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potent inhibiting STAT3 for cancer stem cells and is a good drug
candidate to target constitutive STAT3 signalling in colorectal
cancer stem cells or cancer-initiating cells.
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Abstract. Mutatjons at codons 12 and 13 of the KRAS gene
have been identified as level I predictive biomarkers against the
treatment of advanced colorectal cancer with anti-epidermal
growth factor receptor (EGFR) monoclonal antibodies. It is
thought that the genetic analysis of KRAS mutations associated
with metastatic colorectal cancer can be routinely conducted
using DNA obtained on one occasion from one organ, from
the primary or a metastatic site, whichever is preferentially
available. However, the issue of tumor heterogeneity resulting
from acquired/intratumoral mutations remains. Recently, the
possibility of acquired/intratumoral mutations in the KRAS
gene has been reported by two research groups and has ranged
from 7.4 to 154%. Specimens were collected from advanced
colorectal cancer patients with resected primary, and at least
one metastatic, site. Direct sequence analysis was performed
for KRAS, BRAF and PIK3CA, and immunohistochemistry for
glutathione S-transferase 11 (GSTP) and EGFR. In the current
study, we identified an acquired mutation rate of approximately
11.1% in the KRAS gene (1/9). This figure is not negligible. Qur
observation indicates, particularly in the case of metastatic
recurrence after a long interval, that there may be considerable
tumor heterogeneity resulting from acquired or intratumoral
mutations of the KRAS gene.

Introduction

In the last decade, two anti-epidermal growth factor receptor
monoclonal antibodies (EGFR mAbs), cetuximab and pani-
tumumab, were approved for the treatment of EGFR-positive
colorectal cancer (CRC) (1,2). EGFR signals are trans-
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duced by KRAS and follow two signaling pathways, the

RAS-RAF-MEK-ERK and RAS-PI3 kinase-AKT/PKB path-

ways. Mutations at codons 12 and 13 of the KRAS gene have

been identified as a level I predictive biomarker against the-
treatment of advanced CRC with anti-EGFR mAbs according
to the College of American Pathologists (CAP) level of evidence
classification; that is, these mutations have been definitively

proven as biomarkers based on evidence from multiple,
statistically robust, published trials, and they are generally

used in patient management (3). BRAF is a serine-threonine

kinase located downstream of KRAS, which is a component
of the RAS-RAF-MEK-ERK signaling pathway (4). A valine

to glutamate substitution mutation at codon 600 (V600E)

of the BRAF gene is a hot spot and is observed in 5-22% of
CRCs (4). BRAF has a level IIA CAP predictive value, which

means that extensive biological and clinical studies have

repeatedly shown it to have predictive value for therapy;

however, this remains to be validated in statistically robust
studies (3). Phosphatidylinositol 3 kinase (PI3K) is composed

of a regulatory and a catalytic subunit (5). The latter is encoded
by the PIK3CA gene. Mutations in PIK3CA are observed in

15% of CRCs (6); approximately 70% of PIK3CA mutations

are located at exon 9 [a glutamic acid to lysine substitution at
codons 542 (E542K) and 545 (E545K)] and 20% at exon 20 [a
histidine to arginine substitution at codon 1047 (H1047R)] .

PIK3CA has a level IIB CAP predictive value, indicating that it
has shown promise in multiple studies; however, sufficient data
for its inclusion in categories I or I1A are lacking (3). Although

EGFR is a direct target of EGFR mAbs, the EGFR expression

level does not have any predictive value in a clinical setting (3).

Glutathione S-transferase II (GSTP) is involved in detoxifica-

tion and may be used as a cancer marker (8). Overexpression of
GSTP has been reported to be closely correlated with KRAS

mutations; the GSTP expression level is higher in CRCs with

KRAS mutations compared to wild-type KRAS (9). Expression

of mutant KRAS activates GSTP at a transcriptional level. If
this observation is reproducible in a clinical setting, the pres-

ence of a KRAS mutation may be distinguishable by GSTP

immunohistochemistry (IHC).

One report, analyzing 233 genes, indicated that there may
be differences in as few as 3% of genes between primary and
metastatic sites (10). Moreover, mutations in the KRAS, BRAF
and PIK3CA genes occur around the adenoma stage (10). In
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these situations, it is thought that the routine performance of
one genetic test for KRAS mutations associated with meta-
static CRC using DNA obtained from one organ, either from
the primary or a metastatic site, whichever is preferentially
available, is sufficient. However, the possibility of considerable
tumor heterogeneity remains an issue. Recently, the possibility
of acquired or intratumoral mutations of the KRAS gene was
reported (11,12). Although the number of cases surveyed was
small, the frequency of acquired mutations identified was not
negligible. In our study, we identified 9 cases in which synchro-
nous or metachronous metastasis was resectable, together with
the primary CRC, and determined the status of target genes,
including KRAS, BRAF, PIK3CA, EGFR and GSTP at each of
these sites to determine the incidence of acquired mutations
that may affect treatment with EGFR mAbs.

Materials and methods

Patient selection. Samples were collected from the primary site,
and from at least one site of distant synchronous or metachro-
nous metastasis, from 9 patients with colorectal adenocarcinoma
whose tumors were resected at Akita University Hospital
(Japan). This study was approved by the institutional ethics
committee for clinical studies at Akita University, Graduate
School of Medicine, on July 20th, 2010, and each of the patients
gave their informed consent to the procedure.

Direct sequencing. Direct sequencing of codons 12 and 13 of
KRAS, codon 600 of BRAF, and exons 9 and 20 of PIK3CA
was outsourced to SRL Inc. (Tokyo, Japan) or Falco Biosystems
Lid. (Kyoto, Japan). Briefly, the tumor cell-rich area of a hema-
toxylin and eosin-stained section was identified by microscopy.
Tissue was then removed from the same area of a deparaf-
finized, unstained section. DNA from sections of that tissue
sample was then isolated using the QIAamp FFPE Tissue kit
(QIAGEN K K.; Tokyo, Japan) and exon 1 of the KRAS gene,
exon 15 of the BRAF gene, and exons 9 and 20 of the PIK3CA
gene were amplified by polymerase chain reaction (PCR). The
PCR products were visualized using agarose gel electropho-
resis with ethidium bromide staining. PCR DNA fragments
were directly sequenced using an ABI 3130 Genetic Analyzer
(Applied Biosystems; Foster City, CA, USA) according to the
manufacturer's instructions.

Immunohistochemistry. Almost all of the procedures were
performed using a BenchMark XT IHC/ISH Staining Module
(Roche Diagnostics K K; Tokyo, Japan). Deparaffinized 4-u#m
specimens were used for IHC along with anti-human EGFR
mouse monoclonal antibody (clone 2-18C9, Dako Japan;
Tokyo, Japan), anti-human KRAS mouse monoclonal antibody
(clone ab35391, Abcam Japan; Tokyo, Japan), and polyclonal
rabbit anti-human GSTP (311-H, Medical and Biological
Laboratories Co., Ltd.; Nagoya, Japan). Immunopositivity for
EGFR was judged as positive if there were >0.1% positive
cells. Immunoreactivities for KRAS and GSTP were graded as
negative (0 to <10% positive cells), + (=10 to <30% positive
cells), ++ (>30 to <70% positive cells) and +++ (>70% positive
cells). The percentage of immunopositive cells was calculated
by counting at least 400 cancer cells in contiguous fields with
the greatest immunopositivity.

Results

Patient characteristics. A total of 9 patients (3 females and
6 males) were included in this observational study. The median
age was 67 years (range, 56-75). The patients were diagnosed
as having CRC adenocarcinomas (2 rectal and 7 colon cancers).
Three synchronous and 5 metachronous liver metastases,
2 synchronous and 5 metachronous lung metastases, and
1 synchronous ovarian metastasis were included. Resection
of the primary region and at least one metastasis site was
conducted either simultaneously or independently (Table I).

Sequence analyses of the KRAS, BRAF and PIK3CA genes.
Regarding KRAS mutations, a glycine to aspartic acid muta-
tion at codon 12 (G12D) was observed in the primary region
of case 5, and a glycine to aspartic acid mutation at codon 13
(G13D) was observed in the primary region of case 1. In the
remaining cases, no mutations were observed in the primary
regions (Table I, Fig. 1A). The KRAS mutation frequency
in the primary region was thus estimated to be 22.2% (2/9).
At the metastatic sites, a G12D mutation was observed in
both the lung and liver metastatic sites of case 5,and a G13D
mutation was observed in the liver metastatic site of case 1.
In case 8, a KRAS mutation involving a glycine to valine
substitution at codon 12 (G12V) was observed in the liver
metastatic site (Fig. 1B). In the remaining cases, no muta-
tions were observed in the metastatic regions. The mutation
frequency of KRAS at each metastatic site was thus estimated
to be 27.3% (3/11).

No BRAF mutations were observed at exon 15 in the primary
regions of all cases other than for case 7 (Fig. 1C). In case 7,a
leucine to arginine mutation was observed at codon 597 (L597R)
(Fig. 1D). This L597R mutation was also observed at the site of
lung metastasis in case 7. No other mutations were observed at
any of the remaining metastatic sites. According to the genomic
information found in the Catalogue of Somatic Mutations of
Cancer (COSMIC), released by the Sanger Institute, LS97R
was confirmed as a somatic variant (http:/www.sanger.ac.uk/

- perl/genetics/CGP/cosmic?action=sample&id=749760).

As for PIK3CA, no mutations were observed at exons 9 and
20 in the primary region of all cases with the exception of
case 4 (Fig. 1E). In case 4, a glutamine to glutamic acid muta-
tion was observed at codon 546 (Q546E) at exon 9 (Fig. 1F).
This Q546E mutation was also observed at the site of liver
metastasis in case 4. No mutations were observed at the
remaining metastatic sites. Q546E was confirmed as a somatic
variant by COSMIC (http://www.sanger.ac.uk/perl/genetics/
CGP/cosmic?action=mut_summary&id=6147).

Immunohistochemical analyses of EGFR, KRAS and GSTP.
Immunopositivity for EGFR was observed at the primary site
in 4 out of the 9 cases (cases 2, 3, 4 and 9) (Table I). A corre-
sponding immunopositivity was observed at the metastatic
sites in these 4 cases. However, a different immunopositivity
was observed for cases 7 and 8, where the immunoreacitivity
for EGFR was negative at the primary site but positive at the
metastatic site (Fig. 2A and B). No immunopositivity was
observed at the primary or metastatic sites in the remaining
cases.
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Table 1. Clinical profiling of 9 mCRC patients and their biomarker status.
Characteristic Case 1 Case 2 Case 3 Case4 Case5 Case6  Case?7 Case 8 Case 9
Age 72 66 65 67 75 71 72 57
Gender M M M M F M M F
Primary R A R A A A T S
Hist Wel-mod Mod Mod>wel Mod Mod Wel Mod Wel Wel>mod
Meta Liver Liver Liver Liver Liver Liver Lung Liver Ovary
Lung Lung LN
Occurence S S M S M M M S
M S M
Interval (D) - - 483 - 382 1652 2321 -
1435 - 2321
KRAS G13D Wwild Wild Wild G12D Wild Wild wild Wild
G13D Wild Wild Wild G12D wild Wild G12v Wild
Wild G12D Glzv
BRAF Wwild Wild Wild Wild Wild Wild L597R Wild Wild
wild Wild Wild Wild Wild Wild L597R Wild Wild
Wild Wild ND
PIK3CA Wild Wild Wild Q546E Wild Wild wild Wild wild
Wild Wild Wwild Q346E Wild Wwild Wild Wild Wild
Wwild Wwild ND
EGFR O] ) ) Co) O] O] ) O )
- ) ) ) O] O (+) ) +)
) O] ND
GSTP (+++) (+++) (+++) (+++) (++) ) ) ) O]
(++) (++) (++) () () ) ND O )
ND ND ND

S, synchronous metastasis; M, metachronous metastasis; Wel, well-differentiated; Mod, moderately differentiated; ND, non-defined. Interval

indicates days between primary and metastatic lesion resection. CRC, colorectal cancer; LN, lymph node; GSTP, glutathione S-transferase 11;

’

EGFR, epidermal growth factor receptor; R, rectal; A, ascending; T, transverse; S, sigmoid.

Immunoreactivity for KRAS is apparently not dependent
on the mutational status of KRAS (Table I, Fig. 2C and D).
Moreover, a correlation between the immunoreactivities
or mutational status was not observed between KRAS and
GSTP in this study (Fig. 2E-G). Therefore, we were unable
to diagnose the mutational status of KRAS by GSTP IHC in
a clinical setting.

Case presentation. In this observational study, a difference
in the KRAS gene status between the primary and metastatic
sites was observed in 1 (case 8) out of 9 cases (11.1%). This was
independently confirmed by a separate analysis. Furthermore,
the same KRAS mutation was detected in the resected medi-
astinal lymph node in case 8. Differences in immunopositivity
for EGFR were observed in 2 (cases 7 and 8) out of 9 cases
(22.2%). Case 7 was a 71-year-old male with ascending colon
cancer. Following the primary resection,a5-fluorouracil (5-FU)
regimen (RPMI regimen) was administered for 6 months as
adjuvant chemotherapy but 1,652 days following resection
of the primary site, metastasis was evident in one lung and
the site was resected (13). Modified leucovorin, fluorouracil

and oxaliplatin (nFOLFOX6) was then administered as
adjuvant chemotherapy for 180 days following resection until
completion (April, 2011). Case 8 was a 72-year-old male with
transverse colon cancer. Following primary resection, adju-
vant chemotherapy was similarly administered for 6 months.
However, 2,321 days after the primary resection, metastasis
was detected at one site in the liver and in one mediastinal
lymph node. The two sites were resected and mFOLFOX6
initiated as adjuvant chemotherapy (14). However, on day
159, mFOLFOX6 was terminated due to lung and abdominal
lymph node metastases. A folinic acid-fluorouracil-irinotecan
(FOLFIRI) regimen was then initiated and continued for
232 days up to the time of writing (15).

Discussion

In this study, we identified a possibility that acquired or intra-
tumoral mutations may occur in the EGFR signaling pathway
during CRC progression. Regarding KRAS, mutations in
codons 12and 13 were observed in 2 out of 9 cases at the primary
site, and an acquired mutation was found in 1 case at a distal
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Figure 1. Sequence analyses of KRAS, BRAF and PIK3CA. The representative sequence analysis is shown for each case. Heterozygous mutations are shown

" by perpendicular lines.

Figure 2. Immunohistochemical analyses of EGFR, KRAS and GSTP. (A) Negative immunoreactivity for EGFR at the primary lesion and (B) positive
immunoreactivity at the site of lung metastasis in case 7, (C) negative immunoreactivity for KRAS (G12D) at the primary lesion and (D) positive immuno-
reactivity for KRAS (G12D) at the site of lung metastasis in case 5, (E) immunoreactivity for GSTP is denoted by (++) at the primary lesion, (F) (+++) at the
site of liver metastasis, and (G) (-) at the site of lung metastasis in case 5; all sites had the same KRAS G12D mutation. EGFR, epidermal growth factor receptor;
GSTP, glutathione S-transferase II; G12D, glycine to aspartic acid mutation at codon 12.

metastatic site. In previous reports, the mutation frequency of
KRAS at codons 12 and 13 has ranged from 27 to 53% in CRC,
which is similar to our finding (30%). The mutation frequencies
of BRAF (V600E) and PIK3CA (exons 9 and 12) have been
reported as 5-22% and 15%, respectively, in CRC. In our study,
no oncogenic mutations of BRAF or PIK3CA were observed at
either the primary or the metastatic sites. Differences in EGFR
immunoreactivity were observed between the primary and
metastatic sites in two instances, cases 7 and 8. In these two
cases, the duration between the date of resection of the primary

site and the date of metastatic recurrence was much longer
(1,652 and 2,321 days, respectively) than that for the other cases
(7 synchronous and 7 metachronous metastatic sites). In the
remaining cases, the duration between the date of resection of
the primary site and the date of onset of metastatic recurrence
ranged from 217 to 952 days (median, 395). Since protein is
easily degraded, the IHC analysis of EGFR may be affected by
long-term storage. Therefore, the failure to detect immunoreac-
tivity at the primary sites in cases 7 and 8 may be due to protein
degradation during long-term storage. However, the direct
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sequencing of KRAS was successfully performed using DNA
obtained from the archived specimens of the primary sites
for these cases (Fig. 1). DNA is more stable than protein over
longer periods; therefore, the quality of DNA in this study was
sufficient for direct sequencing. In case 8, the possibility of an
acquired or intratumoral mutation was suspected. The overall
incidence of acquired or intratumoral mutations of KRAS was
approximately 10% in this study, which is nearly identical to that
of previous reports. Bouchahda et al reported acquired KRAS
mutations (G12D and G13D) in 2 out of 13 cases (154%) (11).
Richman et al reported intratumoral KRAS mutations at codons
12 and 13 in 5 out of 68 cases (7.4%) and an intratumoral BRAF
mutation (V600E) in 2 cases (2.9%). Thus, in total, mutations in
the EGFR pathway were identified in 7 out of 68 cases (10.3%)
in their study (12). Although only 9 cases were analyzed in our
study, each case had at least one resectable metastatic site and
the total number of sites (combining primary and metastatic
sites) was 18. Thus, it may be better to report an acquired muta-
tion rate of approximately 11.1% (2/18). In conclusion, when
metastatic recurrence occurs after a long interval, it is likely
that acquired KRAS mutations may be identified.
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KHEAtA | C1 | mFOLFOX6 | ~Sywws R LR B E R ST R
Ch R ddbev o IR FFYT SR
[ A VRRYF= ARG A
CIWF UG T Y bolug i
[ R R TNF BT L EEE (4eh) | o
KIEHA | C2 | FOLFORI AP Aserd
+bev ANV THhY
VAERYF— PNV T A
7G5 ) bolus
TNt ay T Y viEs (46h)
KIEHSA | C3 | sLVSFUI AT A-dv 4
+bev VEFYF—PrANTTA
7 VF 0 Y ) bolus
7ZNF0T 5 Y NS (46h)
KA | C4 | mFOLFOX6 FEFYTFTF
VEFRYF— AN T A
ThFuUY T hbolus
TNF U YT LS (46h)
KEHA | C5 | FOLFORI AN IThv
VAR F—bANTT A
7 VAT Z I bolus
FNFaY S VR (46h)
KBAA | C6 | sLVBFU2 VERRYF—=PANTTAH
7 WV F T 5 )b bolus
INF T YT YN (46h)
KA A | C8 | IRIS+bev. A A :
AN THhY
S-1(po)
KB A IRIS(/3w) AN Fh
S-1(po)
KA A IRIS(/4w) AV I)THY
S-1(po)
KEEHSA | C9 | irinotecan AN I ThY
KBg74tA | C11 | cetuximab EVFV<S
+irinotecan(w) LY )Fhy
U FIvS
KEBEHA | C12 | cetuximab vFI<S
+irinotecan(bw) |V FI v
ANV THh>
KEHA | C13 | cetuximab wVEFIIT
YA Ay
KEEASA | C14 | cetuximab vEveS
+mFOLFOX
EyF S
FXFVTITF
VEF)F— AN T A
7N a5 b bolus
TNF TS5 Y ViR (46h)
KEAA panitumumab NZV AT
+mFOLFOX FTEFY TS

VERRYF—=rANTTAH

NG5 )Vbolus -

TNAT YT NS (46h)
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