
97 991 5 37.24 999 5 33.35
98 1187 5 -7.32 2.58 1249 5 -9.22 3.07
99 930 5 -9.01 4.00 887 5 -3.25 1.63
100 895 5 -34.14 14.85 924 5 -35.15 15.11
103 823 5 -23.27 11.28 855 5 -8.81 4.23
107 1079 5 -13.01 4.83 596 5 -2.88 1.93
110 587 5 -5.45 4.20 851 5 -3.47 1.76
112 946.5 4 -3.24 1.42 600 5 -3.70 2.49
114 1013 5 -13.17 5.42 911 5 -4.85 2.20
115 992 5 -7.43 3.22 746 5 -4.49 2.70
117 893 5 -4.53 2.07 641 5 -3.41 2.30
122 859 5 -9.22 4.42 1010 5 -2.68 1.12
123 915 5 -5.46 2.51 962 5 -23.16 9.62
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Line numbers correspond to those from source publication (Liao et al. 2010)
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Table S4. Source publications and tabular data for daf-2, isp-1 and eat-2 mutant lines described
in Figure 7.

Median Lifespan  Fractional contribution to lifespan

Source Publication : (days) increase

N2 mutant N2 mutant A G S

daf-2 (e1370)

(Kaeberlein et al. 2006) 58 41 19 37.5 0.40123 0.49956 0.09921
(Tullet et al. 2008) 90 88 21 39 0.436832 0.552616 -0.01055
(Troemel et al. 2006) 90 88 16 39 -0.10334 0.896655 0
(Yang and Hekimi 2010b) 400 150 18 44 0.121681 0.812151 -0.06617
(Wang et al. 2008) 80 80 19 34 -0.23511 0.75992 0.004969
(Mehta et al. 2009) 40 40 22 29 -0.241 0.577434 0.181565
(Tissenbaum and Guarente 2001) 142 293 18 45 -0.02147 0.906075 -0.07245
(Hsu et al. 2003) 48 41 20 45 -0.20419 0.790542 -0.00526
(Lin et al. 2001) 348 140 19 46 -0.1727 0.821857 -0.00544
(Garsin et al. 2003) 75 75 16 31 -0.05878 0.941221 0
(Huang et al. 2004) 180 114 16 36 -0.191 0.775917 -0.03308
(Dorman et al. 1995) 48 37 17 38.5 -0.06963 0.905061 0.025306
(Apfeld and Kenyon 1999) 100 100 18 53 -0.19923 0.787241 -0.01353
(Berdichevsky et al. 2006) 70 100 19 40 0.74393 0.23844 0.01763
(Kenyon et al. 1993) 49 42 19.5 44 -0.14888 0.764857 -0.08626
(Oh et al. 2005) 125 46 16 42 0.256288 0.608954 -0.13476
(Van Raamsdonk et al. 2010) 100 100 22 38 -0.07721 0.814284 0.108506
(Van Raamsdonk and Hekimi 2009) 309 168 19 66 -0.15918 0.814043 -0.02678

isp-1 (gm150)

(Feng et al. 2001) 380 283 22 34 -0.25783 0.733226 0.008946
(Curtis et al. 2006) 157 45 21 28 0.310793 -0.16912 0.520091
(Van Raamsdonk and Hekimi 2009) 309 114 19 43 -0.20072 0.778142 -0.02114
(Dingley et al. 2009) 38 37 14 21 -0.40716 0.586179 -0.00666
(Yang and Hekimi 2010a) 150 150 22 35 -0.33977 0.638542 -0.02169
(Lee et al. 2010) 107 96 15 27 0.867935 0.098988 -0.03308
(Yang and Hekimi 2010b) 400 200 21 35 -0.17697 0.816204 -0.00682
(Baruah et al. 2014) 112 117 22 32 -0.39118 0.608112 -0.00071
(Yee et al. 2014) 250 200 18 34 -0.22033 0.732193 -0.04748
(Hsu et al. 2003) 48 35 20 27 -0.28045 0.707574 -0.01197
(Torgovnick et al. 2010) 238 162 16 25 0.330464 0.589386 -0.08015
(Bennett et al. 2014) 365 206 20 26 0.245278 0.189918 0.564804
(Mouchiroud et al. 2011) 55 53 13 20 -0.17964 0.27395 0.546407
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eat-2 (ad1116)

(Panowski et al. 2007) 70
(Park et al. 2010) 60
(Lakowski and Hekimi 1998) 50
(Van Raamsdonk and Hekimi 2009) 240
(Carrano et al. 2009) 67
(Seo et al. 2015) 75
(Hsu et al. 2003) 48
(Greer and Brunet 2009) 86
(Schreiber et al. 2010) 100
(Ching et al. 2011) 63
(Schleit et al. 2011) 181
(Yuan et al. 2012) 65
(Gaglia et al. 2012) 75
(Rousakis et al. 2013) 110
(Thondamal et al. 2014) 102
(Yee et al. 2014) 150
(Zimmerman and Kim 2014) 61
(Chin et al. 2014) 100
(Asthana et al. 2015) 217
(Hine et al. 2015) 100
(Seo et al. 2016) 101
(Singh et al. 2016) 93
(Merkwirth et al. 2016) 101

48
60
36

240
74
75
41
84
71
70

139
60
94

160

108

150
83
59

189

100
81
88
63

18
20
20
18
23
17
21
23
18
15
18
20.5
16
19
18
19
17.5
15
18
20
195
21
19

26
26
29
35
30
24.5
29
29
20
23
24
32
24
22
22
31
20
22
22.5
29
31
32
26
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