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Abstract

Background & Aims—NMolecular events that lead to recurrence and/or metastasis after curative
treatment of patients with colorectal cancers (CRCs) are poorly understood. Patients with stage 11
or Il primary CRC with increased numbers of microsatellite alterations at selected tetra-
nucleotide repeats (EMAST) and low levels of microsatellite instability (E/L) are more likely to
have disease recurrence after treatment. Hypoxia and/or inflammation not only promote metastasis
but also induce EMAST by causing deficiency of MSH3 in the cancer cell nucleus. We aimed to
identify genetic alterations associated with metastasis of primary colorectal tumors to liver and to
determine their effects on survival.
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Methods—We obtained 4 sets of primary colorectal tumors and matched liver metastases from
hospitals in Korea and Japan. Intragenic microsatellites with large repeats at 141 loci were
examined for frame-shift mutations and/or loss of heterozygosity (LOH) as possible consequences
of MSH3 deficiency. Highly altered loci were examined for association with E/L in liver
metastases. We analyzed data from 156 of the patients with stage 11 or Il primary colorectal
tumors to determine outcomes and whether altered loci were associated with E/L.

Results—LOH at several loci at chromosome 9p24.2 (9p24.2-LOH) was associated with E/L in
liver metastases (odds ratio, 10.5; 95% confidence interval [Cl], 2.69-40.80; P=.0007). We found
no significant difference in the frequency of E/L, 9p24.2-LOH, mutations in KRAS or BRAF, or
the combination of E/L and 9p24.2-LOH between primary colorectal tumors and their matched
metastases. Patients with stage Il or 111 colorectal tumors with E/L and 9p24.2-LOH had increased
survival following CRC recurrence (hazard ratio, 0.25; 95% ClI, 0.12-0.50; P=.0001), compared to
patients without with E/L and 9p24.2-LOH. E/L with 9p24.2-LOH appeared to be an independent
prognostic factor for overall survival of patients with stage 111 CRC (hazard ratio, 0.06; 95% Cl,
0.01-0.57; P=.01).

Conclusions—E/L with 9p24-LOH appears to be a biomarker for less aggressive metastasis

from stage Il primary colorectal tumors.

Keywords
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Introduction

Recent advances in detection and treatment of colorectal cancer (CRC) have resulted in a
significant increase in the overall survival (OS) rate and has reduced the rate of recurrence in
CRC patients (1, 2, 3), especially strategies using flexible choices of general and/or target-
specific chemotherapy plus surgery for treating metastasis from primary CRC. However, a
substantial number of patients with Stage 11 and 111 CRC still experience disease recurrence
with local or distant metastasis that eventually leads to death (3). This could be partially due
to lack of a marker(s) that more accurately predicts patients” outcomes than those presently
used, which are based largely on lymph node metastasis. Although a quantitative assay
based on the expressions of multiple molecular markers has been applied for the treatment
decision of Stage Il CRC (4), identification of genetic factors that may serve as a
prognosticator and/or treatment target would be ideal to predict and/or control disease
recurrence. Recent studies demonstrated that CRC is a heterogeneous disease that can be
divided into several sub-groups with different prognoses according to their genetic and
epigenetic abnormalities and gene expression patterns (5, 6, 7, 8, 9, 10, 11, 12). These
observations suggest that there may be multiple pathways for recurrence and/or metastasis
from primary CRC. Although the mutation status of KRAS/BRAF not only determines the
outcome of Stage IV disease being treated by EGFR-specific therapy but also determines
alternative choices for other target-specific therapy, there have not been general markers that
distinguish patients with different prognoses following recurrence.
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A defective mismatch repair (MMR) system leads to misrepair of slippage errors generated
by DNA polymerase while copying microsatellite loci, resulting in microsatellite instability
(MSI) (13). Tumor tissues derived in a setting of MMR deficiency exhibit a high level of
MSI (MSI-H). When the NCl-endorsed microsatellite panels (consisting of 2
mononucleotide and 3 dinucleotide repeats) are utilized, the majority of CRCs show stable
microsatellites (MSS), but some CRCs are found to have low levels of MSI (MSI-L) (14).
MSI-L CRC does not occur because of defects in hMSH2 or hMLH1, and the molecular
basis of MSI-L has been controversial (14, 15). In addition to MSI defined by the NCI
markers, another type of mutation at microsatellite loci has been observed in human cancers
including CRC (16). Among non-MSI-H CRC, some tumors show instability at loci with
tetra-nucleotide repeats containing [AAAG] or [AGAT] but not at loci with mononucleotide
repeats (17, 18, 19, 20). This type of microsatellite instability is called EMAST, for elevated
microsatellite alterations at selected tetra-nucleotide repeats.

Recently, it has been demonstrated that EMAST and most likely MSI-L (abbreviated as E/L
in this study) are a consequence of MSH3-deficiency and may be associated with the same
pathological group of CRCs (17, 21, 22). About 50% of non-MSI-H primary CRCs
exhibited EMAST (17, 18). Most but not all of MSI-L CRCs, and half of MSS CRCs
defined by the standard NCI markers exhibit EMAST (17, 18). Loss of MSH3 in cultured
human colon cancer cells results in frame shifts in the EMAST loci and those in the loci
with di-nucleotide repeats at low frequency (17, 22, 23, unpublished data). Although an
improved prognostic role of MSH3 loss in the setting of MLH1-deficiency in CRCs has
been reported, it is not known whether loss of MSH3 has any impact on the prognosis of
sporadic CRCs (24). However, a significant association between down-regulation of MSH3
expression and E/L has been demonstrated in sporadic CRC tissues (17). Furthermore, when
a cohort of 167 primary CRCs was examined for MSI using standard NCI markers and
EMAST markers, three groups of stage 11 and 111 CRCs were identified that differ according
to the risk of recurrent distant metastasis (21). The highest risk group showed E/L and the
lowest risk group exhibited MSI-H. An intermediate risk group did not show MSI at any of
the NCI or EMAST markers. However, it remains to be determined how E/L is linked to
recurrence and/or distant metastasis in CRC.

In this study, we aimed to identify genetic changes associated with recurrence and/or
metastasis in patients with E/L CRCs. Our approach was based on the following
assumptions: all the genetic and/or epigenetic changes necessary for recurrence and/or
metastasis are recorded in metastasis tissues from primary CRC but not in primary CRC, and
some of those changes could be the result of MSH3-deficiency and associated with E/L.
Because recent studies demonstrated that MSH3-deficiency not only causes frame shift (FS)
but also induces LOH due to impaired double-strand break repair (25), we selected a group
of 141 gene loci with intragenic microsatellites by genome data mining, and screened them
for FS mutations and LOH associated with E/L in liver metastasis from primary CRC. As a
result, chromosome 9p24.2 LOH (9p24-LOH) was found to be associated with E/L in liver
metastasis. The significance of E/L and 9p24-LOH for recurrence and metastasis in CRC
was further examined.
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Materials and Methods

Tumor Samples

Four sets of tumor samples were used in this study (Fig. 1). Tumor Set #1 and #2: Collected
from Department of Pathology at Chonnam National University (DPCNU, Kwanju, Korea)
and from the Department of Pathology at Ohmori Hospital, Toho University (DPOHTU,
Tokyo, Japan). Tumor Set #3: Collected from the DPCNU and from the Department of
Surgery at Mie University (DSMU). Tumor Set #4: Collected from the DPCNU. All patients
provided written informed consent, and the studies were approved by Baylor Research
Institute Review Board (Approval number 003-180).

MSI/EMAST Assay and Categorization of CRCs

To determine the MSI status of primary CRC and liver metastasis tissues, PCR
amplifications were performed from genomic DNA using fluorescently labeled 14 sets of
primers (17). Tumors were categorized as follows: 1) Microsatellite instability-high (MSI-
H): tumors exhibiting FS at three or more of the seven mono- (BAT25 and BAT26) or
dinucleotide markers (D2S123, D5S346, D175250, D18S64, and D18S69); 2) EMAST/MSI-
L (E/L): non-MSI-H tumors exhibiting FS at any one or more than one of 14 markers. Thus,
E/L includes EMAST tumors exhibiting FS at one or more locus in the seven EMAST
markers (MYCL1, D20S82, D20S85, L17835, D8S321, D9S242 and D19S394) and/or MSI-L
tumors exhibiting FS at one or two of the seven mono- or di-nucleotide markers; 3)
Microsatellite stable (MS): tumors which did not exhibit FS at any of the 14 markers. In this
study, we distinguish between a classical microsatellite stable CRC (MSS) defined by the
reference NCI markers and MS defined by our categorization.

KRAS/BRAF Mutation Detection

KRAS (exons 2 and 3) and BRAF (V600E) mutations were analyzed by pyrosequencing as
previously described (26). The list of primers used is found in Supplementary Materials and
Methods. Reactions were run on a PyroMark Q96 ID system (Qiagen).

Statistical Analysis

The Chi-square test, Fisher’s exact test, McNemar’s test, and logistic regression analysis,
were used to assess the association among variables. To estimate and compare the survival
rate for a particular group of CRCs, the Kaplan-Meier method with the log rank test was
used. Cox proportional hazards regression analysis was used to evaluate the significance of
E/L/9p24~ on survival following recurrence (SFR), OS and disease-free survival (DFS) of
patients with stage 11/111 primary CRC. This factor was controlled for by patient’s age and
sex, primary tumor’s stage (stage Il vs I11), location (proximal vs distal), grade (G1 vs G2/
G3), cancer type (colon vs rectum), KRAS/BRAF mutation status and the presence or
absence of adjuvant chemotherapy treatment. In tumor set #4 (Fig. 1), there is a sampling
bias toward recurrence cases (57 cases) over non-recurrence cases (67 cases). We therefore
calculated the inverse probability weight for each case according to the recurrence rate/year
observed at DPCNU (Supplementary Materials and Methods). Then, the weighted data were
subjected to Kaplan-Meier and Cox proportional hazard analyses. If a P value was less than
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0.05, the difference was considered to be statistically significant. Statistical analyses were
performed using R or JMP software.

Identification of a microsatellite gene locus whose alteration is associated with EMAST/
MSI-L (E/L) in resected liver metastasis from colorectal cancers

Figure 1 illustrates 4 sets of tumor samples and the purpose of their use.

To identify genetic changes associated with E/L and metastasis or recurrence, 79 resected
liver metastases (Tumor Set #1, Fig. 1) were used. They were first analyzed for
EMAST/MSI status and KRAS/BRAF mutations. As shown in Supplementary Table 1, 71%
(56/79) and 29% (22/79) of them exhibited E/L and MS respectively. Only one case (1%)
exhibited MSI-H. Thirty-three percent (26/77) of them exhibited KRAS (25 cases) and/or
BRAF (2 cases) mutations. Neither E/L nor KRAS/BRAF mutation is associated with overall
survival (OS) of the patients with these resected liver metastases (Supplementary Table 1).
The 78 non-MSI-H liver metastases were used for further analysis.

We then searched human genome databases (Supplementary Materials and Methods) and
selected a group of 141 genes containing di-, tri- or tetra-nucleotide repeats in intragenic
sequences that would be the targets of MSH3-deficiency (Supplementary Table 2).

First, FS and/or LOH at 141 loci were examined in 24 liver metastases exhibiting E/L
(Supplementary Table 2). This analysis identified the loci with high frequencies of FS (5
loci) and/or those of LOH (11 loci) (Supplementary Table 3). Association of these
alterations with E/L was further examined by analyzing the remaining 54 liver metastases
consisting of 32 E/L and 22 MS (Supplementary Figs. 1A and 1B). As a result, FS at
D21S11 on 21g21.1 (P=0.015) and ANKRDS5 on 20p12.1 (P=0.015), and LOH at the
SMARCA2 on 9p24.3 (P=0.006) were found to be associated with E/L by chi-square test,
suggesting that these changes could be targets of E/L event (Fig. 2A). Because genome data
from The Cancer Genome Atlas (TCGA) (http://www.chioportal.org/public-portal/) showed
a recurrent deletion at the 9p24.2 region in CRCs, we explored the possible association of
LOH at the SMARCAZ2 or surrounding region with recurrence and/or metastasis from
primary CRC in the subsequent experiments.

LOH at 9p24.2 in liver metastasis

To see whether SMARCA2 is the target of the observed LOH, we determined the smallest
overlapping region of LOH (SOR) among the resected liver metastasis tissues. Seventy-four
of the 78 liver metastases described above were analyzed for LOH. Detailed LOH data are
presented in Supplementary Fig. 2A. Seven polymorphic microsatellite markers present
within a 370kb region inside or near the SMARCAZ2 locus were used to determine SOR (Fig.
2B and Supplementary Fig. 2A). Sixty percent of them (44 of 74 cases) exhibited LOH in
one or more of the 7 markers, and were defined as 9p24.2-LOH tumors (Supplementary Fig.
2A). The SOR was found in the ~80kb region bounded by markers 6160 and 6060 (Fig. 2B),
eliminating SMARCAZ2 as the target of the LOH events. This conclusion was further
supported by the following observations; 1) the expression levels of the SMARCAZ2 protein
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determined by immunohistochemical (IHC) staining (Supplementary Fig. 3A and 3B) or
those of MRNA determined by gRT-PCR (Supplementary Fig. 3C) do not correlate with the
presence or absence of 9p24.2 LOH in liver metastases; 2) deep targeted sequencing of the
SMARCAZ2 locus did not detect any recurrent mutations in introns or exons of this gene in
primary CRC tumors exhibiting 9p24.2 LOH (Supplementary Fig. 4).

No liver metastasis exhibiting 9p24.2-LOH retained heterozygosity at the 6640 locus (Fig.
2B), suggesting that one of the parental copies close to 6640 was lost in all of the liver
metastases with 9p24.2-LOH. Strikingly, 84% of liver metastases with 9p24.2-LOH
exhibited E/L (37/44, Supplementary Fig. 2). Thus, E/L and 9p24.2-LOH are associated in
resected liver metastases in multivariate analyses (odds ratio: 10.5, 95% ClI: 2.69-40.8,
P=0.0007, Fig. 2C). E/L is also associated with liver metastases from rectum compared to
liver metastases from colon (P=0.017).

E/L and 9p24-LOH in liver metastases and in matched primary CRCs

To determine whether status of E/L, 9p24.2-LOH or KRAS/BRAF mutations differ between
liver metastasis and primary CRC from which the liver metastases were derived, 61 of the
matched liver metastasis and primary CRCs were analyzed (Tumor Set #2, Fig. 1 and
Supplementary Fig. 2B). McNemar’s test showed that no significant difference in the
frequency of E/L (P=0.68), 9p24.2-LOH (P=0.18), KRAS/BRAF mutations (P=1.00), or E/L/
9p24.2-LOH (P=0.23) between paired liver metastases and their matched primary CRCs
(Fig. 2D). Furthermore, 82% of primary CRCs with 9p24.2-LOH exhibited E/L (27/33,
Supplementary Fig. 2). 9p24.2-LOH and E/L were associated with each other (odds ratio:
4.2, 95%Cl: 1.3-13.9, P=0.02) in logistic regression analysis when adjusted by sample
source, KRAS/BRAF mutation status, and stage (Fig. 2E). These results suggest that E/L and
9p24.2-LOH, and their associations are determined at the primary site. However, in contrast
to the liver metastasis cases, no common LOH region was observed among primary CRCs
with 9p24.2-LOH (Supplementary Fig. 2B). Additionally, when we compared the frequency
of retention of heterozygosity (ROH) at each of 7 loci on 9p24.2 between matched primary
CRC and liver metastasis cases in which the liver metastasis cases exhibited 9p24.2-LOH, a
significant allelic loss was detected in liver metastases at loci 505 (P=0.0031), 6160
(P=0.002) and 6640 (P=0.0313) by McNemar’s test (Fig. 2F, one-sided P-values). These
results suggest that the gene critical for metastasis may reside near the 505/6160/6640 region
on 9p24.2.

The significance of E/L and 9p24.2-LOH on survival following recurrence (SFR) in stage Il
and lll primary CRCs

To obtain further insight into the role of E/L and 9p24.2-LOH in recurrence and/or
metastasis from primary CRC, we collected and analyzed another cohort consisting of 83
cases of originally staged Il or I1l CRCs (Tumor Set #3, Fig 1) that ultimately gave rise to
liver metastasis (50 cases), other distant metastasis (34 cases) and local recurrence (4 cases)
for the incidence of E/L, 9p24.2-LOH, or KRAS/BRAF mutations, and examined their
relationship to clinicopathological factors and patient outcomes (Table 1 and Supplementary
Table 4).
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As shown in Table 1, 54 of 88 cases (61%) and 43 of 88 cases (49%) exhibited E/L and
9p24-LOH respectively. Thirty of 88 cases (34%) had KRAS/BRAF mutations. 9p24-LOH is
associated with non-liver-metastasis sites (P=0.02), E/L (p=0.046) and SFR (0.02) by
univariate logistic regression analysis.

Because of the association between E/L and 9p24.2-LOH, this recurrence cohort was
stratified by the E/L or MS group, and each group was analyzed for the association between
9p24.2-L.OH and other variables including SFR, OS, and the sites of metastasis. As shown
in Fig. 3A, patients with E/L showed improved SFR (P=0.005) and OS (P=0.006) compared
to the patients with MS by Kaplan-Meier analysis. When E/L patients were grouped into the
9p24.2-LOH group (E/L/9p24.2-LOH) and the group with retention of 9p24 region (9p24")
(E/L/9p24"), the former showed improved SFR (P=0.0005) and OS (P=0.0005) compared to
the latter (Fig. 3B). In contrast, there was no impact of 9p24.2 LOH status on SFR or OS of
patients with MS (Fig. 3C). These results suggest that primary CRC with E/L/9p24.2-LOH
has unique pathological characteristics compared to others. When SFR or OS was compared
between E/L/9p24.2-L.OH (31 cases) and the rest of CRC including E/L/9p24" (23 cases),
MS/9p24.2-LOH (13 cases) and MS/9p24" CRC (21 cases), patients with E/L/9p24.2-LOH
showed improved SFR (P<0.0001) and OS (P<0.0001) compared to the others (Fig. 3D).
Furthermore, Cox proportional hazard analysis indicates that E/L/9p24.2-LOH may be an
independent determinant for improved SFR (Fig. 3E, hazard ratio: 0.18, 95% CI: 0.08-0.4,
P<0.0001) and OS (Fig. 3E, hazard ratio: 0.19, 95% CI: 0.09-0.42, P<0.0001) of stage II/111
CRC patients that experienced recurrence. E/L/9p24.2-LOH is also associated with non-liver
metastasis sites by univariate (P=0.001, Table 1) and multivariate logistic regression
analysis (odds ratio: 0.06, 95%CI: 0.01-0.31, P=0.0007, Fig. 3E).

Taken together, these results indicate that Stage I1/111 primary CRC exhibiting E/L is a
heterogeneous population. E/L CRC with 9p24.2-LOH exhibits improved SFR and OS and
has a tendency to metastasize to a variety of sites including liver (10 cases), lung (10 cases)
and other tissues (11 cases) (Supplementary Table 4). On the other hand, E/L CRC with
9p24" exhibits negative SFR and OS, and more often metastasizes to the liver (19/24 cases)
(Supplementary Table 4). The above results also suggest that combinations of the presence
and/or absence of E/L and of 9p24.2-LOH are potential markers for prognosis of Stage 11/111
primary CRC following recurrence. When we analyzed Stage Il (21 cases) and Stage 111 (67
cases) separately by Kaplan-Meier with log-rank test, a significant association was found
between E/L/9p24.2-LOH and SFR (P<0.0001) or E/L/9p24.2-LOH and OS (P<0.0001) in
Stage 111 cases but not in Stage Il cases (SFR: P=0.13, OS: P=0.66) (Supplementary Fig. 5).
The results suggest that E/L/9p24.2-LOH could be a marker for improved SFR or OS of
recurrent Stage I11. However, a number of Stage Il cases with E/L/9p24.2-LOH and non-
E/L/9p24.2-LOH in Stage Il are too small (N=9 vs N=12) to draw any decisive conclusions
about stage Il cases. A further study is needed to confirm these observations using a larger
cohort.

Enrichment of E/L/9p24.2-LOH in resected liver metastasis

In tumor set #3, 50 cases experienced liver metastasis (Supplementary Tables 5). Twenty
percent (10 of 50) of such primary CRCs exhibited E/L/9p24.2-LOH; in tumor set #1, 59.4%
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of resected metachronous liver metastasis exhibited E/L/9p24.2-LOH (22/37,
Supplementary Fig. 2A), suggesting that there is an enrichment of tumors exhibiting E/L/
9p24.2-LOH in our liver metastasis cohort (Fisher’s exact test, P<0.0001, Fig. 4A).
Considering that the liver metastases used in this study were selected for and treated by
hepatectomy, our liver metastasis cohort must be biased as a cohort that exhibited less
aggressive behavior amenable to hepatectomy compared to cohorts that could not be treated
by hepatectomy (27). Interestingly, thirteen of the 50 liver metastases derived from primary
CRC in Tumor Set #3 were treated with hepatectomy, and 61.5% of these primary CRCs
(8/13) exhibited E/L/9p24.2-LOH, whereas only 5.4% (2/37) of primary CRCs that gave rise
to liver metastasis not treated with hepatectomy exhibited E/L/9p24.2-LOH (P=0.0001, Fig.
4B). Thus, E/L/9p24.2-LOH primary CRC gave rise to the liver metastasis which are likely
subjected to hepatectomy (Supplementary Table 4), supporting the idea that primary CRCs
exhibiting E/L/9p24.2-LOH may give rise to less aggressive liver metastasis suitable for
resection. In fact, E/L/9p24.2-LOH but not hepatectomy per se is an independent
determinant for improved SFR (hazard ratio: 0.13, 95%CI: 0.03-0.91, P=0.04) and OS
(hazard ratio: 0.12, 95%CI: 0.02-0.59, P=0.01) of 50 patients who developed recurrent liver
metastases (Fig. 4C). Furthermore, primary CRC exhibiting E/L/9p24.2-LOH frequently
recurs as liver metastases with a lack of simultaneous extra-hepatic metastasis and/or a small
amount of metastasis within a liver (<3) (defied as less aggressiveness in this study), which
is one of the major criteria for choosing hepatectomy for liver metastasis treatment (27).
Less aggressiveness of recurrent liver metastasis is associated with E/L/9p24.2-LOH (odds
ratio: 0.15, 95%CI: 0.03-0.8, P=0.03) but not with KRAS/BRAF mutations (odds ratio: 1.3,
95%Cl: 0.4-4.6, P=0.67) exhibited by primary CRC from which these liver metastases were
derived (Fig. 4D).

Significance of E/L and/or 9p24.2-LOH on recurrence-free and overall survival in stage lI/1lI
primary CRC

We next determined whether E/L, 9p24.2-LOH, E/L/9p24.2-LOH or KRAS/BRAF mutations
has an impact on DFS and/or OS of the patients with stage Il and/or Il primary CRC. We
used Tumor Set #4, consisting of 50 Stage Il and 74 Stage Il primary CRC — with (57
cases) and without (67 cases) — recurrence (Fig.1 and Table 2).

Following sample weighting (see Materials and Methods), we first compared E/L and MS
patients for OS by Kaplan-Meier analysis. There is no difference in OS between E/L and
MS in Stage II/111, Stage 111 or Stage 1l CRCs (Fig. 5A). However, when the E/L were
divided into 9p24.2-LOH and 9p24" groups, E/L/9p24.2-LOH is significantly associated
with improved OS compared to E/L/9p24" in stage 11/I111 (P=0.03) and stage 111 (P=0.01) but
not in stage 11 (P=0.83) primary CRC (Fig. 5B). On the other hand, there is no significant
difference in OS between MS/9p24.2-LOH and MS/9p24" in stage Il and/or stage 11l CRCs
(Fig. 5C). Thus, 9p24.2-LOH has a significant impact on OS of stage 111 E/L compared to
stage Il E/L and MS CRCs. To determine whether E/L/9p24.2-LOH is associated with
improved OS in stage 11/111 primary CRC, OS of E/L/9p24.2-LOH and that of non-E/L/
9p24.2-LOH patients was compared. As shown in Fig. 5D, E/L/9p24.2-LOH showed a
significant improvement in OS compared to non-E/L/9p24.2-LOH in stage Il primary CRC
(P=0.03) but not in stage Il plus 111 (P=0.1) or stage Il CRC (P=0.64). We then determined
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the effect of E/L/9p24.2-LOH on OS of stage 111 CRCs by Cox proportional hazard analysis
controlled by 7 other covariates. The results showed that E/L/9p24.2-LOH might be an
independent determinant for improved OS of patients with stage 11l CRC (hazard ratio: 0.1,
95%Cl: 0.01-0.64, P=0.01) (Fig. 5E).

As previously described (21), E/L is associated with reduced DFS compared to MS in stage
[1/111 CRC by Kaplan-Meier analysis (P=0.03, Supplementary Fig. 6). Further analysis
showed that E/L in Stage Il (P=0.02) but not stage Il (P=0.3) is associated with reduced
DFS (Supplementary Fig. 6). Cox proportional hazard analysis showed that E/L might be an
independent determinant for reduced DFS in stage Il CRC (hazard ratio: 7.01, 95%Cl: 1.3—
37, P=0.02, Fig. 5F). Neither KRAS/BRAF mutations nor 9p24.2-LOH has significant
impact on OS or DFS of patients with stage I1/l111 primary CRC (Table 2).

Discussion

Recent studies suggest that E/L in non-MSI-H CRC may be caused by loss of MSH3 in a
cancer cell due to the effects of tumor micro-environmental factors, such as hypoxia and/or
inflammation, rather than genetic causes (17, 21, 28, 29, 30). Previously, we demonstrated
that E/L in Stage 11/111 primary CRC is associated with a high risk for recurrent distant
metastasis (21). To further understand the significance of E/L for recurrence and/or
metastasis at a molecular level in CRC, here we sought loci containing microsatellite repeats
exhibiting FS mutations and/or allelic loss associated with E/L. We assumed that some of
the microsatellite loci might be mutated through hypoxia- or inflammation-induced MSH3-
deficiencies and play a role in recurrence and/or metastasis. We therefore selected and
screened 141 microsatellite loci for FS or LOH that are associated with E/L in liver
metastases.

Among the loci screened, LOH at SMARCA2 on 9p24 was significantly associated with E/L.
However, our data for the SOR, IHC and deep sequencing of the SMARCAZ2 suggested that a
novel locus near SMARCAZ is likely a target of the LOH observed on 9p24.2 and that allelic
loss of this putative locus might contribute to metastasis from primary CRC. An intense
investigation is underway to identify candidate transcribed gene(s) involved in 9p24.2-LOH
events and in metastasis from primary CRC.

One of the major findings of this study is that E/L/9p24.2-LOH identified in the resected
liver metastases from primary CRC is also detected in matched primary CRC (Fig. 2D) and
in both recurrent and non-recurrent stage 11/111 primary CRCs (Tables 1 and 2). Furthermore,
E/L/9p24.2-LOH is associated with an improved OS of the patients with stage I11 but not
stage Il CRCs (Figs. 5C and 5E). A significant association of E/L/9p24.2-LOH with
improved SFR and OS was also detected in stage 11 plus 111 and stage 111 CRC that later gave
rise to distant metastasis (Fig. 4E and Supplementary Fig. 5). These results strongly support
the idea that E/L/9p24.2-LOH is a specific marker for less aggressive type of stage 111 CRC.
The results also suggest that E/L/9p24.2-LOH may be involved in the metastatic process
after dissemination from the primary sites.
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What could be the mechanism by which patients with E/L/9p24.2-L.OH stage 1l primary
CRC have improved OS? One possibility is that the spread of E/L/9p24.2-LOH tumors is
limited by immunological and/or inflammatory factors. In fact, EMAST-positive CRC has
been associated with infiltration by CD8* T cells (19, 31). Other studies have reported the
presence of a subgroup of non-MSI-H CRC cases with infiltrating T cells expressing CD8*,
CD45R01 or FOXP3, which show a better prognosis (32, 33, 34). Another possibility is that
E/L/9p24.2-LOH stage Il primary CRC may be moderately sensitive to 5-FU based
chemotherapy compared to non- E/L/9p24.2-LOH stage 111 primary CRC. We are currently
exploring these possibilities.

In contrast to E/L/9p24.2-LOH primary CRC, E/L without 9p24.2-LOH (termed E/L/9p24"
in this study) in stage 111 CRC exhibits more aggressive behavior compared to the E/L/
9p24.2-LOH counterparts both in the recurrent cohort (Tumor Set# 3, hazard ratio: 0.14,
95%Cl: 0.04-0.4, P=0.0008) and in the mixed cohort (Tumor Set# 4, hazard ratio: 0.1,
95%Cl: 0.01-0.5, P=0.006). When E/L/9p24.2-LOH or E/L/9p24" CRC metastasizes, the
former tends to spreads not only to the liver but also to other sites (Fig. 3) whereas the latter
tends to spread to the liver (P=0.02, Fisher’s exact test). These results suggest that there may
be a genetic or epigenetic change other than 9p24.2 LOH that is associated with E/L and
may promote metastasis to the liver. A recent study by Enquist et al suggested that
metastasis to the liver from primary CRC is mediated through hematogenous but not
lymphangiogenous spread (35). Therefore, it could be that the presence or absence of 9p24.2
LOH in the E/L background in stage 111 CRC may also determines the route of
dissemination.

In this study, we also found that E/L is an independent determinant for reduced DFS in stage
Il but not in stage 11l CRC (Supplementary Fig. 6 and Fig. 5F). These results suggest that the
unknown event (not 9p24.2-LOH) associated with E/L in stage Il primary CRC may
facilitate an invasion of CRC cells from the primary sites to the nearby lymph nodes.

From the clinical point of view, our findings raise the following questions. First, although
our previous study showed that there is no difference in benefit of the 5-FU-based adjuvant
chemotherapy between the patients with E/L and MS in stage I1/I11 primary CRC (36), it is
important to determine whether E/L/9p24.2-L.OH or E/L/9p24" in stage 111 CRCs responds
differently to this treatment. E/L alone in stage 1l CRCs may be associated with invasion
from primary sites to lymph node, and these E/L-positive patients should be considered for
adjuvant chemotherapy. Second, although prognostic value of KRAS/BRAF mutations in
CRC is controversial (11, 37, 38), we did not find any significant prognostic effects of
KRAS/BRAF mutations on patients’ outcomes in this study. However, a fraction of E/L/
9p24.2-LOH-positive CRCs had KRAS/BRAF mutations (Supplementary Table 7).
Considering that KRAS/BRAF mutations are resistance markers for anti-EGFR treatment, it
is undetermined whether other target-specific therapies such as anti-VEGF affect the
prognosis of E/L/9p24.2-LOH CRCs with KRAS/BRAF mutations. Third, the mean age of
our CRC cohorts from Korea and Japan is 62 years old, younger than that of the typical
American CRC population (~68 years old). The reason for this difference is not clear. CRC
cohorts from some Asian countries tend to be younger than American cohorts, and in our
non-population based cohort, the number of MSI-H cancer patients is very low, removing a
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demographic that is typically older for sporadic CRC. A recent population-based cohort of
CRCs demonstrated that MSI-H patients were 2—3 years older in mean age over MS patients
(39). Thus, a study using a different race as well as a larger cohort and/or randomized
population is necessary to evaluate the predictive and/or prognostic values of E/L in stage Il
and E/L/9p24.2-LOH in stage 11l CRCs.

In conclusion, our results indicate that stage Il primary CRCs exhibiting elevated
microsatellite alterations such as EMAST/MSI-L are prone to recur but aggressiveness of
the EMAST/MSI-L-positive Stage |1l CRC depends upon the presence or absence of 9p24.2
LOH, suggesting that EMAST/MSI-L and 9p24.2 LOH could be useful as a potential
prognostic markers for stage Il and/or 111 CRC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Tumor Set #1

79 LMs from DPCNU and DPOHTU

I To compare the status of E/L, 9p24.2

61 LMs 61 primary CRCs

)

LM and matched primary CRC

LOH or KRAS/BRAF mutations between

18 LMs )

: 2

To Identify gene alterations associated with E/L
To map a common region of loss on 9p24.2

Tumor Set #4
124 Primary CRC from DPCNU

/ To determine the significance of E/L
. : and/or 9p24.2 LOH and that of
57 primary CRCs 67 primary CRC
S s e without recurrence KRAS/BRAF mutations on
recurrence and OS of stage Il/1II
\ CRC patients
-
31 primary CRCs with
recurrence from DSMU

O

To determine the significance of E/L, 9p24.2 LOH or KRAS/BRAF
mutations on SFR of stage Il/lll primary CRC patients and on
aggressiveness of CRC

Fig.1. Tumor tissue sets used in this study and the purpose of their use
Tumor Set #1 (blue box) is made up of 79 liver metastasis tissues. This set was used for

screening of 141 microsatellite genes to identify a locus whose FS and/or LOH is associated
with E/L. The LOH at 9p24.2 (9p24.2-L.OH) is found to be associated with E/L. Tumor Set
#2 (orange box) was made up of 61 paired liver metastasis and matched primary CRC from
which the liver metastases were derived. Status of E/L, 9p24.2-LOH and KRAS/BRAF
mutations were compared between liver metastasis and matched primary CRC. Tumor Set
#3 (green box) consisted of 88 stage I11/111 CRC that experienced recurrence or metastasis
during a follow-up period of 5 years. Pathological significance of E/L and 9p24.2-LOH on
recurrence and/or metastasis was examined. A sub-population of this set that developed liver
metastatsis (50 cases) was also examined for a significance of E/L/9p24.2-LOH on receiving
hepatectomy treatment and their aggressiveness. Tumor Set #4 (purple box) consisted of
124 stage 11/111 primary CRC. This set was used to determine whether E/L and/or 9p24.2-
LOH could be determinants for DFS and/or OS for stage 1I/111 primary CRC.
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Fig. 2.

A: The loci associated with E/L in resected liver metastases. Frame shifts (FS) at ANKRD
and D21S11, and LOH at SMARCA2 were associated with E/L.

B: Percentages of 9p24.2-LOH liver metastasis exhibiting ROH at each of 7 loci (2-4, 505,
6160, 6640, 6060 230 and 240) within 370kb (double-sided blue arrow) on 9p24.2 are
shown. A thick red arrow indicates the smallest overlapping LOH region (SOR: ~80kb). The
thin blue line indicates the 3’ terminus of the SMARCA2 gene. TEL.: telomere, CEN:
centromere.

C and E: Association between E/L and 9p24.2-LOH in resected liver metastases (P=0.007)
(C) and in primary CRC that gave rise to liver metastasis (P=0.02) (E) was tested by logistic
regression analysis. The association was adjusted by age, sex, metastasis type, primary
tumor grades, cancer type, primary tumor sites, sample sources, and KRAS/BRAF mutations.
The X-axis represents the range of the 95% Confidence Interval (Cl). Each horizontal bar
indicates the 95% CI range. A red or blue horizontal bar represents the significance or non-
significance between each variable and E/L, respectively. The middle brown vertical bar
represents a value for odd ratio. The P values were shown following each variable.

D: No difference in the frequency of E/L (P=0.68), 9p24.2-LOH (P=0.18), E/L/9p24.2-L.OH
(P=0.23) or KRAS/BRAF mutations (P=1) between paired liver metastasis and matched
primary CRC was detected by McNemar’s test. Overall frequency of E/L, 9p24.2-LOH,
E/L/9p24.2-LOH, or KRAS/BRAF mutations in liver metastasis (blue bars) and in matched
primary CRC (red bars) is presented.
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F: There were significant decreases in the frequency of ROH at 505, 6160 and 6640 loci in
liver metastases compared to matching primary CRCs. P values were determined by
McNemar’s (one-sided). Stars indicate a significant difference.
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Fig. 3.

A-D: Kaplan-Meier curves for SFR (upper) and for OS (bottom) of patients with recurrent
CRCs. SFR or OS was compared between patients with primary CRC exhibiting E/L (dark
blue line, N=54) and MS (red line, N=34) (A), between E/L/9p24.2-LOH (black line, N=31)
and E/L/9p24" (green line, N=23) (B), between MS/9p24.2-LOH (orange line, N=13) and
MS/9p24" (purple line, N=21) (C) and between E/L/9p24.2-LOH (black line, N=31) and
non-E/L/9p24.2-LOH (light blue line, N=57) (D). The X-axis represents SFR or OS in
months. The Y-axis represents survival rates. P values were determined by log-rank test.

E: Cox proportional hazard test for SFR (left) and OS (right) of 88 patients with recurrent
CRCs. The effect of E/L/9p24.2-LOH on SFR or OS was adjusted by the 9 variables
indicated. The X-axis represents a range of the 95% Confidence Interval (CI). Each
horizontal red (significant) or blue (non-significant) bar indicates the 95% CI range for a
variable. The middle brown vertical bar represents a value for hazard risk. The P values
were shown following to each variable.
F: Logistic regression test for association between E/L/9p24.2-LOH exhibited by primary
CRC and each of 9 variables in 88 cases with recurrence. The X-axis represents a range of
the 95% Confidence Interval (CI). Each horizontal bar indicates the 95% CI for a variable. A
red or blue bar represents the significance or non-significance between each variable and
E/L. respectively. The middle brown vertical bar represents a value for odd ratio. The P
values were shown following to each variable.
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Fig. 4.

A: Significant enrichment of E/L/9p24.2-LOH tumors in resected metachronous liver
metastases (22 of 37 cases) compared to primary CRC that gave rise to metachronous liver
metastases (10 of 50 cases). P value was calculated by the Fisher’s exact test.

B: Significant association between E/L/9p24.2-LOH in stage I1/111 primary CRC that gave
rise to liver metastasis and the resulting liver metastasis’ incidence of being treated by
hepatectomy. P value was calculated by the Fisher’s exact test.

C: Cox proportional hazard test for SFR (left) and OS (right) of 50 patients with recurrent
liver metastases. The effect of E/L/9p24.2-LOH on SFR or OS was adjusted by 5 variables
including incidence of being treated by hepatectomy, primary tumor grade, stage and
location and incidence of being treated by adjuvant chemotherapy. The X-axis represents the
range of the 95% Confidence Interval (Cl). Each horizontal red (significant) or blue (non-
significant) bar indicates 95% CI. The middle brown vertical bar represents the value for the
hazard risk. The P values were shown following to each variable.

D: Association between E/L/9p24.2-LOH or between KRAS/BRAF mutations in 50 stage
11/111 primary CRCs that gave rise to liver metastasis and aggressiveness of the resulting
liver metastases was tested by logistic regression analysis. A positive for aggressiveness of
liver metastasis was defined as when liver metastasis showed the presence of simultaneous
extra-hepatic metastasis and/or more than 3 metastases within the liver (N=27). Liver
metastasis showing a lack of simultaneous extra-hepatic metastasis and/or having fewer than
3 metastases within the liver (<3) was considered negative for aggressiveness (N=23). The
X-axis represents the range of the 95% confidence Interval (Cl). The red (significant) or
blue (non-significant) bar indicates range of 95% CI. The middle brown vertical bar
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represents a value for odd ratio. No: no mutation for both KRAS and BRAF. The P values
were shown following each variable.
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Fig. 5.

A-D: Kaplan-Meier curves for OS of patients with stage 11 plus 111 CRCs (11/111, upper
panel, n=124), those of patients with stage I11 alone (111, middle panel, n=74) or patients
with stage 1l alone (11, bottom panel, n=50). OS was compared between patients with E/L
(dark blue line) and MS (red line) in stage 11/111 (E/L: N=65 vs MS: N=59), stage Il (E/L:
N=41 vs MS: N=33) and stage Il (E/L: N=24 vs MS: N=26). (A), OS was compared between
patients with E/L/9p24.2-LOH (black line) and E/L/9p24" (green line) in stage I1/111 (E/L/
9p24.2-LOH: N=32 vs E/L/9p24" N=33) in stage Il (E/L/9p24.2-LOH: N=19 vs E/L/9p24"
N=22) and stage Il (E/L/9p24.2-LOH: N=13 vs E/L/9p24" N=11) (B), OS was compared
between MS/9p24.2-LOH (orange line) and MS/9p24" (purple line) in stage 11/111 (MS/
9p24.2-LOH N=17 vs MS/9p24": N=42), in stage 11 (MS/9p24.2-LOH N=11 vs MS/9p24":
N=22) and in stage Il (MS/9p24.2-LOH N=6 vs MS/9p24": N=20) (C), OS was compared
between E/L/9p24.2-LOH (black line) and non-E/L/9p24.2-LOH (light blue line) in stage
/111 (E/L/9p24.2-LOH: N=32 vs non-E/L/9p24.2-LOH: N=92) in stage 1l (E/L/9p24.2-
LOH: N=19 vs non-E/L/9p24.2-LOH: N=55) and in stage Il (E/L/9p24.2-LOH: N=13 vs
non-E/L/9p24.2-LOH: N=37) (D). The X-axis represents OS in months. The Y-axis
represents survival rates. P values were determined by log-rank test.
E: Cox proportional hazard test for OS of 74 patients with stage |11 primary CRCs. The
effect of E/L/9p24.2-LOH on OS was adjusted by the 7 variables indicated. The X-axis
represents the range of the 95% Confidence Interval (CI). Each horizontal red (significant)
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or blue (non-significant) bar indicates 95% CI. The middle brown vertical bar represents the
value for hazard risk. The P values were shown following to each variable.

F: Cox proportional hazard test for DFS of 50 patients with stage Il primary CRC, the effect
of E/L on DFS was adjusted by the 7 variables indicated. The X-axis represents the range of
the 95% Confidence Interval (CI). Each horizontal red (significant) or blue (non-significant)
bar indicates 95% CI. The middle brown vertical bar represents the value for hazard risk.
The P values were shown following to each variable.
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