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Abstract

The association between mutations of key driver genes and colorectal cancer (CRC) metastasis has been investigated by many
studies. However, the results of these studies have been contradictory. Here, we perform a comprehensive analysis to screen key
driver genes from the TCGA database and validate the roles of these mutations in CRC metastasis. Using bioinformatics analysis,
we identified six key driver genes, namely APC, KRAS, BRAF, PIK3CA, SMAD4 and p53. Through a systematic search, 120
articles published by November 30, 2017, were included, which all showed roles for these gene mutations in CRC metastasis. A
meta-analysis showed that KRAS mutations (combined OR 1.18, 95% CI 1.05-1.33) and p53 mutations (combined OR 1.49,
95% CI 1.23—1.80) were associated with CRC metastasis, including lymphatic and distant metastases. Moreover, CRC patients
with a KRAS mutation (combined OR 1.29, 95% CI 1.13—-1.47), p53 mutation (combined OR 1.35, 95% CI 1.06-1.72) or
SMAD4 mutation (combined OR 2.04, 95% CI 1.41-2.95) were at a higher risk of distant metastasis. Subgroup analysis stratified
by ethnic populations indicated that the BRAF mutation was related to CRC metastasis (combined OR 1.42,95% CI 1.18-1.71)
and distant metastasis (combined OR 1.51, 95% CI 1.20-1.91) in an Asian population. No significant association was found
between mutations of APC or PIK3CA and CRC metastasis. In conclusion, mutations of KRAS, p53, SMAD4 and BRAF play
significant roles in CRC metastasis and may be both potential biomarkers of CRC metastasis as well as therapeutic targets.
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1 Introduction

Dongdong Huang, Wenjie Sun and Yuwei Zhou contributed equally to ) )
this work. Colorectal cancer (CRC) remains one of the leading types of

malignancy and causes of deaths worldwide [1]. Despite early
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detection and therapeutic advances, metastasis, including lym-
phatic and distant metastases, remains the major cause of
death in newly diagnosed CRC patients, and the overall sur-
vival of advanced CRC remains unsatisfactory.

Multiple alternative genetic pathways exist in CRC devel-
opment. APC, as a tumour suppressor gene, plays a principal
role in CRC development. Contributing to tumour progres-
sion, deletion of the APC protein triggers accumulation of
beta-catenin and transcriptional activation of TCF-
responsive genes [2]. Additionally, KRAS and BRAF encode
a protein that belongs to the Ras-Raf-MEK-ERK signalling
pathway. Activation of this pathway is considered to be a
molecular switch that leads to cellular growth and prolifera-
tion [3]. Occurring late in the pathogenesis of CRC, loss of
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Fig. 1 The process of gene screening, literature search and study
selection. a Bubble diagram of gene screening. Blue represents an
oncogene, orange represents a tumour suppressor gene and grey

p53 function is proposed to be one of the major events in the
development of CRC [4].

Additionally, as CRC evolves from benign to malignant
lesions, some key driver genes acquire a series of mutations
over time [5]. Among these key driver genes is APC, and its
mutation regulates growth advantages in epithelial cells and
results in the formation of a small adenoma. Subsequently,
KRAS and BRAF mutations provide a second round of
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represents an unselected gene. b The flow chart for the study selection.
This figure provides detailed information for study inclusion and
exclusion

expansion for cells, involving transformation to a large ade-
noma. Eventually, mutations of PIK3CA, SMAD4 and p53
generate a malignant tumour that has potential for invasion

Fig.2 Forest plots of the association between KRAS mutations and CRC P>
metastasis, including lymphatic and distant metastases. There was a
significant association between KRAS mutations and CRC metastasis,
including lymphatic and distant metastases



Cancer Metastasis Rev (2018) 37:173-187 175

Experimental Control Weight Weight
Study Events Total Events Total Odds Ratio OR 95%-Cl (fixed) (random)
YuIlmamura 2014 225 501 232 652 = 148 [1.16; 1.87] 62% 3.1%
Roya Dolatkhah 2016 7 29 9 37 099 [0.32; 3.08] 0.3% 0.8%
HILMI KODAZ 2015 71 157 19 32 056 [0.26; 1.22] 1.0% 1.4%
Jing Chen 2014 50 101 45 110 T 142 [082; 244] 12% 2.0%
Soo Kyung Nam 2016 96 170 8 21 211 [083; 535] 0.3% 1.1%
Pai, Reetesh K 2012 45 103 33 78 i 1.06 [058; 192] 12% 1.8%
Jen-Kou Lin 2014 36 97 38 94 —r 0.87 [049; 1.56] 1.3% 1.9%
Abdurrahman Aldiab 2016 42 82 20 93 — 383 [199; 740] 05% 1.7%
Jing Hu 2016 137 292 111 259 L 118 [0.84; 165] 35% 2.7%
Wenbin Li 2015 143 379 123 383 - 128 [095; 1.73] 42% 2.9%
Elio Geido 2002 20 54 34 81 0.81 [0.40; 165] 09% 1.5%
Yung-Bin Kuo 2014 13 47 2 5 0.57 [0.09; 3.83] 0.1% 0.3%
XINGXIANG PU 2013 21 70 16 45 078 [0.35; 1.72] 08% 1.3%
Wang Q 2012 72 190 20 54 —— 1.04 [056; 194] 1.1% 1.7%
Xu C 2012 108 299 38 141 = 153 [099; 238] 18% 2.3%
Kazuhisa Hosoya 2016 12 39 2 5 067 [0.10; 452] 0.1% 0.3%
Sapna Syngal 2006 9 30 8 38 161 [053; 485] 0.3% 0.8%
Yinchen Shen 2013 122 343 119 330 = 098 [0.71; 1.34] 43% 2.8%
Marion Jeantet 2016 9 14 2 4 1.80 [0.19;1698] 0.1% 0.2%
Jy-Ming Chiang 2004 17 55 24 67 080 [0.38; 1.71] 08% 1.4%
Josephine Mun-Yee Ko 1998 11 21 19 M4 ! 127 [044; 365] 0.3% 0.9%
Ju-Xiang Ye 2015 97 247 85 232 + 112 [0.77, 162] 29% 2.6%
Daniela Martinetti 2014 16 99 12 60 0.77 [0.34; 1.77] 07% 1.3%
Lorena LOSI 1997 0 5 4 18 029 [0.01; 639] 01% 0.1%
Paloma Cejas 2009 30 87 7 23 120 [045; 324] 04% 1.0%
Ignacio Garrido-Laguna 2012 112 216 10 20 1.08 [0.43; 269] 0.5% 1.1%
Helgi Birgisson 2015 37 81 11 40 222 [098; 503] 04% 1.3%
Brooke E. Sylvester 2012 61 212 52 201 N 116 [0.75; 1.79] 21% 2.4%
Peter Vasovcak 2011 12 44 17 56 —— 0.86 [0.36; 2.06] 06% 1.2%
Jing Zhang 2015 223 482 281 628 1.06 [0.84; 1.35] 7.3% 3.1%
Humaid O. Al-Shamsi 2016 43 90 1 3 1.83 [0.16;2091] 0.1% 0.2%
DANIELE CALISTRI 2005 17 50 13 50 147 [062;, 347] 05% 1.2%
Yu-Yao Chang 2016 296 731 305 781 1.06 [0.86; 1.31] 9.7% 32%
Andrea L. Russo 2014 72 189 9 32 +-+— 1.57 [069; 359] 0.5% 1.3%
Jyh-Ming Liou 2011 32 152 33 162 - 1.04 [060; 1.80] 14% 2.0%
Ludovic Barault 2008 96 274 102 302 =5 1.06 [0.75; 149] 35% 2.7%
Amy Leslie 2003 7 26 3 24 258 [058;1142] 0.1% 0.5%
Gao J 2012 170 454 50 118 = 081 [054; 123] 28% 2.4%
Kunli Zhu 2014 21 51 25 97 202 [098; 414 06% 1.5%
Bengiang Rao 2011 37 79 7 17 126 [044; 364] 03% 0.9%
Giovanni Corso 2013 36 133 47 142 —iE} 0.75 [045; 1.26] 1.8% 2.1%
Silvia Tortola 1999 27 64 27 68 - 1.11 [055; 222] 0.8% 1.6%
Shunsuke Kato 2007 24 75 26 83 —— 1.03 [0.53; 202] 0.9% 1.6%
Grazia Palomba 2012 101 305 44 173 T 145 [096; 220] 21% 2.4%
Grazia Palomba 2016 349 998 108 286 i 0.89 [068; 1.16] 6.0% 3.0%
Ryota Nakanishi 2013 42 13 43 123 = 088 [0.52; 1.48] 1.7% 2.1%
GRAZIA PALOMBA 2016 133 389 50 162 - 116 [0.78; 1.73] 26% 2.5%
TCGA 2017 34 92 62 131 —r 065 [0.38; 1.12] 18% 2.0%
Tae Sung Ahn 2014 35 81 36 83 — 099 [054; 184 1.1% 1.8%
V Eklof 2013 17 91 15 105 1.38 [065; 295] 06% 1.4%
Suguru Hasegawa 2017 4 8 49 15 0.0% 0.0%
Quentin Thiebault 2017 324 670 121 599 = 370 [288; 4751 37% 3.0%
Xue-Lian Pang 2017 48 94 51 136 H— 174 [1.02; 296] 1.1% 2.0%
Kiyoko Takane 2017 42 126 17 54 —r 1.09 [0.55; 216] 0.9% 1.6%
Karin Alvarez 2017 13 20 10 34 I 446 [1.37;1448] 01% 0.8%
Sara Mariani 2017 52 116 17 32 072 [0.33; 1.57] 08% 1.4%
Yixin Hao 2017 9 14 10 21 1.98 [049; 794] 02% 0.6%
Eric Le Balc'h 2017 28 70 14 55 1.95 [090; 423] 0.5% 1.4%
Mayank Jauhri 2017 29 86 11 26 069 [0.28; 1.70] 06% 1.1%
Chung-Ta Lee 2017 12 28 10 27 1.27 [0.43; 3.76] 0.3% 0.9%
Daeyoun David Won 2017 205 554 195 534 | 1.02 [0.80; 1.31] 6.9% 3.1%
Pi-Yueh Chang 2017 8 20 14 30 076 [0.24; 240] 04% 0.8%
Fixed effect model 10807 8353 1.22 [1.14; 1.30] 100.0% -
Random effects model Ad 1.18 [1.05; 1.33] - 100.0%

Heterogeneity: 12 = 61%, ° = 0.0988, p < 0.01
01 0512 10

Experimental : mutations of KRAS in CRC with metastasis*;
Control: mutations of KRAS in CRC wtihout metastasis*;
*including lymphatic and distant metastases.
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and metastasis. In this genetic model of CRC, mutations of
APC, KRAS and BRAF are significant early events in the
transition from normal colonic epithelium to adenoma. In ad-
dition, mutations of PIK3CA, SMAD4 and p53 are related to
the late stage, the transition from adenoma to carcinoma.
However, whether early or late genetic events contribute to
CRC metastasis remains unknown. It also remains unclear
which mutations of these key driver genes are involved in
the metastasis of CRC.

Thus far, many studies have estimated the association be-
tween mutations of the above-mentioned key driver genes and
CRC metastasis, but the results of these studies have been
contradictory. For example, the study performed by
Josephine Mun-Yee Ko et al. showed that no essential corre-
lations were found between KRAS mutations and Dukes stag-
ing, metastasis or recurrence [6]. By contrast, Bazan et al.
reported that KRAS mutations were significantly associated
with advanced Dukes staging and lymphatic metastasis [7].
Consequently, in the present study, we screened several prom-
ising key driver genes by analysing the CRC mutation rank
combined with a literature search and investigated the associ-
ation between mutations of these key driver genes and CRC
metastasis. This study may provide further insight into more
effective preventive strategies and adjuvant therapies against
CRC.

2 Methods

2.1 Gene screening, literature search and study
selection

We defined key driver genes in CRC progression and metas-
tasis using the mutation frequency and number of publica-
tions. To determine the most well-studied gene mutations in
CRC, literature search was applied. Specifically, the search
query “(‘colon cancer’ or ‘colon carcinoma’ or ‘colon tumour’
or ‘colon neoplasm’ or ‘rectal cancer’ or ‘rectal carcinoma’ or
‘rectal tumour’ or ‘rectal neoplasm’ or ‘colorectal cancer’ or
‘colorectal carcinoma’ or ‘colorectal tumour’ or ‘colorectal
neoplasm’ or ‘CRC’) AND (‘mutation’ or ‘mutations’) AND
(‘metastasis’)” was used to retrieve available studies from
PubMed that were published by November 30, 2017. The R
package, pubmed.mineR, was used to fetch the genes (HGNC
proved Symbol) from the abstracts of the articles and tally the
number of articles in which a gene was discussed.
Furthermore, the most frequently mutated genes in the
TCGA Colorectal Adenocarcinoma cohort were retrieved
from cBioPortal (TCGA Colorectal Adenocarcinoma
datasets, http://www.cbioportal.org/study? id=coadread_
tcga# mutations).

To validate the role of mutations of the screened genes in
CRC metastasis, we performed systematic literature searches
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Fig. 3 Forest plots of the association between KRAS mutations and CRC P>
distant metastasis. KRAS mutation was significantly related to CRC
distant metastasis

of the PubMed, Embase, Cochrane Library and TCGA data-
bases of articles published by November 30, 2017. The corre-
sponding search term combinations were (‘colon cancer’ or
‘colon carcinoma’ or ‘colon tumour’ or ‘colon neoplasm’ or
‘rectal cancer’ or ‘rectal carcinoma’ or ‘rectal tumour’ or ‘rec-
tal neoplasm’ or ‘colorectal cancer’ or ‘colorectal carcinoma’
or ‘colorectal tumour’ or ‘colorectal neoplasm’ or ‘CRC’)
AND (‘mutation’ or ‘mutations’) AND (‘APC’ or ‘p53’ or
‘SMAD4’ or ‘KRAS’ or ‘BRAF’ or ‘PIK3CA’). After exclud-
ing potential duplicates, we subsequently manually reviewed
the titles, abstracts and full papers for potential eligible
studies.

The studies were selected if they met the predefined selec-
tion criteria: (1) the outcome of interest was metastasis of
CRC, (2) study of interest was mutations of key driver genes,
(3) OR estimates with 95% Cls were available and (4) studies
published in English or Chinese were included. Of note, only
the most recent or detailed information was extracted from
overlapping publications.

2.2 Data extraction

Two authors independently extracted all of the datasets from
the selected studies, and any disagreements were resolved by
consensus or by consulting with a third reviewer. The follow-
ing information was collected from each study: first author,
publication, year of publication and title, study design and
participants’ characteristics, including number, age, gender,
race and metastasis status as well as tumour stage. The prin-
cipal author or corresponding author was contacted to acquire
additional or unavailable information. The Newcastle-Ottawa
Scale was used to estimate the methodological and reporting
quality of the included studies ranked in order of scores (8 to 9
points represented high quality; 5 to 7 points represented me-
dium quality; fewer than 5 points represented low quality) [8].

2.3 Statistical analysis

All analyses were conducted using the R software (version
3.4.1). The P test was applied to assess the heterogeneity of
each study [9]. Displayed in the forest plot, pooled ORs and
95% Cls were calculated by applying a random-effects model
for the study with substantial heterogeneity (/* > 50%); other-
wise, a fixed-effects model was applied (7* < 50%). We con-
ducted primary meta-analyses to investigate the association
between mutations of key driver genes and CRC metastasis
and further performed subgroup analyses according to ethnic
populations. Funnel plots as well as Begg’s and Egger’s tests
were performed to identify the risk of publication bias.
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Experimental Control Weight Weight
Study Events Total Events Total Odds Ratio OR 95%-Cl (fixed) (random)
Qingyang Feng 2015 87 185 28 96 - 216 [1.27, 365] 12% 2.2%
Jens Neumann 2013 49 97 21 74 == 258 [1.35 490] 07% 1.8%
YuImamura 2014 80 173 377 980 kal 1.38 [099; 191] 3.8% 2.7%
HILMI KODAZ 2015 43 93 47 96 — 090 [0.51;, 159] 16% 2.0%
Jing Chen 2014 6 19 89 192 053 [0.19; 146] 07% 1.1%
Soo Kyung Nam 2016 68 127 36 64 —r 090 [049; 164 14% 1.9%
Pai, Reetesh K 2012 15 34 63 147 105 [050; 223] 0.8% 1.6%
Jen-Kou Lin 2014 17 48 57 143 083 [0.42;, 163] 12% 1.8%
Jing Hu 2016 21 45 227 506 — 1.08 [0.58; 1.98] 1.2% 1.9%
Elio Geido 2002 5 12 49 123 1.08 [0.32; 359] 0.3% 0.9%
XINGXIANG PU 2013 12 30 25 85 160 [067;, 3.81] 0.5% 1.4%
Wang Q 2012 12 40 80 204 066 [0.32; 1.38] 1.1% 1.6%
XuC 2012 51 124 95 316 i+ 163 [1.06; 250] 2.0% 24%
Kazuhisa Hosoya 2016 9 23 5 21 206 [056;, 761 02% 0.8%
Yinchen Shen 2013 15 55 226 618 065 [0.35 120] 1.7% 1.9%
Thomas Schweiger 2014 4 5 12 31 6.33 [0.63;6364] 0.0% 0.3%
Marion Jeantet 2016 6 9 5 9 160 [024;1081] 01% 0.4%
Jy-Ming Chiang 2004 4 17 37 105 0.57 [0.17;, 1.86] 0.5% 0.9%
Daniela Martinetti 2014 3 15 25 144 119 [0.31; 453] 02% 0.8%
Lorena LOSI 1997 0 3 4 20 052 [0.02;1212] 0.1% 0.2%
Yelitza Ruiz-Candelaria 2013 6 14 19 53 1.34 [0.40; 445] 0.3% 0.9%
Paloma Cejas 2009 21 59 16 51 121 [055; 268] 07% 1.5%
Markus Rechsteiner 2013 1 20 0 15 238 [0.09;62.70] 0.0% 0.2%
Ignacio Garrido-Laguna 2012 75 137 47 99 T 1.34 [0.80; 225] 1.5% 2.2%
Helgi Birgisson 2015 16 26 32 95 — 315 [128; 773] 0.3% 1.3%
Brooke E. Sylvester 2012 26 75 87 338 i 153 [090; 261] 1.3% 21%
Peter Vasovcak 2011 4 12 25 88 126 [0.35; 456] 0.3% 0.8%
Jing Zhang 2015 10 32 494 1078 054 [0.25; 1.15] 12% 1.6%
Humaid O. Al-Shamsi 2016 28 49 16 44 233 [1.01;, 538] 05% 1.4%
DANIELE CALISTRI 2005 8 25 22 75 113 [043; 301 05% 1.2%
Yu-Yao Chang 2016 113 257 488 1255 E 123 [094; 162] 58% 2.9%
Andrea L. Russo 2014 50 125 31 96 T 140 [0.80; 244] 13% 21%
Jyh-Ming Liou 2011 5 35 60 279 061 [023; 164 07% 1.2%
Ludovic Barault 2008 41 121 157 455 i 097 [064; 149] 27% 2.4%
Kunli Zhu 2014 14 21 32 127 — 594 [220;16.011 02% 1.2%
Bengiang Rao 2011 23 49 21 47 1.10 [0.49; 245] 0.7% 1.5%
Giovanni Corso 2013 6 22 77 253 086 [0.32; 227] 06% 1.2%
Silvia Tortola 1999 11 26 43 106 1.07 [0.45; 256] 0.6% 1.4%
Shunsuke Kato 2007 7 28 43 130 067 [027, 171 07% 1.3%
Grazia Palomba 2012 45 145 100 333 T 1.05 [069; 1.60] 26% 24%
Grazia Palomba 2016 158 431 299 853 -+ 1.07 [0.84; 1.36] 7.9% 2.9%
Ryota Nakanishi 2013 17 34 68 220 +— 224 [108, 464] 06% 1.6%
GRAZIA PALOMBA 2016 86 249 97 302 ey 112 [0.78; 1.59] 3.6% 26%
Sakarias Wangefjord 2013 39 AN 150 425 T+ 138 [0.87; 218] 1.9% 2.3%
TCGA 2017 11 32 85 191 065 [0.30; 1.43] 1.0% 1.5%
Tae Sung Ahn 2014 2 7 69 157 051 [0.10; 271] 0.3% 0.5%
V Eklof 2013 9 45 23 151 139 [059; 327] 05% 1.4%
YASUHIRO INOUE 2012 14 23 37 99 261 [1.03; 661] 0.3% 1.3%
Quentin Thiebault 2017 190 290 255 979 - 539 [407, 715] 25% 2.8%
Xue-Lian Pang 2017 8 18 91 212 1.06 [0.40; 280] 0.5% 1.2%
Arthur Cho 2017 13 24 27 69 184 [0.72; 469] 04% 1.2%
Kiyoko Takane 2017 21 65 38 115 -+ 097 [051; 185] 12% 1.8%
Mary E. Charlton 2017 588 1390 462 1277 129 [1.11; 1.51] 17.4% 3.1%
Eric Le Balc'h 2017 13 28 29 97 ﬁ—'— 203 [086; 481] 04% 1.4%
Keniji Fujiyoshi 2017 185 396 831 1989 122 [098; 1.52] 9.2% 3.0%
Mayank Jauhri 2017 13 41 27 71 —T 0.76 [0.34, 1.71] 08% 1.5%
Robert P Jones 2017 75 178 93 214 i 095 [063; 142] 31% 25%
Junjie Peng 2017 67 119 121 281 il 170 [1.11; 263] 2.0% 2.4%
Daeyoun David Won 2017 63 156 338 936 T 120 [0.85; 1.69] 36% 2.7%
Karuna Ganesh 2017 25 38 198 426 221 [1.10; 444] 07% 1.7%
Shih-Chiang Huang 2017 7 33 9 87 233 [0.79; 6.89] 02% 1.0%
Fixed effect model 6120 18142 1.33 [1.25; 1.42] 100.0% -
Random effects model 1.29 [1.13; 1.47] - 100.0%

1T 1 1

Heterogeneity: P= 67%, = 0.1419, p <0.01
01 0512 10

Experimental : mutations of KRAS in CRC with distant metastasis;
Control: mutations of KRAS in CRC wtihout distant metastasis.
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a Experimental Control Weight Weight
Study Events Total Events Total Odds Ratio OR 95%-Cl (fixed) (random)
Jen-Kou Lin 2014 18 97 20 94 . 084 [041;, 172] 94% 71%
Sapna Syngal 2006 8 30 5 38 240 [069; 830] 18% 3.4%
Ten-i Godai 2009 87 109 60 102 - 277 [1.50; 5101 7.1% 8.3%
Jean-Marc FERRAZ 2004 45 82 50 83 By 080 [0.43; 149] 128% 8.2%
Jy-Ming Chiang 2004 22 55 22 67 T 136 [065 286] 68% 6.8%
Josephine Mun-Yee Ko 1998 17 21 27 4 220 [062; 7821 20% 3.3%
Lorena LOSI 1997 3 5 1 18 —+— 2550 [1.72;37793] 01% 0.9%
Peter Vasovcak 2011 17 44 9 56 = 329 [1.29; 839] 28% 51%
Humaid O. Al-Shamsi 2016 446 90 2 3 052 [0.05 5971 11% 1.0%
Claudia Rengucci 2001 9 23 8 23 —H— 121 [036; 400] 28% 3.5%
DANIELE CALISTRI 2005 21 50 14 50 4—'— 186 [081;, 429] 46% 5.9%
Andrea L. Russo 2014 40 189 7 32 —&r 096 [039; 238] 54% 5.3%
Amy Leslie 2003 14 26 18 24 039 [0.12; 1.30] 49% 3.5%
Silvia Tortola 1999 36 64 30 68 = 163 [082; 324 73% 7.4%
Pilar Iniesta 1998 11 3 7 30 = e 181 [059; 555] 26% 3.9%
TCGA 2016 56 92 63 131 a 168 [098; 288] 116% 9.3%
Yan Zhao 2010 39 99 26 81 . 3 138 [074; 255] 99% 8.2%
Pi-Yueh Chang 2017 13 20 10 30 T 371 [1.13; 1223] 16% 3.6%
Mayank Jauhri 2017 34 86 10 26 — 105 [043; 2571 53% 5.4%
Fixed effect model 1213 997 : 149 [1.23; 1.80] 100.0% -
Random effects model | : < : | 150 [1.16; 1.93] - 100.0%

Heterogeneity: = 36%, =01 086, p = 0.06
001 01 1 10 100

Experimental : mutations of p53 in CRC with metastasis*;

Control: mutations of p53 in CRC wtihout metastasis*;

*including lymphatic and distant metastases.

b Experimental Control Weight Weight
Study Events Total Events Total Odds Ratio OR 95%-Cl (fixed) (random)
Jen-Kou Lin 2014 8 48 30 143 —'I—:F 075 [032; 1.78] 11.1% 8.3%
Ten-i Godai 2009 24 34 123 177 - 1.05 [047, 235 10.3% 9.0%
Jy-Ming Chiang 2004 5 17 39 105 —r 071 [023;, 215] 68% 5.8%
Lorena LOSI 1997 3 3 1 20 —— 91.00 [3.05;2718.10] 0.1% 0.8%
Markus Rechsteiner 2013 15 20 6 15 450 [1.06; 1911] 15% 3.9%
Peter Vasovcak 2011 5 12 21 88 228 [065 794 26% 49%
Humaid O. Al-Shamsi 2016 29 49 19 44 e 191 [084; 435 72% 8.7%
Claudia Rengucci 2011 2 3 15 43 373 [031; 4463] 06% 1.5%
DANIELE CALISTRI 2006 12 25 23 75 = 209 [083;, 527] 53% 7.6%
Andrea L. Russo 2014 29 125 18 96 L. 131 [068; 253] 139% 11.1%
Silvia Tortola 1999 14 26 52 106 = 121 [051;, 286] 84% 8.3%
Pilar Iniesta 1998 7 15 11 46 H—'— 278 [082; 943] 26% 51%
TCGA 2016 18 32 101 191 L] 115 [0.54; 244] 112% 9.7%
Shih-Chiang Huang 2017 28 33 64 87 '|'.H— 201 [069;, 583] 47% 6.3%
Mayank Jauhri 2017 13 4 31 M —'—! 060 [027, 134] 137% 8.9%
|
Fixed effect model 483 1307 ‘i 135 [1.06; 1.72] 100.0% -
Random effects model ! 140 [1.02; 1.93] - 100.0%

Heterogeneity: 1% = 33%, 1= 0.121, p = 0.10
0 01 1 10 1000

Experimental : mutations of p53 in CRC with distant metastasis;

Control: mutations of p53 in CRC wtihout distant metastasis.

Fig. 4 Forest plots of p53. a Forest plots of the association between p53 patients. b Forest plots of the association between pS53 mutations and
mutations and CRC metastasis, including lymphatic and distant CRC distant metastasis. p53 mutations yielded a higher risk of distant
metastases. p53 mutations were associated with metastasis in CRC metastasis

@ Springer



Cancer Metastasis Rev (2018) 37:173-187

179

3 Results

3.1 Screening analysis and description of the included
studies

The key driver genes were identified by combining the litera-
ture search results with the mutation rank of the TCGA
Colorectal Adenocarcinoma cohort as well as biological rele-
vance. The results of the literature search and mutation rank
(top 100 genes) are given in Table S1. As shown in Fig. 1a, the
intersection of the two lists resulted in a list of 11 genes,
including APC, KRAS, BRAF, PIK3CA, SMAD4, p53,
NRAS, FBXW7, PDGFRA, ARID1A and BRCA2. Among
these genes, APC, KRAS, PIK3CA and p53 were well studied
and the most frequently mutated in CRC. Given that BRAF
regulates the Ras-Raf-MEK-ERK pathway and is associated
with a poor prognosis in many CRC studies, it was selected as

one of the key driver genes, although its mutation rate is
slightly lower than those of the other genes. SMAD4 was also
selected because of its significant role as a critical regulator of
the TGF-beta pathway in the metastasis process.
Consequently, APC, KRAS, BRAF, PIK3CA, SMAD4 and
p53 were selected for further investigation and comprehensive
analysis.

Additionally, a total of 12,822 records were retrieved from
the PubMed, Embase, Cochrane Library and TCGA data-
bases. After exclusion of duplicated and irrelevant articles
by data analysis and title and abstract scanning, 173 citations
remained for the full-text review. Finally, a total of 120 rele-
vant articles were included in the analysis, with 20 studies for
APC, 76 studies for KRAS, 52 studies for BRAF, 24 studies
for PIK3CA, 9 studies for SMAD4 and 21 studies for p53, and
some studies reported mutations of two or more genes in the
same article [3, 4, 6, 10-125]. The details for selection are

a

Experimental Control Weight Weight
Study Events Total Events Total Odds Ratio OR 95%-Cl (fixed) (random)
Tatsuya Ando 2005 117 0 13 , 245 [0.09;6526] 1.1% 4.0%
Nicholas I. Fleming 2013 38 446 26 298 —'—i 097 [0.58; 164] 62.0% 34.2%
A Syed Sameer 2010 14 48 2 38 ———— 741 [157,3506] 34% 13.6%
TCGA 2017 10 92 16 131 —&nt 0.88 [0.38; 2.03] 256% 26.2%
Pi-Yueh Chang 2017 4 20 1 30 : 725 [0.75,7051 14% 7.6%
Amir Mehrvarz Sarshekeh 2017 79 677 0 14 H 3.85[023,6520] 19% 5.3%
Xu Jia 2017 2 30 2 23 i 075 [0.10; 5771 46% 9.1%
Fixed effect model 1330 547 <‘I) 1.32 [0.90; 1.94] 100.0% -
Random effects model =|C_>'_ 1.59 [0.79; 3.17] - 100.0%
Heterogeneity: 12 = 40%, 1> = 0.2957, p = 0.12

01 0512 10

Experimental : mutations of SMAD4 in CRC with metastasis*;
Control: mutations of SMAD4 in CRC wtihout metastasis*;
*including lymphatic and distant metastases.
b i : .

Experimental Control Weight Weight
Study Events Total Events Total Odds Ratio OR 95%-Cl (fixed) (random)
Tatsuya Ando 2005 0 7 1 23 1.00 [0.04;27.26] 1.9% 1.3%
Michiko Miyaki 1999 6 17 3 44 ——— 745 [160;3468] 29% 5.9%
Nicholas |. Fleming 2013 12 99 52 645 157 [0.81; 3.06] 326% 31.6%
TCGA 2017 4 32 22 191 — 1.10 [0.35; 342] 148% 10.8%
Amir Mehrvarz Sarshekeh 2017 74 600 6 91 T 199 [0.84; 472] 245% 18.8%
Karuna Ganesh 2017 15 38 79 426 —E— 286 [1.43; 574] 21.0% 29.1%
Xu Jia 2017 1 9 3 44 171 [0.16;1858] 2.4% 25%
Fixed effect model 802 1464 <= 2.04 [1.41; 2.95] 100.0% -
Random effects model = 2.06 [1.41; 2.99] - 100.0%
Heterogeneity: = 0%, = 0,p =047 ! ' ' '

0.1 051 2 10

Experimental : mutations of SMAD4 in CRC with distant metastasis;
Control: mutations of SMAD4 in CRC wtihout distant metastasis.

Fig. 5 Forest plots of SMADA4. a Forest plots of the association between

SMAD4 mutations and CRC metastasis, including lymphatic and distant
metastases. b Forest plots of the association between SMAD4 mutations

and CRC distant metastasis. SMAD4 mutations correlated with distant
metastasis
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Table 1 Subgroup analysis for the association between KRAS, BRAF and p53 mutations and CRC metastasis (including lymphatic and distant
metastases)
Gene Population No. of studies Combined OR 95% CL P (%) p value
KRAS Asian population 33 1.12 1.03to 1.22 10 0.3
European and American populations 29 1.21 0.98to 1.51 74 <0.01
BRAF Asian population 24 1.42 1.18 to 1.71 29 0.09
European and American populations 21 0.89 0.65 to 1.22 59 <0.01
p53 Asian population 8 1.55 1.16 to 2.06 33 0.17
European and American populations 11 1.44 1.11 to 1.85 44 0.06

presented in Fig. 1b. All of the included studies were from
Asia, Europe and America. Among them, 16 studies enrolled
only colon cancer patients and three studies included only
rectal cancer patients, whereas the other studies included pa-
tients with both colon and rectal malignancy. Most of the
studies investigated CRC patients at all TNM stages (I-1V),
whereas three studies enrolled only stage I-III patients and
another four studies reported II-IV stage patients. The quality
of the analysed studies was generally moderate to good.

3.2 Association between mutations of driver genes
and CRC metastasis

A total of 39,313 patients were evaluated for the association
between these key driver gene mutations and CRC metastasis.
There was a significant statistical association between KRAS
mutations and CRC metastasis, including lymphatic and dis-
tant metastases (combined OR 1.18, 95% CI 1.05-1.33;
Fig. 2). Additionally, p53 mutations were also associated with
metastasis in CRC patients (combined OR 1.49,95% CI 1.24—
1.80; Fig. 4a).

Moreover, KRAS mutations were significantly related to
CRC distant metastasis in 61 studies that included 24,262
patients (combined OR 1.29, 95% CI 1.13-1.47; Fig. 3).
Similarly, pS3 mutations resulted in a higher risk of distant
metastasis (combined OR 1.35, 95% CI 1.06—-1.72; Fig. 4b).
Furthermore, there was a trend that SMAD4 mutations corre-
lated with distant metastasis (combined OR 2.04, 95% CI
1.41-2.95; Fig. 5b). Of note, no significant association was

found between mutations of APC, BRAF, and PIK3CA and
CRC metastasis (Figs. S1, S2, S3 and S4).

3.3 Subgroup analyses according to population

Because there was a significant heterogeneity in some gene
mutations, subgroup analyses stratified by ethnic populations
were further performed for KRAS, BRAF and p53 (Tables 1
and 2). KRAS mutations (combined OR 1.12, 95% CI 1.03—
1.22), BRAF mutations (combined OR 1.42, 95% CI 1.18—
1.71) and p53 mutations (combined OR 1.55, 95% CI 1.16—
2.06) were all significantly related to CRC metastasis, includ-
ing lymphatic and distant metastases in an Asian population;
however, pS3 mutations (combined OR 1.44, 95% CI 1.11-
1.85) were also associated with CRC metastasis in European
and American populations.

In addition, significant associations between gene muta-
tions and CRC distant metastasis were observed in an Asian
population for BRAF (combined OR 1.51, 95% CI 1.20—
1.91). Furthermore, p53 mutations (combined OR 1.72, 95%
CI 1.23-2.40) were correlated with CRC distant metastasis in
European and American populations. Interestingly, the CRC
distant metastasis risk was enhanced by KRAS mutations both
in an Asian population (combined OR 1.23, 95% CI 1.11—
1.37) or European and American populations (combined OR
1.35, 95% CI 1.10-1.65). However, CRC metastasis was not
influenced by other gene mutations in different ethnic popu-
lations according to the present results.

Table 2 Subgroup analysis for the association between KRAS, BRAF and p53 mutations and CRC distant metastasis

Gene Factor No. of studies Combined OR 95% CL P (%) p value

KRAS Asian population 28 1.23 1.11 to 1.37 47 <0.01
European and American populations 33 1.35 1.10 to 1.65 75 <0.01

BRAF Asian population 18 1.51 1.20to 1.91 32 0.09
European and American populations 21 0.86 0.70 to 1.06 41 0.03

p53 Asian population 6 1.03 0.72 to 1.47 21 0.27
European and American populations 9 1.72 1.23 t0 2.40 25 0.22
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3.4 Publication bias 4 Discussion

Funnel plots are displayed in Fig. S4, and the results of Begg’s It is well established that many mutations of oncogenes and
test are shown in Table S2. No publication bias was found for ~ tumour suppressor genes are involved in the process of tissue

the included studies for the key driver gene mutations. transformation from normal epithelial cells to carcinomas in
Fig. 6 Summary of our study for CRC metastasis (lymphatic CRC distant metastasis
the association between key and distant metastases)

driver gene mutations and CRC

metastasis. KRAS mutations and

p53 mutations were associated 1@ 1@

with CRC metastasis, including ° °
lymphatic and distant metastases KRAS
in Asian, European and American
populations. Moreover, CRC
patients with KRAS mutations,
p53 mutations or SMAD4
mutations were at a higher risk of
distant metastasis in Asian, °

European and American 1 1
populations. No significant
associations were found between p5 3 3 3
mutations of APC, BRAF, mutations
PIK3CA and CRC metastasis in 2
Asian, European and American

populations. However, KRAS,

BRAF and p53 mutations were

associated with CRC metastasis, 1@ e
including lymphatic and distant

metastases, in an Asian BRAF
population, whereas only p53 mutations
mutations promoted CRC

metastasis, including lymphatic

and distant metastases, in

European and American

populations. In addition, the CRC

distant metastasis risk was

facilitated by KRAS and BRAF

mutations in an Asian population SMAD4 3 3
and by KRAS and p53 mutations mutations

in European and American

populations

mutations

PIK3CA 3 3
mutations

APC 3 3
mutations

1: Asian population; 2: European and American populations; 3: Asian,
European and American populations. @ : The mutationsof key driver
gene are related to CRC metastasis in specific.
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CRC [29]. Indeed, the accumulation of molecular alterations
of these key driver genes plays a crucial role in the
tumourigenesis and progression of CRC. However, it remains
controversial whether mutations of these key driver genes can
influence CRC metastasis.

In the present study, we performed a comprehensive anal-
ysis to screen several promising key driver genes, APC,
KRAS, BRAF, PIK3CA, SMAD4 and p53, and to evaluate
the association between mutations of these key driver genes
and CRC metastasis (Fig. 6). The results indicated that the
frequencies of KRAS as well as p53 mutations were signifi-
cantly enhanced in patients with CRC metastasis. In addition,
SMAD4 mutations were associated with CRC distant metas-
tasis. Of note, the results of the subgroup analysis stratified by
ethnic populations indicated that KRAS, BRAF and p53 mu-
tations were associated with CRC metastasis, including lym-
phatic and distant metastases in an Asian population, whereas
only p53 mutations promoted CRC metastasis, including lym-
phatic and distant metastases, in European and American pop-
ulations. In addition, the CRC distant metastasis risk was fa-
cilitated by KRAS and BRAF mutations in an Asian popula-
tion and by KRAS and p53 mutations in European and
American populations.

KRAS mutations occur early during the progression from
colorectal adenoma to malignant carcinoma, accumulating a
sequential tumour growth advantage [97]. Large cohort stud-
ies, such as the collaborative RASCAL study, indicated that
KRAS mutations increased the risk of recurrence and death
[64]. Of note, the Ras-Raf-MEK-ERK and PI3K/AKT path-
ways are strongly interconnected, forming a signalling net-
work. Activation of the different partners in this network by
mutation deregulates survival, mobility and proliferation of
cells [91]. In the present study, we found that KRAS mutations
had a significant impact on both lymphatic metastasis and
distant metastasis.

It is well known that p53 mutations are relatively late
events of CRC progression. p53, as a tumour suppressor gene,
causes apoptosis, releasing oncogenic stress and terminating
DNA damage [86]. By repressing epithelial marker expres-
sion and increasing mesenchymal marker expression, the ab-
sence of p53 led to EMT transition and provided potential for
the invasion and metastasis of CRC cells [126]. In the present
study, p53 mutations were also observed to have significant
associations with both lymphatic metastasis and distant me-
tastasis in CRC.

TGF-beta signalling regulates tumourigenesis and tu-
mour progression and is also involved in metastasis, par-
ticularly as an important EMT inducer [123]. As the piv-
otal factor of the TGF-beta pathway, in the present study,
SMAD4 mutations tend to promote distant metastasis
rather than lymphatic metastasis of CRC, because of dif-
ferent molecular mechanism between lymphatic and dis-
tant metastases or lymphatic and distant metastases

@ Springer

originated from independent subclones in colorectal can-
cer [127]. In addition, as a downstream molecule and
mutual exclusion mutation of KRAS, BRAF mutations
were only shown to promote CRC metastasis including
lymphatic or distant metastases in an Asian population,
but not in European and American populations, in the
current study. The reason for this difference is that the
mutation rate of BRAF in the Asian population included
in our study was 5.7%, which was consistent with a pre-
vious report that found a mutation rate of 5.0-10.0% for
BRAF mutations in CRC patients [128]. Nevertheless, the
BRAF mutation rate in the European and American pop-
ulations included in the current study reached 14.8%,
which was higher than a previous study [20].

Our study comprehensively analysed the association be-
tween mutations of several key driver genes and CRC metas-
tasis, and the results suggested that some CRC metastasis-
related driver genes, such as KRAS and p53, may be more
important for clinical practice and diagnosis of CRC than oth-
er metastasis-related driver genes. However, the current anal-
ysis has several limitations. First, subgroup analysis for certain
genes, such as SMAD4, could not be performed due to a lack
of sufficient studies. Second, the heterogeneity of the studies
for some gene analyses could not be fully explained. In the
current study, ethnic populations were focused on to explain
the heterogeneity. However, the effects of genetic factors on
metastasis risk may be confounded by gender, age and muta-
tional site. Therefore, further individual participant data anal-
ysis is warranted to avoid these confounding factors.

In conclusion, the results from the current study demonstrat-
ed that mutations of key driver genes, particularly KRAS and
p53, promote CRC metastasis. This study highlights that
KRAS, p53, SMAD4 and BRAF are potential markers to esti-
mate prognosis, including the status of metastasis for patients
with CRC. Future studies are needed to confirm the mecha-
nisms and effects and to provide deeper insight into the role
of mutations of these key driver genes in CRC metastasis.
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