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Smoking and Colorectal Cancer Risk, Overall and by
Molecular Subtypes: A Meta-Analysis

Edoardo Botteri, PhD!, Elisa Borroni, MSc?, Erica K. Sloan, PhD3#5, Vincenzo Bagnardi, PhD®, Cristina Bosetti, PhD’,
Giulia Peveri, MSc®?, Claudia Santucci, MSc’, Claudia Specchia, PhD?, Piet van den Brandt, PhD!%!!, Silvano Gallus, ScD? and
Alessandra Lugo, PhD?

INTRODUCTION: The aim of this study was to provide the most comprehensive and up-to-date evidence on the association
between cigarette smoking and colorectal cancer (CRC) risk.

METHODS: We conducted a systematic review and meta-analysis of epidemiological studies on the association

between cigarette smoking and CRC risk published up to September 2018. We calculated relative risk
(RR) of CRC according to smoking status, intensity, duration, pack-years, and time since quitting, with a
focus on molecular subtypes of CRC.

RESULTS: The meta-analysis summarizes the evidence from 188 original studies. Compared with never smokers,

the pooled RR for CRC was 1.14 (95% confidence interval [CI] 1.10-1.18) for current smokers and
1.17 (95% CI 1.15-1.20) for former smokers. CRC risk increased linearly with smoking intensity and
duration. Former smokers who had quit smoking for more than 25 years had significantly decreased risk
of CRC compared with current smokers. Smoking was strongly associated with the risk of CRC,
characterized by high CpG island methylator phenotype (RR 1.42; 95% CI 1.20-1.67; number of
studies [n] = 4), BRAF mutation (RR 1.63; 95% Cl 1.23-2.16; n = 4), or high microsatellite instability
(RR 1.56; 95% Cl 1.32-1.85; n = 8), but not characterized by KRAS (RR 1.04; 95% CI 0.90-1.20;
n=>5)or TP53(RR 1.13; 95% CI 0.99-1.29; n = 5) mutations.

DISCUSSION: Cigarette smoking increases the risk of CRC in a dose-dependent manner with intensity and duration,
and quitting smoking reduces CRC risk. Smoking greatly increases the risk of CRC that develops through
the microsatellite instability pathway, characterized by microsatellite instability-high, CpG island

methylator phenotype positive, and BRAF mutation.

SUPPLEMENTARY MATERIAL accompanies this paper at http://links.lww.com/AJG/B607, http://links.lww.com/AJG/B608

Am ] Gastroenterol 2020;115:1940-1949. https://doi.org/10.14309/ajg.0000000000000803

INTRODUCTION

The role of tobacco smoking in CRC risk has been unclear

Colorectal cancer (CRC) is one of the most common types of
cancer, with over 1.8 million new CRC cases and 881,000 deaths
from CRC worldwide in 2018 (1). The risk of CRC can be sub-
stantially reduced by participating in the CRC screening program
(2) and by following a favorable lifestyle, specifically by being
physically active, minimizing excess body fatness, and avoiding
tobacco smoking, alcoholic beverages, and a diet rich in red and
processed meats (3,4).

until recently. Only in 2009, the International Agency for Re-
search on Cancer ascertained the link between carcinogenicity of
tobacco smoking and risk of CRC (5). Although cigarette
smoking considerably increases the risk of cancers in many or-
gans, including lung, oral cavity, pharynx, esophagus, bladder,
kidney, cervix, and pancreas, previous estimates suggest that
cigarette smoking has a marginal effect on CRC risk, increasing
risk by 15%-20% (6). Although early studies considered CRC a
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single disease, in recent years, different molecular subtypes have
been defined, characterized by different driver mutations in-
cluding in BRAF and KRAS and by epigenetic modifications in-
cluding hypermethylation. Little is known about how cigarette
smoking affects the risk of CRC and whether it selectively affects
the risk of specific subtypes of CRC.

To provide up-to-date estimates of the effect of cigarette
smoking on CRC risk, we conducted a comprehensive review and
meta-analysis of epidemiological studies published until 2018. In
this meta-analysis, we performed new dose-response analyses to
investigate how smoking duration and smoking intensity impact
CRC risk. For the first time in the literature, we systematically
pooled together the evidence on the effect of smoking cessation on
CRC risk. Finally, we calculated the risk estimates according to
tumor characteristics, such as site within the colorectum, and
CRC molecular characteristics to investigate hypotheses on the
molecular mechanisms behind the association between cigarette
smoking and risk of CRC.

METHODS

This meta-analysis on CRC risk is part of a series of systematic
reviews and meta-analyses on the association between cigarette
smoking (from now on simply referred to as smoking) and the
risk of cancer at any site (7-11). This review takes advantage of
an innovative methodology, which combines umbrella and
traditional reviews (7,10). Through the umbrella review, all
systematic reviews and meta-analyses on the association of in-
terest are identified. All original studies published after the last
review or meta-analysis are identified through the traditional
review. The full search strategy, eligibility criteria, and data
extraction are summarized in Annex 1 (see Supplementary
Digital Content 1, http://links.lww.com/AJG/B608). The pro-
tocol of the present study has been registered in the In-
ternational Prospective Register of Systematic Reviews
(registration number: CRD42017063991).

Statistical methods
Pooled relative risks (RRs) for current, former, and ever smokers
were estimated for CRC and, separately, for colon cancer and rectal
cancer, overall and by study design (i.e., cohort and case control).
These estimates were obtained using random-effects meta-analytic
models to take into account the heterogeneity of risk estimates (12).
Heterogeneity between studies was assessed using the x? test, and
inconsistency was measured using the I? statistic, which represents
the proportion of total variation attributable to between-study
variance (13). We conducted stratified analyses based on various
study and population characteristics. Moreover, we conducted
stratified analyses according to CRC molecular subtypes.

To evaluate publication bias, we examined the funnel plots
(14) and applied the Egger test for funnel plot asymmetry (15).

Study quality was assessed independently by 2 authors
(E. Borroni and G.P.) using the Newcastle-Ottawa Scale (16).
Discrepancies were solved with the help of 2 other authors (S.G.
and A.L.). Newcastle-Ottawa Scale score ranges between 0 (poor
quality) and 9 (good quality) and considers information on the
following 3 broad categories: selection (4 points), comparability
(2 points), and outcome for case-control or exposure for cohort
studies (3 points). For comparability, we identified the following 4
essential confounders: age, sex, body mass index, and alcohol. In
this meta-analysis, high-quality studies were defined as those with
score =7.

© 2020 by The American College of Gastroenterology

Smoking and Colorectal Cancer

We investigated both linear and nonlinear associations be-
tween smoking intensity (for current and ever vs never smokers),
smoking duration (for current and ever vs never smokers), pack
years (for current and ever vs never smokers), time since quitting
(for former vs current smokers), and the log RR of CRC. For each
exposure variable, we tested the log-linearity using the Wald test.
Dose-response relationships between smoking variables and log
RR of CRC, either linear or not, were evaluated using a 1-stage
random-effects dose-response model (17). The observed non-
linear relationships were modeled using restricted cubic spline
with 3 knots at fixed percentiles of exposure (10%, 50%, and 90%)
(7,18). For each category, the level of exposure was assigned as the
midpoint between the upper and the lower bounds; for open-
ended upper categories, the level of exposure was determined as
1.2 times the lower bound (10,19,20). When the number of cases
and/or controls in one or more exposure categories was not
provided in the original study publication, we estimated the co-
variance among the log RR by considering the total number of
cases and/or controls in the study weighted by the average percent
distribution of subjects pooled from all other studies (21).

All statistical analyses were performed using the R-software
version 3.4.1 (R Development Core Team, 2017) and, in partic-
ular, the “meta” and “dosresmeta” packages (21).

The main findings of this meta-analysis will be published in a
dedicated website (www.epideuro.eu/scp), where additional data
could be provided to keep the meta-analysis updated.

RESULTS

Study selection and description

We identified 225 eligible original articles; 37 of them were ex-
cluded because their results were already reported in other pub-
lications (see Figure 1 and Table 1, Supplementary Digital
Content 2, http://links.Iww.com/AJG/B607). Thus, a total of 188
original articles met the eligibility criteria and were included in
the present meta-analysis. Included studies were published be-
tween 1958 and 2018 and described a total of 383,154 CRC cases.
The main characteristics of the included case control (n = 106)
and cohort (n = 82) studies are summarized in Tables 2 and 3 (see
Supplementary Digital Content 2, http://links.lww.com/AJG/
B607), respectively. Publications containing data that were par-
tially excluded from the meta-analysis are described in Table 4
(see Supplementary Digital Content 2, http://links.lww.com/
AJG/B607), with the corresponding reasons of exclusion.

Quantitative data synthesis

The pooled RR of CRC was 1.14 (95% confidence interval [CI]
1.10-1.18) for current compared with never smokers, based on 88
studies (Figure 1), 1.17 (95% CI 1.15-1.20) for former compared
with never smokers, based on 79 studies (see Figure 2, Supple-
mentary Digital Content 2, http://links.lww.com/AJG/B607), and
1.18 (95% CI 1.15-1.22) for ever compared with never smokers,
based on 131 studies (see Figure 3, Supplementary Digital Con-
tent 2, http://links.Iww.com/AJG/B607).

Compared with never smokers, the RR for cancer located
within the colon was 1.05 (95% CI 0.99-1.10; n = 54) for current
smokers, 1.15 (95% CI 1.11-1.19; n = 49) for former smokers,
and 1.11 (95% CI 1.07-1.15; n = 67) for ever smokers (Table 1
and see Figures 4-6, Supplementary Digital Content 2, http://
links.lww.com/AJG/B607). The RR for rectal cancer were 1.16
(95% CI 1.09-1.23; n = 50) for current smokers, 1.17 (95%
CI 1.12-1.22; n = 46) for former smokers, and 1.15 (95%
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Cases

Author, year
CASE-CONTROL STUDIES
Ferraroni, 1989

Peters, 1989 (M) 61
Kato, 1990

Choi, 1991 (M) 68
Kune, 1992 (M) 102
Kune, 1992 (F) 58
Hoshiyama, 1993 61
Olsen, 1993 17
Baron, 1994 129
D'Avanzo, 1995 417
Kotake, 1995

Newcomb, 1995 (F) 178
Freedman, 1996 32
Yamada, 1997 25
Tavani, 1998 462
Steindorf, 2000 31
Yang, 2000 21
Chiu, 2001 (M) 154
Chiu, 2001 (F) 83
Ji, 2002 (M) 456
Ji, 2002 (F) 66
Tiemersma, 2002 29
Barrett, 2003 78
Minami, 2003 159
Ho, 2004 136
Slattery, 2004 371

Luchtenborg, 2007 (M) 223
Luchtenborg, 2007 (F) 113

Peppone, 2009 342
Wei, 2009 316
Wu, 2009 65

Gao, 2010 116
Zhao, 2010 149
Gong, 2012 796
Kato, 2013 237
Kontou, 2013 66

Boursi, 2014 1637
Boyle, 2014 80

Hoffmeister, 2014 (GY) 61
Hoffmeister, 2014 (GN) 395
Adamowicz, 2015 72
Wang, 2018 90
Pooled estimate 136
Heterogeneity: /> = 78%, p <0.01

COHORT STUDIES
Carstensen, 1987 (M) 95
Wu, 1987 (M

Wu, 1987 (F)

Klatsky, 1988

Akiba, 1990 (M) 351
Akiba, 1990 (F) 47
Tverdal, 1993 (M) 49
Tverdal, 1993 (F) 14
Akiba, 1994

McLaughlin, 1995 (M)

Chyou, 1996 (M) 215
Engeland, 1996 (M) 253
Engeland, 1996 (F) 87
Nyren, 1996 (M) 549
Kato, 1997 (F) 14

Nordlund, 1997 (F)
Tulinius, 1997 (F)

Hsing, 1998 (M) 32
Knekt, 1998 112
Liaw, 1998 (M)

Chao, 2000 (F) 476
Chao, 2000 (M) 558
Sturmer, 2000 (M) 48
Terry, 2001 103
Terry, 2002 (F) 108
Limburg, 2003 (F) 122
Wakai, 2003 (M) 182
Wakai, 2003 (F) 11
Colangelo, 2004 131
Sanjoaquin, 2004 16
Yun, 2005 (M) 386
Akhter, 2007 (M)

Huxley, 2007 52
Shankar, 2008 231
Weijenberg, 2008 144
Gram, 2009 (F) 128
Hannan, 2009 156
Ma, 2010 (M) 195
Morrison, 2011 (M) 191
Shin, 2011 (M) 1379
Shin, 2011 (F) 68
Blakely, 2013 2559
Hansen, 2013 397
Hurley, 2013 (F) 72
Lemogne, 2013

Pirie, 2013 (F) 685
Steffen, 2014

Carter, 2015 (F) 174
Carter, 2015 (M) 160
Cho, 2015 (M) 54
Cho, 2015 (F) 3
Meyer, 2015 64

Poomphakwaen, 2015 7
Ordonez-Mena, 2016 2064
Taghizadeh, 2016

Buron Pust, 2017 (F) 3465
Choi, 2017

Drew, 2017 358
Murphy, 2018 1516
Parajuli, 2013 & 2014 (M) 1479
Parajuli, 2013 & 2014 (F) 978
Pooled estimate 20538
Heterogeneity: /> = 61%, p <0.01

Pooled estimate 28674
Heterogeneity: /> = 70%, p < 0.01
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Figure 1. Forest plot of study-specific and pooled relative risk (RR) of colorectal cancer for current cigarette smokers (CS) vs never smokers (NS). Cl,
confidence interval; F, female; GN, gastroscopy no; GY, gastroscopy yes; M, male.
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Table 1. Pooled relative risk (RR) and corresponding 95% confidence interval (Cl) for colorectal cancer risk for current, former, and ever cigarette smokers vs never cigarette smokers,
overall and in strata of selected characteristics

Strata
Total
Cancer site
Rectum
Colon
Distal
Proximal
Sex
Men
Women
Geographic area®
North America
Europe
Asia
Oceania
Others®
Income group
High income
Middle income
Type of study
Cohort
Case-control
Type of controls®
Hospital
Population
End point’
Incidence
Mortality
Year of publication
=2002
2003-2010

Current smokers

Former smokers

Ever smokers

No. of studies
88

50
54
11
12

37
34

26

32
24

79

51

37

17
20

37
20

39
22

Pooled RR (95% CI)

1.14 (1.10-1.18)

1.16 (1.09-1.23)
1.05 (0.99-1.10)
1.04 (0.97-1.11)
1.15(1.07-1.23)

1.19(1.11-1.21)
1.17 (1.09-1.25)

1.24 (1.15-1.33)
1.12 (1.04-1.21)
1.06 (0.99-1.14)
1.00 (0.86-1.16)

1.15(1.11-1.20)
1.01 (0.85-1.20)

1.17 (1.13-1.22)
1.09 (0.99-1.21)

1.10(0.91-1.34)
1.14 (1.04-1.24)

1.13(1.09-1.18)
1.32(1.27-1.38)

1.06 (0.98-1.16)
1.16 (1.06-1.27)

pa

0.02

0.05

0.63

0.01

0.15

0.18

0.77

<0.01

0.06

Pb
<0.01

<0.01

<0.01
0.21
0.07

<0.01
<0.01

<0.01

<0.01
0.03
0.15

<0.01

0.04

<0.01
<0.01

<0.01
<0.01

<0.01
0.19

<0.01
<0.01

No. of studies

79

46
49
10
10

34
30

25

29
20

72

46

38

14
19

36
16

E5
20

Pooled RR (95% Cl)

1.17 (1.15-1.20)

1.17 (1.12-1.22)
1.15(1.11-1.19)
1.23(1.18-1.28)
1.11 (1.06-1.15)

1.22 (1.18-1.26)
1.16 (1.13-1.19)

1.20(1.17-1.24)
1.15(1.09-1.21)
1.18 (1.16-1.20)
1.10(0.96-1.27)

1.18(1.15-1.21)
1.05 (0.90-1.22)

1.17 (1.15-1.20)
1.16 (1.09-1.25)

1.06 (0.94-1.19)
1.23 (1.14-1.32)

1.16 (1.14-1.19)
1.21(1.17-1.25)

1.12 (1.06-1.20)
1.24(1.17-1.30)

pa

0.62

<0.01

0.03

0.28

0.15

0.84

0.04

0.08

0.06

Pb
<0.01

0.03
<0.01
0.91
0.42

0.46
0.90

0.52
<0.01
0.89
0.01

<0.01

0.83

0.14
<0.01

0.06
0.03

0.11
0.84

0.01
0.50

No. of studies
131

58
67
15
15

46
39

31
40
49

99
30

51
80

42
37

40
18

44
36

Pooled RR (95% Cl)

1.18(1.15-1.22)

1.15(1.10-1.21)
1.11(1.07-1.15)
1.12(1.07-1.17)
1.14 (1.10-1.19)

1.17(1.11-1.22)
1.14 (1.09-1.19)

1.19(1.14-1.24)
1.17(1.11-1.23)
1.18(1.12-1.25)
1.07 (0.93-1.23)
2.46 (1.39-4.37)

1.15(1.12-1.19)
1.34 (1.23-1.46)

1.17 (1.14-1.20)
1.22(1.17-1.28)

1.36 (1.20-1.53)
1.18(1.12-1.24)

1.15(1.11-1.18)
1.24 (1.20-1.28)

1.06 (1.00-1.13)
1.23(1.16-1.30)

p2

0.20

041

0.47

0.08

<0.01

0.10

0.03

<0.01

<0.01

Pb
<0.01

<0.01
<0.01
0.64
0.50

<0.01
<0.01

<0.01
<0.01
<0.01
0.01
0.01

<0.01
<0.01

<0.01
<0.01

<0.01
<0.01

<0.01
0.88

<0.01
<0.01
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CI 1.10-1.21; n = 58) for ever smokers (see Table 1 and Figures

— — — 0
2 3 S 38 S S 7-9, Supplementary Digital Content 2, http://links.Iww.com/
‘HB'HE B AJG/B607)
3 ~ We conducted stratified analyses to investigate possible
a o (e} sources of heterogeneity for current, former, and ever smokers
(Table 1). Among current smokers, significant differences were
= observed according to geographic area (RRs of CRC were higher
é :\': 2 S B in North America compared with Europe, Asia, and Oceania; P =
g(a 1 1 T3 0.01) and endpoint (among cohort studies; RRs 1.32 for mortality,
olE = .l - = and 1.13 for incidence; P < 0.01). Among former smokers, men
3|3 i % é B :‘3,/ (RR 1.22) had significantly higher risk of CRC compared with
= - = =y women (RR 1.16; P = 0.03) and RRs of CRC were higher in
& population-based (RR 1.23) compared with hospital-based case-
" control studies (RR 1.06; P = 0.04). Among ever smokers, sig-
§ nificant differences were observed according to the income group
2 SERS S © (RRs were 1.34 for middle- and 1.15 for high-income countries; P
Z < 0.01), type of controls (RRs were 1.18 in population-based and
= 1.36 in hospital-based case-control studies; P = 0.03), endpoint
. _ (RRs were 1.24 among cohort studies investigating mortality and
A 1S) 2 & S © 1.15 incidence of CRC; P < 0.01), and year of publication (RRs of
=i VI i ° CRC were higher in studies published after 2003 compared with
N _ E previous studies; P < 0.01). RRs of CRC were higher in high-
2 2 P 2 quality studies in both current (RR 1.20 in high- and 1.10 in
;g low-quality studies; P = 0.03) and former smokers (RR 1.21 in
— ° high- and 1.15 in low-quality studies; P = 0.01), compared with
§ 2 ) ® © ® 3 z never smokers. Similar results were observed when stratifying by
glo - - - g adequacy of adjustments.
B = =l = B § g No clear differences emerged for the effect of smoking on
g = E % E S E Sk cancer in proximal vs distal colon (Table 1). However, when
= % i ~ - . 52 stratifying according to sex and cancer site simultaneously, we
o g = found that women who were current, former, and ever smokers
" £ é had a significantly increased risk of proximal colon cancer
S E = compared with never smokers (RR 1.22, 95% CI 1.14-1.30; RR
3 e oo S3 1.14, 95% CI 1.03-1.26, and RR 1.17, 95% CI 1.10-1.26, re-
5 5 g spectively), whereas men did not (RR 1.03, 95% CI 0.92-1.16;
2 £ ; RR 1.04,95% CI0.91-1.19;and RR 1.07,95% CI 0.99-1.16). The
_ _ . . E = “;; difference between men and women was significant among
2 2 S = B (_2 é § e current smokers (P = 0.01) but n(?t among former and ever
v YA, Vv v 5 282 smokers (P = 0.29 and 0.09, respectively). By contrast, no clear
- - S g3 % trend or significant difference emerged between men and
3 g = g @, § 5 women when analyzing distal colon cancer or rectal cancer (data
§ -§ é 5 not shown).
215 £ g g < Dose-res lysi
£28 SR @gl  Eagiz e e _—
gl R oo DE LT T Sixty-one studies reported RR estimates for smoking intensity (34
< 2 < L o B & Lo < among current and 27 among ever smokers), 45 for smoking
7= st = = = i 8T gay, duration (9 among current and 36 among ever smokers), and 19
3 % & = & = | % s E %ﬂ £ for time since quitting smoking. Figure 2 shows the dose-response
e - . N~ ES = é :; relationships among current smokers between smoking intensity
_ “:,,‘), § 2 g % (panel a), duration (panel b), pack-years (panel c), and time since
é & g 55385 2 quitting (panel d) and the risk of CRC. CRCrisk increased linearly
2 ~ = e 23 3 g Z2R with intensity of smoking: RR were 1.14 (95% CI 1.06-1.23) for 20
5 © SERIRC § £22£67% and 1.31 (95% CI 1.12-1.52) for 40 cigarettes per day (Figure 24,
S = 3 = ; 57 g é %:, estimated using the curve functions in Supplement Box 1, see
g $ge = % 8% 5 Supplementary Digital Content 2, http://links.Ilww.com/AJG/
ES © RN E52¥38553 B607). The RR of CRC also increased linearly with increasing
§ " E R (\,/, % %’, ﬁ ﬁ 28¢8 é duration of smoking: RRs were 1.09 (95% CI 1.04-1.15) for 20 and
= -5 £8%5¢ 2 Ss5s5¢85¢s¢ 1.20 (95% CI 1.09-1.32) for 40 years (Figure 2B). The RR of CRC
® s S5 £ 8323z H5=8388:5 é*ué also increased linearly with increasing number of pack years: RRs
< B EHE B B § 3 § 23 were 1.10 (95% CI 1.05-1.14) for 20 and 1.20 (95% CI 1.05-1.31)
= @ = @ SeeoEe s for 40 (Figure 2C). The risk of CRC started decreasing at 10 years
The American Journal of GASTROENTEROLOGY VOLUME 115 | DECEMBER 2020 www.amjgastro.com

Copyright © 2020 by The American College of Gastroenterology. Unauthorized reproduction of this article is prohibited.


http://links.lww.com/AJG/B607
http://links.lww.com/AJG/B607
http://links.lww.com/AJG/B607
http://links.lww.com/AJG/B607
http://www.amjgastro.com

a 40
3.0

E

%

o

2

®

2

2

Smoking intensity (cigarettes/day)

4.0
3.0
£
K]
[
[
2
®©
©
o
0.5 4
T T T T T T T
0 10 20 30 40 50 60
Smoking duration (years)
€
4.0 4
3.0
£
K]
[
[
2
®
©
o
0:5:]
T T T T T
0 20 40 60 80
Pack-years of smoking
4.0
3.0
R
0
[
2
kS
[
o

Time since quitting (years)

Figure 2. Relative risk (RR) for the dose-response relationships between
cigarette smoking intensity, duration, pack-years, and time since quitting
and colorectal cancer. (a) Cigarette smoking intensity (based on 34
studies). (b) Cigarette smoking duration (based on 9 studies). (c) Pack
years of smoking (based on 6 studies). (d) Time since quitting (based on
19 studies). Linear model (a, b, and ¢), or restricted cubic spline from a
random-effects dose-response model (d); 95% confidence interval (Cl)
of the linear model (a, b, and ¢) or spline model (d); RR for the reference
category (never smokers in a, b, and ¢, current smokers in d); RR for
currentvs never cigarette smokers (a, b, and ¢) never vs current cigarette
smokers (d); RR for various exposure categories in each study included
in the analysis. The area of the circle is proportional to the precision (i.e.,
to the inverse variance) of the RR.
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after quitting smoking, and at 26 years after cessation, it was
significantly lower in former smokers than current smokers (RR
0.88; 95% CI 0.79-0.98; Figure 2D).

In ever smokers, the risk of CRC increased nonlinearly with
increasing smoking intensity (RRs for 20 and 40 cigarettes per day
were 1.17 and 1.24, respectively) and pack years (RRs for 20 and
40 were 1.15 and 1.22, respectively) and increased linearly with
increasing smoking duration (RRs for 20 and 40 years of smoking
were 1.09 and 1.19, respectively; see Figure 10, Supplementary
Digital Content 2, http://links.lww.com/AJG/B607).

Analysis by molecular subtypes

Fifteen studies reported the association between ever smoking
and the risk of CRC stratified by molecular features of CRC in-
cluding CpG island methylator phenotype (CIMP) (n = 4 stud-
ies), BRAF mutation status (n = 4), microsatellite instability
(MSI) phenotype (n = 8), KRAS mutation status (n = 5), and
TP53 mutation status (n = 5). Smoking was strongly associated
with the risk of CIMP-positive CRC (RR 1.42; 95% CI 1.20-1.67)
and MSI-high CRC (RR 1.56; 95% CI 1.32-1.85), but not with
CIMP-negative CRC (RR 1.08; 95% CI 0.98-1.19) and micro-
satellite stable/MSI-low CRC (RR 1.08; 95% CI 1.00-1.16;
Figure 3). Smoking was also strongly associated with the risk of
mutated BRAF CRC (RR 1.63; 95% CI 1.23-2.16) and marginally
with the risk of wildtype BRAF CRC (RR 1.12;95% CI 1.02-1.22).
Smoking was significantly associated with wildtype KRAS CRC
(RR 1.17; 95% CI 1.04-1.31) and wildtype TP53 CRC (RR 1.19;
95% CI 1.02-1.39), and not with mutated KRAS CRC (RR 1.04;
95% CI 0.90-1.20) and mutated TP53 CRC (RR 1.13; 95% CI
0.99-1.29). The risk estimates for molecular features were sig-
nificantly different according to CIMP status (P = 0.01), MSI
status (P < 0.01), and BRAF mutation (P = 0.01), but not
according to KRAS (P = 0.24) and TP53 mutations (P = 0.62).

Publication bias

No evidence of publication bias emerged for current and former
smokers in CRC either from the visual inspection of the funnel
plots (see Figure 11, Supplementary Digital Content 2, http://
links.lww.com/AJG/B607; panels A and B) or from the Egger test
(P = 0.46 and P = 0.15 for current and former smokers, re-
spectively). Evidence for publication bias was found for ever
smokers (P value for the Egger test = 0.01; see Figure 11, Sup-
plementary Digital Content 2, http://links.Iww.com/AJG/B607;
panel C).

DISCUSSION
This meta-analysis provides the most comprehensive and up-to-
date evidence on the effect of cigarette smoking on the risk of
CRC, summarizing risk estimates from 188 original studies
published from 1958 to 2018. It shows that smoking increases the
risk of CRC in a dose-dependent manner with duration and in-
tensity of smoking and provides evidence that quitting smoking
reduces CRC risk. Findings indicate that smoking largely in-
creases the risk of CRC that develops through the MSI pathway,
characterized by MSI, CIMP, and BRAF mutations.

The findings show that smoking increases the risk of CRC by
15%-20%, both in men and in women, confirming previous es-
timates (6) and provide strong evidence that the risk increases
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Figure 3. Forest plot of study-specific and pooled relative risk (RR) of colorectal cancer for ever cigarette smokers (ES) vs never smokers (NS) according to
major molecular subtypes of colorectal cancer. C, colon cancer; Cl, confidence interval; CIMP, CpG island methylator phenotype; CR, colorectal cancer;
F, female; M, male; MSI, microsatellite instability; MSS, microsatellite stable; R, rectal cancer.

The American Journal of GASTROENTEROLOGY

VOLUME 115 | DECEMBER 2020 www.amjgastro.com

Copyright © 2020 by The American College of Gastroenterology. Unauthorized reproduction of this article is prohibited.


http://www.amjgastro.com

with intensity and duration of smoking. For example, the risk of
CRC s increased by 25%-30% in smokers of 40 cigarettes per day
or in those who smoke for 50-60 years. Evidence for the impact of
smoking duration also comes from heterogeneity analyses that
found higher risk estimates of CRC mortality than incidence;
studies investigating mortality had longer follow-up, hence
longer exposure to smoking, compared with studies investigating
incidence (19 vs 13 years on average, respectively). The findings
provide new evidence that quitting smoking reduces the risk of
CRC. Former smokers had a significantly higher CRC risk than
never smokers for 20 years after quitting and the effect of smoking
cessation was significant only after 25 years since quitting, sug-
gesting that former smokers maintain an elevated risk of CRC for
many years after cessation. Elevated risk after quitting has been
noted for other cancer types including lung and esophageal
cancer (22). Surprisingly, those who had recently quit (<10 years)
showed a slightly higher CRC risk compared with current
smokers; this finding may reflect the tendency of people with
undiagnosed cancer to quit smoking, possibly because of the
initial appearance of symptoms (23).

As diverse molecular mechanisms of CRC tumorigenesis and
development have been characterized, CRC is increasingly trea-
ted as a heterogeneous disease. In consideration of that, we in-
vestigated the association between smoking and CRC according
to key molecular characteristics. According to the current
knowledge, colorectal carcinogenesis follows 2 major pathways:
the MSI pathway, which accounts for approximately 15% of the
CRCs, and the chromosomal instability (CIN) pathway, which
accounts for the remaining 85% of the CRC (24). The MSI
pathway is characterized by a positive CIMP that induces
hypermethylation and inactivation of genes including DNA
mismatch repair gene MHLI (25,26). The resulting genetic hy-
permutability leads to MSI and mutation of genes including the
BRAF oncogene (27). In accordance to previous observations
(28,29), the findings show that ever smokers had a much higher
risk of CRC that was CIMP-positive (RR 1.42), MSI-high (RR
1.56), or BRAF mutated (RR 1.63), compared with never smokers,
indicating a strong effect of smoking on the risk of CRC that
develops through the MSI pathway. Consistent with these find-
ings, a study was excluded from the meta-analysis because it did
not report estimates according to single molecular characteristics
and found that current smokers had a much higher risk of CRC
positive for any of BRAF mutation, MSI-high, and CIMP positive
(30,31). Smoking induces DNA methylation at CpG islands
(32,33), identifying a plausible mechanism linking smoking with
the hypermethylator phenotype and accumulation of mutations
in microsatellite sequences and in driver genes such as BRAF (27).

MSI-high CRC occurs in the proximal part of the colon and
with increased frequency in women (34). However, we did not
observe higher risk estimates in women than in men. A possible
explanation is that, among smokers, men smoke more and for
longer time than women, counterbalancing the higher risk of
MSI-high CRC in women than in men. In addition, we did not
find a clear higher risk for proximal compared with distal CRC.
This may be due to the fact that not only men smoke more and for
longer, but they are at higher risk of MSI-high cancer in the distal
colon than women (35). When we stratified the risk estimates by
sex and by site simultaneously, we found that smoking was as-
sociated with increased risk of proximal colon cancer in women
but not in men, lending additional support to the hypothesis that
smoking selectively effects MSI-high CRC. Accordingly, in a
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cohort of 546 healthy women, authors reported that the age-
dependent DNA hypermethylation was accelerated by long-term
smoking in the proximal colon, and not in the distal colon (36).
This specific relationship between smoking and risk of proximal
CRC in women highlights the need to address public health
concerns of increased smoking prevalence rates in women in a
growing number of countries (37), particularly in younger
women and girls (38).

A large subset of CRC are microsatellite stable (or MSI-low) but
have CIN and develop through the canonical adenoma-carcinoma
model proposed by Fearon and Vogelstein in 1990 (39). CIN CRC
tumors are initiated by mutations in the adenomatous polyposis
coli gene and driven by mutations in KRAS oncogene and sub-
sequently in the TP53 tumor suppressor gene (26). KRAS and
BRAF mutations are almost mutually exclusive, indicating the in-
dependence of MSI and CIN pathways (40,41). We found no sig-
nificant association between smoking and the risk of CRC with
mutated KRAS or TP53, suggesting that smoking does not increase
the risk for CRC that develops through the CIN pathway. This
raises an apparent paradox: in a previous meta-analysis, we found
that smoking increases the risk of adenoma, the recognized pre-
cursor of CIN carcinoma (42). MSI CRC, by contrast, originates
from sessile serrated polyps or adenomas, characterized by CIMP
and MSI (43). Given that observation, one would expect that
smoking also increases the risk of CRC following the CIN pathway,
but our current findings suggest no association. Because most
adenomas do not go on to acquire mutations in TP53 or undergo
malignant conversion to CRC, one possible explanation is that
smoking increases the risk of adenomas that are less susceptible to
malignant transformation. In support to this hypothesis, smoking
was associated with adenomas that did not overexpress p53, but not
with adenomas that overexpressed p53 (44); overexpression of p53
is highly correlated with TP53 mutation (45), an event that occurs
late in colorectal carcinogenesis, immediately before the transition
of an adenoma to a carcinoma (39). In summary, we hypothesize
first that smoking increases the risk of adenomas and sessile ser-
rated polyps through independent pathways and second that
smoking is involved in the canceration of sessile serrated polyps,
but not of adenomas.

Strengths of the meta-analysis are inclusion of a large number
of studies that allowed robust dose-response analyses linking
smoking intensity and duration with CRC risk and provided new
evidence on the effect of smoking cessation on CRC risk. The
magnitude of the study allowed reporting on risk estimates
according to various population and tumor characteristics, in-
cluding sex and cancer site and geographic area. By combining the
sparse evidence on the effect of smoking on CRC risk according to
CRC molecular features, the study provides fundamental insights
into the molecular mechanisms of smoking on CRC. A limitation
of the study is the heterogeneity of the analyzed studies, especially
in quality of the reports and adjustments of the estimates for
potential confounders, including alcohol consumption and body
mass index. To determine the impact of this heterogeneity,
analyses were stratified according to both quality of the studies
and adequacy of the adjustments of the estimates. Interestingly,
we observed that high-quality studies reported higher risk esti-
mates of CRC compared with low-quality studies. Similar results
were observed for the adequacy of the adjustments. Another
limitation is that we found evidence of publication bias for the
estimate of ever vs never smokers, indicating a possible over-
estimation of the effect of smoking. A possible failure in detecting
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some studies reporting low, null, or nonsignificant risk estimates
might have contributed to the observed publication bias. Because
information on smoking was self-reported in all the included
studies, recall and reporting biases might have played a role in this
meta-analysis. In cohort studies, where exposure was assessed
before CRC occurrence, this might have led to a nondifferential
misclassification toward the null (i.e., underestimation of the
risk). In case-control studies, the direction of the bias is less
predictable because the misclassification might differ between
cases and controls. Regarding time since smoking cessation, we
acknowledge that few studies attempted to adjust the analysis for
smoking history measures, such as smoking duration and in-
tensity. Thus, we cannot quantify how much the estimates for
smoking cessation are influenced by those factors, and our find-
ings should be considered with caution. Finally, although risk
stratification by molecular characteristics of CRC relied on a
small number of studies, the results were consistent among those
studies, supporting the finding of a differential effect of smoking
on the 2 major molecular pathways.

In conclusion, cigarette smoking is significantly associated
with CRC risk. The association is driven by the selective effect of
smoking on the risk of CRC developing through the MSI path-
way. Our findings support smoking cessation to reduce the risk of
CRC. Further evaluations of the molecular mechanisms through
which smoking affects colorectal carcinogenesis are warranted.

CONFLICTS OF INTEREST

Guarantor of the article: Silvano Gallus, ScD.

Specific author contributions: Silvano Gallus, ScD, and Alessandra
Lugo, PhD, contributed equally to this work. S.G. and A.L. had the
original idea of the work and designed the innovative methodology
for the identification of original publications. E. Borroni and

C. Santucci identified the articles, screened them for eligibility, and
extracted the data, with the help of S.G. and A.L.E. Borroni, G.P., and
A L. performed the statistical analyses. E. Botteri, E.K.S., E. Borroni,
A.L., and S.G. drafted the manuscript. C.B., C. Specchia, V.B., and
P.v.d.B. provided statistical and epidemiological supervision. All
authors contributed to critical review, editing, and revision of the
manuscript draft, and approval of the final version.

Financial support: E.K.S. is supported by Australian National Health
and Medical Research Council APP1147498. A L. is supported by an
AIRC fellowship for Italy. The work of S.G. is partially supported by
the Italian League Against Cancer (LILT, Milan).

Potential competing interests: None to report.

REFERENCES

1. Bray F, Ferlay J, Soerjomataram I, et al. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer ] Clin 2018;68:394-424.

2. Lieberman D, Ladabaum U, Cruz-Correa M, et al. Screening for colorectal
cancer and evolving issues for physicians and patients: A review. JAMA
2016;316:2135-45.

3. Johnson CM, Wei C, Ensor JE, et al. Meta-analyses of colorectal cancer
risk factors. Cancer Causes Control 2013;24:1207-22.

4. TARC.IARC Monographs on the Evaluation of Carcinogenic Risks to
Humans. Volume 114. Red Meat and Processed Meat. Lyon, France:
IARC; 2018.

5. Secretan B, Straif K, Baan R, et al. A review of human carcinogens—Part E:
Tobacco, areca nut, alcohol, coal smoke, and salted fish. Lancet Oncol
2009;10:1033-4.

6. Botteri E, Iodice S, Bagnardi V, et al. Smoking and colorectal cancer: A
meta-analysis. JAMA 2008;300:2765-78.

The American Journal of GASTROENTEROLOGY

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Lugo A, Peveri G, Bosetti C, et al. Strong excess risk of pancreatic cancer
for low frequency and duration of cigarette smoking: A comprehensive
review and meta-analysis. Eur ] Cancer 2018;104:117-26.

Liu X, Peveri G, Bosetti C, et al. Dose-response relationships between
cigarette smoking and kidney cancer: A systematic review and meta-
analysis. Crit Rev Oncol Hematol 2019;142:86-93.

Santucci C, Bosetti C, Peveri G, et al. Dose-risk relationships between
cigarette smoking and ovarian cancer histotypes: A comprehensive meta-
analysis. Cancer Causes Control 2019;30:1023-32.

Lugo A, Bosetti C, Peveri G, et al. Dose-response relationship between
cigarette smoking and site-specific cancer risk: Protocol for a systematic
review with an original design combining umbrella and traditional
reviews. BMJ Open 2017;7:¢018930.

Lugo A, Peveri G, Gallus S. Should we consider gallbladder cancer a new
smoking-related cancer? A comprehensive meta-analysis focused on
dose-response relationships. Int ] Cancer 2020;146:3304-11.
DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin
Trials 1986;7:177-88.

Higgins JP, Thompson SG. Quantifying heterogeneity in a meta-analysis.
Stat Med 2002;21:1539-58.

Peters JL, Sutton AJ, Jones DR, et al. Contour-enhanced meta-analysis
funnel plots help distinguish publication bias from other causes of
asymmetry. ] Clin Epidemiol 2008;61:991-6.

Egger M, Davey Smith G, Schneider M, et al. Bias in meta-analysis
detected by a simple, graphical test. BMJ 1997;315:629-34.

Wells G, Shea B, O’Connell D, et al. The Newcastle-Ottawa Scale (NOS)
for assessing the quality of nonrandomised studies in meta-analyses.
(http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp).
Accessed May 16, 2019.

Crippa A, Discacciati A, Bottai M, et al. One-stage dose-response meta-
analysis for aggregated data. Stat Methods Med Res 2019;28:1579-96.
Desquilbet L, Mariotti F. Dose-response analyses using restricted cubic
spline functions in public health research. Stat Med 2010;29:1037-57.
Bagnardi V, Rota M, Botteri E, et al. Alcohol consumption and site-
specific cancer risk: A comprehensive dose-response meta-analysis. Br |
Cancer 2015;112:580-93.

Berlin JA, Longnecker MP, Greenland S. Meta-analysis of epidemiologic
dose-response data. Epidemiology 1993;4:218-28.

Crippa A, Orsini N. Dose-response meta-analysis of differences in means.
BMC Med Res Methodol 2016;16:91.

IARC. IARC Handbooks of Cancer Prevention. Volume 11. Tobacco
Control: Reversal of Risk after Quitting Smoking. Lyon, France. IARC; 2007.
Gallus S, Muttarak R, Franchi M, et al. Why do smokers quit? Eur ] Cancer
Prev 2013;22:96-101.

Dienstmann R, Vermeulen L, Guinney J, et al. Consensus molecular
subtypes and the evolution of precision medicine in colorectal cancer. Nat
Rev Cancer 2017;17:79-92.

Weisenberger DJ, Siegmund KD, Campan M, et al. CpG island methylator
phenotype underlies sporadic microsatellite instability and is tightly associated
with BRAF mutation in colorectal cancer. Nat Genet 2006;38:787-93.
Fearon ER. Molecular genetics of colorectal cancer. Annu Rev Pathol
2011;6:479-507.

Hewish M, Lord CJ, Martin SA, et al. Mismatch repair deficient colorectal
cancer in the era of personalized treatment. Nat Rev Clin Oncol 2010;7:
197-208.

Hughes LAE, Simons C, van den Brandt PA, et al. Lifestyle, diet, and
colorectal cancer risk according to (epi)genetic instability: Current
evidence and future directions of molecular pathological epidemiology.
Curr Colorectal Cancer Rep 2017;13:455-69.

Chen K, Xia G, Zhang C, et al. Correlation between smoking history and
molecular pathways in sporadic colorectal cancer: A meta-analysis. Int J
Clin Exp Med 2015;8:3241-57.

Drew DA, Nishihara R, Lochhead P, et al. A prospective study of smoking and
risk of synchronous colorectal cancers. Am J Gastroenterol 2017;112:493-501.
Carr PR, Alwers E, Bienert S, et al. Lifestyle factors and risk of sporadic
colorectal cancer by microsatellite instability status: A systematic review
and meta-analyses. Ann Oncol 2018;29:825-34.

Gao X, Jia M, Zhang Y, et al. DNA methylation changes of whole blood
cells in response to active smoking exposure in adults: A systematic review
of DNA methylation studies. Clin Epigenetics 2015;7:113.

Breitling LP, Yang R, Korn B, et al. Tobacco-smoking-related differential
DNA methylation: 27K discovery and replication. Am ] Hum Genet 2011;
88:450-7.

VOLUME 115 | DECEMBER 2020 www.amjgastro.com

Copyright © 2020 by The American College of Gastroenterology. Unauthorized reproduction of this article is prohibited.


http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
http://www.amjgastro.com

34.

35.

36.

37.

38.

39.

Baran B, Mert Ozupek N, Yerli Tetik N, et al. Difference between left-
sided and right-sided colorectal cancer: A focused review of literature.
Gastroenterol Res 2018;11:264-73.

Kim YH, Min BH, Kim §J, et al. Difference between proximal and distal
microsatellite-unstable sporadic colorectal cancers: Analysis of
clinicopathological and molecular features and prognoses. Ann Surg
Oncol 2010;17:1435-41.

Noreen F, Roosli M, Gaj P, et al. Modulation of age- and cancer-associated
DNA methylation change in the healthy colon by aspirin and lifestyle.

J Natl Cancer Inst 2014;106:djul61.

Ng M, Freeman MK, Fleming TD, et al. Smoking prevalence and cigarette
consumption in 187 countries, 1980-2012. JAMA 2014;311:183-92.
Warren CW, Jones NR, Eriksen MP, et al. Patterns of global tobacco use in
young people and implications for future chronic disease burden in
adults. Lancet 2006;367:749-53.

Fearon ER, Vogelstein B. A genetic model for colorectal tumorigenesis.
Cell 1990;61:759-67.

© 2020 by The American College of Gastroenterology

40.

41.

42.

43.

44,

45.

Smoking and Colorectal Cancer

Gonsalves WI, Mahoney MR, Sargent DJ, et al. Patient and tumor
characteristics and BRAF and KRAS mutations in colon cancer, NCCTG/
Alliance N0147. ] Natl Cancer Inst 2014;106:djul06.

Kambara T, Simms LA, Whitehall VL, et al. BRAF mutation is associated
with DNA methylation in serrated polyps and cancers of the colorectum.
Gut 2004;53:1137-44.

Botteri E, Iodice S, Raimondi S, et al. Cigarette smoking and adenomatous
polyps: A meta-analysis. Gastroenterology 2008;134:388-95.

Rex DK, Ahnen DJ, Baron JA, et al. Serrated lesions of the colorectum:
Review and recommendations from an expert panel. Am J Gastroenterol
2012;107:1315-29; quiz 1314, 1330.

Terry MB, Neugut Al, Mansukhani M, et al. Tobacco, alcohol, and p53
overexpression in early colorectal neoplasia. BMC Cancer 2003;3:29.
Voskuil DW, Kampman E, van Kraats AA, et al. p53 over-expression and
P53 mutations in colon carcinomas: relation to dietary risk factors. Int J
Cancer 1999;81:675-81.

The American Journal of GASTROENTEROLOGY

Copyright © 2020 by The American College of Gastroenterology. Unauthorized reproduction of this article is prohibited.

1949



