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Chemotherapeutic agents are notoriously known to have a
narrow therapeutic range that often results in life-threatening
toxicity. Hence, it is clinically important to identify the patients
who are at high risk for severe toxicity to certain chemotherapy
through a pharmacogenomics approach. In this study, we carried
out multiple genome-wide association studies (GWAS) of 13 122
cancer patients who received different chemotherapy regimens,
incduding cyclophosphamide- and platinum-based (cisplatin and
carboplatin), anthracycline-based (doxorubicin and epirubicin),
and antimetabolite-based (5-fluorouracil and gemcitabine) treat-
ment, antimicrotubule agents (paclitaxel and docetaxel), and
topoisomerase inhibitors (camptothecin and etoposide), as well
as combination therapy with paclitaxel and carboplatin, to iden-
tify genetic variants that are associated with the risk of severe
neutropenia/leucopenia in the Japanese population. In addition,
we used a weighted genetic risk scoring system to evaluate the
cumulative effects of the suggestive genetic variants identified
from GWAS in order to predict the risk levels of individuals who
carry multiple risk alleles. Although we failed to identify genetic
variants that surpassed the genome-wide significance level
(P < 5.0 x 107%) through GWAS, probably due to insufficient
statistical power and complex clinical features, we were able to
shortlist some of the suggestive associated loci. The current
study is at the relatively preliminary stage, but does highlight
the complexity and problematic issues associated with retrospec-
tive pharmacogenomics studies. However, we hope that verifica-
tion of these genetic variants through local and international
collaborations could improve the clinical outcome for cancer
patients. (Cancer Sci 2013; 104: 1074-1082)

I t is now widely and well recognized that medication can
cause distinct heterogeneity in terms of its efficacy and tox
icity among individuals. These inter individual differences
could be explained in part by the common and/or rare genetic
variants in the human genome. Pharmacogenomics aims to dis
cover how genetic variations in the human genome can affect
a drug’s efficacy or toxicity, and thus brings great promise for
personalized medicine in which genetic information can be
used to predict the safety, toxicity, and/or efficacy of drugs.V
Pharmacogenomics study for chemotherapeutic therapies is
particularly important because these drugs are known to have
-a narrow therapeutic window; in general, a higher concentra
tion causes toxicity and a lower concentration reduces the effi
cacy of the drug. Two of the well described examples are the
- association of genetic variants in TPMT with 6 mercaptopu
rine induced myelosuppression in treatment of pediatric acute
lymphoblastic leukemia and that of UGTIAI variants with
camptothecin related neutropenia and diarrhea in treatment of
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colorectal and lung cancers. The US Food and Drug
Administration have recommended that variants on these two
genes should be helpful for the prediction of severe adverse
reactions prior to use of the drugs.*™"

‘With advances in various technologies in the life sciences, it
is now possible to accurately genotype more than a million
common genetic variations by genome wide high density SNP
array or to characterize all genetic variants in our genome by
the next generation DNA sequencing methods. Although one
of the greatest drawbacks of GWAS is the requirement of the
large number of samples to achieve high statistical power,®
this issue could be overcome by the establishment of Biobank
Japan in 2003 (http://biobankjp.org/).” Biobank Japan
collected approximately 330 000 disease cases (200 000 indi
viduals) that had either one or multiples of 47 different dis
eases including cancers from a collaborative network of 66
hospitals throughout Japan, with the major aim to identify
genetic variants associated with susceptibility to complex dis
eases or those related to drug toxicity. By using the samples
from Biobank Japan, a significant number of insightful findings
have been published in recent years for identification of
common genetic variants associated with complex diseases
including cancer."'%'? With a reasonable number of samples,
it is also feasible to carry out pharmacogenomics studies on
chemotherapy induced toxicity.

Neutropenia and/or leucopenia are two of the most common
drug adverse events after treatment with chemotherapeutic
agents, which often cause life threatening infections and the
delay of treatment schedule that subsequently affect the
treatment outcome. Although prophylactic granulocyte colony
stimulating factor has been given to the patients as a preven
tive measure,?” the underlying mechanism and susceptible
risk factors that cause neutropenia have not been fully eluci
dated. In this study, we carried out a total of 17 sets of GWAS
using 13 122 cancer patients, who received various drug regi
mens, to identify genetic variants associated with the risk of
chemotherapeutic agent induced severe neutropenia/leucopenia
in the Japanese population.

Subjects and Method

Study subjects. A total of 13 122 DNA samples from cancer
patients, who received various chemotherapeutic agents, stored
in Biobank Japan (University. of Tokyo, Tokyo, Japan), were
used in this study. Among them, 805 patients developed severe
neutropenia and/or leucopenia (>grade 3), and 4804 patients
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were not reported to develop any adverse reactions after being
given chemotherapeutic agents. The samples could be classi
fied into subgroups according to the drugs used: an alkylating
agent (cyclophosphamide); platinum based (cisplatin and
carboplatin), anthracycline based (doxorubicin and epirubicin);
antimetabolite based (5 fluorouracil and gemcitabine), antimi
crotubule based (paclitaxel and docetaxel); and topoisomerase
inhibitor based (camptothecin and etoposide). The grade of
toxicity was classified in accordance with the US National
Cancer Institute’s Common Toxicity Criteria version 2.0. The
adverse event description is based on the medical records
collected by the medical coordinator. The patients’ demo
graphic details are summarized in Table 1. Participants of this
study provided written inform consent and this project was
approved by the ethical committee from the Institute of
Medical Sciences, University of Tokyo and the RIKEN Center
for Genomic Medicine (Yokohama, Japan).

Genotyping and quality controls. DNAs obtained from the
patients’ blood were genotyped using Ilumina OmniExpress
BeadChip (San Diego, CA, USA) that contained 733 202
SNPs. Sample quality control was carried out by methods
including identity by state to evaluate cryptic relatedness for
each sample and population stratification by the use of princi
pal component analysis to exclude genetlcally heterogeneous
samples from further analysis.*"** Then, our standard SNP
quality control was carried out by excluding SNPs devnatmg
from the Hardy Weinberg equilibrium (P < 1.0 x 107%), non
polymorphic SNPs, SNPs with a call rate of <0.99, and those
on the X chromosome.®""*” Q Q plot and lambda values,
which were calculated between observed P values from Fish
er’s test allelic model against expected P values, were used to
further evaluate population substructure.

Statistical analysis. Genome wide case control association
analyses were evaluated using Fisher’s exact method consider
ing allelic, dominant, and recessive genetic models. Manhattan
plots of the study were generated using the minimum P value
among the three genetic models for each SNP.

Scormg system using wGRS. The scoring analvsls was carried
out using SNPs with Pmin of <1.0 x 10 ’ aftel exclusion of
SNPs thdt are in strong linkage disequilibrium > 0. 8) in each
GWAS. The wGRS were calculated according to De Jager

et al.*® Briefly, we first calculated the weight of each SNP that
is the natural log of the odds ratio for each allele/genotype, con

sidering the associated genetic model. For an additive model,
we assigned a score of 2 to an individual with two risk alleles, 1
to that with one risk allele, and O to that with no risk allele. For
a dominant model, we assigned a score of 1 to an individual
with one or two risk alleles, and 0 to that with no risk allele. For
a recessive model, we assigned a score of 1 to an individual with
two risk alleles, and O to that with no or one risk allele. Then the
cumulative genetic risk scores were determined by multiplying
the number of risk alleles/genotype of each SNP by its corre

sponding weight, and subsequently took the sum across the total
number of SNPs that were taken into consideration of each
GWAS set. We classified the genetics risk score into four differ

ent groups created from the mean and SD: group |,
<mean — 1SD; group 2, mean — 1SD to mean; group 3, mean
to mean + ISD; and group 4, >mean + 1SD. Odds ratio, 95%
confidence interval, P value, sensitivity, and specificity were
calculated using group 1 as a reference. To calculate the OR in
which one of the cells in the contingency table is zero, we
applied the Haldane correction, used to avoid error in the calcu

lation by adding 0.5 to all of the cells of a contingency table.

Results

After subdividing the patients by administered drugs/major
drug subgroups, as previously mentioned, a total of 17 GWAS
analyses were carried out by comparing the allele/genotype
frequency between the patients who had developed severe neu
tropenia/leucopenia (grade 3/4) to those who had not devel
oped any adverse drug reactions. The Q Q plots of each
GWAS and the calculated lambda value of below 1.00 indi
cated no significant population stratification in each of these
GWAS analyses (Fig. S1). From this study, although we could
not identify any SNPs that smpassed the genome wide slgmﬁ
cant threshold (P value <5 x 107%) for showing association
with the risk of neutropenia/leucopenia induced by the certain
type of drug or regimen, several possible candidate loci were
identified. The results of the GWAS are saummarized in
Table 2, Table S1, and Figure S2; the results of wGRS are
summarized in Table S2.

Table 1. Demographic details of cancer patients treated with chemotherapeutic agents, whose DNA samples are stored in Biobank lapan

(The University of Tokyo, Tokyo, Japan)

Category Controlst Grade 1.2 Grade 3/4 Category Controlst Grade 1/2 Grade 374

All 4804 1253 805 Drug subtype

Age, years {mean) 62.9 58.7 59.6 Alkylating agent 346 266 176

Gender Cyclophosphamide 335 255 168
Male 2604 424 318 Platinum based 743 429 428
Female 2200 829 487 Cisplatin 471 191 176

Cancer subtype Carboplatin 262 207 261
Lung cancer 587 259 266 Anthracycline 459 240 184
Breast cancer 876 388 204 Doxorubicin 66 85 83
Ovarian cancer 140 124 74 Epirubicin 370 132 83
Gastric cancer 827 100 56 Antimetabolite 2249 512 294
Esophageal cancer 208 65 53 5 Fluorouracil 952 331 177
Colorectal cancer 1573 161 50 Gemcitabine 226 111 80
Endometrial cancer 78 72 45 Antimicrotubule agent 825 468 371
Cervical cancer 129 57 35 Paclitaxel 364 321 218
Prostate cancer 91 13 21 Docetaxel 233 143 147
Pancreatic cancer 83 36 20 Topoisomerase inhibitor 187 123 106
Liver cancer 366 16 9 Camptothecin 155 106 59
Gallbladder cancer 56 9 1 Etoposide 39 19 54

Paclitaxel + carboplatin 166 161 150

tindividuals who did not develop any adverse drug reactions after chemotherapy.

Low et al.
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Table 2. Association analysis of single nucleotide polymorphisms (SNPs) with different chemotherapeutic drugs/drug subgroups known to induce severe neutropenia/leucopenia

CHR SNP BP RA NRA RAF_Case RAF_Ctr Paec P_dom P_rec Pmn OR L95 usgs Gene re ocC
Cyc ophospham de
16 rs2519974* 22889186 T C 0503 0381 2 52E-04 4 35E-06 2 77E-01 4 35E-06 1647 1264 2146  HS3ST2 0
1 rs10922438* 198469162 T C 0214 0106 6 01E-06 1 71E-05 7 10E-02 6 01E-06 2301 1608 3293  ATP6VIG3 23190
19 rs3745571% 6475613 T C 0778 0670 4 05E-04 7 72E-06 1 00E+00 7 72E-06 1730 1276 2345 DENND1C 0
A p at num-based drugs
15 rs4886670* 75449674 A C 0320 0227 9 86E-07 1 43E-05 8 14E-04 9 86E-07 1605 1330 1937 RPL36AP45 29318
19 rs33428* 30937843 G A 0481 0403 271E-04 2 78E-06 3 11E-01 2 78E-06 1375 1160 1629  ZNF536 0
14 rs12589282* 22937656 G T 0535 0437 6 30E-06 5 42E-03 4 11E-06 4 11E-06 1480 1250 1752 TRA@ 0
3 rs3845905* 66525963 G A 0915 0850 4 12E-06 7 45E-05 3 65E-04 4 12E-06 1894 1433 2 503 LRIG1T 0
5 rs1895302* 169542600 C T 0 551 0478 6 95E-04 7 41E-06 4 11E-01 7 41E-06 1340 1132 1587 Foxi1 5871
1 rs16825455* 21837755 T C 0686 0605 8 85E-05 8 62E-06 1 90E-01 8 62E-06 1425 1193 1702 ALPL 0
Cspatn
7 rs10253216* 16861849 T C 0 565 0468 2 18E-03 1 68E-07 1 00E+00 1 68E-07 1478 1155 1891 AGR2 -17111
4 rs11944965* 63424089 T C 0807 0678 3 45E-06 1 68E-06 6 65E-02 1 68E-06 1986 1475 2676 LOC644534 47600
7 rs7797977* 16862235 C A 0668 0580 4 06E-03 5 23E-01 2 17E-06 2 17E-06 1 457 1127 1883  AGR2 —17497
18 rs2406342* 74488280 T G 0 605 0475 3 59E-05 2 48E-06 6 71E-02 2 48E-06 1697 1323 2177  ZNF236 —47836
20 rs6077251* 7752366 T C 0271 0153 2 50E-06 3 64E-06 3 06E-02 2 50E-06 2 065 1537 2773 SFRS13AP2 59982
8 rs11774576* 27740417 A G 0702 0 581 6 78E-05 2 82E-06 2 62E-01 2 82E-06 1699 1307 2208  SCARAS 0
11 rs4627050* 18822037 G A 0781 0 649 4 43E-06 9 01E-06 2 17E-02 4 43E-06 1932 1452 2572 PTPN5 —-8648
1 rs12142335* 108302922 A G 0 040 0004 9 91E-06 8 45E-06 1 OCE+00 8 45E-06 9713 3175 29710 VAV3 0
Carbop at n
15 rs11071200* 55950082 T G 0 060 0008 1 25E-06 8 51E-07 100E+00 8 51E-07 8 241 2888 23520 PRTG 0
5 rs3822735* 35799994 G A 0862 0752 7 24E-06 1 68E-06 3 50E-01 1 68E-06 2062 1500 2834  SPEF2 0
3 rs1623879* 58027197 G A 0441 0321 7 69E-05 1 89E-02 3 75E-06 3 75E-06 1669 1297 2148  FLNB 0
15 r$936229* 75132319 G A 0713 0595 7 27E-05 4 41E-06 301E-01 4 41E-06 1685 1302 2180 ULK3 0
13 rs7989332* 21050575 G T 0853 0738 5 47E-06 1 16E-04 1 74E-03 547E-06 2056 1507 2 806 CRYL1 0
3 rs3845905* 66525963 G A 0921 0828 599E-06 2 20E-05 1 50E-02 5 99E-06 2433 1645 3598  LRIGT 0
8 rs1714746% 4105147 G A 0554 0435 159E-04 6 63E-02 7 44E-06 7 44E-06 1610 1261 2 056 CSMD1 0
16 rs12446319* 81774798 A G 0253 0143 8 97E-06 1 27E-04 3 16E-04 8 97E-06 2026 1480 2774 CMIP 29431
1 rs1277203% 109392837 A G 0730 0626 3 50E-04  351E-02 9 38E-06 9 38E-06 1615 1243 2098  AKNAD1 0
A anthracyc ne-based drugs
5 rs10040979% 158424391 G A 0701 0618 4 68E-03 5 35E-01 4 60E-07 4 60E-07 1452 1120 1883 EBF1 0
2 rs12615435* 200638509 T G 0 883 0773 395E-06 4 0SE-06 9 17E-02 3 95E-06 2214 1555 3154  LOC348751 0
5 rs7720283* 158459721 C T 0775 0706 129E-02  337E-01 4 15E-06 4 15E-06 1431 1078 1898 EBF1 0
1 rs1367448* 68633924 C T 0633 0526 5 02E-04 5 32E-06 5 12E-01 5 32E-06 1554 1212 1993 LOC100289178 0
6 rs2505059* 98495952 G A 0538 0398 541E-06 2 29E-04 2 04E-04 5 41E-06 1765 1383 2252 MIR2113 23455
12 rs4149639* 6442001 C T 0120 0047 7 39E-06 1 52E-05 8 16E-02 7 39E-06 2763 1781 4287 TNFRSF1A 0
19 rs1654260* 20329111 A G 0625 0488 8 49E-06 3 03E-03 2 18E-05 8 49E-06 1749 1365 2240  LOC100421704 —3576
Doxorub ¢ n
15 rs11857176* 78164706 A G 0657 0515 1 74E-02 1 00E+00 8 08E-07 8 08E-07 1800 1127 2874  LOC100302666 ~6274
2 rs4380275* 773278 G A 0392 0152 4 99E-06 1 54E-05 2 O5E-02 4 99E-06 3604 2 041 6365  LOC339822 6559
i1 rs2512987* 86414282 T C 0681 0417 7 02E-06 6 04E-03 3 42E-05 7 02E-06 2985 1855 43803 ME3 -~30604
Eprubcn
12 rs4149639* 6442001 C T 0163 0042 2 89E-07 8 31E-07 3 32E-02 2 89E-07 4443 257 7677 TNFRSF1A 0
5 rs2964475% 5407814 C A 0615 0415 4 13E-06 3 95E-04 1 10E-04 4 13E-06 2248 1592 3174  KIAA0947 --14993
13 rs1923834* 28360487 G A 0916 0770 9 40E-06 4 61E-06 3 33E-01 461E-06 3236 1823 5744  GSX1 6293
10 rs908366* 126144839 A G 0518 0328 7 04E-06 1 08E-04 8 69E-04 7 04E-06 2199 1564 3092  LHPP ~5502
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Table 2. (continued)

CHR SNP BP RA NRA RAF_Case RAF_Ctr Paec P_dom P_rec Pmn OR L95 u9s Gene re oc
3 rs1553091* 187716886 G A 0 452 0358 2 65E-02 8 04E-01 7 46E-06 7 46E-06 1480 1053 2080 LOC100505844 22691
A ant metabo te drugs
18 rs7228133* 4539085 C A 0733 0686 2 26E-02 6 64E-01 1 70E-06 1 70E-06 1255 1034 1522 LOC284215 243085
21 rs8127977* 26826514 A G 0804 0722 1 30E-05 2 11E-06 2 67E-01 2 11E-06 1587 1282 1966 NCRNAOQT58 ~22501
12 rs894734* 54319727 G A 0 849 0776 3 84E-05 3 97E-06 6 63E-01 3 97E-06 1619 1279 2 050 HOXC13 -12849
13 rs9580312* 22754093 G A 0480 0409 1 35E-03 8 09E-06 6 25E-01 8 09E-06 1330 1120 1581 LOC100506622 --30331
21 rs2055011* 19481354 C T 0184 0143 1 12E-02 2 12E-01 8 82E-06 8 82E-06 1347 1075 1686 CHODL 135796
12 rs12582168* 124894184 C T 0333 0256 8 50E-05 9 31E-06 2 84E-01 9 31E-06 1454 1210 1748 NCOR2 0
5-F uorourac
7 rs10488226* 12713070 A C 06195 0107 1 09E-05 3 54E-06 2 98E-01 3 54E-06 2026 1500 2737 LOC100505995 -12175
2 rs6740660* 224943685 G A 0 966 0894 4 10E-06 8 83E-06 2 40E-01 4 10E-06 3386 1870 6 131 SERPINE2 39649
4 rs1567482* 36026747 G A 0952 0875 6 26E-06 1 44E-05 9 14E-02 6 26E-06 2 846 1716 4719 LOC651644 39948
2 rs6706693* 192465598 A G 0328 0219 1 62E-05 2 12E-03 9 45E-06 9 45E-06 1743 1362 2232 OBFC2A 77200
Gemctabne
18 rs9961113* 75605399 C T 0625 0403 1 43E-06 3 83E-04 3 73E-05 1 43E-06 2473 1706 3584 LOCT100421527 ~260017
5 rs2547917* 58713680 A G 0350 0212 9 06E-04 8 79E-02 3 33E-06 3 33E-06 1997 1345 2 965 PDE4D 0
15 rs12900463* 85415386 C T 0219 0115 2 24E-03 1 02E-01 4 03E-06 4 03E-06 2154 1342 3457 ALPK3 0
22 rs9609078* 31153276 T C 0089 0009 4 32E-06 9 97E-06 2 59E-01 4 32E-06 10 890 3528 33610 OSBP2 0
5 rs6863418* 173625154 A G 0175 0 055 137E-05 6 98E-06 4 55E-01 6 98E-06 3623 2042 6 429 HMP19 88972
20 rs6037430* 344079 G A 0894 0730 9 74E-06 1 75E-05 7 92E-02 9 74E-06 3109 1805 5359 NRSNZ2 8567
A ant m crotubu e drugs
17 rs11651483* 12777402 C T 0729 0 665 1 69E-03 2 60E-01 3 37E-07 3 37E-07 1357 1120 1643 RICH2 0
6 rs4235898* 77266188 A G 0830 0740 1 O5E-06 3 34E-06 6 50E-03 1 05E-06 1718 1377 2 142 LOC100131680 -103976
13 rs4771859* 93088651 G A 0764 0709 5 49E-03 2 60E-01 1 47E-06 1 47E-06 1328 1088 1623 GPC5 0
1 rs12145418* 216716320 T G 0334 0274 3 04E-03 3 17E-01 2 35E-06 2 35E-06 1331 1104 1604 ESRRG 0
6 r59386485* 106329055 T C 0596 0492 2 65E-06 2 85E-05 8 59E-04 2 65E-06 1524 1279 1817 PRDM1 ~205140
16 rs12935229* 77328895 A G 0 249 0182 1 83E-04 2 23E-02 4 40E-06 4 40E-06 1495 1214 1840 ADAMTS18 0
7 rs6961860* 17085321 G A 0 557 0 495 5 33E-03 8 87E-01 4 67E-06 4 67E-06 1283 1078 1527 LOCT100131425 156806
14 rs12882718* 86902054 T C 0737 0643 5 91E-06 5 55E-06 2 03E-02 5 55E-06 1555 1283 1884 LOC100421119 --42891
12 rs1043763* 122630909 T C 0668 0574 1 36E-05 6 51E-06 3 10E-02 6 51E-06 1496 1248 1795 MLXIP 1920
2 rs4591358* 196365890 C T 0302 0215 6 60E-06 6 89E-04 1 89E-04 6 60E-06 1578 1297 1920 LOC391470 81627
14 s8022296* 97987857 G A 0663 0 608 1 06E-02 6 S4E-01 7 29E-06 7 29E-06 1269 1058 1521 LOC100129345 111127
4 rs6817170* 154374984 G A 0377 0 286 9 29E-06 4 61E-05 3 27E-03 9 29E-06 1517 1264 1822 KIAA0922 -12514
Pac taxe
1 rs922106* 90025519 T G 0298 0202 2 17E-04 1 95E-02 9 28E-07 9 28E-07 1679 1277 2207 LRRC8B 0
6 rs9386485* 106329055 T C 0624 0477 117E-06 1 43E-05 5 24E-04 1 17E-06 1821 1429 2320 PRDM1 --205140
8 rs2444896% 99022009 T G 0727 0603 1 58E-05 2 43E-06 7 41E-02 2 43E-06 1754 1355 2 269 MATN2 0
2 rs4666360* 20335709 C T 0216 0114 4 62E-06 3 24E-06 2 27E-01 3 24E-06 2136 1546 2950 RPS16P2 19625
9 rs3138083* 35648950 A G 0220 0117 3 78E-06 1 24E-05 1 09E-02 3 78E-06 2136 1551 2942 SIT1 345
17 rs3786094* 9875205 C T 0528 0422 5 30E-04 1 80E-01 5 83E-06 5 83E-06 1531 1206 1944 GAS7 0
15 rs4886670* 75449674 A C 0353 0229 7 26E-06 5 38E-05 4 26E-03 7 26E-06 1835 1412 2383 RPL36AP4S 29318
5 rs792975% 172271007 T C 0654 0519 7 66E-06 1 19E-04 6 08E-04 7 66E-06 1746 1366 2232 ERGIC1 0
Docetaxe
9 rs3747851* 124521260 T C 0337 0176 561E-07 1 12E-05 5 63E-04 5 61E-07 2377 1693 3339 DAB2IP 0
7 rsd727963* 122759980 C T 0772 0618 7 99E-06 1 04E-06 1 69E-01 1 04E-06 2094 1505 2914 SLC13A1 0
14 rs1756650* 87741025 G A 0211 0162 9 95E-02 9 10E-01 1 74E-06 1 74E-06 1386 0954 2014 GALC 658333
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Table 2. (continued)

CHR SNP BP RA NRA RAF_Case RAF_Ctr Paec P_dom P_rec Pmn OR L95 u9s Gene re oc
13 rs488248* 106596719 T C 0918 0795 3 29E-06 3 23E-05 1 17E-02 3 29E-06 2896 1802 4 655 LOC728192 ~432192
6 rs12660691* 130008445 A C 0935 0819 3 62E-06 4 99E-06 1 62E-01 3 62E-06 3199 1899 5391 ARHGAP18 0
18 rs4553720%* 62170726 T C 0377 0281 7 77E-03 4 56E-01 6 77E-06 6 77E-06 1547 1131 2116 LOC284294 79890
6 rs2157460%* 130021128 T C 0932 0820 7 07E-06 1 07E-05 1 62E-01 7 07E-06 3013 1806 5025  ARHGAPI8 0
2 rs837841* 130034012 T G 0714 0662 1 49E-01 5 26E-01 8 34E-06 8 34E-06 1279 0930 1759 LOCTI51121 ~33653
A topo somerase nh b tors
5 rs10074959* 104208013 T C 0321 0237 3 23E-02 8 08E-01 1 13E-06 1 13E-06 1524 1048 2217 RAB9YPT ~227162
7 rs1035147* 12094966 T G 0981 0877 4 01E-06 4 75E-06 5 56E-01 4 01E-06 7294 2587 20 559 TMEM1068 —155882
1 rs303386* 99589379 A G 0585 0444 1 10E-03 4 30E-06 3 88E-01 4 30E-06 1766 1256 2483 LOC100129620 0
14 rs7494275% 56231800 C A 0543 0 406 1 86E-03 4 26E-01 8 50E-06 8 50E-06 1732 1232 2433 RPL13AP3 -1163
3 rs480409* 7010081 G A 0 495 0348 6 08E-04 1 63E-01 9 28E-06 9 28E-06 1842 1307 2 596 GRM7 0
Camptothec n
6 rs17318866* 3837198 G A 0 966 0790 1 47E-06 1 78E-06 1 91E-01 1 47E-06 7 559 2 689 21263 FAM50B ~12434
2 rs17027130* 41273631 C T 0644 0 387 2 54E-06 8 03E-04 3 91E-05 2 54E-06 2 865 1844 4 452 LOC729984 -110074
1 rs303386* 99589379 A G 0627 0429 3 34E-04 3 61E-06 1 06E-01 3 61E-06 2238 1448 3 460 LOC100129620 0
Etopos de
20 rs6039763* 10183517 A G 0370 0090 1 27E-05 1 54E-06 4 61E-01 1 54E-06 5966 2502 14 230 LOC100131208 0
1 rs2506991* 48098406 G A 0593 0 269 1 39E-05 1 11E-02 2 28E-06 2 28E-06 3948 2101 7418 LOC388630 127794
2 rs12987465* 49715021 A G 0 593 0359 1 87E-03 6 26E-01 6 61E-06 6 61E-06 2597 1424 4737 FSHR ~333355
7 rs3095008* 20255705 T C 1000 0 846 1 74E-05 9 39E-06 1 00E+00 9 39E-06 nf N/A N/A MACC1 0
Pac taxe -+ carbop atn
12 rs12310399* 95490248 A G 0708 0567 2 60E-04 1 08E-01 2 46E-07 2 46E-07 1852 1329 2580 FGD6 0
9 rs10785877* 137125501 T C 0833 0 660 7 38E-07 1 54E-05 1 98E-04 7 38E-07 2 580 1766 3769 RXRA -92815
19 rs995834* 28866596 C T 0580 0425 1 28E-04 1 20E-06 1 51E-01 1 20E-06 1871 1364 2 566 LOC100420587 307385
1 rs922107* 90022796 G A 0323 0211 1 55E-03 9 07E-02 2 73E-06 2 73E-06 1788 1250 2558 LRRC8B 0
7 rs1425132* 37562368 T C 0740 0 666 4 55E-02 7 35E-01 4 68E-06 4 68E-06 1430 1013 2017 LOC442668 62349
1 r$6429703* 15339960 T C 0 200 0078 8 40E-06 2 59E-05 5 61E-02 8 40E-06 2942 1802 4804 RP1-21018.1 0

*SNPs used for we ghted genet ¢ r sk score ana yses BP, SNP genom ¢ ocat on; CHR, chromosome; nf, nfinty; L95, ower 95% confidence nterva; N/A, not app cab e; NRA, non-rsk a ee;
OR, odds rat o; P_a e ¢, Pva ue from a e ¢ mode; P_dom, P-va ue from dom nant mode ; P_m n, m n mum P-va ue among the three mode s; P_rec, P-va ue from recess ve mode ; RA, r sk
a ee; RAF, rsk a e e frequency; re oc, d stance of the SNP from the gene; U95, upper 95% confidence nterva



Among these datasets, GWAS carried out using samples
who were given: (i) any kind of platinum based chemotherapy
(428 cases vs 743 controls); (ii) cisplatin based chemotherapy
(176 cases vs 471 controls); or (iii) carboplatin based chemo
therapy (261 cases vs 262 controls) identified SNPs showing
the most significant association with chemotherapy induced
severe neutropema/leucopcmd are: rs4886670 (P, = 9.86 x
1077, OR = 1.61, 95% CI = 1.33 194) near RPL36AP45 for
1; 1510253216 (Poin = 1.68 x 1077, OR = 1.48, 95% CI =
1. 16 1.89) near AGR2 for (ii); and rs11071700 (Poin = 851 x
1077, OR =824, 95% CI =289 23.5) on PRIG for (iii)
(Table 2, Table S1, Fig. S2b). For the anthracycline based reg
imen, we carried out GWAS with individuals given all anthra
cycline based (184 cases vs 459 controls), doxorubicin based
(83 cases vs 66 controls), and epirubicin based (83 cases vs
370 controls) chemotherapy, dnd identified three SNPs,
1510040979 (P, = 4.60 x 1077, OR = 1.45, 95% Cl=112
1.88) in EBFI, 1511857176 (P,,,,,, = 8.08 x 1077, OR = 1.80,
95% CI=1.13 2.87) near a hypothencal vcne LOC10030
2666, and rs4149639 (P, = 2.89 x 1077, OR 4.44, 95%
CI = 2.57 7.68) in TNFRSFIA, to be most elgniﬁcantly associ
ated with the risk of high grade neutropenia/leucopenia,
respectively (Table 2, Table S1, Fig. S2¢). In the case of an
timicrotubule agents, we carried out three different GWAS
with individuals who were treated with antimicrotubule (371
cases vs 825 controls), paclitaxel based (218 cases vs 364 con
trols), or docetaxel based (147 cases vs 233 controls) reglmens
We identified three SNPs, rs11651483 (P, = 3.37 X 1077,
OR =136, 95% CI=1121.64) in RICH2, 1922106
(Poin = 928 x 1077, OR = 1.68, 95% CI= 128 2.21) in
LRRCSB and rs3747851 (P, = 5.61 x 1077, OR = 238,
95% CI = 1.69 3.34) in DAB2IP, to be those most signifi
cantly associated with the increased risk of severe neutropenia
/leucopenia, respectively (Table 2, Tdble S1, Fig. S2e). Our
previous report by Kiyotani et al.®¥ identified four SNPs to
be associated with gemcitabine induced hematological toxici
ties. Three of the four SNPs were included in the current stud}f
with suggestive association, rs12046844 (P,,;, = 5.84 x 107",
OR = 2.53, 95% CI = 1.45 4.43), rs6430443 (Puin = 861 x
107, OR =633, 95% CI=190222; r*=0.895 with
151901440) and r5117l9163 (Poin = 1.16 x 1072, OR = 2.36,
95% CI = 1.18 4.70) (Table S4). However, it is noted that
some of the samples used in this study overlapped with those
in the study reported by Kiyotani er al., as both sourced sam
ples from Biobank Japan.

Lastly, we also attempted to identify genetic variants associ
ated with combined treatment of paclitaxel and carboplatin
induced severe neutropenia/leucopenia (150 cases vs 166
controls), as this combined treatment is commonly used as the
standard therapy for both ovarian and lung cancers. We found
the most significant association with the SNP rs12310399
(Poin = 246 x 1077, OR = 1.85, 95% CI = 1.33 2.58) near
the FGDG6 gene (Table 2, Table S1. Fig. S2a), which is

suggested to activate CDC42, a member of the Ras like family
of Rho and Rac proteins, and has a critical role in regulating
the actin cytoskeleton. The second strongest association was
observed at the locus encoding RXRA (P, = 7.38 % 1077,
OR =258, 95% CI = 1.77 3. 77) an important tramcrlptlonal
factor. We also calculated the cumulative genetic scores using
SNPs on six loci and identified that individuals in group 4
could have 188 times (95% CI = 36.1 979) higher risk of
developing severe neutropenia/lencopenia than those belonging
to group 1 with the sensitivity of 95.9% and the specificity of
88.9% (Table S2). Because this drug combination is of clinical
importance, we further investigated the association of these six
selected loci using 161 individuals who developed grade 1/2
neutropenia/leucopenia, using cases registered in the Biobank
Japan. Interestingly, the association results for the six loci
were moderate for grade 1/2 neutropenia/leucopenia, with
intermediate allele frequency and OR between individuals
without any adverse reactions and those with neutropenia/leu
copenia of >grade 3 (Table S3). In addition, as shown in
Table 3 and Figure 1, the higher the calculated score becomes,
the higher the proportion and grade of neutropenia/leucopenia.
The intermediate scores for patients with grade 1/2 neutrope
nia/leucopenia could imply the possible usefulness of this
scoring system for the prediction.

Furthermore, we used simulation to estimate how many
samples are required to validate this scoring result. We started
off by estimating the incidence of neutropenia/leucopenia by
the combined treatment of paclitaxel and carboplatin. In Bio
bank Japan, a total of 477 individuals received this combined
treatment; among them, 166 individuals (35%) did not develop
any adverse drug reactions, 161 (35%) developed mild neutro
penia/leucopenia (grade 1 or 2) and 150 (30%) developed
severe neutropenia/leucopenia (grade 3 or higher). The
frequency of developing severe neutropenia/leucopenia is in
agreemem with a multicenter study reported by Guastalla
et al.® When we assume that 100 patients who receive this
combination therapy are prospectively registered, the inci
dences of the adverse drug reactions are estimated as shown in
Table 4. If we categorize the patients by wGRS according to
the proportions indicated in Table 3 (and our hypothesis is
right), the statistical power should be enough to validate by
this small subset of patients. Even if two individuals in both
group 1 and group 4 are incorrectly predicted, the calculated
P value is still 0.03 by Fisher’s exact test.

Discussion

In this study, we carried out GWAS analyses for a total of 17
subsets of chemotherapies to identify genetic variants that
might be associated with chemotherapeutic induced neutrope
nia/leucopenia with grades 3 and 4, however, we could not
identify any SNPs that sur pa%sed the genome wide significant
threshold (P value < 5 x 107%), Tmouch this study, we

Table 3. Weighted genetic risk score (WGRS) analysis of cancer patients who received combination treatment with paclitaxel and carboplatin

wGRS

G3/4 versus GO G1/2 versus GO

Score G3G4 G1G2 GO % G3G4 % GI1G2 % GO
group OR 95% Ci Pvalue OR 95% Cl P value
1 <5.802 2 21 48 0.03 0.29 0.68 REF . REF
2 5.802 7.665 36 s8 77 021 0.34 0.45 112 258 4870 8.69E05 1.72 0.93 3.19  9.55E 02
3 7.665 9.528 64 62 33 0.40 0.39 0.21 465 10.60 204.00 2.36E13 429 2.21 835  1.61E 05
4 >9.528 47 20 6 064 0.28 0.08 188.0 36.10 979.00 4.78E20 7.62 2.68 21.70 6.08E 05
Total 149 161 164

95% Ci, 95% confidence interval; GO, individuals who did not develop any adverse drug reaction; G1G2, grade 1 and grade 2 neutropenia
{mild); G3G4, grade 3 and grade 4 neutropenia (severe); OR, odds ratio; REF, reference.
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Fig. 1. Proportions of cancer patients who developed no adverse
reaction (GO0), mild neutropenia/leucopenia (G1/2), or severe neutro
penia/leucopenia (G3/4) in each of the weighted genetic risk score
(WGRS) score groups. All patients received combined treatment with
paclitaxel and carboplatin and were registered with Biobank Japan.
The total numbers of patients in scores 1, 2, 3, and 4 are 71, 171, 159,
and 73, respectively.

Table 4. Simulation of weighted genetic risk score (WGRS) analysis
for a prospective study of 100 patients who received combination
treatment with paclitaxel and carboplatin

Estimated verification samples (n  100; 35 expected to have grade
1/2 neutropenia)

wGRS

G3G4 GO OR 95% Cl P value
group
1 0 10
2 7 17 9.0 0.47 174.00 7.82E 02
3 13 7 37.8 1.93 740.00 1.06E 03
4 10 1 147.0 5.35 4040.00 3.40E 05
Total 30 35

95% Cl, 95% confidence interval; GO, individuals without any adverse
drug reaction; G3G4, grade 3 and 4 neutropenia (severe); OR, odds
ratio.

encountered several important issues, which are now common
problems in pharmacogenomics studies using retrospective
clinical data, including confounding factors and heterogeneous
treatments for individual patients (often given different combi
nations of drugs, different dosage of drugs, and different time
periods of treatment), that increase the complexity of studies
and generate various noises in the analyses, and diminished
the statistical power in the case control association studies.
We understand that our current approach was not an ideal
study design, but it is not easy to perfectly standardize therapy
in the daily clinical practice of cancer treatment. There are
several factors contributing to the variability in treatments:
(i) there is some preference by doctors or by hospitals to select
a particular regimen among the various recommended standard
treatments; (if) the modifications (adjustments) of the dosage
or schedule according to the patient’s conditions (performance
status, results of laboratory tests, etc.); and (iii) although we
have been collecting the clinical information, it is not perfect
to collect complete clinical information in some hospitals,
particularly those that do not use electronic medical records.

One can say that this kind of study should be performed as a-

prospective design, however, due to the very rapid advances in
the development of novel molecular targeted drugs and new
regimens in the oncology area, the protocols have been and
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will be modified or improved. Hence, spending many years
and a huge budget on a prospective study may result in a clini
cally useless outcome, because the results are unable to be
applied due to the replacement of the study protocol with a
new protocol, when the results of association studies are avail
able. Nevertheless, retrospective pharmacogenomic studies
could be improved by implementing electronic medical record
systems that could include detailed descriptions of patients’
conditions and their responses to various drugs.

Although we understand the pitfalls in study designs like our
present study, we need to seek possible ways to identify candi
date genetic variants that might contribute to improvement in
the clinical management of cancer patients, including chemo
therapy induced severe neutropenia/leucopenia. Nevertheless,
some of the candidate genes that we identified are of interest,
considering their known functions as well as their relations
with drug actions. For example, the proto oncogene AGRZ,
whose genetic variants were suggested to associate with cis
platin induced neutropenia/leucopenia, encodes an anterior
gradient 2 homolog (Xenopus laevis) that is known to play a
critical role in cell migration, cell differentiation, and cell
growth.®® Cells stably expressing AGR2 confer resistance to
cisplatin in vivo, compared with control cells (empty vector) in
. - anime @27 . . ‘o
a xenograft animal model. The second example is
TNFRSFIA, suggested to be associated with anthracycline
based and epirubicin induced neutropenia/leucopenia. This
gene encodes TNFRSF1A, which is a major receptor for TNF
o. The soluble TNFRSFIA level was found to be elevated
after 1 month of anthracycline based chemotherapy.”® Addi
tionally, both TNF o and TNFRSF1A are known to play a crit
ical role in doxorubicin induced cardiotoxicity, in which
doxorubicin stimulates an increase in circulating TNF and
upregulates TNFRSF1A.?%*? Furthermore, genetic variants on
PDE4D, which encodes for phosphodiesterase 4D, cAMP
specific, showed suggestive association with gemcitabine
induced severe neutropenia/leucopenia. Ablation of PDE4D
has been reported to impair the neutrophil function with
altered chemotaxis ability and adhesion capability as well as to
reduce neutrophil recruitment to the site of inflammation.®V
Besides, genetic variants on RXRA identified to be associated
with combined treatment of paclitaxel and carboplatin induced
severe neutropenia/leucopenia, encodes retinoid X receptor
alpha. Disruption of this gene in mouse models moderately
alters lymphocyte proliferation and survival, and affects the T
helper typel/type 2 balances.®? All of these genes might pro
vide some important insights into the mechanism of various
chemotherapy induced severe neutropenia/leucopenia, how
ever, further validations are definitely essential.

As already described, the GWAS approach could provide a
list of genetic variants that might be associated with complex
phenotypes (drug responsiveness or drug induced adverse
reactions) in pharmacogenomics studies. One of the clinically
important aims for identification of the associated genetic
variants is to establish a prediction model to identify individ
uals who are at risk of adverse reactions with certain drugs
or protocols. In this study, we have applied the wGRS sys
tem, by which we could distinguish high risk patients from
low risk individuals by counting the number of risk alleles of
the suggestively associated SNPs in combination with esti
mating the effect size of each SNP. One of the best examples
from this study was indicated by a scoring system using six
candidate SNP loci that were identified through the GWAS
of severe neutropenia/leucopenia caused by combination
treatment of paclitaxel and carboplatin; among 53 individuals
in the high risk group (group 4) by this scoring method, 47
(89%) revealed high grade neutropenia/leucopenia. In con
trast, among 50 individuals in the low risk group (group 1),
only 2 (4%) revealed high grade neutropenia/leucopenia, and
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the odds ratio to have the severe adverse reaction in
individuals belonging to group 4 was calculated to be 188
times higher than those categorized to group 1 (Table 3).
Interestingly, individuals who developed grade 1/2 (mild
neutropenia/leucopenia) were found to show intermediate risk
scores between patients with severe neutropenia/leucopenia
and those without any adverse reactions. Hence, we suggest
that wGRS is an applicable method to evaluate the clinical
utility of possible variants with specific phenotypes. However,
the data are preliminary and require verification by an inde
pendent test sample(s) before any definitive conclusions can
be drawn. But, considering that the OR of the high risk
group is very high, the number of samples required for the
verification (if our hypothesis is right) is not so large. In fact,
we have tried to simulate a prospective study design using a
model of 100 patients according to the assumption that 35%
individuals will not develop any adverse drug reactions, 35%
individuals will develop mild neutropenia/leucopenia (grade
172), and 30% will develop severe neutropenia/leucopenia
(grade 3/4). As shown in Table 4, the study of 100 patients
should have very strong statistical power to verify. If this is
verified, as we expect, it should improve the quality of lives
of cancer patients and also contribute to reducing medical
care costs by avoiding unnecessary adverse events. However,
to achieve success in pharmacogenomics and personalized
medicine, both local and international collaborative efforts
are essential.
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BRAF is an important gene in colorectal cancers (CRCs) that is
associated with molecular characterization and resistance to tar-
geted therapy. Although microRNAs (miRNAs) are useful bio-
markers of various cancers, the association between miRNA and
BRAF in CRCs is undefined. Therefore, this study was conducted
to identify a relationship between specific miRNA molecules and
BRAF mutation in CRCs and serrated lesions. miRNA array was
used for the measurement of 760 miRNAs in 29 CRCs. To assess
the identified miRNAs, quantitative reverse transcription-PCR
was performed on 721 CRCs, 381 serrated lesions and 251 non-
serrated adenomas. Moreover, proliferation and invasion assays
were conducted using cell lines. miRNA array analysis revealed
that microRNA-31 (miR-31)-5p was the most up-regulated
miRNA in CRCs with mutated BRAF (V600E) compared with
CRCs possessing wild-type BRAF (including cases with KRAS
mutation). High miR-31 expression was associated with BRAF
and KRAS mutations and proximal location (P < 0.0001). High
miR-31 expression was related to cancer-specific mortality [multi-
variate hazard ratio = 2.06, 95% confidence interval: 1.36-3.09, P
= 0.0008]. Functional analysis demonstrated that miR-31 inhibi-
tor decreased cell invasion and proliferation. With regard to ser-
rated lesions, high miR-31 expression was less frequently detected
in hyperplastic polyps compared with other serrated lesions. In
conclusion, associations were identified between miR-31, BRAF

Abbreviations: CI, confidence interval; CRC, colorectal cancer; EGFR. epi-
dermal growth factor receptor; FFPE, formalin-fixed paratfin-embedded: HP,
hyperplastic polyp: HR, hazard ratio; miRNA, microRNA; miR-31, micro-
RNA-31; MSI, microsatellite instability: MSS. microsatellite stability; OR,
odds ratio; gRT-PCR, quantitative reverse transcription—PCR; SSA/P, sessile
serrated adenoma/polyp; TSA, traditional serrated adenoma.
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and prognosis in CRC. Transfection of miR-31 inhibitor had an
antitumour effect. Thus, miR-31 may be a promising diagnostic
biomarker and therapeutic target in colon cancers. Moreover,
high miR-31 expression in serrated lesions suggested that miR-31
may be a key molecule in serrated pathway.

Introduction

BRAF, a member of the RAF gene family, which encodes a serine—
threonine protein kinase and plays an important role in the activation
of RAS-RAF-MEK-ERK signalling pathway, is one of the targeted
genes in colorectal cancers (CRCs) (1-5). With regard to patient
survival and chemoresistance, previous studies have shown an asso-
ciation between BRAF (V60OE) mutation and high cancer-specific
mortality rates among patients with CRC (2,5). In addition, BRAF has
been associated with resistance to monoclonal antibodies against the
epidermal growth factor receptor (EGFR) in patients with KRAS wild-
type metastatic CRC refractory to chemotherapy (2,3). Therefore,
these results suggest that further analysis of BRAF may enable us to
identify the molecular characterization and the potential therapeutic
target in CRCs.

MicroRNAs (miRNAs) constitute a class of small non-coding RNA
molecules (21-25 nucleotides) that function as post-transcriptional
gene regulators. miRNAs can function as oncogenes or tumour sup-
pressors. Therefore, they have been increasingly recognized as use-
ful biomarkers for various human cancers (6-15). In CRCs, several
miRNAs are known to be deregulated (16-39) and target genes in
the downstream effectors of EGFR (25,29,31-33). However, miRNAs
specific to BRAF or its activation remain largely unknown.

The serrated pathway has attracted considerable attention as an
alternative route to CRC. Approximately 30% of CRCs are hypoth-
esized to arise from serrated lesions (+40). Accumulating evidence sug-
gests an association between CRCs with mutated BRAF and serrated
lesions in many cases, as indicated by the high frequency of BRAF
mutation in serrated lesions (40,41). Of these lesions, sessile serrated
adenoma/polyp (SSA/P) has been identified as the precursor lesion of
microsatellite instability (MSI)-high CRC with BRAF mutation in the
proximal colon (40-42). However, the role of miRNAs in the develop-
ment of CRC via the serrated pathway has not been examined in large
samples of serrated lesions to date.

Therefore, we hypothesized that some specific miRNA molecules
may regulate BRAF activation in CRCs. They may also play an impor-
tant role in the progression of serrated lesions. To test this hypothesis,
we conducted miRNA array analysis to detect miRNA molecules that
are potentially associated with BRAF mutation using a database of
1353 colorectal tumours.

Materials and methods

Fatients and tissue specimens

Formalin-fixed, paraffin-embedded (FFPE) tissues of 735 CRCs (stages -1V),
391 serrated lesions and 259 non-serrated adenomas (i.e. tubular or tubulovillous
adenomas) of patients who underwent endoscopic resection or other surgical
treatment at Sapporo Medical University Hospital, Keiyukai Sapporo Hospital
and JR Sapporo Hospital between 1997 and 2012 were collected. To avoid selec-
tion bias as far as possible, we consecutively collected FFPE specimens of CRC
tissues, serrated lesions and non-servated adenomas. The criterion for diagno-
sis of CRC was invasion of malignant cells beyond the muscularis mucosa.
Intramucosal carcinoma and carcinoma in situ were classified as adenoma.
Colorectal tumours were classified by location as follows: the proximal colon
(caecumm, ascending and transverse colon), distal colon (splenic flexure, descend-
ing and sigmoid colon) and rectum.
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To clarify the association between miRNA expression and survival in meta-
static CRC patients, we limited the patients who received adjuvant chemo-
therapy to those treated with 5-fluorouracil-based adjuvant chemotherapy.
Patients with metastatic CRC treated with other targeted therapies (i.c. anti-
vascular endothelial growth factor or anti-EGFR antibody) were excluded. The
patients were followed op until death or December 2012, whichever came first.
Informed consent was obtained from all the patients before specimen collec-
tion. This study was approved by the respective institutional review boards
of the participating institutions. Tumour and paired normal colorectal tissues
were reviewed by two pathologists (MLE. and T.H.). The term ‘prognostic
marker’ is used throughout this article according to the REMARK Guidelines

(43).

Histopathological evaluation of colorectal serrated lesions

Histological findings for all colorectal serrated lesion specimens were cvalu-
ated by a pathologist (M.E)) who was blinded to the clinical and molecular
information. Serrated lesions [hyperplastic polyps (HPs) (N = [45), SSA/P
(N = 131) and traditional serrated adenoma (TSA) (N = 115)] were classified
on the basis of the current World Health Organization (WHO) criteria (44).

RNA extraction and miRNA array analysis

Total RNA was extracted from FFPE tissues using the miRNcasy FFPE Kit
(Qiagen, Valencia, CA). The TagMan® Array Human MicroRNA A + B Cards
Set v3.0 (Applied Biosystems, Foster City, CA) was used for simultaneous
measurement of the expression of 760 miRNAs on a microfluidic PCR plat-
form. In brict, 1 pg of total RNA was reverse transcribed using the Megaplex
Pools Kit (Applied Biosystems), following which miRNAs were amplified
and detected by PCR with specific primers and TagMan probes. PCR was run
in the 7900HT Fast Real-Time PCR system (Applied Biosystems), and SDS
2.2.2 software (Applicd Biosystems) was used for comparative analysis of the
cycle threshold (AC). U6 snRNA (RNUGB; Applied Biosystems) served as
an endogenous control. AC; was calculated by subtracting the Cy values of
U6 from the Cy values of the gene of interest. Expression of each miRNA in
the tumour samples was calculated using the equation 278 where AC; =
(C;miRNA - C;U6).

Quantitative reverse transcription-PCR of miR-31

MicroRNA-31 (miR-31)-5p expression was analysed using TagMan micro-
RNA Assays (Applied Biosystems). In brief, 5ng of total RNA were reverse
transcribed using specific stem—-loop RT primers, following which they were
amplified and detected by quantitative reverse transcription—PCR (qRT-PCR)
with specific primers and TagMan probes. PCR was run in triplicate using the
7500 Fast Real-Time PCR System (Applied Biosystems). SDS v1.4 software
(Applied Biosystems) was used for comparative AC, analysis. U6 served as
an endogenous control.

DNA extraction, pyrosequencing of KRAS, BRAF and PIK3CA and MSI
analysis

Genomic DNA was extracted from FFPE tissues of colorectal tnmours using
QlAamp DNA FFPE Tissue Kit (Qiagen). Using extracted genomic DNA,
PCR and targeted pyrosequencing were performed for KRAS (codons 12 and
13). BRAF (V60OE) and PIK3CA (exons 9 and 20) (45). MSI analysis was
performed using 10 microsatellite markers, as described previously (46). MSI-
high was defined as instability in 230% of the markers, and MSI-low/microsat-
ellite stability (MSS) as instability in <30% of the markers (46).

Sodium bisulfite treatment and pyrosequencing to measure MLH1 promoter
metihylation

Bisulfite modification of genomic DNA was performed using a BisulFlash™
DNA Modification Kit (Epigentek, Brooklyn, NY). Bisulfite pyrosequencing
for MLHI methylation was performed using the PyroMark Kit (Qiagen), as
described previously (47). :

Colon cancer cell line and miRNA transient transfection

In this study, seven colon cancer cell lines (COLO-320-HSR, DLD-1, HCT-116,
HT-29, Lovo. RKO and SW480) were utilized (Supplementary Table 1, avail-
able at Carcinogenesis Online). Total RNA was extracted from cell pellets using
the TRIzol Reagent (Invitrogen by Life Technologies, Carlsbad, CA) according
to the manufacturer’s instructions. Cells were transfected using the Cell Line
Nucleofector Kit V (Lonza, Basel, Switzedand) with a Nucleofector T elec-
troporation device (l.onza) for DLD-1, HCT-116 and RKO and Lipofectamine
2000 (Invitrogen by Life Technologies) for COL.O-320-HSR, HT-29, Lovo and
SW480, according to the manufacturer’s instructions. At 72h after transfection,
the cells were harvested for gqRT-PCR or western blotting.
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Assays for proliferation and invasion

Proliferation of miRNA transfectants was analysed by measuring the uptake
of tritiated thymidine in 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide assay (MTT assay; Sigma~Aldrich, St Louis, MO). In brief. trans-
fected cells were seeded into 96-well plates to a density of 5x 10 cells per
well. After incubation for 0, 24. 48, 72 and 96h, MTT assays were performed
using the Cell Counting Kit-8 (Dojindo, Tokyo, Japan) according to the manu-
facturer’s instructions.

Cell invasion was assessed by a Matrigel invasion assay. After incubation
for 24h, 1x10° transfected cells suspended in 500 ul of serum-free mediam
were added to the top of BD BioCoat Matrigel Invasion Chambers (BD
Biosciences, Bedford, MA) prehydrated with phosphate-buffered saline, and
750 pl of mediwm supplemented with 10% fetal bovine serum was added to
the lower wells of the plate. After incubation for 24 h, the invading cells were
fixed, stained and analysed under a microscope (Olympus, Tokyo, Japan).
Cells were counted in five random fields per membrane. In both assays, the
experiments with each cell line were performed three times.

Western blot analysis

Protein expression was analysed using a standard immunoblot procedure with
anti-KRAS and anti-BRAF. All primary antibodies were procured from Santa
Cruz Biotechnology (Santa Cruz, CA). The anti-f-actin monoclonal antibody
was used as a loading control (Oncogene Research Products, La Jolla. CA).
The immunoreactive bands were visualized using enhanced chemilumines-
cence (Thermo Scientific, Rockford, TL).

Statistical analysis

IMP (version 10) and SAS (version 9) software programs were used for statisti-
cal analyses (SAS Institute, Cary, NC). All P values were two sided. Univariate
analyses were performed to investigate clinicopathological and molecular
characteristics according to the miR-31 expression level; a chi-square test or
Fisher’s exact test was used for categorical data, whereas analysis of variance
was used to compare the mean patient age and tumour size. To account for
multiple hypothesis testing in associations between miR-31 expression and
other 12 covariates, the P value for significance was adjusted by Bonferroni
correction to P = 0.0042 (=0.05/12).

In survival analysis, the Kaplan—Meier method and log-rank test were used to
assess the survival time distribution. Cox proportional hazards regression mod-
els were used to compute mortality hazard ratios (HRs) according to the miR-31
expression status. Stratification by the tumour-node-metastasis disease stage (I,
ITA, IIB, TIA, HIB, HIC and 1V) was performed using the ‘strata’ option in
the SAS ‘proc phreg’ command. A multivariate model initially included sex
(male versus female), age at diagnosis (continuous), tumour size (continuousj,
year of diagnosis (continuous), tumour location (proximal colon versus distal
colon and rectum). tumour differentiation (well to moderate versus poor), MST
status (MSI-high versus MSS/MSI-low), MLH] methylation (present versus
absent) and mutations of BRAF, KRAS and PIK3CA (present versus absent).
A backward elimination was performed with a threshold of P = 0.10, to avoid
overfitting. Cases with missing information for any of the categorical covariates
[tamour differentiation (1.7%). MSI status (1.9%), MLHI methylation (4.9%),
mutations of BRAF (0.1%), KRAS (1.5%) and PIK3CA (0.1%)] were included
in the majority category of the given covariate to avoid overfitting. We con-
firmed that excluding cases with missing information in any of the covariates
did not substantially alter results (data not shown).

A multivariate logistic regression analysis was employed to examine the
associations with miR-31 expression status (as an outcome variable), adjust-
ing for potential confounders. The model initially included a similar set of
covariates to the initial Cox model. A backward elimination procedure with a
threshold of P=0.10 was used to select variables in the final model. Cases with
missing information for a given covariate were included in a majority category
in the initial model, and if the covariate remained in the final model, those
cases were included using a missing indicator variable in the final model. The
P value for significance was adjusted by Bonferroni cotrection to P = 0.0042
(=0.05/12).

Results

Detection of high-level miR-31 expression in BRAF-mutated CRCs
on miRNA array analvsis )

To examine the miRNA expression signature in BRAF-mutated
CRCs, 29 cases of CRCs (Supplementary Tabie 2, available at
Carcinogenesis Online) were randomly selected from the CRC
specimens for miRNA array analysis. Median levels of expression in
the BRAF mutation group were compared with those in the BRAF
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wild-type group (including cases with KRAS mutation). miRNA array
data revealed differential expression in 33 individual miRNAs (P <
0.05 by Mann—Whitney U-test) between the two groups (Table I). All
33 miRNAs displayed higher expression levels in the BRAF mutation
group than in the BRAF wild-type group. Of the 760 miRNAs, miR-
31-5p was up-regulated the most often (335-fold change, P = 0.009).

Distribution of miR-31 expression in CRCs and association
of miR-31 with clinicopathological and molecular features

We assayed miR-31 expression in 735 FFPE CRC tissue specimens
and successfully obtained 721 (98%) valid results. Fourteen patients
were unavailable for miR-31 expression analysis because of the lack
of extracted RNA from FFPE CRC tissue specimens. We utilized 721
CRC cases, based on the availability of miR-31-5p expression data.
miR-31 expression levels were quantified in CRC specimens and
paired normal mucosa specimens. miR-31 expression was calculated
using the equation 27, where AC; = (C; miR-31 — C;U6). To cal-
culate the relative expression of miR-31 in each CRC, 27 of cancer
tissue was divided by 27F of paired normal tissue. The distributions
of miR-31 expression in the 721 CRC specimens were as follows:
mean: 41.9; median: 6.3; SD: 176.2; range: 0.04-2108; interquartile
range: 2.0-23.4. Cases with miR-31 expression were then divided into
quartiles for further analysis: Q1 (<2.0), Q2 (2.0-6.2), Q3 (6.3-23.3)
and Q4 (223.4). Table 11 shows the clinicopathological and molecular
features of CRCs according to miR-31 expression level. High miR-
31 expression was significantly associated with larger tumour size,
proximal location, poor differentiation, advanced disease stage, BRAF
mutation, KRAS mutation and MST-high status (P < 0.0042 for all).

miR-31: BRAF and colon cancer survival

High miR-31 expression and patient survival

The influence of high miR-31 expression on clinical outcome was
assessed in 721 CRC patients (stages 1-1V). During follow-up of
the 698 patients eligible for survival analysis, mortality occurred in
149, including 115 deaths confirmed to be attributable to CRCs. The
median follow-up time for censored patients was 4.7 years. Kaplan—
Meier analysis was performed using categorical variables (Q1, Q2,
Q3 or Q4). Significantly higher mortality was observed in patients
with high miR-31 expression in terms of cancer-specific survival (log-
rank test: P = 0.0013) and overall survival (log-rank test: P = 0.0026)
than in those with low miR-31 expression (Figure 1).

In univariate Cox regression analysis, compared with Q1 cases, sig-
nificantly higher mortality rates were observed in Q2 cases [HR: 1.96;
95% confidence interval (CI): 1.06-3.77; P = 0.031], Q3 cases (HR:
2.16; 95% CI: 1.18-4.13; P = 0.012) and Q4 cases (HR: 3.10; 95% CI.
1.76-5.78; P < 0.0001) (Table 1IT). Similarly, compared with Q1 cases,
an independent association with shorter prognosis was observed in Q4
cases in stage-stratified (HR: 2.49; 95% CI: 1.40-4.67; P =0.0016) and
multivariate analyses (HR: 2.91; 95% CI: 1.60-5.57; P = 0.0004) for
cancer-specific survival (Table [1I). On the other hand, compared with Q1
cases, slightly but insignificantly higher mortality rates were observed in
Q2 and Q3 cases in stage-stratified (Q2: P = 0.11, Q3: P = 0.23) and
multivariate stage-stratified analyses (Q2: P=0.14, Q3: P=0.18) (Table
111). Similar results were observed in stage-stratified and multivariate
stage-stratified analyses for overall survival (data not shown). Therefore,
we made a dichotomous miR-31 expression variable, defining Q4 as the
‘high-expression group’ and corbining Q1, Q2 and Q3 into the ‘low-
expression group’. In multivariate stage-stratified analysis, compared

Table L. Differentially expressed miRNA in BRAF-mutated and BRAF wild-type CRCs by miRNA array analysis

No. Name of miRNA Relative miRNA expression (miRNA/UG) P
(miR base ID)
BRAF mutation group BRAF wild-type group Fold change (mutation
(median: N=7) (median; N =22 group/wild-type group)

1 hsa-miR-31-5p 29 925.00 89.30 335.0 0.009
2 hsa-miR-215 7.65 0.10 74.5 0.001
3 hsa-miR-151-3p 1312.00 24.40 53.8 0.003
4 hsa-miR-539-5p 370.00 7.57 48.9 0.021
5 hsa-miR-31-3p 77.30 2.14 36.1 0.002
6 hsa-miR-661 3125.00 91.80 34.1 0.011
7 hsa-miR-197-3p 478 0.16 292 0.002
8 hsa-miR-483-3p 605.00 21.90 27.6 0.032
9 hsa-miR-185-5p 15.40 0.56 27.3 0.024
10 hsa-miR-223-3p 10.50 0.40 25.9 0.005
11 hsa-miR-451a 23.50 1.00 235 0.015
12 hsa-miR-410 19.90 0.85 234 0.001
13 hsa-miR-15b-5p 9.01 0.40 227 0.004
14 hsa-miR-126-5p 8.45 0.37 22.6 0.013
15 hsa-miR-221-3p 99.90 4.82 20.7 0.048
16 hsa-miR-10b-3p 13.80 0.67 20.6 0.015
17 hsa-miR-29¢-3p 19.50 1.02 19.1 0.001
18 hsa-miR-623-5p 185.00 10.30 18.0 0.002
19 hsa-miR-34a-5p 75.70 4.37 17.3 0.032
20 hsa-miR-7-1-3p 10.40 0.60 173 0.001
21 hsa-miR-10b-5p 23.10 1.49 15.5 0.008
22 hsa-miR-26b-5p 5.46 0.36 15.2 <0.001
23 hsa-let-7a-5p 5.86 042 13.9 0.048
24 hsa-miR-145-3p 2.82 0.20 13.8 0.028
25 hsa-miR-374a-5p 26.30 1.96 134 0.001
26 hsa-miR-222-3p 11.80 0.89 13.2 0.011
27 hsa-miR-379-5p 141 0.11 13.0 0.024
28 hsa-miR-30c-5p 1.59 0.14 11.8 0.002
29 hsa-miR-100-5p 3.26 0.28 11.6 0.004
30 hsa-miR-625-3p 13.20 1.16 114 0.001
31 hsa-miR-142-5p 5.23 0.48 11.0 0.002
3 hsa-miR-99a-5p 2.02 0.19 105 0.003
33 hsa-miR-425-5p 10.80 1.07 10.1 0.005

The fold change is expressed as the median of the BRAF mutation group divided by that of the wild-type group for each miRNA. P values were determined by

the Mann—-Whitney U-test. miRNAs with P <0.05 are listed.
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Table II. Clinicopathological and molecular features of 721 CRCs according to quartiles of miR-31 expression

Clinicopathological Total N miR-31 expression P
or molecular feature
Ql (<2.0) Q2 (2.0-6.2) Q3 (6.3-23.3) Q4 (z23.4)
All cases 721 180 180 181 180
Gender
Male 422 (59%) 101 (56%) 107 (59%) 103 (57%) 111 (62%) 0.70
Female 299 (41%) 79 (44%) 73 (41%) 78 (43%) 69 (38%)
Age (mean + SD) 66.9+11.4 65.7£11.3 67.3+£11.0 67.8+12.0 66.7+11.2 0.34
Tumour size (mm) 46.5+23.6 36.6+17.3 44.8+209 50.0+23.1 544x279 <0.0001
(mean x SD)
Year of diagnosis
Prior to 2002 334 (46%) 93 (52%) 80 (44%) 76 (42%) 85 (47%) 0.29
2003-2012 387 (54%) 87 (48%) 100 (56%) 105 (58%) 95 (53%)
Tumour location
Rectum and distal colon 465 (64%) 135 (75%) 125 (69%) 119 (66%) 86 (48%) <0.0001
(splenic flexure to sigmoid)
Proximal colon 256 (36%) 45 (25%) 35 (31%) 62 (34%) 94 (52%)
(caecum to transverse)
Tumour differentiation
Well to moderate 655 (92%) 176 (99%) 170 (96%) 162 (91%) 147 (84%) <0.0001
Poor 54 (8.0%) 2(1.1%) 7 (4.0%) 16 (9.0%) 29 (16%)
Disease stage .
1 138 (19%) 59 (32%) 31 (17%) 23 (13%) 25 (14%) <0.0001
TIA 157 (22%) 46 (26%) 42 (23%) 37 (20%) 32 (18%)
B 57 (71.9%) 10 (5.6%) 10 (5.6%) 20 (11%) 17 (9.4%)
IIIA 41 (5.7%) 14 (7.8%) 11 (6.1%) 12 (6.6%) 4(2.2%)
B 163 (23%) 23 (13%) 45 (25%) 46 (25%) 49 (27%)
HIc 82 (11%) 14 (7.8%) 20 (11%) 21 (12%) 27 (15%)
v 83 (12%) 14 (7.8%) 21 (12%) 22 (12%) 26 (14%)
BRAF mutation
‘Wild-type 685 (95%) 176 (98%) 179 (99%) 173 (96%) 157 (87%) <0.0001
Mutant 35 (4.9%) 3(1.7%) 1 (0.6%) 8 (4.4%) 23 (13%)
KRAS mutation
Wild-type 479 (67%) 130 (74%) 123 (69%) 126 (70%) 100 (57%) 0.0042
Mutant 231 (33%) 45 (26%) 56 (31%) 54 (30%) 76 (43%)
PIK3CA mutation
Wild-type 642 (89%) 168 (94%) 160 (89%) 163 (90%) 151 (84%) 0.023
Mutant 78 (11%) 11 (6.2%) 20 (11%) 18 (9.9%) 29 (16%)
MST status
MSS/MSI-low 658 (93%) 172 (99%) 171 (97%) 164 (92%) 151 (85%) <0.0001
MSI-high 49 (6.9%) 2 (1.2%) 6 (3.4%) 14 (7.9%) 27 (15%)
MLHI methylation
Unmethylated 387 (569%) 106 (62%) 102 (59%) 94 (54%) 85 (51%) 0.15
Methylated 299 (44%) 65 (38%) 71 (41%) 80 (46%) 83 (49%)

Percentage (%) indicates the propottion of cases with a specific clinicopathological or molecular feature within a given quartile category (Q1, Q2. Q3 or Q4) of
miR-31 expression by gqRT-PCR. P values were calculated by analysis of variance for age and tumour size and by a chi-square test or Fisher’s exact test for all
other variables. To account for multiple hypothesis testing in associations between miR-31 expression and other 12 covariates, the P value for significance was

adjusted by Bonferroni correction to P = 0.0042 (=0.05/12).

with the ‘low-expression group’, a significantly higher mortality rate
was observed in the ‘high-expression group’ (HR: 2.06; 95% CI: 1.36—
3.09; P =0.0008) in cancer-specific analysis (Table ITT).

In stage-stratified (stages [-IV) analysis, the mortality rate in terms
of cancer-specific survival was significantly higher in CRC groups
(stages II-IV) with high miR-31 expression levels (log-rank test:
P = 0.035, P = 0.020 and P = 0.024, respectively) than in those with
low miR-31 expression levels (Supplementary Figure [, available
at Carcinogenesis Online). Our data also showed that high miR-31
expression was related to cancer-specific mortality, regardless of BRAF
status (Supplementary Figure 2, available at Carcinogenesis Online).

Multivariate logistic regression analysis in cases of high miR-31
expression

Considering potential confounding and potential cause-effect
sequence, we performed a multivariate logistic regression analysis to

Page 4 of 8

assess the relationships with miR-31 expression. The results showed
that high miR-31 (Q4) expression was significantly associated with
BRAF {odds ratio (OR): 7.05; 95% CI: 3.08-16.8; P < 0.0001], KRAS
mutation (OR: 2.61; 95% CI: 1.75-3.90; P < 0.0001) and tumour
location in the proximal colon (OR: 2.21; 95% CI: 1.49-3.28; P <
0.0001) (Table TV).

Association of miR-31 expression and clinicopathological and
molecular features in serrated lesions

We assessed 650 FFPE tissue specimens of serrated lesions and non-
serrated adenomas in the miR-31 expression assay and successfully
obtained 632 (97%) valid results. Then miR-31 expression levels
were also quantified in 381 colorectal serrated lesions and 251
non-serrated adenomas. Tt is very difficult to obtain miRNA speci-
mens of paired normal tissue for comparison with colorectal ser-
rated lesions and non-serrated adenomas by endoscopic resection
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Fig. 1. Kaplan—-Meier survival curves for CRCs (stages I-1V; N = 698)
according to the miR-31 expression level. Cancer-specific survival: left panel
and overall survival: right panel. Significantly higher mortality rates were
observed in patients with high miR-31 expression than in those with low
expression for both cancer-specific (log-rank test: £ = 0.0013) and overall
survival (log-rank test: P = 0.0026).

becaose of the small size of the resected sample. Therefore, we
incorporated pooled normal mucosa specimens in each plate to
standardize all assay runs. Distributions of miR-31 expression were
as follows (mean = SD; median): HP (10.3 = 19.3; 2.6), SSA/P
(20.5 £ 25.1; 12.9), TSA (24.8 + 28.0; 14.7) and non-serrated ade-
noma (14.1 = 24.9; 3.4).

Supplementary Table 3, available at Carcinogenesis Online, shows
the clinicopathological and molecular features, including miR-31
expression, in serrated lesions and non-serrated adenomas. High miR-
31 expression (Q4 in CRCs; expression level 223.4) was frequently
detected in cases of SSA/P [32% (41/128)] and TSA [37% (42/113)]
compared with those of HP {13% (18/140)] and non-serrated adenoma
[19% (45/251)] (P < 0.0001). Multivariate regression analysis was

miR-31: BRAF and colon cancer survival

adjusted for potential confounders including BRAF and KRAS muta-
tions, tumour location and tumour size. The results showed a persistent
significant association between high miR-31 expression and histologi-
cal type [SSA/P: P =0.0092, TSA: P < 0.0001 (HP as a referent)].

Functional analysis of miR-31 expression in colon cancer cell lines

miR-31 mimics and the inhibitor were transfected into colon cancer
cell lines. The results confirmed the up-regulation or down-regu-
lation of miR-31 expression (Supplementary Figure 3, available at
Carcinogenesis Online). The Matrigel invasion assay revealed enhanced
invasive potential of the miR-31 mimic (Figure 2A) after transfection
{72h later) into cancer cell lines. Similar results were observed in the
proliferation assay (data not shown). In the proliferation assay, signifi-
cantly decreased cell proliferation was also observed as a result of trans-
fection (96h later) of the miR-31 inhibitor (Figure 2B). Similar results
were observed in the invasion assay (data not shown).

To determine the effect of miR-31 on BRAF and KRAS target pro-
teins, expression of those proteins was compared before and after
transfection (72 h later) of the miR-31 inhibitor into the cell lines. The
results of western blot analysis demonstrated that after transfection,
BRAF target proteins decreased in colon cancer cell lines, regardless
of the mutational status (Figure 2C). In contrast, none of the colon
cancer cell lines showed a decrease in KRAS target proteins.

Discussion

In this study. specific miRNA expression associated with BRAF
(V60OE) mutation was identified. The results of miRNA array analy-
sis revealed that miR-31 was the most up-regulated gene in BRAF-
mutated CRCs compared with BRAF wild-type CRCs. In a database
of 721 patients with CRC, high miR-31 expression was associated
with BRAF and KRAS mutations and proximal location in multivari-
ate logistic regression analysis. After the transfection of the miR-31
inhibitor, western blot analysis revealed a decrease in BRAF target
protein in colon cancer cell line. Thus, our data support the hypothesis

Table III. Association of miR-31 expression with patient mortality in CRCs

miR-31 expression (quartile) Total N Cancer-specific survival
Univariate Stage-stratified Multivariate stage-stratified
HR (95% CI) HR (95% C1) HR (95% CT)
Q1 (<2.0) 171 1 (referent) 1 (referent) 1 (referent)
Q2 (2.0-6.2) 174 1.96 (1.06-3.77) 1.65 (0.89-3.18) 1.59 (0.86-3.07)
Q3 (6.3-23.9) 177 216 (1.18-4.13) 1.46 (0.79-2.81) 1.53(0.83-2.96)
Q4 (224.0) 176 3.10 (1.76-5.78) 249 (1.40-4.67) 291 (1.60-5.57)
P for trend 0.0009 0.013 0.0032
Low-expression group (Q1-3) 522 1 (referent) 1 (referent) 1 (referent)
High-expression group (Q4) 176 1.84 (1.25-2.67) 1.78 (1.20-2.60) 2.06 (1.36-3.09)
P 0.0024 0.0043 0.0008

The multivariate, stage-stratified Cox model included the miR-31 expression variable stratified by sex, age at diagnosis, tumour size, year of diagnosis, tumour
location, tumour differentiation. MSI status, MLH methylation and mutations of BRAF, KRAS and PIK3CA.

Table IV. Multivariate logistic regression analysis of miR-31 expression in CRCs

Variables in the final model for miR-31 expression (as an outcome variable) Adjusted OR (95% CI) P
[high-expression group (Q4) versus low-expression group (Q1-3)]

BRAF mutant (versus wild-type) 7.05 (3.08-16.8) <0.0001
KRAS mutant (versus wild-type) 2.61(1.75-3.90) <0.0001
Proximal colon (versus distal colon and rectum) 2.21(1.49-3.28) <(.0001
Poor differentiation (versus well to moderate) 275 (1.38-5.44) 0.0044
Tumour size (for 30 mm increase as a unit) 146 (1.11-1.92) 0.0062

A multivariate logistic regression analysis assessing the relationships with miR-31 expression status initially included sex, age, tumour size, year of diagnosis,
tumour location, tamour differentiation, disease stage, MSI. MLH/ methylation, and mutations of BRAF. KRAS and PIK3CA, considering potential confounding
and causal relationships. For multiple hypothesis testing, the P value for significance was adjusted by Bonferroni correction to 0.0042 (=0.05/12).

71

Page 5 of 8



K.NNosho et al.

(A)

90 -
‘ *
negative 32 ,
control g = 6h . * P=0.0045
(NG) G Es0
= £ 40
=%
. D 0 -
miR-31 8%
mimic 10
0 j
NG miR-31
(B} 3 e NG mimic

e iR-31 inhibitor

B
in

=
M/@ﬂ *P=0.0001

¥

Oh 24h 48h 72h 96h

(C) miR-31 inhibitor
R T U TR S

Cell proliferation
Absorbance 450nm
& -

<

O5KDA | s v wm v wwmw ws o - e me |BRAF

P 1o ] [ —— T

[mm . —o— s S———" — m[B~BCﬁﬁ

RKO HT-29 DLD-1 swagg COLO-
320-HSR

Fig. 2. Functional analysis of miR-31. (A) Results of the Matrigel invasion
assay. Invading cells are indicated by arrow heads in the left panel. The right
panel represents the means of five random microscopic fields per membrane;
error bars represent the standard deviations. This assay revealed that the miR-
31 mimic enhanced invasion by 8.5-fold (P = 0.0045) in SW480 cells (KRAS
mutated) after transfection (72h later). The P value was analysed using a
paired 7-test. (B) In the proliferation assay. the miR-31 inhibitor significantly
decreased cell proliferation in HT-29 cells (BRAF mutated) (P = 0.0001).
The graph depicts the means of 16 replications; error bars represent standard
deviations. (C) In western blot analysis, after transfection (72 h later) of the
miR-31 inhibitor, BRAF target proteins were decreased in RKO cells (BRAF
mutated), HT-29 cells (BRAF mutated), DLD-1 cells (KRAS mutated),
SW480 cells (KRAS mutated) and COLO-320-HSR (wild-type), respectively.

that miR-31 may regulate BRAF activation in CRCs. We also identified
that high miR-31 expression was an unfavourable prognostic factor in
patients with CRC, independent of clinicopathological and molecular
features. In contrast, high miR-31 expression was frequently detected
in cases with SSA/P and TSA compared with those with HP, suggest-
ing an oncogenic role of this miRNA in the serrated pathway. The
transfection of the miR-31 inhibitor exhibited an antitumour effect in
functional analysis. Therefore, miR-31 may be a promising diagnostic
biomarker and the therapeutic target in patients with CRC.
miR-31 is located at 9p21.3 and is reportedly deregulated in vari-
ous human cancers (8,9,11,12,15). Previous studies have shown that
miR-31 has oncogenic potential in oesophageal squamous cell carci-
noma (8) and acts as a tumour suppressor in oesophageal adenocarci-
‘noma (15), gastric cancer (12), ovarian cancer (11) and breast cancer
(9). With regard to CRC, an association has been reported between
miR-31, oncogenic potential (21-24,26.48), deeper invasion (24,48)
and advanced disease stage (21,24,48); however, none of these stud-
ies have examined the association between miR-31 expression and
mortality in CRC patients. In the present study, a large database was
utilized. High miR-31 expression was independently associated with
shorter prognosis in the multivariate stage-stratified Cox model. The
importance of large-scale studies cannot be emphasized enough.
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Small studies with null results are much less likely to remain unpub-
lished compared with small studies with significant results; this leads
to publication bias. In contrast to previous studies (21-24,26,48), the
present study examined the miR-31 expression status in a much larger
sample of CRCs. Therefore, our data support the hypothesis that
high miR-31 expression may be a prognostic biomarker of CRC.w
Nevertheless, the data on CRCs presented here have some limitations,
including the cross-sectional, observational nature of the study. Future
independent studies should confirm the correlation between miR-31
and unfavourable prognosis in patients with CRC.

The tumour molecular characterization for personalized medicine
is becoming important in CRCs (1-5,16,17,45). Accumulating evi-
dence suggests that similar to PIK3CA and PTEN mutations, BRAF
mutations confer therapeutic resistance to cetuximab and panitu-
mumab (2,3) in patients with CRCs because these genes are located
downstream of EGFR. In addition, a relationship between BRAF
mutation and unfavourable survival has been previously reported in
paticnts with CRCs (2,5). These results suggest that BRAF mutation
can be a new biomarker for molecular diagnosis and identification of
prognostic factors; however, no previous study has identified specific
miRNAs associated with BRAF mutation in a large sample of colorec-
tal tumours. In the current study, associations were identified between
miR-31 expression and BRAF mutation and CRC prognosis. Previous
studies have detected high miR-31 expression in CRC patients with
MSI-high status (20.28,34) or poor differentiation (21,23). In the pre-
sent study, high miR-31 expression was significantly associated with
MSI-high status in univariate analysis; however, no significant associ-
ation was observed in multivariate analysis. Furthermore, in serrated
lesions, despite the fact that MSI-high was quite low [1.5% (6/381)].
high miR-31 expression was frequently detected in cases with SSA/P
and TSA. Thus, high miR-31 expression in CRC patients with MSI-
high in previous studies (20,28,34) may have been due to BRAF muta-
tion, which has been strongly associated with MSI-high status (1,5).

Recent studies have reported that several miRNAs target the genes
in the downstream effectors of EGFR, such as miR-143 and miR-145
(25,29) for KRAS, miR-520a and miR-525 (30) for PIK3CA and miR-
21 (31,32) and miR-155 (32) for PTEN. Moreover, BRAF is thought
to be targeted by miR-143 and miR-145, which play a role as tumour
suppressors (29). In the present study, high miR-31 expression was
strongly associated with BRAF mutation in a CRC large sample. In
addition, after transfection of the miR-31 inhibitor. western blot anal-
ysis revealed a decrease in BRAF target protein. These results support
the hypothesis that miR-31 may regulate the activation of BRAF gene
in CRC. The exact mechanism of this regulation by miR-31 remains
unknown; however, a recent study has reported that miR-31 may
target a RAS p21 GTPase-activating protein 1 (RASA1), which is a
negative regulator of the RAS-RAF-MEK-ERK signalling pathway
(35). Therefore, miR-31 may regulate BRAF activity via suppression
of RASAL in CRC, resulting in up-regulation of the signalling path-
way. These findings also imply that miR-31 may serve as a molecular
target of the RAF or MEK inhibitor.

Our data also showed a decrease in BRAF target proteins regardless
of the mutational status after transfection of the miR-31 inhibitor. This
decrease in BRAF target proteins was observed in all cell lines; however,
none of the colon cancer cell lines exhibited a decrease in KRAS target
protein. One possible explanation for these phenomena is that miR-31
may target the negative regulator, which plays a role in the pathways
downstream of RAS. Further functional analysis is required to clarify
the regulatory role of miR-31 in the RAS-RAF-MEK-ERK signalling
pathway and its potential as a molecular target of those inhibitors.

Previously, SSA/P was often classified as HP, which was consid-
ered to have no malignant potential. However, recent studies have
shown that SSA/P is mainly observed in the proximal colon (49) and
is associated with frequent BRAF mutation and MLHT methylation
(40-42). These results suggest that SSA/P possesses malignant poten-
tial and might be a precursor lesion of MSI-high CRC with BRAF
mutation in the proximal colon. With regard to miRNA expression in
serrated lesions, a previous study involving serrated lesions (N = 37)
reported that SSA/P was characterized by high levels of miR-181b
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and miR-21 expression compared with HP (50). However, the authors
concluded that discrimination between the two lesions was impossi-
ble on the basis of miR-181b and miR-21 expression. Thus, the effects
of miRNA expression in serrated lesions remain largely unknown. In
the present study, high miR-31 expression was frequently detected
in cases with SSA/P and TSA compared with those with HP in large
samples of serrated lesions (N = 381). After adjusting for BRAF and
KRAS mutation status, tumour location and tumour size, a persis-
tently significant association between high miR-31 expression and
the pathological features of SSA/P and TSA was observed. Thus, our
data suggest that high miR-31 expression may occur in the early stage
of colorectal tumorigenesis and play an oncogenic role in serrated
lesions. Moreover, our findings challenge the common conception of
discrete molecular features of SSA/Ps versus HPs. They may, there-
fore, have a substantial impact on clinical and translational research.

In conclusion, in this study, high miR-31 expression was associated
with BRAF mutation involving a CRC large sample. This result may
indicate that miR-31 is one of the important miRNAs in CRC with
BRAF mutation. In addition, high miR-31 expression was associated
with patient mortality. Finally, an antitumour effect was observed as a
result of transfection of the miR-31 inhibitor. Thus, miR-31 may be a
promising diagnostic biomarker and therapeutic target in patients with
CRC. Moreover, our data suggest that miR-31 may play an important
role in the progression of serrated lesions.

Supplementary material

Supplementary Tables 1-3 and Figures 1-3 can be found at
hitp://carcin.oxfordjournals.org/
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Summary

In developing organs, epithelial tissue structures are mostly developed by the perinatal period. However, it is unknown whether
epithelial cells are already functionally mature and whether they are fixed in their lineage. Here we show that epithelial cells alter their
plasticity during postnatal development by examining the differentiation potential of epithelial cell adhesion molecule (EpCAM)"
cholangiocytes (biliary epithelial cells) isolated from neonatal and adult mouse livers. We found that neonatal cholangiocytes isolated
from | week old liver converted into functional hepatocytes in the presence of oncostatin M and Matrigel®. In contrast, neither
morphological changes nor expression of hepatocyte markers were induced in adult cholangiocytes. The transcription factors hepatocyte
nuclear factor 4o and CCAAT/enhancer binding protein o (C/EBPw), which are necessary for hepatocytic differentiation, were induced
in neonatal cholangiocytes but not in adult cells, whereas grainyhead like 2 (Grhi2) and hairy enhance of slit 1 (Hesl), which are
implicated in cholangiocyte differentiation, were continuously expressed in adult cells. Overexpression of C/EBP« and Grhl2 promoted
and inhibited hepatocytic differentiation, respectively. Furthermore, adult cholangiocytes formed a monolayer with higher barrier
function than neonatal ones did, suggesting that cholangiocytes are still in the process of epithelial maturation even after forming tubular
structures during the neonatal period. Taken together, these results suggest that cholangiocytes lose plasticity to convert into hepatocytes
during epithelial maturation. They lose competency to upregulate hepatocytic transcription factors and downregulate cholagiocytic ones
under conditions inducing hepatocytic differentiation. Our results suggest that a molecular machinery augmenting epithelial integrity
limits lineage plasticity of epithelial cells.

Key words: Epithelial progenitors, Plasticity, Cholangiocytes, Bile duct, Mature hepatocytes

introduction avoid any leakage of bile during drainage. However, it is unknown
During development, tissue stem/progenitor cells differentiate to whether cholangiocytes in the neonatal liver have similar epithelial
multiple types of epithelial cells, which establish various tissue characteristics as those in the adult liver.
structures, including alveoli in the lung, renal tubules in the In the adult liver, there are at least three possible sources
kidney, and hepatic cords and bile ducts in the liver. Given that of hepatocytes and cholangiocytes: self duplication of mature
organs need to perform their physiological functions after the cells, the stem cell system, and lineage conversion. The self
birth, epithelial tissue structures may be mostly developed at the duplication of hepatocytes and cholangiocytes to replace aged or
birth or soon after. However, it is unknown whether epithelial damaged cells is the simplest way, which may be the case in
cells are fixed in their lineage and fully functional in neonatal normal and in acutely injured livers (Michalopoulos, 2007;
organs. Malato et al., 2011). In contrast, after severe chronic liver injury,
The liver contains two types of epithelial cells, named the duplication ability of the epithelial cells may be exhausted
hepatocytes and cholangiocytes, which originate from and stem or progenitor cells may be activated to supply
hepatoblasts  (fetal liver stem/progenitor cells) during hepatocytes and cholangiocytes (Espanol Suner et al., 2012). In
development (Oertel et al, 2003; Tanimizu et al., 2003). addition to the self duplication and stem/progenitor cell systems,
Cholangiocytes are biliary epithelial cells forming bile duct lineage conversion should be taken into consideration
tubules. Bile ducts connect the liver to the intestine to drain the (Michalopoulos, 2011). It has been shown that mature
bile secreted by hepatocytes. It can be assumed that cholangiocytes hepatocytes (MHs) have the potential to transdifferentiate into
acquire epithelial characteristics including secretory and barrier cholangiocyte like cells (Nishikawa et al.,, 2005; Zong et al,,
functions when they establish the tubular structure, since it is 2009). In contrast to hepatocytes, it remains unclear whether
physiologically important to modulate the composition of bile and cholangiocytes have the ability to convert into hepatocytes.
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