Serum levels of IGF-I, IGFBP-3 and colorectal cancer risk:
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Several prospective studies have shown a moderate positive association between increasing circulating insulin-like growth
factor-1 (IGF-1) levels and colorectal cancer risk. However, the associations were often statistically nonsignificant, and the
relationship of cancer risk with IGF-I’s major binding protein, IGFBP-3, showed major discrepancies between studies. We
investigated the association of colorectal cancer risk with serum IGF-l, total and intact IGFBP-3, in a case-control study nested
within the EPIC cohort (1,121 cases of colorectal cancer and 1,121 matched controls). Conditional logistic regression was
used to adjust for possible confounders. Our present study results were combined in a meta-analysis with those from 9
previous prospective studies to examine the overall evidence for a relationship of prediagnostic serum IGF-I with colorectal
cancer risk. In the EPIC study, serum concentrations of IGF-1 and IGFBP-3 showed no associations with risk of colorectal
cancer overall. Only in subgroup analyses did our study show moderate positive associations of IGF-I levels with risk, either
among younger participants only (and only for colon cancer) or among participants whose milk intakes were in the lowest
tertile of the population distribution (RR for an increase of 100 ng/ml = 1.43 [95% Cl = 1.13-1.93]). Nevertheless, in the
meta-analysis a modest positive association remained between serum IGF-1 and colorectal cancer risk overall (RR = 1.07
[1.01-1.14] for 1 standard deviation increase in IGF-). Overall, data from our present study and previous prospective studies
combined indicate a relatively modest association of colorectal cancer risk with serum IGF-I.

Insulin-like growth factor-I (IGF-I) is a member of the IGF
family of growth factors and related molecules. IGF-I plays
an important role in growth and development as a function
of available energy and essential nutrients (e.g., amino acids)
from body reserves and diet.'™ Most circulating IGF-I and
IGF-binding protein (IGFBP)-3, the principal IGFBP in
blood, originate from the liver.” Determinants of circulating
and tissue levels of IGF-I and IGFBP-3 include genetic fac-
tors,>” but also age,® diet (especially intake of proteins, milk
and cheese”'?) and other lifestyle factors.'' ™

Experimental studies, both in vivo and in vitro, have impli-
cated IGF-I in the development of cancer through its stimulatory
effects on cell proliferation and inhibitory effects on apopto-
sis.>"*"” Furthermore, epidemiologic studies have associated ele-
vated blood concentrations of IGF-I with increased risk of various
forms of cancer, although the strength of the evidence varies by
organ site.'*'® These observations, combined with experimental
data, in turn have led to proposals for cancer prevention strat-
egies, e.g., through modification of diet and other lifestyle fac-
tors,'”>? as well as cancer treatment modalities,**** that aim to
reduce circulating levels of IGF-I and/or IGF-I receptor signaling.

Also for colorectal cancer, a number of prospective epide-
miologic studies have shown a positive association between
cancer risk and increasing levels of circulating IGF-1.>°** In
many of these studies, however, the association was not stat-
istically significant,”***'=** and in 1 study the association
was significant only for colon cancer.”® Moreover, there have

been major discrepancies between studies in the observed
relationships between colorectal cancer risk and circulating
levels of IGFBP-3, some studies showing a negative associa-
tion with risk,?”*> whereas others showed a positive associa-
tion.?®% As a consequence of these inconsistent results, the
effect of statistical adjustments for IGFBP-3 levels on the
observed relationship of colorectal cancer risk with IGF-I lev-
els differed also between studies. It has been speculated that
these discrepancies could be due to different specificities of
IGFBP-3 assays used, which might measure either intact
IGFBP-3 that is not proteolytically cleaved and which could
be decreased among participants who develop cancer, or total
IGFBP-3 (intact plus cleaved forms) whose levels actually
could be increased among cancer-prone participants.**>>

We conducted a large case-control study nested within the
European Prospective Investigation into Cancer and Nutrition
(EPIC)*® to examine the relationships of colorectal cancers
with serum levels of IGF-I, and with 2 measures of IGFBP-3:
one that was designed to measure total IGFBP-3 and one that
reflects intact forms of IGFBP-3. With a total of 1,121 colo-
rectal cancer cases (707 cases of colon cancer and 414 cases of
rectal cancer), this study is by far the largest prospective study
to date, allowing the separate examination of the associations
of IGF-I and IGFBP-3 with risks of colon and rectal cancers.
In this study, we also examined whether relative risks associ-
ated to IGF-I levels were modified by anthropometric and
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dietary factors previously shown to be related with circulating
IGF-I values'®”™ and with colorectal cancer risk.'***~*
Finally, we performed a meta-analysis combining our study
results with those from previously published prospective stud-
ies, to assess the overall evidence relating colorectal cancer risk
to blood prediagnostic concentrations of IGF-L.

Material and Methods

The European Prospective Investigation into Cancer and
Nutrition

The EPIC project is a European network of prospective
cohorts that was set up to examine relationships of cancer
risk with nutrition and metabolic risk factors. The EPIC
cohorts include about half a million men and women,
recruited through 23 regional and national research centers
located in 10 western European countries: Norway (Tromse),
Sweden (Umed and Malmo), Denmark (Copenhagen and
Aarhus), England (Oxford and Cambridge), The Netherlands
(Utrecht and Bilthoven), Germany (Potsdam and Heidel-
berg), France (Paris), Spain (Oviedo, San Sebastian, Pam-
plona, Murcia, and Granada), Italy (Turin, Milan, Florence,
Naples, and Ragusa) and Greece (Athens).

Baseline questionnaire data and anthropometric measure-
ments (height, weight, waist and hip circumferences) were col-
lected from study participants in the period 1992-1998. The
questionnaires included detailed questions about current habitual
diet, menstrual and reproductive history, current and past use of
oral contraceptives in women, a history of previous illness and
surgical operations, lifetime history of tobacco smoking and con-
sumption of alcoholic beverages and physical activity. In addi-
tion, blood samples were also collected for most participants.
Extensive details about EPIC recruitment procedures, question-
naires and biologic sample collection are given elsewhere.***

All participants had given their written consent for future
analyses of their blood samples, and the Internal Review
Boards (IRB) of IARC and all EPIC recruitment centers
approved the biochemical analyses on serum samples, per-
formed for the present project.

Identification and selection of colorectal cancer cases

In all EPIC centers, except those in Greece and Germany, data
on vital status are collected by record linkage with regional
and/or national mortality registries. In Greece and Germany,
data on vital status are continuously collected through active
follow-up. In all centers except those in Greece, Germany and
France, incident cases of cancer are identified through record
linkage with regional cancer registries. In France, Germany and
Greece, follow-up for cancer incidence is based on a combina-
tion of methods, including the use of health insurance records,
contacts with cancer and pathology registries and active follow-
up through study participants and their next-of-kin. Closure
dates for the present study were defined as the latest date of
complete follow-up for both cancer incidence and vital status.
In Denmark, Italy, The Netherlands, Norway, Spain, Sweden

and United Kingdom, this corresponded to December 2001,
and in France, Germany, Greece to December 2002. Case sub-
jects were selected among men and women who developed co-
lon or rectum cancers after their recruitment into the EPIC
study and before the end of the study period (defined for each
study centre by the latest end-date of follow-up). For the pres-
ent study, colon cancers were defined as tumors in the cecum,
appendix, ascending colon, hepatic flexure, transverse colon,
splenic flexure, descending and sigmoid colon (codes “C18.0”
to “C18.7” as per the 10th Revision of the International Statisti-
cal Classification of Diseases, Injury and Causes of Death), as
well as tumors that were overlapping or unspecified (“C18.8”
and “Cl18.9”). Cancers of the rectum were defined as tumors
occurring at the recto-sigmoid junction (“C19”) or rectum
(“C20”). Anal canal tumors were excluded. Colorectal cancer is
defined as a combination of the colon and rectal cancer cases.

Subjects who used any hormone replacement therapy or
any exogenous hormones for contraception or medical pur-
poses at blood donation (444 case women) or who had previ-
ous diagnosis of cancer (except non-melanoma skin cancer)
were excluded from the study. Sweden was not included in
the present study because the association between serum lev-
els of IGF-I and IGFBP-3 had already been investigated®®;
Norway was not included because of the short duration of
follow-up and small number of incident cases. Twenty-two
case sets (cases and matched controls) were excluded because
of missing data on either IGF-I or total IGFBP-3 measure-
ments, for either the case or the control subject, leaving a
total of 1,121 case sets (4 cases were defined as in situ, 333
colon cancer cases were observed in the left colon, 276 in the
right colon, 98 defined as “non otherwise specified” and 414
rectal cancers) with IGF-I and total IGFBP-3 measurements
in the study. Of these, additional 54 cases and matched con-
trols were excluded from analyses of intact IGFBP-3 because
of missing data for intact IGFBP-3 assays.

The distribution of case participants by country was as
follows: 126 from Germany, 27 from Greece, 15 from France,
361 from Denmark, 134 from the Netherlands, 197 from the
United Kingdom, 119 from Spain and 142 from Italy.

Selection of control subjects

For each case participant with colon or rectum cancer, 1 con-
trol participant was selected randomly by incidence density
sampling among risk sets consisting of all cohort members
alive and free of cancer (except non-melanoma skin cancer)
at the time of diagnosis of the case patient and, for women,
not using exogenous hormones at blood donation. Controls
were matched to cases on recruitment center, gender, follow-
up time, age at enrollment (*£6 months), time of the day at
blood collection (*1 hr) and fasting status at blood donation
(<3 hr; 3-6 hr, >6 hr). For women, additional matching cri-
teria were menopausal status (premenopausal, postmeno-
pausal, perimenopausal/unknown) and phase of menstrual
cycle at blood donation in premenopausal women (5 catego-
ries, as described in detail elsewhere®®).



Blood collection protocol

Blood samples (at least 30 ml) were drawn from participants
in the 8 countries contributing to the present study. All blood
samples except those from the Oxford recruitment center in
the United Kingdom were stored at 5-10°C and protected
from light from the time of collection through their transfer
to local laboratories, where they were further processed and
separated into aliquots. In the Oxford center, blood samples
were collected by a network of general practitioners in the
United Kingdom and transported to a central laboratory in
Norfolk by mail, protected from light and at ambient temper-
ature. The stability of plasma IGF-I and IGFBP-3 measured
in blood and kept at ambient temperatures for up to 24 hr
has been documented previously.*” In all recruitment centers
contributing to the present study, except the 2 centers in
Denmark, 0.5-ml aliquots of the blood fractions (serum,
plasma, red cells and buffy coat for DNA extraction) were
put in plastic straws, which were heat-sealed and stored
under liquid nitrogen (—196°C). In Denmark, 1-ml aliquots
of the blood fractions were placed into Nunc tubes and
stored in the vapor phase of liquid nitrogen containers
(—150°C).

Biochemical assays

All assays of serum IGF-I, total and intact IGFBP-3 were per-
formed at the International Agency for Research on Cancer,
Lyon, France, using enzyme-linked immunosorbent assays
(ELISA) from Diagnostic Systems Laboratories (DSL, Web-
ster, Texas). All measurements were performed on never
thawed serum aliquots. Samples pertaining to matched study
participants were always analyzed in the same analytical
batch, and the laboratory personnel were blinded to the case-
control status of the study participants. The IGF-I assay
included an acid—ethanol precipitation step to eliminate IGF-
I binding proteins, to avoid their interference with the IGF-I
measurement. The mean intra- and interbatch coefficients of
variation were 4.5% and 11.8%, respectively, for IGF-I; 2.0%
and 7.4% for total IGFBP-3 and 6.4% and 12.9% for intact
IGFBP-3. Because of analytical problems with the assays or
to a lacking of serum sample, IGF-I could not be measured
on 17 subjects, total IGFBP-3 could not be measured on
7 subjects and intact IGFBP-3 could not be measured on
89 subjects.

Statistical analyses
Paired t-tests were used to test for case-control differences
in means of quantitative variables and paired ¥’ tests
(McNemar) were used for categorical variables. Pearson’s partial
correlation coefficients, adjusted for age, laboratory batch and
case-control status, were computed to examine the relationship
among serum levels of IGF-I, total and intact IGFBP-3.

Relative risks (RR) for colon and rectal cancer and 95%
confidence intervals (CI) were calculated in relation to quin-
tile categories of serum hormone concentrations by condi-
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tional logistic regression, using the PHREG procedure of
the Statistical Analysis System (SAS Institute, Cary, NC,
version 8). Quintile cut-points were based on the distribu-
tions in the control participants from all EPIC centers
combined.

Potential confounders considered for adjustment, other
than the matching criteria, were body mass index (BMI, cal-
culated as weight, in kilograms, divided by the height, in
meters, squared), the ratio of waist- to hip-circumferences
(WHR), height (both as continuous variables), smoking status
(current, former, never), educational attainment (5 catego-
ries), physical activity index (5 categories), alcohol intake
(ethanol in g/day as a continuous variable), intake of red and
processed meat, fish, dairy products, fruit and vegetables and
fiber intake (as continuous variable). Adjustments for these
factors did not materially change any of the results and
therefore were dropped from final statistical models. Thus,
only the matching criteria (age, gender, center, follow-up
time, time of the day of blood extraction, fasting status, men-
opausal status in women and phase of menstrual cycle in
premenopausal women) remained as implicit adjustments
controlled for through the conditional regression models.
Further analyses were conducted with mutual adjustments
for IGF-I and IGFBP-3 levels. In addition, we cross-classified
tertiles of IGF-I and IGFBP-3 levels and evaluated the statis-
tical interaction by fitting a logistic regression model with the
2 individual variables on a continuous scale along with a
term created by multiplying the 2 variables.

We examined heterogeneity of relative risk estimates by
age at blood collection and by time interval between dates of
diagnosis and date of blood sampling, based on y* statistics
calculated as the deviations of logistic beta-coefficients
observed in each of the subgroups, relative to the overall
beta-coefficient. Tests for heterogeneity among countries of
recruitment were based on the same approach.

We assessed the potential effect modification of the rela-
tionship of IGF-I and colorectal cancer by the following vari-
ables: body mass index, waist- to hip-ratio, intake of milk,
dairy calcium, calcium from non-dairy foods, fruit and vege-
tables, red and processed meat and the ratio of total intake of
red and processed meat with respect to total intake of poultry
and fish, in analyses stratified by tertiles of each of these vari-
ables, using unconditional logistic regression adjusted for the
matching variables. In the calculation of the ratio of red to
white meat and fish, we excluded all nonconsumers of red
and processed meat, fish and poultry. These heterogeneity
tests were also performed as described earlier.

To quantitatively summarize the epidemiological evidence
from case-control studies nested in prospective cohorts on
the association between circulating IGF-I and colorectal can-
cer risk, we searched published studies in English in the
PubMed database up to December 2008 and in the reference
lists from relevant articles. The keywords used for the search
were a combination of the following: “colorectal” OR “color-
ectum” OR “colon” OR “rectum”; “cancer”; and “IGF*” OR
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“insulin-like.” We extracted from the publications relative
risks estimates and 95% confidence intervals maximally
adjusted for confounders, but not adjusted for IGFBP-3, as it
seems likely that assays with different specificities for intact
or proteolytically cleaved forms of IGFBP-3 may have been
used.** Studies that presented only IGFBP-3-adjusted IGF-I
data were excluded from the analyses.’® For the study pub-
lished by Otani et al,”® crude relative risks estimates and
95% confidence intervals were provided by the journal that
published the article (International Journal of Cancer, Heidel-
berg, Germany), where the data had been submitted by the
authors as supplementary materials. We computed a meta-
analysis of the published data following a method by Green-
land and Longnecker*® that consists in estimating a logistic B-
coefficient corresponding to the change of 1 standard deviation
in the (log-) relative risk estimate in each of the studies
included in the meta-analysis, obtaining the overall risk by the
combination of the different B coefficients, each weighted
inversely by its variance. Tests of heterogeneity between the
ORs in different studies were based on y” statistics, calculated
as the deviations of logistic beta-coefficients observed in each
of the studies, relative to the overall beta-coefficient. For com-
parison, a meta-analysis of the same data was also performed
with a different approach, as suggested by Der Simonian et al.,
computing the weighted average of the logarithm of the rela-
tive risk estimates associated to the highest versus the lowest
category of IGF-I originally reported in each study, weighted
by the inverse of its variance using random-effect models.*’

All statistical analyses were computed using the Statistical
Analysis System (SAS) software package, version 8.

Results

Baseline characteristics of cases and controls

Baseline characteristics for cases and controls are listed in
Table 1. Overall, the mean age of the study participants at
blood donation was 59 years and cancer diagnosis occurred,
on average, 3.6 years after blood donation. Mean IGF-I levels
were slightly higher in men than in women, whereas total
and intact IGFBP-3 levels were lower in men than in women.

There were few statistically significant differences in base-
line characteristics between cases and matched controls (Ta-
ble 1). In men, mean serum levels of IGF-I and total IGFBP-
3 were slightly higher in colorectal cancer cases compared to
controls. Colorectal cancer cases had larger means of waist
circumference (p = 0.02 in men, p = 0.01 in women) and
waist to hip ratio (p = 0.05 in men, p = 0.02 in women)
compared to the controls. Among men, case subjects had
higher mean alcohol consumption (p = 0.02) and higher pro-
portion of smokers and ex-smokers (p = 0.01) compared to
controls.

After adjustment for age at blood donation, laboratory
batch and case-control status, serum IGF-I was positively and
strongly correlated with total IGFBP-3 in both men (r = 0.61
[95% CI: 0.57-0.65]) and women (r = 0.62 [95% CI: 0.58-
0.66]), and weakly correlated with intact IGFBP-3 (r = 0.28

[95% CI: 0.23-0.34] in men, and r = 0.16 [95% CI: 0.10-
0.22] in women). There was no statistically significant linear
correlation between IGF-I and BMI. Correlation coefficients
between intact IGFBP-3 and total IGFBP-3 were 0.42 [95%
CL: 0.37-0.47] in men and 029 [95% CI: 0.24-0.35] in
women.

IGF-1, IGFBP-3 and risk of colon and rectal cancers
Prediagnostic levels of serum IGF-I were not significantly
associated with the risk of cancer of the colorectum nor of
the colon or of the rectum separately (Table 2). Likewise, nei-
ther total IGFBP-3 nor intact IGFBP-3 showed any signifi-
cant relationship with risk of colorectal cancer, or for colon
and rectum cancers separately (Table 2). Adjusting for levels
of either total or intact IGFBP-3 did not materially change
relationships of IGF-I with risk of colon or rectal cancers.
There was no significant interaction between IGF-I and
either total IGFBP-3 (pjneraction = 0.40) or intact IGFBP-3
(Pinteraction = 0.46). The same lack of association was
observed when analyses were stratified by gender. When
analyses were conducted separately for right and colon can-
cer, no statistically significant associations were observed.
Only for IGF-I adjusted for total IGFBP-3 was the association
with right colon cancer somehow stronger, although not lin-
ear, than for overall colon cancer (RR top vs. bottom quintile
= 1.98 [1.01-3.89]).

For none of the 3 peptides, and neither for colorectal nor
for colon and rectal cancers separately, was there any signifi-
cant heterogeneity of association with cancer risk by years
of follow up (less vs. more than 2years and less vs. more than
5 years; p-values for heterogeneity tests [Pheterogencity] ranging
from 0.27 to 0.95) or by country where the participants were
recruited (Pheterogeneity = 039 to 0.88).

Effect modification of age at blood donation and
anthropometric characteristics in the relationship

of IGF-1 and IGFBP-3 with colorectal cancer risk

Subgroup analyses suggested a positive association of serum
IGF-I with risk specifically of cancer of the colon only among
study participants who were less than 55 years at blood col-
lection (RR per quintile increase = 1.18 [95% CI: 1.00-
1.39]), whereas no significant association was observed
among the older participants (RR per quintile increase =
0.99 [95% CI: 0.91-1.089]) (Pheterogeneity between the 2 age
groups = 0.07). By contrast, age at blood donation was not
found to modify the relationship of IGF-I with rectal cancer,
and the relationships of either total or intact IGFBP-3 with
risks of colorectal, colon or rectal cancers also did not show
any difference according to age at either blood donation or
cancer diagnosis (results not shown).

Although BMI and WHR were significantly positively
associated with the risk of colorectal cancer (RR = 1.10 [95%
CIL: 1.01-1.20] and RR = 1.23 [95% CI: 1. 08-1.40], respec-
tively, per a standard deviation increase on a continuous scale
in BMI and WHR), there was no evidence for effect
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Table 1. Baseline characteristics of cases with colorectal cancer and matched controls in the European Prospective Investigation into Cancer

and Nutrition

Colorectal cancer cases Controls
Characteristic Mean® (95% Cl) Mean® (95% CI) e
Men (N =596) (N = 596)
Age at blood donation (years) 58.9 (47.7-71.4) 58.9 (48.0-71.4) 0.77
Age at diagnosis (years) 62.0 (51.0-74.0) - -
Years between blood collection and diagnosis 3.6 (0.5-7.1) - -
IGF-I (ng/ml) 211.0 (121.8-330.9) 207.0 (113.8-334.9)
IGFBP-3 (ng/ml) 4099.0 (2787.3-5580.2) 4026.6 (2844.5-5464.1)
IGFBP-3 intact (ng/ml) 1134.6 (708.8-1868.9) 1142.3 (725.1-1924.0)
BMI (kg/mz) 27.4 (21.6-34.3) 27.1 (22.4-33.0) 0.17
Waist to hip ratio 0.96 (0.87-1.06) 0.95 (0.85-1.05) 0.05
Waist circumference (cm) 98.1 (83.0-117.0) 96.7 (82.0-113.0) 0.02
Height (cm) 174.2 (162.2-185.4) 173.8 (162.0-184.5) 0.22
Recreational physical activity (Met-hours) 67.0 (12.0-157.3) 64.4 (13.1-141.7) 0.91
Alcohol intake (g/day) 28.2 (0.3-83.7) 24.5 (0.1-73.0) 0.02
Smoking (%) (%) 0.01
Never 22% 28%
With technical or professional school 25.2% 26.7% 0.42
Women (N =525) (N = 525)
Age at blood donation (years) 59.2 (46.1-70.8) 59.2 (45.9-71.1) 0.75
Age at diagnosis (years) 62.4 (50.0-74.0) - -
Years between blood collection and diagnosis 3.6 (0.42-7.3) - -
IGF-I (ng/ml) 193.2 (104.8-318.3) 194.1 (107.6-334.5)
IGFBP-3 (ng/ml) 4525.6 (3276.1-6154.1) 4527.9 (3325.4-5907.0)
IGFBP-3 intact (ng/ml) 1476.8 (964.6-2326.7) 1449.2 (926.3-2372.1)
BMI (kg/m?) 26.8 (20.7-35.5) 26.4 (20.8-34.4) 0.09
Waist to hip ratio 0.82 (0.71-0.94) 0.81 (0.70-0.93) 0.02
Waist circumference (cm) 85.3 (68.6-109.0) 83.5 (67.0-104.0) 0.01
Height (cm) 161.3 (150.0-171.5) 160.8 (150.5-172.0) 0.17
Recreational physical activity (Met-hours) 102.6 (25.3-206.6) 102.3 (24.4-196.3) 0.91
Alcohol intake (g/day) 9.0 (0.32.6) 8.3 (0-32.0) 0.37
Post-menopausal 78.7% 79.2% 0.71
Smoking 0.80
Never 58% 57%
With technical or professional school 24.4% 25.3% 0.57

IGF- and IGFBP-3 values are geometric means (5-95% percentile range). Other values are mean (5-95% percentile range) or percentage of study

population. ?p values are from paired t test for continuous variables and from y? test for categorical variables.

modification by these anthropometric indices of the esti-
mated relationships of colorectal cancer risk with IGF-I or
IGFBP-3. However, for rectal cancer only, a significant posi-
tive association of IGF-I levels and risk was observed among
participants whose BMI was in the lowest tertile of the distri-
bution (BMI < 25; RR = 1.06 [95% CI: 1.01-1.12] for an
increase of 10 ng/ml of IGF-I concentrations). The statistical
tests for this heterogeneity did not reach statistical signifi-
cance (Pheterogeneity = 0.08), indicating a certain likelihood

that the observations for this subgroup could have been due
to chance.

Effect modification by diet

Of all dietary variables investigated, only milk intake
appeared to modify the relationship of IGF-I with colorectal
cancer risk (Pheterogencity = 0.03; Table 3). Higher levels of
IGF-I were positively associated with risk of colorectal cancer
(RR for an increase of 100 ng/ml = 1.43 [95% CI: 1.10-



Table 2. Relative risk and 95% confidence interval [RR (95% CI)]" of colorectal, colon and rectal cancers for quintiles of serum levels of IGF-I,
total and intact IGFBP3 in the nested case-control study in the European Prospective Investigation into Cancer and Nutrition

Quintiles

1 (referent) 2 3 RR (95%Cl) 4 5
IGF-I (ng/ml) <155.2 155.2-190.9 190.9-221.0 221.0-265.9 >265.9
Colorectal cancer
Cases/Controls 2271224 2117224 198/224 2471224 238/225
Model 1 1.00 0.94 (0.72-1.22) 0.88 (0.68-1.15) 1.11 (0.85-1.45) 1.07 (0.81-1.40)
Additionally adjusted for total IGFBP-3 1.00 0.90 (0.68-1.18) 0.84 (0.63-1.11) 1.04 (0.77-1.40) 1.01 (0.73-1.40)
Additionally adjusted for intact IGFBP-3 1.00 0.95 (0.72-1.25) 0.91 (0.69-1.21) 1.17 (0.88-1.57) 1.11 (0.83-1.48)
Colon cancer
Cases/controls 141/144 141/144 119/141 161/138 145/140
Model 1 1.00 1.02 (0.73-1.42) 0.88 (0.63-1.23) 1.24 (0.88-1.76) 1.10 (0.77-1.56)
Additionally adjusted for total IGFBP-3 1.00 0.97 (0.69-1.37) 0.83 (0.58-1.18) 1.15 (0.79-1.68) 1.00 (0.66-1.50)
Additionally adjusted for intact IGFBP-3 1.00 1.00 (0.71-1.42) 0.87 (0.61-1.24) 1.23 (0.85-1.78) 1.07 (0.73-1.55)
Rectal cancer
Cases/controls 86/80 70/80 79/83 86/86 93/85
Model 1 1.00 0.81 (0.52-1.27) 0.89 (0.57-1.38) 0.93 (0.60-1.44) 1.02 (0.66-1.59)
Additionally adjusted for total IGFBP-3 1.00 0.78 (0.48-1.24) 0.85 (0.52-1.36)  0.89 (0.54-1.47) 1.04 (0.59-1.81)
Additionally adjusted for intact IGFBP-3 1.00 0.85 (0.53-1.36) 0.96 (0.61-1.52) 1.04 (0.65-1.66) 1.13 (0.71-1.79)
Total IGFBP-3 (ng/ml) <3,613 3,613-4,095 4,095-4,541 4,541-5,078 >5,078
Colorectal cancer
Cases/controls 193/223 241/224 228/225 235/224 224/225
Model 1 1.00 1.24 (0.96-1.62) 1.18 (0.90-1.56) 1.24 (0.93-1.64) 1.17 (0.87-1.56)
Additionally adjusted for IGF-I 1.00 1.26 (0.96-1.65) 1.19 (0.88-1.60) 1.23 (0.90-1.69) 1.14 (0.80-1.61)
Colon cancer
Cases/controls 123/136 140/148 144/143 154/139 146/141
Model 1 1.00 1.06 (0.76-1.47) 1.14 (0.81-1.62) 1.28 (0.90-1.84) 1.21 (0.83-1.76)
Additionally adjusted for IGF-I 1.00 1.05 (0.74-1.48) 1.14 (0.79-1.65) 1.27 (0.85-1.88) 1.18 (0.76-1.83)
Rectal cancer
Cases/controls 70/87 101/76 84/82 81/85 78/84
Model 1 1.00 1.62 (1.06-2.50) 1.27 (0.81-1.99) 1.21 (0.76-1.92) 1.11 (0.69-1.78)
Additionally adjusted for IGF-I 1.00 1.66 (1.06-2.62) 1.28 (0.77-2.12) 1.21 (0.72-2.04) 1.06 (0.59-1.92)
Intact IGFBP-3 (ng/ml) <986.4 986.4-1168.8 1168.8-1391.4 1391.4-1662.2 >1662.2
Colorectal cancer
Cases/Controls 224212 192/213 226/212 190/216 235/214
Model 1 1.00 0.86 (0.65-1.13) 1.00 (0.75-1.33) 0.83 (0.60-1.13) 1.05 (0.76-1.46)
Additionally adjusted for IGF-I 1.00 0.84 (0.64-1.11) 0.97 (0.72-1.30) 0.78 (0.57-1.08) 1.00 (0.71-1.40)
Colon cancer
Cases/controls 134/119 116/137 136/145 122/132 163/138
Model 1 1.00 0.76 (0.53-1.09) 0.83 (0.57-1.20) 0.83 (0.55-1.25) 1.10 (0.72-1.67)
Additionally adjusted for IGF-I 1.00 0.75 (0.52-1.08) 0.80 (0.55-1.17) 0.78 (0.51-1.19) 1.04 (0.67-1.61)
Rectal cancer
Cases/controls 90/93 76/76 90/67 68/84 72]76
Model 1 1.00 1.02 (0.66-1.58) 1.37 (0.86-2.19) 0.82 (0.50-1.35) 0.96 (0.56—1.64)
Additionally adjusted for IGF-I 1.00 1.02 (0.65-1.57) 1.34 (0.83-2.18) 0.79 (0.48-1.32) 0.93 (0.53-1.62)

*Quintile cut-points based on the distribution in control subjects. RRs (95% CI) from conditional logistic regressions. Matching variables in Model 1
are gender, age, study center, time of blood collection, fasting status and menopausal status in women and day of menstrual cycle

[in premenopausal women].
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1.85]) among participants whose milk intake was in the low-
est tertile of the distribution. This statistically significant asso-
ciation was observed both for colorectal cancer diagnosed
less than 2 years after recruitment (RR for an increase of 100
ng/ml = 1.93 [95% CI: 1.02-3.64]) or after a longer time of
follow-up (RR for an increase of 100 ng/ml = 1.44 [95%
CI:1.05-1.98]). IGF-I levels were not associated with colo-
rectal cancer in study participants whose milk intakes were
in the second and third tertiles of the distribution. Similar
results were observed for cancers of the colon (Ppeterogeneity =
0.08) and rectum (Pheterogeneity = 0-11) separately.

To assess whether the apparent effect of milk could be
due to its content in calcium, we examined the relationship
of serum IGF-I with risk of colorectal cancer in analysis
stratified by dietary intake of calcium from dairy and from
non-dairy foods. In the study population, the percentages of
dairy calcium with respect to total dietary calcium ranged
from 49.7% to 67.9%, depending on the country where the
participants recruited. The correlation coefficient
between dairy calcium and calcium from non-dairy foods
was —0.14 (95% CIL: —0.18; —0.10). We observed a pattern of
association for dairy calcium similar to that observed for
non-dairy calcium, although the formal level of statistical sig-
nificance was not attained (for colorectal cancer, pheterogencity
for tertiles of dairy calcium was 0.12 and 0.13 for non-dairy
calcium; Table 3). Regarding protein intakes from either
dairy or non-dairy foods, no significant effect modification
emerged (for colorectal cancer; preterogencity = 0.20 for dairy
protein; Phegerogeneity = 0-43 for non-dairy protein).

The p-value of the test for effect modification of red and
processed meat on the relationship of IGF-I and colorectal
cancer was 0.05. Higher IGF-I levels appeared to be related
with risk of rectal cancer in study participants with the high-
est ratio of red to white meat (RR for an increase of 100 ng/
ml = 1.47 [95% CI: 0.93-2.33], Pheterogencity = 0.04).

were

Results from meta-analyses

A total of 10 prospective studies (comprising the present
analysis) on colorectal cancer risk and blood IGF-I levels
were included in our meta-analysis (Fig. 1). Table 4 provides
an overview of key characteristics of each of these studies. All
studies combined, there was a total of 2,862 case subjects and
4,966 control participants. When computing the meta-analy-
sis following the Greenland and Longnecker method, these
studies showed only an overall very moderately positive asso-
ciation between IGF-I levels and colorectal cancer risk, with a
RR of 1.07 [95% CI: 1.01-1.14] for an increase in IGF-I levels
corresponding to 1 standard deviation of the average IGF-I
distribution of all studies combined. There was no statistically
significant between-study heterogeneity in the relationship of
IGF-T with colorectal cancer risk (Ppeterogencity = 0.88).The
addition of the results from the EPIC cohort, by far the larg-
est study included, did not substantially alter the risk
estimate.

The meta-analysis as proposed by DerSimonian et al.,
comparing highest vs. lowest reported categories of blood
IGF-I levels (top vs. bottom quartiles or quintiles, in most
studies), and including also our present results from EPIC,
also indicated only a very moderate positive association
between IGF-I levels and colorectal cancer risk (RR = 1.13
[95% CI: 0.97-1.32]).

Discussion

Our study in the prospective EPIC cohort overall showed no
clear evidence for an increased risk of either colorectal cancer
or cancers of the colon and rectum separately, among women
or men who had higher circulating IGF-I levels. Furthermore,
our study showed no associations of colorectal cancer risk
with serum measures of either total or intact IGFBP-3 nor
was there any effect of IGFBP-3 adjustments on estimated
relationships of IGF-I with colorectal cancer risk. In the sub-
group of younger study participants with age at blood dona-
tion below 55, our study did suggest a possible, albeit very
modest increase in the risk specifically of colon cancer. We
also observed a positive association between colorectal cancer
and increasing IGF-I concentrations in subjects in the lowest
tertile of milk. These marginally significant findings in sub-
groups, however, could have been chance findings, in view of
the larger number of significance tests performed.

The current study has the advantage of having a substan-
tial number of colorectal cancer cases, which allowed separate
analyses by anatomical subsite (colon and rectum), age at di-
agnosis, anthropometric characteristic and differences in diet,
with sufficient statistical power to detect significant associa-
tions by subgroups. Other important strengths of the study
are the standardized collection of questionnaire data about
dietary habits, and its prospective design, which greatly
reduces the likelihood of “inverse causation” biases that may
result when latent disease (or disease diagnosis) affects circu-
lating IGF-I levels or the reporting of habitual diet. A limita-
tion of the current study, as of most other prospective stud-
ies, is that only 1 single blood sample has been collected per
subject. However, it has already been shown that even a sin-
gle measurement of IGF-I and IGFBP-3 in serum or plasma
can correctly rank subjects for their longer-term exposure to
these hormones.”

Although a substantial body of epidemiologic evidence
supports a possible role for circulating IGF-I in the etiology
of several forms of cancer, the strength of the evidence varies
by cancer type.'® Regarding colorectal cancer, several previ-
ous prospective studies showed a positive relationship of
colorectal cancer risk with IGF-I, measured either as absolute
levels or relative to concentrations of IGFBP-3.27° In the
majority of these studies, however, this association was of a
relatively modest strength, and in several of these studies
individually the association did not reach statistical signifi-
cance. Nonetheless, a meta-analysis in 2004 of the first 5 pro-
spective studies published,*™° covering a total of 677 inci-
dent cases of colorectal cancer and 1,673 control subjects,
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Colorectal cancer and IGF1 Cases Controls RR - 95%CI
Studies
Ma J 1989 193 318 109 088-1.35 ERE
Giovannucei E 2000 79 158 111 078156 — T
Kaaks R 2000 102 198 121 0.89-1.66 —r—
Probst-Hensch 2001 135 661 116 0.93-1.44 =
Palmayist R 2002 168 335 110 084-145 ——
Wei EK 2005 137 X2 1.34 1.00-1.80 -
Otani T 2007 - Men 180 358 093 0BB-1.25 —8—
Otani T 2007 - Women 175 3B 09 0711.34 ——————
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Max JB 2008 134 .o} 1.06 0.75-1.49 —_—t—
Pooled estimate 1741 3845 110 1.01-1.19 <>
EPIC n 121 104 094-1.14 .
Fooled all studies 2862 4966 107 1.01-1.14 <>
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Figure 1. Relative risks and 95% confidence intervals of colorectal cancer for one standard deviation increase in blood IGF-I concentrations,

by study.

indicated a relative risk of 1.58 [95% CI: 1.11-2.27] for the
highest vs. lowest categories of IGF-I levels used in these
studies.'"® As this meta-analysis, at least 3 further studies,
within the Japan Public Health Center-based Prospective
Study,” the Women’s Health Initiative (WHI)** and Alpha-
Tocopherol, Beta-Carotene Cancer Prevention Study (ATBC)
cohorts® which included 375, 438 and 134 incident cases of
colorectal cancer, respectively, and at least twice as many
control subjects, have been published. Each of these studies
showed a lack of association between serum IGF-I concentra-
tions and colorectal cancer risk, with relative risk estimates
close to 1.0. With 1,121 incident colorectal cancer cases and
1,121 control subjects our study is by far the largest to date
and, in line with these latter and several earlier studies, also
showed no clear association of serum total IGF-I levels with
colorectal cancer risk. In our meta-analysis, including a total

2,862 case and 4,966 control participants, only a weak associ-
ation of IGF-I levels with risk of colorectal cancer is
observed. For comparison, it is of interest that the recent
pooled reanalysis of prospective cohort studies of prostate
cancer (3,700 case subjects and 5,200 control participants),
which showed an odds ratio of 1.38 [95% CI: 1.19 to 1.60]
for the highest vs. lowest quintile of IGF-1.°

In some previous studies, the association of IGF-I with
risk of colorectal cancer,”®' and also of colorectal adeno-
mas,” was strengthened when IGF-I levels were statistically
adjusted for levels of IGFBP-3, or when the molar IGF-I/
IGFBP-3 ratio was considered, suggesting that levels of IGF-I
relative to IGFBP-3 (which has been proposed to more
closely represent bio-available circulating IGF-I) could be a
biologically more relevant risk factor. In these same studies,
high circulating levels of IGFBP-3 were found to be inversely
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associated with colorectal cancer risk, independently of
adjustments for IGF-I. Interestingly, in all of these studies
IGFBP-3 had been measured by the same ELISA assay from
Diagnostic Systems Laboratories (DSL, Webster, TX). In
other studies, in which IGFBP-3 had been measured by a va-
riety of other assays,”*° elevated IGFBP-3 was more often
found to be positively associated with the risk of colon can-
cer. We thus previously speculated that this heterogeneity of
study findings could be the result of different specificities of
the IGFBP-3 assays used in different studies.”

IGFBP-3 undergoes proteolytic cleavage by specific enzymes
and in blood it circulates in different, more or less intact mo-
lecular forms. Subjects at increased risk of cancer could have
elevated total IGFBP-3 concentrations, intact and proteolytically
cleaved forms combined, but simultaneously could also have
lower blood levels of intact IGFBP-3 due to increased proteoly-
sis.** To address this question, we used different assays for
IGFBP-3 measurements: a first one that is supposed to measure
total IGFBP-3 (i.e., intact and cleaved forms combined), and a
second one that is designed by the manufacturer to measure
only intact IGFBP-3. The relatively low correlation between the
measurements of intact and total IGFBP-3 clearly indicated
that the 2 measurements reflected different molecular entities,
and also suggests that IGFBP-3 proteolysis could indeed be a
factor influencing measured IGFBP-3 concentrations. However,
as for total IGFBP-3, measurements of intact IGFBP-3 in our
study showed no relationship to colorectal cancer risk, and nei-
ther did the adjustment of IGF-I by intact IGFBP-3 result in
any clearer association with cancer risk.

In subgroup analyses, we observed a positive association
between colorectal cancer and increasing IGF-I concentra-
tions in subjects in the lowest tertile of milk and dietary cal-
cium intakes, confirming similar observations from the Physi-
cians’ Health Study.”® This suggests that endogenous IGF-I
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