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4. Rationale:

The increased life expectancy in the US coupled with improved cancer survival rates has
led to a rapid rise in the number of cancer survivors: there are an estimated 16.9 million cancer
survivors as of January 2019, which is projected to rise to 26.1 million by 2040 in the US.!
However, cancer survivors experience pre-mature mortality from causes other than their
cancer(s) and multiple comorbidities.? 3 In general, clinicians have noticed that cancer survivors
are facing accelerated aging — conceptualized as their biological age is greater than their
chronological age — and this manifests as experiencing signs of aging earlier in life than what is
expected.* ° It has been shown that accelerated aging in cancer survivors, in first turn, may be
caused by cancer treatment.®> A biological mechanism underlying the accelerated aging involves
stress induced by cancer therapies. This stress can induce hallmarks of aging: cellular
senescence, telomere attrition, stem cell exhaustion, DNA damage, and epigenetic alterations.® In
addition to cancer treatment, accelerated aging in cancer survivors may be caused by cancer-
related inflammation and unhealthy lifestyle, including persistent shared risk factors for cancer
and other chronic diseases.

The evidence for accelerated aging in cancer survivors also comes from the studies
comparing life expectancy in cancer survivors to the age-matched general population, with the
majority of these data coming from long-term studies on childhood cancer survivors.”® For
example, a summary (2009) from the Childhood Cancer Survivor Study (CCSS) compared all-
cause mortality rate for 5-year survivors of childhood cancer to the age-adjusted expected all-
cause mortality rate for the US general population. They found cancer survivors had a lower
survival rate compared to the US general population of the same age: the survival rates after 30+
years from diagnosis werel4.22 deaths and 2.07 deaths per 1,000 person-years for cancer
survivors and the US general population, respectively.” A recent CCSS study (n = 6,148)
assessed the risk of late mortality (more than five years after diagnosis) in long-term survivors of
childhood acute lymphoblastic leukemia (ALL) as a result of their cancer treatment. With a
maximum of 20 years follow-up, they found that the overall late mortality rate was 360% (95%
Cl: 4.2-5.1) higher than the rate in their age-, sex-, and race-matched US population.®
Furthermore, Yeh et al. developed a model that estimated the life expectancy of five-year ALL
survivors who had been diagnosed with cancer at age 10. The estimated life expectancy for those
ALL survivors was 50.6 years, which equals to a loss of 10.4 years compared to the general
population.® These observations have led to the search for measures of aging, not just in
survivors of childhood cancers, but also in survivors of adult cancers, which can be used to
screen the aging process and predict the risk of mortality in cancer survivors. Recently, aging
clock, which combines a set of molecules capable, has been proposed to be a potential biological
age estimator. Several aging clocks have been created, including epigenetic clock and proteomic
aging clock.

The most recognized aging clock is the epigenetic clock, a set of DNA methylation-based
biomarkers in blood or tissue.'® ! To date, only a limited number of studies have measured
epigenetic clocks in cancer survivors. For example, a small case-control study measured an
epigenetic clock in women with and without ovarian cancer. They reported that cases were
estimated to be 1.70 years older than controls.*? Further, a pooled analysis of seven prospective
studies of adult cancer survivors found that overall mortality was 15-30% higher for the highest
versus lowest quartile of the epigenetic age acceleration, which was calculated by regressing
epigenetic clock on chronological age, independently of major health risk factors.*®
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Recently, a growing body of research supports associations between protein levels and
chronological age.* A proteomic clock would be attractive because protein biomarkers are easily
measurable, they link genotype to phenotype, and can reveal direct information on biological
pathways that are involved in many physiological and pathological manifestations of aging.!> 16
Such proteomic aging clocks may predict the risk of mortality and the development of chronic
diseases such as cognitive impairment and frailty.1’-1°

We conducted a preliminary analysis of proteomic age acceleration and overall mortality
in cancer survivors using the Atherosclerosis Risk in Communities (ARIC) data. In the
preliminary analysis, we built the proteomic aging clock using the 68 proteins in ARIC from the
76 proteins reported in the proteomic aging clock developed by Tanaka et al.,*® and calculated
proteomic age acceleration by regressing proteomic aging clock on chronological age. We found
that proteomic age acceleration was associated with overall mortality in cancer survivors after
adjusting for age, sex, race, study center, estimated glomerular filtration rate (eGFR), education,
BMI, smoking, alcohol, physical activity, aspirin, and diabetes (per one year: HR = 1.16, 95%
Cl: 1.11 - 1.23). We were interested in eGFR because it was shown to be correlated with
SomaScan biomarkers in a polit ARIC study. To better understand the aging process in cancer
survivors, we will use the Tanaka clock as well as a new predictive model of aging based on
proteomic aging clock and its acceleration specific to cancer that we develop in #MP3739.
Acceleration will be calculated by regressing the proteomic aging clock on chronological age.
Our aim is to investigate the association between proteomic age acceleration in cancer survivors
and all-cause and mortality from causes other than their cancer(s). An understanding of the aging
process in cancer survivors would help identify survivors who age faster and need interventions
to slow the accelerated aging process.

We have previously proposed to study the association between proteomic age
acceleration and risk of cancer in participants without a cancer history (#MP3739) in the ARIC
study. In this proposed study, the proteomic aging clock and proteomic age acceleration will be
estimated as discussed in #MP3739. The proteins (~5,000 proteins) were assayed using highly
sensitive aptamer-based protein profiling (SOMAscan® Platform) in plasma collected at Visits
2,3,and 5.

We will analyze data from 844 cancer survivors who survived (after their last cancer
diagnosed) at least 2 years before blood collection (Visit 2 (1990 - 1992), Visit 3 (1993 - 1995),
and Visit 5 (2011-2013)), so that most of those individuals do not undergo active cancer
treatment.

5. Main Hypothesis/Study Questions:

The goal of this study is to estimate the association between proteomic age acceleration to the
future risk of death, including from other causes in survivors of adult cancers, using the Tanaka
clock and a new proteomic clock that we are developing.

Specific Aim 1. Determine the associations of proteomic age acceleration in cancer survivors
with the risk of overall mortality and mortality from causes other than their cancer(s).
SAla. Determine the association between proteomic age acceleration in cancer survivors
and the risk of overall mortality.
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SAlb. Determine the association between proteomic age acceleration in cancer survivors
and the risk of mortality from causes other than their cancer(s).

Hypothesis 1: A higher proteomic age acceleration is associated with an increased risk of
mortality in cancer survivors.

Specific Aim 2. Determine if over-time change in proteomic age acceleration is greater among
cancer survivors who survived cancers between Visit 2 and at least 2 years before Visit 5
compared to their age-, sex-, and race-matched participants who never had cancer but survived
untill visit 5.

Hypothesis 2: Compared to participants who remain cancer-free, participants with no history of
cancer at Visit 2 who became diagnosed with cancer will have steeper over-time change in
proteomic age acceleration.

6. Design and analysis (study design, inclusion/exclusion, outcome and other variables of
interest with specific reference to the time of their collection, summary of data analysis,
and any anticipated methodologic limitations or challenges if present).

Study population

Inclusion criteria: All individuals, who attended ARIC study at Visit 2 (1990 - 1992), Visit 3
(1993 - 1995), or Visit 5 (2011- 2013), had proteins measured by SomaScan and diagnosed with
their last cancer at least 2 years before blood collections (Visit 2, Visit 3, or Visit 5) will be
eligible for inclusion into the study. These inclusion criteria minimize the likelihood of including
survivors who still have active disease in the study.

All individuals without cancer at the time that they attended ARIC study at Visit 2 (1990 - 1992)
and Visit 5 (2011- 2013) and had proteins measured by SomaScan will also be eligible for
inclusion into the study (Aim 2).

Exposure: Circulating levels of proteins will be extracted from the SomaScan assay (v.4)
(SomalLogic company).?® 2! Using this assay, the ARIC study has measured more than 5000
plasma proteins in frozen plasma samples collected at Visit 3 (1993-1995, N=11,471) and Visit 5
(2011-2013, N=5,193) with excellent within-sample precision for all proteins (the median
coefficient of variance: < 7%).22 Currently, the proteins are being measured in samples collected
at Visit 2 (1990-1992, N = 12,769).

We will model proteomic aging clocks at Visit 2, Visit 3, and Visit 5 base on the methods
proposed in #MP3739. In brief, first, we will randomly choose a group of 1000 cancer-free
people at Visit 5 and used as a training set. Second, using the training set, we will rank
proteins based on their standardized ratios (mean intra-individual changes between Visit 2
and Visit 5/standard deviation). The top 1200 proteins (about 25% of 5000 proteins) will be
used to create clocks at Visit 2, Visit 3 and Visit 5 by applying a penalized model, such as
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elastic net. Third, we will test proteomic aging clocks in the validation set, the rest of
cancer-free people at Visit 5, to make sure these proteomic aging clocks are valid. The
validity of the clock will be checked by testing correlation between proteomic aging clock
with chronological age. A proteomic aging clock will be considered useful if its correlation
with chronological age exceeds 0.7 in the validation set. If the correlation does not reach
0.7, we will select more proteins, e.g., the top 2000 proteins with the largest standardized
ratios.

Our primary exposure is the proteomic age acceleration. The proteomic age acceleration at each
visit will be calculated by regressing each participant’s proteomic aging clock on their
chronological age at the corresponding visit.

Outcome:

a) Mortality: Mortality case files since inception of ARIC in 1987 were generated and updated
annually through December 31, 2019. All participants or their proxies are contacted annually by
phone. Deaths were identified through records obtained from hospitals in the ARIC surveillance
catchment areas, death certificates, and interviews of next of kin for potential out-of-hospital
fatal events or obituaries. Death certificates from state vital statistics offices were obtained on an
ongoing basis. Questionnaires were also sent to participants’ physicians to confirm out-of-
hospital deaths. Dates and underlying causes of death for study participants were verified by
death certificate review. Death due to the non-index cancer is defined as a death in which the
underlying cause is not attributed to the cancer(s) that a cancer survivor was diagnosed with.

Other covariates of interest: Demographic and clinical variables of interest such as
chronological age (at the time of blood collection), sex, race, education, BMI (at the time of
blood collection), and date of the cancer diagnosis. Cancer risk factors that are also strongly
associate with all-cause mortality (especially major causes of death, cardiovascular disease
(CVD), diabetes), such as smoking status, cigarette years of smoking, alcohol intake, and
diabetes, will also be extracted at the time of blood collection. Information about eGFR, use of
aspirin, use of hormone therapy, history of CVD, will also be extracted at the time of blood
collection. We will also extract cancer stage and grade at diagnosis and first of course treatment,
where available.

Statistical Analysis

Specific Aim 1 Determine the associations of proteomic age acceleration in cancer survivors
with the risk of overall mortality and mortality from causes other than their cancer(s).
SAla. Determine the association between proteomic age acceleration in cancer survivors
and the risk of overall mortality.
SAlb. Determine the association between proteomic age acceleration in cancer survivors
and the risk of mortality from causes other than their cancer(s).
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Two years Two years Cox proportional hazards regression will be
before Visit 3 before Visit 5 used to calculate hazard ratios (HRs) and
2 | . | . 95% confidence intervals (Cls) for overall,
| | ! and mortality from causes other than their
ol i cancer(s) in cancer survivors. Proteomic age
——%0 | ! acceleration will be reported in two ways:
o E continuous and categorized in quartiles. We
¥—t———4—0 i will model proteomic age acceleration as a
o E time-dependent variable (Figure 1). Person-
bl X * years will be estimated from the date of
o i blood collection (at Visit 2, Visit 3, or Visit
- : 5, depending on the date of cancer diagnosis)
! T T until the death, censor, or the end of follow-
Visit2 Visit3 Viits up (12/31/2019), whichever occurred first.
X Cancerdiagnosis The analyses will be a priori adjusted for
X Proteomic age acceleration R R
O Death chronological age at the time of blood
Figure 1. Proteomic age acceleration for cancer survivors collection, sex, and race*center. In additional

analysis, we will adjust for eGFR, BMI,
smoking status, diabetes, history of CVD, use of aspirin, use of hormone therapy, use of
metformin, the time between cancer diagnosis and blood collection, cancer stage and grade at
diagnosis, and first of course treatment to take into account know factors that influence risk of
death or that may explain differences among cancer sites in factors that may influence risk of
death. For the analysis of mortality from causes other than their cancer(s) (SA1b), we will treat
death from their cancer(s) as a competing risk.

We will also do a sensitivity analysis by only including cancer survivors whose last cancer
diagnoses were at least 5 years before their blood collection.

If we have sufficiently power, we will detect if the associations vary by sex and race.

Specific Aim 2. Determine if over-time change in proteomic age acceleration is greater among
cancer survivors who survived cancers between Visit 2 and at least 2 years before Visit 5
compared to their age-, sex-, and race-matched participants who never had cancer but survived
till visit 5.

Cancer survivors will be included if they were cancer-free at Visit 2 and became diagnosed with
cancers at least two years before Visit 5. Using propensity score matching, each cancer survivor
will be matched by age, sex, and race with up to 4 randomly selected participants who are
cancer-free and survived till Visit 5 (Figure 2). We will evaluate the proteomic age acceleration
at Visit 2 and Visit 5 among cancer survivors and participants with no cancer history. We will
compute the over-time change in proteomic age acceleration among cancer survivors and their
matched cancer-free participants. Linear regression will be used to calculate the risk difference
(RD) and 95% CI for the over-time change in proteomic age acceleration. We will adjust for
eGFR, BMI, smoking status, diabetes, history of CVD, use of aspirin, use of hormone therapy,
and use of metformin to see if this would change the association.
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Figure 2. Inclusion and exclusion criteria for comparison of over-time change in proteomic age acceleration
between Visit 2 and Visit 5

Power calculations

1) The power calculation for Specific Aim 1 (mortality up to 2019) is presented in Table 1.

blood collection

Table 1. Minimal detectable hazard ratio (power=80% two-sided a= 0.05) for the association of proteomic age
acceleration with mortality (overall and non-cancer) in cancer survivors who survived at least 2 years before

No. of incident

their cancer(s)

Outcome No. of cancer survivors? Minimal detectable HR
outcomes

All-cause mortality 844 344 1.35

Mortality from causes other than 844 320 137

aCancer survivors survived at least 2 years before blood collection

2) The power calculation for Specific Aim 2 is presented in Table 2.

Table 2. Power calculation in ARIC participants (80% power, alpha = 0.05, two-sided) for comparison of over-time change in
proteomic age acceleration between Visit 2 and Visit 5 in cancer survivors and their matched cancer-free participants

Qutcome

Number of cancer survivors?

Number of people without cancer

Minimal detectable RD

Over-time change in
proteomic age acceleration

760

3,040

0.11

Visit 5.

@ Cancer survivors who were cancer-free at Visit 2 and became diagnosed with cancers at least 2 years before
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