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Aims Recent studies suggest an association between cardiovascular disease (CVD) and cancer incidence/mortality, but
the pathophysiological mechanisms underlying these associations are unclear. We aimed to examine biomarkers
previously associated with CVD and study their association with incident cancer and cancer-related death in a pro-
spective cohort study.

Methods We used a proteomic platform to measure 71 cardiovascular biomarkers among 5032 participants in the

and results Framingham Heart Study who were free of cancer at baseline. We used multivariable-adjusted Cox models to ex-
amine the association of circulating protein biomarkers with risk of cancer incidence and mortality. To account for
multiple testing, we set a 2-sided false discovery rate <0.05. Growth differentiation factor-15 (also known as macro-
phage inhibitory cytokine-1) was associated with increased risk of incident cancer [hazards ratio (HR) per 1 stan-
dard deviation increment 1.31, 95% CI 1.17-1.47], incident gastrointestinal cancer (HR 1.85, 95% Cl 1.37-2.50), in-
cident colorectal cancer (HR 1.94, 95% ClI 1.29-2.91), and cancer-related death (HR 2.15, 95% Cl 1.72-2.70).
Stromal cell-derived factor-1 showed an inverse association with cancer-related death (HR 0.75, 95% Cl 0.65-0.86).
Fibroblast growth factor-23 showed an association with colorectal cancer (HR 1.55, 95% ClI 1.20-2.00), and granu-
lin was associated with haematologic cancer (HR 1.61, 95% Cl 1.30-1.99). Other circulating biomarkers of inflam-
mation, immune activation, metabolism, and fibrosis showed suggestive associations with future cancer diagnosis.

Conclusion We observed several significant associations between circulating CVD biomarkers and cancer, supporting the idea
that shared biological pathways underlie both diseases. Further investigations of specific mechanisms that lead to
both CVD and cancer are warranted.
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1. Introduction

Cancer and cardiovascular disease (CVD) are the two leading causes of
death in the USA. While epidemiological studies focused on cause-
specific death have traditionally considered CVD and cancer separately,
recent studies link cancer and oncologic therapies with subsequent
CVD, leading to the development of a new field of study, that of cardio-
oncology."™ Conversely, some studies suggest that CVD itself may be a
risk factor for cancer incidence/mortality, independent of shared risk fac-
tors like obesity, smoking, and diabetes."® The exact mechanisms un-
derlying the association of CVD and cancer are unclear, although recent
investigations suggest possible common pathways.”

For example, clonal haematopoiesis of indeterminate potential,
which increases the risk of haematologic malignancies, seems also as-
sociated with atherosclerotic CVD, probably by the mediation of ab-
errant inflammatory activity.8 In a recent experimental model a direct
link between heart failure (HF) and increased tumorigenicity was hy-
pothesized as several myocardial secreted proteins promoted tumour
grovvth.2 Furthermore, baseline N-terminal pro-B-type natriuretic
peptide was associated with cancer incidence in a population-based
prospective cohort study during a 12-year follow-up.? In light of
these and similar studies, which demonstrate that circulating proteins
may elucidate potential pathophysiological mechanisms linking CVD
and cancer, we sought to examine a broad set of proteins previously

linked to CVD and representing pathways, such as inflammation,
neuro-hormonal activation, oxidative stress, and immune activation,1
and in turn examine these proteins in relation to development of fu-
ture cancer diagnosis.

Specifically, we leveraged a panel of biomarkers through the
Systems Approach to Biomarker Research in Cardiovascular Disease
(SABRe CVD) Initiative. This is a targeted proteomic platform estab-
lished by the National Heart, Lung, and Blood Institute with the aim
of identifying biomarker signatures of atherosclerotic CVD and its
risk factors. To that end, 85 candidate protein biomarkers for CVD
were measured in participants in the Framingham Heart Study (FHS),
based on their known or presumed association with CVD including
HF, myocardial infarction (M), and atherosclerotic cardiovascular dis-
ease. These circulating biomarkers reflected various pathways includ-
ing inflammation, oxidative stress, adiposity, metabolism, and fibrosis
and tissue remodelling. We previously demonstrated associations be-
tween many of these proteins and CVD.” In this study, we hypothe-
sized that these CVD-associated biomarkers may also be associated
with cancer incidence and cancer-related death, and may elucidate
potential biological pathways underlying the clinical/epidemiological
observations that highlight greater cancer risk among individuals with
CVD. If confirmed, these epidemiologic data could lead to mechanis-
tic insights on the pathophysiological processes underlying both can-
cer and CVD.
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2. Methods

2.1 Study sample

We studied participants from the FHS Offspring and Third Generation
cohorts who attended Exam 7 (1998-2001) and Exam 1 (2002-05), re-
spectively, were at least 40 years of age at their baseline examination,
and were included in the SABRe CVD Initiative protein assay projec‘c.9
Since prevalent CVD and/or cancer may influence biomarker levels, indi-
viduals with baseline HF (n=48), Ml (n=149), end-stage renal disease
(n=24), and history of cancer (n=368) were excluded in order to re-
duce the risk of reverse causation. Furthermore, participants with miss-
ing key clinical covariates (n=281) and follow-up time (n=7) were also
excluded. A final sample of 5032 participants was included in analyses.
This study was approved by the appropriate Institutional Review Board
and all participants provided written informed consent. This study abides
by the principles outlined in the Declaration of Helsinki.

2.2 Study procedures

Participants underwent review of comprehensive medical history, physi-
cal examination, and anthropometrics at the baseline examination.
Blood samples were obtained after an overnight fast and samples were
processed immediately and stored at -80°C for further processing. As
part of the SABRe CVD Initiative, we used a discovery-based proteomic
platform (Luminex xMAP multiplex assay, Sigma-Aldrich, St. Louis, MO)
to measure 85 circulating plasma biomarkers as previously described.’
Candidate biomarkers were selected based on previous associations
with atherosclerotic CVD, gene expression profiling, published genome-
wide association studies, and discovery proteomics. In brief, targets were
assessed based on factors, such as dilution rate, cross-reactivity, and
when the target was added to the assay list, to develop 17 unique multi-
plex panels. Previously described detailed protocols for multiplex assay
development were followed.” To account for low-abundance bio-
markers, high-abundance biomarkers were depleted using an antibody-
based resin designed to deplete 95% of total plasma protein
(ProteoPrep 20, Sigma-Aldrich).” Of 85 measured biomarkers, 14 had
>25% of the samples with measurements below the detection limit. We
therefore focused the current analysis on the remaining 71 biomarkers
(details in Supplementary material online, Table S1).

2.3 Ascertainment of incident cancer

outcomes

Participants were followed longitudinally after their baseline examination
for the occurrence of incident cancer. Potential cancer cases were iden-
tified through surveillance of routine examinations, annual health
updates, and medical records including outpatient visits, pathology
reports, hospital admissions, or death records through 31 December
2016. We reviewed medical records and pathology reports. Cancer
cases were adjudicated and coded based on topology, morphology, and
graded by two independent physicians, with discrepancies resolved after
discussion and re-review of cases with a third physician. All malignancies
except non-melanoma skin cancers were included for analysis. Cause of
death was ascertained by a 3-physician panel after review of death certifi-
cates, hospital admission records, and medical records. Cancer death
was adjudicated based on a prior diagnosis of cancer and the identifica-
tion of cancer as the primary cause of death.

2.4 Statistical analysis

Baseline characteristics were summarized using means * standard devia-
tion (SD) or medians and inter-quartile range (IQR) for continuous varia-
bles and percentages for dichotomous variables. We examined the
association of CVD protein biomarkers with incident cancer using multi-
variable (MV) Cox regression models. Variables included in the model
were chosen a priori based on clinical knowledge of factors known to be
confounders for cancer incidence. Biomarkers were rank normalized
with effect sizes expressed per 1-SD difference. Higher SD denotes
higher absolute values. The proportional hazards assumption was tested
for each biomarker and for each incident cancer analysis—there was no
violation of model assumptions for any of the biomarkers. The primary
outcome of interest was incident cancer (including fatal and non-fatal).
Secondary outcomes included cancer-related death and incidence of
specific cancer subtypes, including gastrointestinal (Gl), lung, prostate,
and breast cancers. We examined Cox models (i) adjusted for age and
sex and (ii) further adjusted for body mass index, smoking status (cur-
rent, former, and never), systolic blood pressure, hypertension treat-
ment, diabetes mellitus, alcohol use, and aspirin use. For all analyses,
follow-up was censored at time of event, death, or at 15-years of follow-
up. Analyses accounted for cohort (Offspring vs. Third Generation) as a
stratum variable.

For secondary analyses examining incident breast cancer, we re-
stricted the sample to women given the low incidence of breast cancer
among men and additionally adjusted for menopausal status. Similarly,
prostate cancer analyses were restricted to men.

We performed two types of sensitivity analyses. First, we excluded
cancer events occurring within 6 months of baseline examination, in or-
der to minimize the inclusion of undiagnosed prevalent cancers prior to
the baseline examination. Second, in the MV model, we adjusted for
pack-years in addition to smoking status to further fine-tune this cancer
risk factor. A 2-sided false discovery rate (FDR) Q-value <0.05 was con-
sidered statistically significant for primary analyses, with a P-value of
<0.05 considered suggestive. Cox models met the proportionality haz-
ards assumption. Statistical analyses were performed using SAS version
9.4 (SAS Institute Inc., Cary, NC).

3. Results

We studied 5032 FHS Offspring and Third Generation cohort partici-
pants who were without a cancer diagnosis at the baseline examination
(mean age 55 % 10, 54% women). CVD comorbidities included 24% with
hypertension, 6% with diabetes mellitus, 29% with obesity (BMI >30kg/
m?), and 15% current smokers (Table 1 for all baseline characteristics).
Over a median follow-up of 11.8 years (IQR 10.5-15.0), there were 841
incident cancer events, including 221 cancer deaths.

3.1 Association of cardiovascular
biomarkers with incident cancer and
cancer death

Of 71 biomarkers examined, 11 had suggestive associations with incident
cancer in age- and sex-adjusted analyses at a P-value <0.05 (Table 2 and
Figure 1). After MV-adjustment, four biomarkers remained associated
with incident cancer at P<0.05: growth differentiation factor-15
(GDF15), soluble CDA40 ligand (CD40L), granulin (GRN), and uncar-
boxylated matrix gamma-carboxyglutamate protein (UCMGP). Of these
biomarkers, GDF15 displayed the strongest association with incident
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Table | Baseline characteristics of participants by cohort
(Offspring at Exam 7 and Gen 3 at Exam 1)

Clinical characteristic® Offspring Generation 3 Overall

n=12938 n=2094 N=5032
Age, years 61(9) 47 (5) 55 (10)
Women, n (%) 1638 (56) 1094 (52) 2732 (54)
Body mass index, kg/m? 28.1(54) 27.6(5.7) 27.9 (5.5)
Waist circumference, cm 100 (14) 96 (15) 98 (15)
Systolic blood pressure, mmHg 127 (19) 120 (15) 124 (18)
Diastolic blood pressure, nmHg 74 (10) 77 (10) 75 (10)
Hypertension treatment, n (%) 940 (32) 272 (13) 1212 (24)
Diabetes mellitus, n (%) 250 (9) 67(3) 317 (6)
Total cholesterol, mmol/L 5.23(0.93) 5.05 (0.91) 5.15 (0.93)
HDL cholesterol, mmol/L 1.40 (0.44) 1.42 (0.44) 1.42 (0.44)
LDL cholesterol, mmol/L 3.13 (0.85) 3.03 (0.83) 3.08 (0.83)
Triglycerides, mmol/L 1.52 (0.96) 1.37 (1.03) 1.46 (0.99)
eGFR, mL/min/1.73 m? 69 (14)  99(12) 82 (20)
Physical activity index (PAI) 38 (6) 37 (8) 38 (7)
Current smoking, n (%) 400 (14) 358 (17) 758 (15)
Current aspirin users, n (%) 934 (32) 285 (14) 1219 (24)
Modest-high alcohol intake, n (%) 462 (16) 173 (8) 635 (13)
Post-menopausal®, n (%) 1386 (85) 324 (30) 1710 (63)

HDL, high-density lipoprotein; LDL, low-density lipoprotein; eGFR, estimated
glomerular filtration rate.

“Continuous variables presented as mean (SD), categorical variables presented as
number (%).

®Only among women.

cancer and met the pre-specified FDR threshold for significance.
Specifically, a 1-SD increase in GDF15 was associated with a 31% in-
creased risk of future cancer (HR 1.31, 95% Cl 1.17-1.47, P<0.0001,
Q=0.0002 in MV analyses). Among those with cancer incidence, the me-
dian GDF-15 value was 620 pg/mL (IQR 488-848), while among those
without cancer it was 503 pg/mL (IQR 390-674; Supplementary material
online, Table S6). The addition of GDF15 significantly improved the C-
statistic of the MV model from 0.655 to 0.662 (P = 0.026).

There were 24 biomarkers with at least suggestive associations for
cancer death in age- and sex-adjusted analyses (P <0.05), 11 of which
also met an FDR Q-value <0.05 (Table 2). This included GDF15 in addi-
tion to other markers of inflammation [intercellular adhesion molecule-1
(sICAM1), C-reactive protein (CRP), monocyte chemotactic molecule-1
(MCP1)], and immune activation and fibrosis [matrix metallopeptidase-9
(MMP9), tissue inhibitor of metalloproteinases-1 (TIMP1), and matrix
metallopeptidase-8 (MMP8)]. After adjustment for clinical covariates,
GDF15 and stromal cell-derived factor-1 (SDF1) remained significantly
associated with cancer death (Table 2 and Figure 2). Specifically, a 1-SD
increase in GDF15 was associated with a greater than two-fold increased
hazards of cancer death (HR 2.15, 95% Cl 1.72-2.70, P<0.0001,
Q<0.0001). By contrast, a 1-SD increase in SDF1 was associated with a
25% decreased hazards of cancer death (HR 0.75, 95% Cl 0.65-0.86,
P<0.0001, Q=0.002).

3.2 CVD biomarkers and cancer subtypes

We examined biomarker associations with specific cancers [Gl, colorec-
tal cancer (CRC, a subset of Gl cancers), haematologic, lung, melanoma,
bladder, gynaecologic, breast, and prostate] in secondary analyses. We
found that 15 biomarkers had suggestive associations with Gl cancer

(n=118, P<0.05 for all, Table 3) in age- and sex-adjusted analyses and 9
remained associated at P < 0.05 after further adjustment for clinical con-
founders, including GDF15, TIMP1, apolipoprotein B (APOB), and fibro-
blast growth factor-23 (FGF23) (Table 3 and Figure 3). GDF15 had the
most robust association with Gl cancer, with an 85% increase in risk of
incident GI cancer per 1-SD change (HR 1.85, 95% CI 1.37-2.50,
P<0.0001, Q=10.004). Notably, GDF15 was specifically associated with
incident CRC (n= 65, HR 1.94, 95% CI 1.29-2.91, P=0.001, Q = 0.047),
as was FGF23 (HR 1.55, 95% ClI 1.20-2.00, P =0.0008, Q = 0.047) (Table
3 and Figure 3).

GDF15 was also significantly associated with future risk of lung cancer
in age- and sex-adjusted analyses (n=87, HR 2.14, 95% Cl 1.55-2.97,
P<0.0001), as was MMP9 (HR 1.52, 95% CI 1.21-1.92, P=0.008),
though both associations were attenuated after MV-adjustment (GDF15
HR 1.59, 95% ClI 1.10-2.28, P=0.01; MMP9 HR 1.23, 95% CI 0.98-1.55,
P=0.08). Other biomarkers with suggestive associations in MV analyses
with lung cancer included SDF1, dipeptidyl dipeptidase (DPP4), and CRP
(P<0.05 forall, Table 3 and Figure 3).

We found that six biomarkers had suggestive associations with hae-
matologic cancer (MV-adjusted P <0.05). The strongest effect size was
observed for GRN where a 1-SD higher GRN level was associated with
a 61% increased risk of future haematologic cancer (HR 1.61, 95% ClI
1.30-1.99, P<0.0001, Q = 0.0008) (Table 3 and Figure 3). Suggestive asso-
ciations for haematologic malignancies were also observed for MMP9,
beta-2-microglobulin  (B2M), MCP1, collagen type XVII alpha 1
(COL18A1), and serum amyloid A1 (SAAT).

Other suggestive associations for cancer subtypes are summarized in
Table 3 and include: five biomarkers for melanoma [MCP1, protein Z-de-
pendent protease inhibitor (SERPINA10), contactin 1 (CNTN1), MMP9,
and chemokine (C-X-C motif) ligand 16 (CXCL16)], three for bladder
cancer [osteocalcin, EGF containing fibulin-like extracellular matrix pro-
tein 1 (EFEMP1), and plasminogen activator inhibitor 1 (PAI1)], three for
gynaecologic cancers [osteocalcin, insulin-like growth factor binding pro-
tein 2 (IGFBP2), and vascular endothelial growth factor (VEGF)], one for
breast cancer [angiopoietin-like 3 (ANGPTL3)], and two for prostate
cancer [lithostathine-1-alpha (REG1A) and leptin receptor (leptin-R)].
None of these reached statistical significance at the specified FDR cut-
point.

3.3 Sensitivity analyses

In sensitivity analyses, we excluded 38 cancer events that occurred
within 6 months of baseline examination. We excluded these patients to
reduce the risk of reverse causation under the assumption that cancers
diagnosed within 6 months of baseline could have been present but
undiagnosed at the baseline examination, thus influencing biomarker lev-
els. Results (Supplementary material online, Table S2) were similar to
those of our main analyses. GDF15 remained associated with incident
cancer (HR 1.28, 95% CI 1.13-1.43, Q=0.003), and both GDF15 and
SDF1 remained associated with cancer death (GDF15 HR 2.06, 95% CI
1.64-2.60, Q <0.0001; SDF1 HR 0.76, 95% CI 0.65-0.88, Q=0.007).
Site-specific cancer incidence sensitivity analyses showed similar sugges-
tive associations as the main analysis (Supplementary material online,
Table S3). In separate sensitivity analyses, we further adjusted for pack-
years and results were similar to those of our main analyses
(Supplementary material online, Tables $4 and S5). In some of these sec-
ondary analyses, the number of events was relatively small compared to
the number of variables included in the MV model (Supplementary mate-
rial online, Table S5).
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Table 2 Single biomarker associations with cancer incidence and cancer death

Age- and sex-adjusted model

Multivariable model

Biomarker HR (95% CI)
Cancer incidence (n = 841) GDF15 1.38 (1.24-1.53)
CD40L 1.11 (1.03-1.19)
NCAM 0.90 (0.84-0.97)
GRN 1.10 (1.02-1.18)
UCMGP 1.11 (1.02-1.20)
CRP 1.10 (1.02-1.19)
sICAM1 1.09 (1.02-1.17)
TIMP1 1.09 (1.01-1.19)
sRAGE 0.93 (0.87-1.00)
Osteocalcin 0.93 (0.86-1.00)
MCP1 1.08 (1.00-1.16)
Cancer death (n=221) GDF15 2.58 (2.10-3.15)
SDF1 0.71 (0.62-0.82)
sICAM1 1.34 (1.16-1.55)
MMP9 1.33 (1.14-1.54)
TIMP1 1.39 (1.17-1.65)
CRP 1.28 (1.10-1.49)
MCP1 1.25 (1.08-1.44)
CLEC3B 0.81 (0.70-0.93)
MMP8 1.23 (1.07-1.41)
GP5 0.81(0.71-0.94)
GRN 1.21 (1.06-1.39)
clusterin 0.80 (0.68-0.95)
PAI 1.21 (1.04-1.40)
MPO 1.18 (1.03-1.35)
ADM 1.23 (1.04-1.47)
LPA 0.85 (0.74-0.97)
KLKB1 0.84 (0.73-0.98)
IGFBP2 1.18 (1.02-1.37)
IGF1 0.84 (0.72-0.98)
CD14 1.17 (1.02-1.35)
GMP_140 117 (1.01-1.34)
PMP2 0.86 (0.75-0.99)
sRAGE 0.87 (0.76-0.99)
NCAM 0.87 (0.75-1.00)

P-value HR (95% CI) P-value
<0.0001" 1.31 (1.17-1.47) <0.0001™"
0.004 1.09 (1.02-1.18) 0.01
0.005 0.94 (0.87-1.02) 0.12
0.01 1.08 (1.01-1.16) 0.03
0.01 1.10 (1.01-1.19) 0.03
0.01 1.07 (0.98-1.16) 0.14
0.02 1.05 (0.97-1.13) 023
0.04 1.08 (0.99-1.18) 0.08
0.04 0.96 (0.89-1.03) 0.26
0.04 0.95 (0.88-1.02) 0.14
0.047 1.06 (0.98-1.14) 0.14
<0.0001% 2.15 (1.72-2.70) <0.0001""
<0.0001% 0.75 (0.65-0.86) <0.0001"""
<0.0001" 1.21 (1.05-1.41) 0.01
<0.0001" 1.17 (1.01-1.35) 0.04
0.0002" 1.31 (1.10-1.56) 0.002
0.001" 1.19 (1.01-1.40) 0.04
0.003" 1.18 (1.02-1.36) 0.03
0.003" 0.82 (0.71-0.95) 0.01
0.004" 1.17 (1.02-1.35) 0.03
0.004" 0.86 (0.75-0.99) 0.04
0.006" 1.17 (1.02-1.34) 0.03
0.01 0.82 (0.69-0.97) 0.02
0.01 1.07 (0.91-1.26) 0.04
0.01 1.13 (0.99-1.30) 0.07
0.02 1.11 (0.92-1.34) 0.28
0.02 0.87 (0.76-1.00) 0.06
0.02 0.84 (0.72-0.98) 0.02
0.03 1.23 (1.04-1.44) 0.01
0.03 0.90 (0.77-1.04) 0.16
0.03 1.08 (0.93-1.25) 033
0.03 1.08 (0.94-1.25 0.27
0.04 0.89 (0.77-1.02) 0.09
0.04 0.93 (0.81-1.06) 027
0.05 0.96 (0.83-1.11) 0.57

Multivariable model adjusted for age, sex, BMI, systolic blood pressure, hypertension treatment, diabetes mellitus, smoking, alcohol use, and aspirin use. Displayed raw P-values
<0.05 are suggestive of association between biomarker and cancer incidence.
Bolded rows denote biomarkers with a significant false discovery rate Q-value <0.05 in age- and sex-adjusted models as well as multivariable models.

*Denotes Q-value <0.05.
*+Q =0.0002.

*+Q <0.0001.

HkikQ = 0.002.

4. Discussion

With the growth of cardio-oncology as a field and the recognition that
cancer survivors may suffer cardiovascular complications, increasing at-
tention has also been focused on the converse—the idea that CVD in
and of itself may be linked to cancer development." This association
may be driven by shared risk factors, though exact mechanisms remain
unclear. We recently showed that traditional cardiovascular risk factors
were associated with incident cancer among participants in the FHS.” In
this context, we leveraged a targeted proteomic approach to query
CVD-associated biomarkers in relation to the development of new-

onset cancer in an inception cohort. We found that there was overlap in
proteins previously associated with CVD that also preceded the devel-
opment of cancer. This included proteins representing distinct pathways
including inflammation, immune activation, and fibrosis. We observed
the most robust associations with cancer incidence and/or cancer-
related mortality for GDF15, SDF1, GRN, and FGF23. Many of these
proteins had also previously been linked to CVD,” further strengthening
the recently suggested clinical tie between these two diseases.
Interestingly, it was recently reported that established tumour bio-
markers are increased in patients with prevalent HF and are indepen-
dently associated with poor outcomes,'® which provides additional
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Figure | MV-adjusted associations of biomarkers with incident cancer. The MV Cox regression model was adjusted for age, sex, body mass index, smok-
ing status (current, former, and never), systolic blood pressure, hypertension treatment, diabetes mellitus, alcohol use, and aspirin use. Displayed biomarkers
meet P <0.05 in age- and sex-adjusted Cox regression analyses. * denotes GDF15 P-value <0.0001 and FDR Q-value = 0.0002. Remaining biomarkers do

not meet statistical significance in MV analyses.

support for the bi-directionality between cancer and CVD. Our findings
further suggest that shared biological pathways may underlie or charac-
terize both cancer and CVD and highlight the need for future work fo-
cused on the identification of at-risk individuals and potential therapeutic
avenues.

Among the 71 circulating biomarkers, GDF15 was most consistently
associated with risk of incident overall cancer, Gl and CRC cancer, and
overall cancer-related death. GDF15 is a pleiotropic cytokine with multi-
ple functions, and is considered an indicator of cell injury, oxidative
stress, and inflammation.”” GDF15 (also known as macrophage inhibi-
tory cytokine-1) reduces the macrophage response immune surveil-
lance, making it an important promoter of early cancer development,

) ) - ) ! 1213
thus leading to increased cancer incidence in experimental models.

In addition, GDF15 has substantial pro-neoplastic activity by stimulating
tumour growth, migration, invasion, and immune escape,'*'® and plays a
role in cancer-related cachexia, and thus cancer-related death.'® Prior
epidemiological studies suggest that GDF15 was associated with in-
creased all-cause and non-cardiovascular mortality."”~"? In prior pro-
spective cohort studies, GDF15 was associated with an increased risk of
CRC incidence®® and CRC-related mortality.2" Our findings confirm and
expand on these studies. The recently observed association between
CVD and cancer ' further lends biological plausibility to our results.
Several studies,”? including ours in the FHS,” have found that GDF15 is
associated with future CVD and CVD-related death, and GDF15 has
consequently been incorporated in some risk-prediction scores for
CVD-related death.”® Recent discovery-based proteomic analyses
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Figure 2 MV-adjusted associations of biomarkers with cancer-related death. The MV Cox regression model was adjusted for age, sex, body mass index,
smoking status (current, former, and never), systolic blood pressure, hypertension treatment, diabetes mellitus, alcohol use, and aspirin use. Displayed bio-
markers meet P<0.05 in age- and sex-adjusted Cox regression analyses. * denotes MV FDR Q-value <0.05, specifically SDF1 Q=0.002 and GDF15
Q<0.0001, P-value < 0.0001 for both. Remaining biomarkers do not meet statistical significance in MV analyses.

suggest that GDF15 is strongly correlated with chronological age,“‘25

and therefore it is not surprising to observe its association with both
CVD and cancer. In addition, a recent genome-wide DNA methylation
study has identified 16 genes that influenced circulating GDF15 levels
and which were differently methylated in patients with or without
CVD.? Five of these genes were linked to regulation of microRNA-21,
one of the most frequently up-regulated miRNAs in solid tumours that
post-transcriptionally down-regulates tumour suppressors and thus
stimulates invasion, intravasation, and metastasis in cancer.2® While these
studies offer some initial insight into the pathophysiological mechanisms
that underlie the association between GDF15 and cancer/CVD at the
molecular level, our knowledge is still quite limited. These results suggest
that GDF15 may play a role in or serve as a biomarker of accelerated bi-
ological age, and thus constitute an early detection biomarker, a prog-
nostic factor, or a potential therapeutic target for both cancer and
CVD."™ The results from this prospective cohort study provide

further strong clinical and epidemiological rationale for pursuing mecha-
nistic studies of the role of GDF15 in relation to both CVD and cancer.
Of note, we found that SDF1 (widely known as CXCL12) was signifi-
cantly associated with a reduced risk of cancer-related mortality though
we did not find such an association with incident cancer. Some data sug-
gest that SDF1 may lead to worse cancer outcomes due to its possible
involvement in leukocyte trafficking, cross-talking between tumour cells
and their microenvironment, and induction of angiogenesis, homing, and
metastasis.”®3° Other experimental data, however, suggest that high lev-

31-33 . 34
and pancreatic”” metastases, and may

els of SDF1 may inhibit colon
reduce the deleterious wasting associated with cancer.®® In cross-
sectional human studies, high levels of SDF1 have been associated with
better outcomes in smaller studies of patients with prevalent Gl can-
cer.**738 Separately, SDF1 has also been reported to be associated with

39,40

atherogenic CVD, HF, and all-cause mortality, and it may be that an

inverse association with cancer-related death is observed due to
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Table 3 Single biomarker associations with site-specific cancer incidence

Biomarker

Age- and sex-adjusted model

Multivariable model

Gl cancer (n=118)

CRC (n=65)

Haematologic cancer (n=97)

Lung cancer (n=87)

Melanoma (n=90)

GDF15
TIMP1
sICAM1
ADM
IGF1
sRAGE
sGP130
APOB
FGF23
Osteocalcin
UCMGP
clusterin
CLEC3B
PAI1
GRN
GDF15
FGF23
ADM
TIMP1
UCMGP
PAI1
sRAGE
DPP4
EFEMP1
sICAM1
APOB
BCHE
clusterin
GRN
MMP9
B2M
MCP1
COL18A1
SAA1
GDF15
MMP9
sRAGE
sICAM1
SDF1
DPP4
AGP1
Leptin
PON1
NCAM
ANGPTL3
CLEC3B
PPBP
IGFBP1
Notch1
CRP
haemopexin
MCP1

2.10 (1.59-2.76)
1,55 (1.23-1.95)
1.38 (1.14-1.68)
146 (1.16-1.85)
0.73 (0.59-0.89)
0.76 (0.64-0.92)
1.32 (1.09-1.61)
0.77 (0.63-0.94)
1.28 (1.06-1.55)
0.79 (0.65-0.95)
131 (1.05-1.62)
0.77 (0.61-0.96)
0.80 (0.66-0.97)
124 (1.02-1.52)
121 (1.00-1.46)
2.09 (1.45-3.02)
1.53 (1.19-1.97)
1,62 (1.19-2.21)
1,53 (1.13-2.07)
147 (1.10-1.98)
140 (1.07-1.82)
0.74 (0.58-0.95)
0.74 (0.58-0.95)
145 (1.06-1.96)
1.34 (1.03-1.74)
0.76 (0.58-0.99)
0.77 (0.60-1.00)
0.74 (0.55-1.00)
1.62 (1.30-1.99)
137 (1.11-1.70)
143 (1.10-1.86)
130 (1.04-1.62)
127 (1.03-1.57)
126 (1.01-1.57)
2.14 (155-2.97)
152 (121-1.92)
0.75 (0.61-0.93)
1.35 (1.07-1.70)
0.75 (0.60-0.94)
0.76 (0.62-0.94)
1.30 (1.04-1.64)
0.76 (0.60-0.98)
0.78 (0.62-0.98)
0.78 (0.62-0.98)
0.78 (0.62-0.98)
0.79 (0.63-0.99)
125 (1.01-1.55)
129 (1.01-1.65)
0.80 (0.64-0.99)
127 (1.00-1.62)
0.79 (0.62-1.00)
0.71 (0.58-0.88)

<0.0001"
0.00018"
0.001"
0.002"
0.002"
0.004
0.005
0.009
0.009
0.01
0.02
0.02
0.03
0.03
0.05
<0.0001"
0.0011"
0.002
0.007
0.01
0.01
0.02
0.02
0.02
0.03
0.04
0.05
0.05
<0.0001"
0.02
0.02
0.02
0.02
0.02
<0.0001"
0.008"
0.008
0.01
0.012
0.01
0.02
0.03
0.03
0.03
0.03
0.04
0.04
0.04
0.04
0.05
0.05
0.0016

1.85 (1.37-2.50)
142 (1.13-1.79)
1.30 (1.06-1.60)
1.30 (1.01-1.67)
0.80 (0.65-0.98)
0.83 (0.69-1.01)
1.25 (1.04-1.54)
0.74 (0.61-0.90)
129 (1.06-1.56)
0.85 (0.69-1.03)
122 (0.98-1.54)
0.76 (90.61-0.95)
0.83 (0.68-1.01)
1.05 (0.84- 1.32)
1.16 (0.96-1.40)
1.94 (1.29-2.91)
1.55 (1.20-2.00)
1.51 (1.08-2.12)
145 (1.07-1.98)
141 (1.04-1.92)
127 (0.94-1.70)
0.80 (0.62-1.03)
0.75 (0.59-0.96)
1.36 (0.99-1.86)
124 (0.95-1.63)
0.72 (0.55-0.94)
0.75 (0.58-0.97)
0.74 (0.55-1.00)
1.61 (1.30-1.99)
1.36 (1.09-1.69)
144 (1.10-1.87)
1.30 (1.04-1.62)
127 (1.02-157)
1.31 (1.05-1.65)
1.59 (1.10-2.28)
123 (0.98-1.55)
0.77 (0.61-0.95)
1.15 (0.91-1.46)
0.79 (0.63-0.99)
0.77 (0.62-0.95)
1.20 (0.95-1.52)
1.01 (0.73-1.40)
0.83 (0.67-1.03)
0.88 (0.70-1.10)
0.80 (0.63-1.02)
0.82 (0.65-1.04)
1.16 (0.94-1.44)
1.02 (0.77-1.35)
0.85 (0.67-1.06)
129 (1.01-1.65)
0.83 (0.65-1.06)
0.71 (0.57-0.88)

<0.0001

<0.0001"

0.003
0.01
0.04
0.03
0.06
0.02
0.0025
0.009
0.10
0.08
0.02
0.06
0.06
0.12
0.001""
0.0008™"
0.02
0.02
0.03
0.12
0.08
0.02
0.05
0.12
0.02
0.03
0.05
0.02
0.02
0.02
0.02
0.01
0.01
0.08
0.02
0.25
0.04
0.01
0.12
0.95
0.09
0.26
0.07
0.10
0.18
0.89
0.15
0.04
0.14
0.002

Continued
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Table 3 Continued

Age- and sex-adjusted model

Multivariable model

Biomarker HR (95% CI)
SERPINA10 1.30 (1.04-1.61)
CNTN1 1.32 (1.05-1.66)
MMP9 0.78 (0.63-0.97)
CXCL16 0.81 (0.65-1.00)
Bladder cancer (n=58) Osteocalcin 0.71 (0.54-0.93)
EFEMP1 0.72 (0.54-0.97)
PAI 1.37 (1.01-1.84)
Gynaecologic cancer (n=48) Osteocalcin 0.70 (0.52-0.94)
IGFBP2 0.71 (0.52-0.96)
VEGF 0.70 (0.51-0.97)
Breast cancer (n=159) ANGPTL3 1.20 (1.02-1.41)
Prostate cancer (n=149) REG1A 0.76 (0.64-0.91)
Leptin-R 1.26 (1.07-1.49)

P-value HR (95% CI) P-value
0.02 1.30 (1.05-1.61) 0.02
0.02 1.36 (1.07-1.72) 0.01
0.02 0.78 (0.63-0.97) 0.03
0.05 0.80 (0.65-1.00) 0.05
0.01 0.69 (0.52-0.93) 0.01
0.03 0.74 (0.55-1.01) 0.06
0.04 1.59 (1.16-2.18) 0.004
0.02 0.73 (0.53-1.00) 0.05
0.03 0.79 (0.57-1.11) 0.17
0.03 0.67 (0.48-0.93) 0.02
0.03 1.18 (0.99-1.40) 0.07
0.002 0.76 (0.63-0.90) 0.002
0.005 1.26 (1.07-1.49) 0.005

Multivariable model adjusted for age, sex, BMI, systolic blood pressure, hypertension treatment, diabetes mellitus, smoking, alcohol use, and aspirin use. Breast cancer and gynaeco-
logic cancer analyses were performed only in women. The multivariable analysis was further adjusted for menopausal status. Prostate cancer analysis was performed only in men.

Displayed raw P-values <0.05 are suggestive of association between biomarker and cancer incidence.
Bolded rows denote biomarkers with a significant false discovery rate Q-value <0.05 in age- and sex-adjusted models as well as multivariable models.

*Denotes Q-value <0.05.
*+Q=0.004.

wkQ =0.047.

kit () = 0,0008.

competing risk from CVD-related deaths. Further mechanistic studies to
elucidate the association between SDF1 and cancer/CVD-related death
are warranted.

Two additional results in our study deserve mention. First, we found
that GRN was associated with an increased risk of future haematologic
malignancies. This finding is notable because of biological plausibility
based on prior smaller studies. Specifically, GRN is a secreted glycopro-
tein with pleiotropic functions, which include regulation of cell cycle pro-
gression, cell motility, and wound repair. It is overexpressed by many
cancers and may contribute to their progression.*" In particular, progra-
nulin, a GRN precursor, was found to be an independent predictor of
disease progression and overall survival in chronic lymphocytic leukae-

mia,42

and experimental data suggest that GRN-expressing haemato-
poietic cells may predispose to other cancers as well > We now extend
these findings and show that baseline circulating GRN levels portend the
future development of haematologic malignancies in a large inception co-
hort. Additionally within the same sample, we have previously shown
GRN to be associated with CVD and all-cause mortality.” This finding is

in line with other studies***

and supports the hypothesis that shared bi-
ologic pathways may underlie the development of both cancer and
CVD.

Second, we found that FGF23 was associated with increased risk for
CRC. FGF23, a member of the endocrine FGF subfamily, is normally
expressed in osteocytes and has a critical role in phosphate homeostasis.

6 and

Prior studies suggest that FGF23 is associated with the incidence®
progression47 of prostate cancer, and with worse outcomes in patients
with different types of cancers and bone metastases.*®*” While FGF23
has previously been associated with worse outcomes in CVD,***" our
study now links FGF23 to CRC specifically, again confirming the possibil-
ity that similar processes underlie both conditions.

Finally, we found a number of other proteins representative of distinct

pathways with suggestive associations with cancer incidence and/or

cancer-related mortality. These include markers of infllmmation
[sICAM1, CRP, MCP1, interleukin-6 receptor beta (sGP130), butyryl-
choline esterase (BCHE), B2M, SAA1, adrenomedullin (ADM)], immune
activation [CD40L, GRN, plasma kallikrein (KLKB1), CXCL16, clusterin],
metabolic and adipocyte homeostasis [IGFBP2, REG1A, insulin-like
growth factor 1 (IGF1), APOB, DPP4, receptor for advanced glycation
end-products (sRAGE), osteocalcin, leptin-R], fibrosis (MMP9, TIMP1,
MMP8, EFEMP1, COL18A1), and markers of circulatory homeostasis
[GP5, PAI1, SERPINA10, VEGF, tetranectin (CLEC3B)]. Many of these
biomarkers have also been associated with CVD outcomes9, which sug-
gests that shared biological mechanisms including inflammation and im-
mune activation underlie both conditions. These hypothesis-generating
results should be explored in future experimental and/or clinical studies.

There are several limitations to our study. First, our study was a
discovery-based observational sample and causal inferences cannot be
drawn. In addition, we did not confirm these findings in an independent
population. For these reasons, our results need to be considered as ex-
ploratory and hypothesis-generating in nature. While the association be-
tween GDF15 and CRC has been observed in other prospective cohort

S 2021
studies similar to ours,”*

no prospective cohort studies are available to
confirm our results with regard to the other biomarkers mentioned
above. This highlights the need for future studies to confirm our findings
in other populations and to elucidate whether these proteins are mecha-
nistically linked to cancer development. Second, although we observed a
large number of overall cancers, analyses examining cancer subtype with
modest event numbers and smaller effect sizes may not have been de-
tectable. In addition, as an observational study, we cannot rule out the
possibility of unmeasured residual confounding. However, we adjusted
for many known potential confounding factors, and multivariate adjust-
ment did not substantially alter our age/sex-adjusted effect estimates.
Third, our sample was predominantly white, limiting potential generaliz-
ability. We also were not able to account for hereditary factors in this
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Figure 3 MV-adjusted associations of biomarkers with site-specific incident cancers. The MV Cox regression model was adjusted for age, sex, body mass
index, smoking status (current, former, and never), systolic blood pressure, hypertension treatment, diabetes mellitus, alcohol use, and aspirin use. Breast
cancer and gynaecologic cancer analyses were performed only in women and the MV model was further adjusted for menopausal status. Prostate cancer
analysis was performed only in men. Displayed biomarkers meet P <0.05 in age- and sex-adjusted Cox regression analyses. * denotes MV FDR Q-value
<0.05. GRN P-value < 0.0001 and Q = 0.0008 for haematologic cancer; FGF23 P=0.0008 and Q = 0.047, GDF15 P=0.001 and Q = 0.047 for colorectal can-
cer (CRC); GDF15 P <0.0001 and Q = 0.004 for Gl cancer. Remaining biomarkers do not meet statistical significance in MV analyses.

analysis. Fourth, a single measurement of biomarkers in relation to sub-
sequent cancer diagnosis may underestimate associations due to regres-
sion dilution bias, potentially leading to false negative results.
Furthermore, there is overlap in biomarker distributions among those
with and without future cancer, and that discriminatory ability of a single
biomarker cut-point will not be very useful, particularly in the absence of
other clinical criteria. Fifth, we used the FDR method for accounting for
multiple testing, which is not is not as robust as other stricter, and poten-
tially over-conservative, methods (e.g. Bonferroni). However, consider-
ing the exploratory nature of our study, we were interested in
minimizing the risk of false negatives, while at the same time accounting
for multiple testing to avoid the risk of false positives. The FDR methods,
widely used in epidemiologic research, seem to achieve both these goals.

Sixth, considering that we excluded the relatively few patients with prev-
alent CVD, we cannot comment on the association of biomarkers with
cancer incidence/mortality in this subgroup. Finally, limitations of the
multiple reactions monitoring mass spectrometry platform include bias
towards detection of more-abundant proteins. Nevertheless, our study’s
strength includes a large, population-based, prospective study design
with detailed follow-up that reduces the potential for recall or misclassifi-
cation bias. In this context, we were able to leverage detailed CVD-
related protein profiling to study associations with future cancer
diagnosis.

In conclusion, we observed several significant associations between
circulating CVD-related protein biomarkers and new-onset cancer.
GDF15 was consistently associated with increased risk of overall cancer,
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Translational perspective

In our prospective cohort study, baseline levels of biomarkers previously associated with CVD were found to be associated with future develop-
ment of cancer. In particular, GDF15 was associated with increased risk of cancer incidence and mortality, including Gl and colorectal cancers; SDF1

was inversely associated with cancer-related death; and FGF23 and GRN were associated with increased risk of colorectal and haematologic can-

cers, respectively. Other biomarkers of inflammation, immune activation, metabolism, and fibrosis showed suggestive associations. These results sug-

gest potential shared biological pathways that underlie both development of cancer and CVD.
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