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ABSTRACT

enous thromboembolism occurs frequently in cancer patients.
Two variants in the factor 5 gene (F5), rs6025 encoding for the fac-
tor V Leiden mutation R506Q, and rs4524 encoding K858R, have
been found to be associated with venous thromboembolism. We
assessed the joint effect of active cancer and these two F5 variants on
venous thromboembolism risk in a case-cohort study. Cases with a first
venous thromboembolism (n=609) and a randomly selected age-weight-
ed cohort (n=1,691) were sampled from the general population in
Tromsg, Norway. Venous thromboembolism was classified as cancer-

Correspondence: related if it occurred in the period 6 months before to 2 years after a diag-
! - nosis of cancer. Active cancer was associated with an 8.9-fold higher risk
olga.gran@uitno of venous thromboembolism (95% CI7.2-10.9). The risk of cancer-relat-

ed venous thromboembolism was 16.7-fold (95% CI 9.9-28.0) higher in
subjects heterozygous for rs6025 compared with non-carriers of this
variant without active cancer. In subjects with active cancer the risk of

Recelved: Aprl 5, 2016. venous thromboembolism was 15.9-fold higher (95% CI 9.1-27.9) in

Accepted: June 10, 2016. those with one risk allele at rs4524, and 21.1-fold (95% CI 12.4-35.8)
Pre-published: June 16, 2016. higher in those with two risk alleles compared with non-carriers without

active cancer. A synergistic interaction was observed between active can-
doi:10.3324/haematol.2016.147405 cer and factor V Leiden (relative excess risk due to interaction 7.0; 95%

CI0.5-14.4) and rs4524 (relative excess risk due to interaction 15.0; 95%
CI7.5-29.2). The incidence of venous thromboembolism during the ini-
Check the online version for the most updated ~ tial 6 months following a diagnosis of cancer was particularly high in
information on this article, online supplements,  subjects with risk alleles at these loci. This implies that the combination

fv,;;jw”f';g)gzgig)lgg?gaa:rfgh/ocrgg;gnf/glggfgs/uﬁ)szl:6 of cancer and F5 variants synergistically increases venous thromboem-
' ' bolism risk.
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Introduction

Venous thromboembolism (VTE), consisting of deep vein thrombosis (DVT) and
are allowed for personal or internal use. pulmonary embolism (PE), is a common and potentially fatal condition.' The overall
Permission in writing from the publisher is incidence is 1-2 per 1,000 person-years in adults and increases sharply with age.*®
required for any other use. The association between VTE and cancer is well established and dates back to the

19" century when Bouillaud’ and later Trousseau’ described a relationship between
certain malignancies, hypercoagulability and thrombosis. Cancer is associated with

a 4- to 7-fold increased risk of VTE, and it is estimated that 15% of cancer patients
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develop symptomatic VTE during the course of their dis-
ease.”® The risk of death in cancer patients with VTE is
two times greater than in those with cancer alone, and
cancer-related VTE is the second leading cause of death in
cancer patients.”"

Family and twin studies have shown that 60% of the
VTE risk can be attributed to genetic factors.”* In the last
two decades, knowledge in this field has expanded and sev-
eral single nucleotide polymorphisms have been identified
that, if present, can affect an individual’s risk of VIE."
These polymorphisms are single base-pair variations that
have the potential to alter the function (e.g. factor V Leiden)
and plasma levels (e.g. prothrombin 20210A) of proteins
and are predominately located in or near genes encoding for
proteins in the coagulation or fibrinolytic pathways."

Activated factor V (FV) acts as an important cofactor in
the coagulation cascade by facilitating conversion of pro-
thrombin to thrombin and by promoting degradation of
activated factor VIII together with activated protein C
(APC) and protein S."*” Variations in the factor 5 gene (F5)
commonly result in attenuated down-regulation of acti-
vated FV by APC."” The rs4524 single nucleotide polymor-
phism (169542517 T>C) is the result of a missense muta-
tion (lysine to arginine) at position 2684 in the B-domain
of F5 which is thought to result in APC resistance.” A mis-
sense mutation (arginine to glutamine) at position 506
results in the well-known factor V Leiden (FVL)
(1691G>A, 1s6025) single nucleotide polymorphism. FVL
is pro-thrombotic by two mechanisms: its APC-resistant
properties and its abnormal factor VIII degradation by
APC."® Cohort studies have found that among white
Americans and Europeans approximately 5-8% of the
population are heterozygous for FVL.**

In recent years, major advances have been made in
understanding the role of genetic factors in the risk of
VTE. However, the majority of genetic studies have
excluded individuals with cancer-related thrombosis, and
the few studies that have been performed on inherited risk
factors for VTE (e.g. FVL, prothrombin mutation) in cancer
patients have shown inconsistent and conflicting results,
likely because of insufficient statistical power due to small
populations of patients.**” As a consequence, knowledge
on the biological interaction between cancer and inherited
risk factors for VTE is limited. The aim of the present
study was to investigate the joint effect of inherited risk
variants of F5, FVL and rs4524, and active cancer on the
absolute and relative risks of VTE in a population-based
case-cohort study.

Methods

Study population

Participants were recruited from the fourth (n=27,158) and sixth
(n=12,984) surveys of the Tromse Study, a single-center popula-
tion-based cohort study, conducted in 1994-1995 and 2007-2008,
respectively. All (Tromsg 4) or parts (Tromse 6) of the population
of the Tromse municipality over the age of 24 were invited to par-
ticipate in these surveys. The attendance rate was high, with 77 %
of the eligible population participating in Tromsg 4 and 66% par-
ticipating in Tromse 6. A total of 29,128 subjects aged 25 to 97
years participated in at least one of the studies. A detailed descrip-
tion of the Tromse Study has previously been published else-
where.” The registration and validation of VTE is described in the
Online Supplementary Methods.

F5 variants and cancer-related VTE -

From the date of inclusion in the Tromse 4 (1994/95) or Tromsg
6 (2007/08) survey until the end of follow-up on December 31,
2012, there were 660 incident VTE events. The individuals who
had these events were cases in our study. A sub-cohort of age-
weighted subjects (n=1,793) was randomly selected from the
fourth and sixth surveys of the Tromse study (n=29,128). Subjects
with a previous history of cancer (n=152) or with missing values
for FVL (n=5) and F5 rs4524 (n=13) variants were excluded. Our
final case-cohort therefore consisted of a total of 2,300 subjects:
609 VTE cases and 1,691 subjects in the sub-cohort. The constitu-
tion of the case-cohort study is summarized in Figure 1.

This study was approved by the Regional Committee for
Medical and Health Research Ethics in Northern Norway (REC
North) and all participants provided informed written consent to
participation.

Baseline measurements
Baseline measures are described in the Ounline Supplementary

Methods.

Sequenom genotyping and quality control
Genotyping methods are described in the Online Supplementary
Methods.

Cancer assessment
Cancer assessment is described in the Ounline Supplementary
Methods.

Definition of active cancer

Temporal proximity to cancer diagnosis is a strong predictor of
VTE risk. Our study and previous studies have found that up to
50% of cancer-related VIE events occur in the 2.5-year period
starting from 6 months prior to a diagnosis of cancer until 2 years
after the diagnosis of cancer.®" The risk of VTE by time since can-

Tromsg 6
2007-2008
n=12,984

Tromsg 4
1994-1995
n=27,158

VTE cases
n=660

*from study entry to

Sub-cohort
n=1793
age weighted and

randomly selected from

31.12.2012
Tromsg 4 and 6

vV @

Cohort n=2453
VTE cases n=660
Sub-cohort n=1793

Exclusions
Previous cancer n=135
Missing FVL n=5
Missing F5 rs4524 n=13

VTE cases n=609
Sub-cohort n=1691

Figure 1. Flowchart illustrating the composition of the case-cohort study.
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cer diagnosis in our cohort is illustrated in Figure 2. For the purpose
of our study, a VIE event was classified as related to active cancer
if it occurred within 6 months prior to a diagnosis of cancer until
2 years following the cancer diagnosis. Extending the observation
period of cancer increases the likelihood of dilution due to inclu-
sion of VTE not necessarily caused by cancer. Following the period
of active cancer, subjects with cancer were classified as having a
previous cancer, as the risk of VTE remains marginally increased
even after the period of active cancer.

Statistical analysis

The statistical analysis was carried out using STATA version
13.0 (Stata Corporation, College Station, TX, USA). Cox propor-
tional hazards regression models were used to calculate age- and
sex-adjusted hazard ratios (HR) with 95% confidence interval (CI)
for VTE across categories of cancer (no, active and previous) and
gene variants. Subjects were considered heterozygous if one risk
allele was present at the locus of interest and homozygous if two
risk alleles were present. Cancer-free subjects without the risk alle-
les were used as the reference group. In addition to calculating
hazard ratios for VIE, sub-group analyses were performed sepa-
rately for DVT and PE. The proportional hazards assumption was
confirmed by the use of the Schoenfeld global test.

Cancer was entered as a time-varying co-variate in the model.
The data were split with respect to the date of cancer diagnosis to
distinguish those related to active and previous cancer. Hence,
subjects who developed cancer during follow-up contributed with
“non-exposed” person-time from the baseline inclusion date to 6
months before cancer diagnosis, with “active cancer exposed” per-
son-time during the active cancer period (-6 to 24 months around
the date of cancer diagnosis), and with “previous cancer exposed”
person-time in the period >24 months following a diagnosis of
cancer. We used the number of person-years from the original

Table 1. Baseline characteristics of the study population according to
cancer status.

Entire Previous Active
Case-Cohort Cancer Cancer
Subjects 2300 201 461
Age (years) 58 +14 61 +10 61 =11
Sex (males) 46.9 (1079) 49.8 (100) 49.7 (229)
BMI (kg/m?) 26.0 +4.2 25.9 +3.9 25.7 +4.1
Daily smoking 34.7 (799) 37.8 (76) 42.7.(197)
Physical activity 22.3 (510) 23.9 (48) 19.6 (90)
Self-reported DM 3.1 (7D 3.0 (6) 3.9 (18)
Self-reported CVD 11.7 (269) 9.5 (19) 10.8 (50)
WBC count (10%L) 7.0+1.8 70 +1.7 72 +18
Platelet count (10%L) 253 +63 252 +60 252 +62
VTE 609 8.7 (53) 19.2 (117)
DVT 343 8.5 (29) 19.5 (67)
PE 266 9.0 (24) 18.8 (50)
F5rs6025_t (FVL)* 0.04 0.04 0.04
1 risk allele 188 15 39
2 risk alleles 3 0 0
F5 rsd524_t* 0.73 0.69 0.72
1 risk allele 899 83 190
2 risk alleles 1233 98 235

Values are numbers or percentages with numbers or means +SD in parentheses. Active
cancer: period from 6 months before a cancer diagnosis until 2 years after; Previous
cancer: 2 years or more following a cancer diagnosis. BVII: body mass index; DM: dia-
betes mellitus; CVD: cardiovascular disease; WBC: white blood cell count; *allele fre-
quency.

| oveanetar ...

cohort (n=29,128) as a basis for the calculation of absolute risks.

Methods for assessing synergism between the F5 variants and
active cancer on VTE risk are described in detail in the Online
Supplementary Methods.

We used Kaplan-Meier curves to estimate cumulative incidence
to illustrate time to VTE in subjects with active cancer and the
presence of risk alleles. The Fine-Gray model” was applied for sen-
sitivity analysis to account for mortality as a competing event.

Results

There were 461 subjects diagnosed with cancer during a
median of 12.9 years follow-up. The distribution of cancer
by cancer site is presented in Online Supplementary Table
S1. The mean age at cancer diagnosis was 69 years. The
baseline characteristics of subjects according to cancer sta-
tus are presented in Table 1. The median age of all subjects
was 59 years. The proportion of current smokers was
higher in the cancer population (41.2% versus 34.7 %).

Of the 609 subjects with VTE, 343 (56.3%) had DVT
and 266 (43.7%) had PE; 117 of the VTE events were can-
cer-related. A VTE event was classified as related to active
cancer if it occurred within 6 months prior to the diagnosis
of cancer until 2 years following a cancer diagnosis. There
were 53 events in the previous cancer group and the
remaining 439 events occurred in the non-cancer group.

Allele frequencies for FVL and F5 rs4524 are presented in
Table 1. The FVL variant was heterozygous in 188 of 2,300
subjects (8.2%) and homozygous in three (0.1%). Similar
to a previously cited reference population (allele frequency
0.05),” the overall allele frequency of FVL was 0.042 in our
cohort. The allele frequency was substantially higher in
cases than in the sub-cohort (0.073 versus 0.031, respec-
tively). The allele frequency of the F5 rs4524 variant was
0.732 in our population, which is similar to that in a refer-
ence population of European ancestry (0.736).* The fre-
quency of this allele was also higher in VTE cases than in
the sub-cohort (0.775 versus 0.732, respectively). There
were 899 heterozygous individuals (39.1%) and 1,233
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Figure 2. Hazard ratios for VTE at 6-month intervals starting from 1 year before
cancer diagnosis.
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homozygous individuals (63.6%). With the exception of
FVL and urological cancers (allele frequency 0.104,
P=0.009) and FVL and pancreatic cancer (allele frequency
0.167, P=0.001), which has been previously described,”
the allele frequencies of FVL and F5 rs4524 in subjects
with various different types of cancer were similar to
those in non-cancer subjects.

Active cancer was associated with an overall 8.9-fold
(95% CI 7.2-10.9) higher risk of VTE, with an age- and
sex-adjusted hazard ratio of 8.5 (95% CI 6.9-10.5). In sub-
jects with active cancer, the risk of DVT was increased
9.4-fold (95% CI7.1-12.3) and the risk of PE 8.3-fold (95%
CI 6.1-11.4), when compared to the risks in subjects with-
out active cancer. Based on person-year information from
the full cohort, the incidence rate of VTE was 1.6 per 1,000
person-years in the total population and 13.6 per 1,000
person-years in subjects with active cancer. The incidence
rate of VTE was 29.4 per 1,000 person-years in subjects
with FVL and active cancer, and 12.5 and 16.7 per 1,000
person-years in subjects with active cancer and one or two
risk alleles at F5 154524, respectively.

The risk estimates for VIE by categories of FVL and
active cancer are shown in Table 2. Among the subjects
with active cancer, 39 (8.5%) were heterozygous for FVL;
there were no homozygous individuals. Among the non-
cancer subjects, the risk of VIE was increased 2.1-fold
(95% CI 1.6-2.7) in the presence of one FVL risk allele and
3.3-fold (95% CI 0.8-18.2) in the presence of two risk alle-
les. The risk of an active cancer-related VIE was consid-
erably higher in subjects heterozygous for FVL (HR 16.7,
95% CI 9.9-28.0) than in non-carriers without active can-
cer. The risk of VIE in heterozygous subjects was
increased 3.4-fold (95% CI 1.7-6.8) in the group with pre-
vious cancer. Heterozygous individuals with active cancer

F5 variants and cancer-related VTE -

had a 25.3-fold (95% CI 14.1-45.4) higher risk of DVT and
7-fold (95% CI 2.2-22.0) higher risk of PE. When non-car-
riers with active cancer were used as the reference group,
there was a 1.9-fold (95% CI 1.1-3.3) and a 2.7-fold (95%
CI 1.5-5.1) higher risk of VTE and DVT, respectively, in
those with one FVL risk allele and active cancer (Table 3).
When adjusting for the F5 154524 single nucleotide poly-
morphism in the model, the risk estimates were essential-
ly the same (data not shown). The additive interaction (rel-
ative excess risk due to interaction, RERI) and attributable
proportion due to interaction (AP) between FVL and active
cancer on VTE risk are shown in Table 4. We observed a
supra-additive interaction between FVL and active cancer
for VTE risk (RERI; 7.0 95% CI 0.5-14.4), demonstrating a
synergistic effect, as the joint effect of active cancer and
FVL was stronger than the sum of the individual effects.
The AP was 0.42, demonstrating that 42% of the cases in
the combined group could be attributed to the interaction
between the two exposures. This synergistic effect was
driven mainly by the synergistic interaction on DVT risk,
as a positive additive interaction was not seen for PE in
subjects heterozygous for FVL with active cancer. An
interaction was not, however, observed on a multiplica-
tive scale, when fitting the interaction terms into the Cox
regression model (HR 0.9, 95% CI 0.5-1.7).

In cancer-free subjects, the risk of VIE in individuals
with the F5 rs4524 variant was similar to that of subjects
with FVL with a 1.9-fold (95% CI 1.2-3.1) and 2.3-fold
(95% CI 1.4-8.8) higher VTE risk in subjects with one and
two risk alleles, respectively, compared to non-carriers
(Table 2). In the presence of active cancer, the risk of VTE
increased from 15.9-fold (95% CI 9.1-27.9) in F5 1s4524
heterozygous subjects to 21.1-fold (95% 12.4-35.8) in
homozygous subjects. The risk of DVT was higher across

Table 2. Age- and sex-adjusted hazard ratios for VIE according to categories of F5 rs6025 (FVL) and F5 rs4524 risk alleles and cancer.

Risk Alleles N. VTE N. DVT N. PE
HR (95% ClI) HR (95% CI) HR (95% Cl)
M
No cancer 0 374 1.0 198 1.0 176 1.0
1 63 2.1 (1.6-2.7) 47 2.9 (2.1-4.0) 16 1.5 (0.7-1.9)
2 2 3.3(0.8-13.2) 2 6.4 (1.6-25.9) 0 -
Previous cancer 0 46 24 (1.8-32) 26 2.7(1.842) 20 1.8 (1.1-2.8)
1 7 3.4 (1.7-6.8) 3 2.8 (0.9-8.7) 4 3.3 (1.2-8.8)
2 0 - 0 - 0 -
Active cancer 0 102 8.6 (6.9-10.8) 55 9.3 (6.8-12.5) 47 7.9 (5.7-11.0)
1 15 16.7 (9.9-28.0) 12 25.3 (14.1-45.4) 3 7.0 (2.2-22.0)
2 0 - 0 - 0 -
F5rs4524 |
No cancer 0 17 1.0 7 1.0 10 1.0
1 160 1.9 (12-3.1) 93 2.7 (1.2-5.8) 67 1.4 (0.7-2.6)
2 262 2.3 (14-3.8) 147 3.1 (1.5-6.6) 115 1.7.(0.9-3.3)
Previous cancer 0 3 2.7(0.8-9.3) 2 4.9 (1.0-23.6) 1 1.4 (0.2-10.7)
1 24 50 (2.7-9.3) 13 75 (3.0-19.0) 11 3.3 (14-78)
2 26 43 (23-1.9) 14 6.5 (2.6-16.1) 12 2.9 (1.2-6.7)
Active cancer 0 3 4.8 (14-16.5) 2 8.5 (1.8-41.0) 1 2.5(0.3-19.2)
1 44 15.9 (9.1-27.9) 26 23.9 (10.4-55.3) 18 10.4 (4.8-22.6)
2 70 21.1 (12.4-35.8) 39 29.7 (13.3-66.6) 31 15.1 (7.4-30.9)

Active cancer: period from 6 months before a cancer diagnosis until 2 years after: Previous cancer: 2 years or more following a cancer diagnosis. N: number of events (VTE, DVT,

PE) in each category.
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all categories of gene variants and cancer with the hazard
ratios increasing to 23.9-fold (95% CI 10.4-55.3) in sub-
jects with one risk allele and to 29.7-fold (95% CI 13.3-
66.6) in those with two risk alleles. In subjects with a pre-
vious cancer, the risk of a VTE was 5-fold (95% CI 2.7-9.3)
higher in F5 rs4524 heterozygous subjects and 4.3-fold
(95% CI 2.8-7.9) higher in homozygous subjects. The risk
estimates were 4.4-fold (95% CI 1.4-13.9) and 3.5-fold
(95% CI 0.8-14.5) higher for VTE and DVT, respectively,
in homozygous subjects with active cancer when non-car-
riers with active cancer were used as the reference group
(Table 3). When adjusting for FVL, the risk estimates
remained essentially similar (data not shown). We observed
a supra-additive interaction (RERJ; 15 95% CI 7.14-22.81)
between active cancer and the single nucleotide polymor-
phism in F5 rs4524, demonstrating a strong synergistic
effect, which was supported by an AP value of 0.71 (Table
4). Interaction on a multiplicative scale was not significant
(HR 2.0, 95% CI0.6-7.1).

Based on the entire Tromse Study cohort (our source
population for the case-cohort), we estimated that 4.2%
of the subjects with cancer developed a VTE during the
active cancer period. The cumulative incidence of VITE
during the active cancer period in subjects without and
with risk alleles is shown in Figure 3. There was a notable
increase in the cumulative incidence of VTE during the ini-
tial 6 months following a cancer diagnosis, with a substan-
tially steeper slope in the incidence curve for carriers com-

Table 3. Age- and sex-adjusted hazard ratios for VTE by categories of
FVL and F5 rs4524 risk alleles among those with active cancer.

Risk Alleles FVL F5 rs4524
HR (95% CI) HR (95% Cl)

Venous thromboembolism

0 1.0 1.0

1 1.9 (1.1-33) 3.3 (1.0-10.7)

2 - 44 (14-13.9)
Deep vein thrombosis

0 1.0 1.0

1 2.7 (1.5-5.1) 2.8 (0.7-11.9)

2 - 3.5 (0.8-14.5)
Pulmonary embolism

0 1.0 1.0

1 0.9 (0.3-2.9) 42 (0.6-31.8)

2 - 6.1 (0.8-45.1)

HR: hazard ratio; CI: confidence interval.

Table 4. Additive interaction between F5 variants and active cancer.

Relative excess risk due to  Proportion due to
interaction (RERI) interaction (AP)
VIE 7.0 (95 % CI (0.5-14.4) 0.42
DVT 14.1 (95% CI 2.83-26.48) 0.56
PE -14 (95% CI -8.39-8.37) 0.2

F5 r s4524

VIE 15.0 (95% CI 7.14-22.81) 0.7
DVT 19.10 (95% CI 4.65-60.77) 0.64
PE 11.90 (95% CI 6.15-42.61) 0.78

Relative excess risk by interaction >0 indicates a positive additive interaction.
Proportion due to interaction (AP) >0 indicates a positive additive interaction.

pared to that of non-carriers of the risk alleles (Figure 3,
panels A and B). The majority of the VTE events occurred
during the first 6 months after a cancer diagnosis. The
cumulative incidence of VTE was 10.3% in the period 0-6
months before the cancer diagnosis, and increased to
29.4% at 6 months after the cancer diagnosis for those
heterozygous for FVL. Likewise, the cumulative incidence
of VTE increased from 6.42% in the period 0-6 months
before the cancer diagnosis to 20.2% at 6 months after the
cancer diagnosis for those homozygous for F5 rs4524.
The cumulative incidence of VTE at the end of the active
cancer period was notably higher for individuals with one
FVL allele and individuals with one or two F5 154524 alle-
les compared to those without a mutation.

Finally, we tested the impact of competing risk by death
on our risk estimates for VIE by applying the Fine-Gray
model. The hazard ratios and sub-distribution hazard
ratios (SHR), as estimates of the relative risk of overall
VTE, were nearly identical when comparing the presence
of risk alleles in subjects with active cancer to that in sub-
jects with the wild-type allele and active cancer: HR 1.9
(95% CI 1.1-8.3) versus SHR 1.9 (95% CI 0.9-3.9) for FVL,
and HR 8.5 (95% CI 0.8-11.9) versus SHR 3.9 (95% CI 1.1-
13.2) for F5 rs4524.
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Figure 4. Cumulative incidence of VTE in the presence of F5 rs6025 (FVL) and
F5 rs4524 risk alleles during the active cancer period. (A) Kaplan-Meier esti-
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during the active cancer period. (B) Kaplan-Meier estimates of cumulative inci-
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Discussion

We found that both F5 variants (rs4524 and FVL) were
associated with a higher risk of VTE, and substantially so
in individuals with active cancer. On an additive scale,
there was a synergistic effect of active cancer and the F5
1s4524 and FVL variants on the risk of VTE. The risk of
VTE increased for each additional risk allele. The inci-
dence of VTE was highest during the first 6 months fol-
lowing the cancer diagnosis, which is likely due to cancer
treatment-related factors, such as surgery, chemotherapy;,
acute infections, and central venous catheters.

Previous studies determined that the presence of F5
1s4524 risk alleles is associated with a moderately higher
risk (26-67%) of DVT in middle-aged populations,* of
VTE in post-menopausal women,” and of VTE in the ante-
natal period.* The risk of VTE increased weakly in an
allele-dependent manner and risk estimates were higher in
post-menopausal women with additional risk factors.”
Accordingly, we found that F5 rs4524 in individuals with-
out cancer was associated with a moderate allele-depen-
dent increased risk of VTE. To date, there have been, to
the best of our knowledge, no other studies exploring the
impact of F5 rs4524 on cancer-related VIE. In our study,
active cancer had a synergistic effect with F5 rs4524 on the
risk of VTE. The combined effect was stronger for DVT
than for PE. The genetic risk difference between DVT and
PE appears to follow the same pattern as has been previ-
ously described for FVL.¥ We observed that the presence
of F5 154524 had a particularly strong impact on the inci-
dence of VTE during the first 6 months after the diagnosis
of cancer.

Active cancer displayed synergism, on an additive scale,
with FVL on the VTE risk, an effect mainly driven by the
impact of the interaction on DVT risk. Previously, few
studies had investigated the role of FVL in cancer-related
VTE. Initial results from small cancer cohorts, including
75-353 patients, reported either no™* or a 2- to 4.4-fold
higher risk** of VTE in cancer patients with FVL com-
pared to those without the FVL mutation. In a large popu-
lation-based VTE case-control study with cancer diag-
noses registered during 5 years prior to the inclusion date,
Blom and colleagues found a 2.4-fold and 12-fold higher
VTE risk in individuals with FVL and cancer compared to
those with cancer without the mutation, and those with-
out cancer and the mutation, respectively.” The latter find-
ings support our observation of a joint effect of cancer and
FVL on VTE risk. In a larger cohort of 982 cancer patients,
Pabinger and colleagues reported a 2.0-fold (95% CI 1.0-
3.97) higher risk of cancer-related VIE among subjects
with FVL.* In agreement with our findings, they described
that the presence of the FVL had a particular strong impact
on the incidence of VTE during the first 6 months after the
cancer diagnosis.

Interactions can be statistical or biological. A statistical
interaction refers to the departure from the underlying
form of a statistical model, and for regression analysis, it is
normally assessed by entering a product term into the
regression model. A biological interaction means that two
causes are both required to precipitate disease; i.e. that the
two causes are component causes in the same causal
model (the effect of one is biologically dependent on the
presence of another). A biological interaction is not
dependent on the underlying statistical model as it always
refers to departure from additivity.* The underlying
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mechanisms for the synergistic effect of cancer and muta-
tions at sites rs6025 and rs4524 in the F5 gene on VTE risk
may involve factors related to APC resistance. Both FVL
and F5 rs4524 have been reported to exhibit their pro-
thrombotic actions by attenuated down-regulation of acti-
vated FV by APC.” Previous studies have also found an
increased prevalence of acquired APC resistance in
patients with cancer.** It is licit to assume that two
sources of APC resistance (i.e. acquired and inherited) in
cancer patients would greatly increase the risk of a VTE,
similarly to the synergistic effect of oral contraceptive use
in individuals with FVL, as both result in a poor response
to APC.#*

Our findings of a pronounced increased risk of VTE dur-
ing the first 6 months after cancer diagnosis in subjects
with risk alleles fit well with the thrombosis potential
model.* This model illustrates how individual risk factors
alone may be insufficient to trigger VTE. Inherited risk fac-
tors, such as FVL and rs4524, alone only mildly increased
the VTE risk. Cancer itself is a strong provoking factor for
VTE, and in the presence of inherited risk factors the
thrombosis potential is further increased. Additional treat-
ment-related provoking factors such as surgery,
chemotherapy, and central venous catheters along with
treatment-related complications including acute infections
and immobilization, further elevate the risk of VTE.
Accordingly, VTE occurs when the thrombosis potential
exceeds the thrombosis threshold as a consequence of
additive or synergistic effects of accumulated risk factors.
These aggregated conditions may explain why, in individ-
uals with these risk alleles, there is such a considerable
increase in the number of VTE events in the initial months
following a cancer diagnosis.

According to a recent Cochrane review, thromboprophy-
laxis with low molecular weight heparin given to ambula-
tory cancer patients receiving chemotherapy lowered the
incidence of symptomatic VIE by 47% at the expense of a
non-significant increase in major bleeding (30%).” Even
though cancer patients are at a high risk of VTE, and cancer
patients with VTE have shortened life expectancy,®”” current
international guidelines do not recommend medical throm-
boprophylaxis for ambulatory cancer patients without
additional risk factors due to an uncertain benefit to harm
(i.e. bleeding risk) ratio.”” It is, therefore, very important to
recognize individuals at high risk of cancer-related VIE in
order to identify those patients who would benefit from
prophylaxis. Current risk prediction models,”* are based
on cancer localization and laboratory parameters influenced
by several factors (i.e. infection/inflammation, surgery, var-
ious medications, and dehydration). A validation study
revealed that these risk prediction models may have limited
clinical utility because of their low potential to identify
patients in the high-risk category (12% of the entire cancer
cohort study population) and inadequate capacity to predict
VTE in the high-risk subjects, as only 7% of the high-risk
subjects developed a VTE over 2.5 months.” As risk alleles
for VIE in the F5 gene are common, exhibit synergistic
effects with active cancer on VTE risk, and particularly dis-
criminate patients at risk during the first 6 months after can-
cer diagnosis, these may be attractive candidates to pursue
in future research on prediction models of VTE risk in can-
cer patients.

A major strength of our study is its prospective design
with subjects recruited from a general population. The
high participation rate in the Tromse study and the broad
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age range formed a cohort that is representative of the
general population and also eliminated selection bias in
the sub-cohort. The long duration of follow-up enabled us
to capture a large quantity of cancer events in the study
population. Furthermore, all VTE and cancer events were
objectively confirmed and systematically validated. The
main limitation of our study was insufficient power for

subgroup analysis of VIE (i.e. PE) in individuals with

active cancer, demonstrated by the wide confidence inter-
vals for our risk estimates in these categories. Secondly,
information regarding cancer treatment modalities was
unfortunately not available. Such data could have provid-
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