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miR-31: BRAF, CIMP and colorectal continuum in the serrated pathway

The serrated neoplasia pathway has attracted considerable
attention as an alternative pathway of colorectal cancer
(CRC) development, and serrated lesions exhibit unique clini-
copathological or molecular features."””” The CpG island
methylator phenotype (CIMP) is a distinct form of epige-
nomic instability,'®* which causes most sporadic microsatel-
lite instability (MSI)-high CRCs through epigenetic
inactivation of MLHI1.>® Independent of MSI, CIMP-high
CRCs are associated with proximal tumor location, old age of
onset, female gender and BRAF mutation”' In particular,
there are many clinicopathological and molecular similarities
between sessile serrated adenomas (SSAs) and CIMP-high
CRC, for example proximal tumor location, BRAF mutation
and MLHI methylation.**?*"%° Therefore, SSAs are hypothe-
sized to be precursor lesions that develop into CIMP-high
CRCs with BRAF mutation in the proximal colon**2%2%2730

MicroRNAs (miRNAs) constitute a class of small non-
coding RNA molecules that function as post-transcriptional
gene regulators and have been increasingly recognized as use-
ful biomarkers for CRC.>'*” Using miRNA array analysis,
we recently discovered that microRNA-31 (miR-31) expres-
sion is significantly up-regulated in BRAF-mutated CRCs
compared with that in wild-type CRCs.*® Moreover, associa-
tions were identified between miR-31 expression, proximal
tumor location and poor prognosis for CRCs. With regard to
premalignant colorectal lesions, high miR-31 expression is
frequently detected in cases with serrated lesions compared
to that in cases with non-serrated adenomas, suggesting an
association between miR-31 expression and the serrated path-
way.”® Nevertheless, no previous study has reported an asso-
ciation between miR-31 expression and CIMP status or its
role in the progression of serrated lesions.

CRC is typically classified into rectal, distal colon and
proximal colon cancers. Some investigators believe that prox-
imal colon cancers and distal cancers differ in clinical, patho-
logical and molecular features (the ‘two-colon’ concept) 39-41,
however, it remains uncertain whether the molecular features
of CRC change abruptly at the splenic flexure. On the other
hand, a recent study has reported that the frequency of
molecular features such as BRAF mutation, CIMP status and
MSI increases gradually from the rectum to the ascending
colon in CRCs (the ‘colorectal continuum’ concept).*®*!
However, no previous study has examined whether a gradual
change in miR-31 expression is observed throughout the
colorectum.

37

In this study, we attempted to identify a possible associa-
tion of miR-31 expression with epigenetic features including
CIMP status and its role in the progression of serrated
lesions, and hypothesized that miR-31 may support the colo-
rectal continuum concept in the serrated pathway. We exam-
ined mijR-31 expression level as well as detailed tumor
location and molecular features using 381 serrated lesions
and 222 non-serrated adenomas.

Materials and Methods

Histopathological evaluation of tissue specimens of
colorectal serrated lesions

Histological findings related to all colorectal serrated lesion
specimens were evaluated by two pathologists (M.F. and S.Y.)
who were blinded to the clinical and molecular information.
Serrated lesions [hyperplastic polyps (HPs), sessile serrated
adenomas (SSAs) and traditional serrated adenomas (TSAs)]
were classified on the basis of the current World Health
Organisation (WHO) criteria.*? HPs were further subdivided
into microvesicular HP and goblet cell HP. To accurately
analyze the association between the histological types and
molecular features of each type of serrated lesion (N = 404),
we consecutively collected formalin-fixed paraffin-embedded
(FFPE) tissue specimens. All HPs were found to be microve-
sicular HPs. Non-serrated adenomas (tubular or tubulovillous
adenomas) (N = 233) and CRCs (N = 870) were analyzed as
controls. Only one colorectal lesion per participant was ana-
lyzed. We collected and analyzed 1507 tissue specimens of
colorectal serrated lesions, non-serrated adenomas and CRCs
from patients who underwent endoscopic resection or surgi-
cal treatment at Sapporo Medical University Hospital or
Keiyukai Sapporo Hospital between 2001 and 2013. Informed
consent was obtained from all patients before specimen col-
lection. This study was approved by the institutional review
boards of the participating institutions.

RNA extraction and quantitative reverse transcription-
polymerase chain reaction of miR-31

Total RNA was extracted from FFPE tissues using the miR-
Neasy FFPE Kit (Qiagen, Valencia, CA).’® miR-31-5p expres-
sion was analyzed by quantitative reverse transcription-
polymerase chain reaction using the TagMan MicroRNA
Reverse Transcription Kit (Applied Biosystems, Foster City,
CA) and TagMan microRNA Assays (Applied Biosystems) as
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Figure 1. MicroRNA-31 (miR-31) expression (miR-31/U6) levels by
histological type. miR-31 expression levels in sessile serrated
adenomas (SSAs), SSAs with cytological dysplasia and traditional
serrated adenomas (TSAs) was significantly higher than that in
hyperplastic polyps (HPs). Moreover, a significant difference in the
expression level was observed between sessile serrated adenoma
(SSA) and SSA with cytological dysplasia. HP: hyperplastic polyp;
miR-31: microRNA-31; SSA: sessile serrated adenoma; T5A: tradi-
tional serrated adenoma.

previously described.” The conditions for real-time PCR
were as follows: 95°C for 10 min, followed by 40 cycles of
95°C for 15 sec and 60°C for 60 sec. PCR was run in tripli-
cate on a 7500 fast real-time PCR System (Applied Biosys-
tems). SDS v1.4 software (Applied Biosystems) was used
for comparative analysis of the cycle threshold (ACy). U6
snRNA (RNU6B; Applied Biosystems) served as an endoge-
nous control. miR-31 expression was calculated using the
equation: 27ACT where ACy = (Cp miR-31 ~ Cy U6). To
determine relative miR-31 expression in each serrated
lesion or non-serrated adenoma, the 274" value of tumor
tissue was divided by that of normal tissue, as described
previously.”®

DNA extraction and pyrosequencing of KRAS and BRAF
mutations and MSI analysis

Genomic DNA was extracted from FFPE tissues using the
QlAamp DNA FFPE Tissue Kit (Qiagen)‘z’8 Using the
extracted genomic DNA, PCR and targeted pyrosequencing
were performed for KRAS (codons 12 and 13) and BRAF
(V600E).*> MSI analysis was performed as previously
described.*®

Sodium bisulfite treatment and real-time PCR (MethyLight)
to measure promoter methylation of CACNA1G, CDKN2A
(p16), IGF2, MGMT, MLH1 and RUNX3

Bisulfite modification of genomic DNA was performed using
the BisulFlash™ DNA Modification Kit (Epigentek, Brook-
lyn, NY).*® We quantified DNA methylation in four CIMP-
specific promoters [CACNAIG, CDKN2A (pl6), IGF2 and
RUNX3] and MGMT and MLH]I using real-time PCR (Meth-
yLight).”) CIMP-high status was defined as the presence of
three/four or more methylated promoters and CIMP low/
zero as zero/four to two/four methylated promoters.

Int. J. Cancer: 135, 2507-2515 (2014) © 2014 UICC
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Statistical analysis

JMP (version 10) software was used for all statistical analyses
(SAS Institute, Cary, NC). p Values were two-sided. Univari-
ate analysis was performed to determine the clinicopathologi-
cal and molecular characteristics including miR-31 expression
according to the histological type of the serrated lesions or
non-serrated adenomas. p Values were calculated using anal-
ysis of variance for age and tumor size and by chi-square or
Fisher's exact test for all other variables. The chi-square test
for linear trends was used when comparing the frequencies
of BRAF mutations, CIMP-high status, MLH1 and MGMT
methylations and miR-31 expression in premalignant colo-
rectal lesions found in the rectum, the sigmoid, descending,
transverse and ascending colon and the cecum.

Multivariate logistic regression analysis was used to exam-
ine the association with miR-31 expression status (as an out-
come variable), adjusting for potential confounders. The
model initially included gender (male vs. female), age (con-
tinuous), tumor size (continuous), tumor location (proximal
colon vs. distal colon and rectum), histological type (SSA and
TSA vs. HP), CIMP status (CIMP-high vs. CIMP-low/zero),
MST (MSI-high vs. MSS/MSI-low), BRAF and KRAS muta-
tions (present vs. absent) and MGMT and MLH1 methylation
(present vs. absent). A backward elimination procedure with
a threshold of p=0.10 was used to select variables in the
final model. The p Value for significance was adjusted by
Bonferroni correction to p = 0.0045 (= 0.05/11).

Results
MicroRNA-31 expression in serrated lesions and
non-serrated adenomas
We assessed 637 FFPE tissue specimens of serrated lesions
and nonserrated adenomas and 870 specimens of CRCs using
the miR-31 expression assay and successfully obtained 603
(95%) and 841 (97%) positive results, respectively. Next miR-
31 expression level was quantified in hyperplastic polyps
(HPs) (N = 132), sessile serrated adenomas (SSAs) (N = 122),
SSAs with cytological dysplasia (N = 10), traditional serrated
adenomas (TSAs) (N =101), TSAs with high-grade dysplasia
(HGD; N=16) and non-serrated adenomas (N =222) and
found to be 14.2 = 26.5; 3.6 (mean = SD; median) in HPs,
27.8 & 37.1; 15.7 in SSAs, 57.5 & 38.8; 55.3 in SSAs with cyto-
logical dysplasia, 36.0 *41.1; 19.8 in TSAs, 28.8 £383 in
TSAs with HGD; 10.0, 21.8 = 54.3; 3.5 in non-serrated adeno-
mas and 33.6 = 3.7; 6.2 in CRCs. miR-31 expression level in
SSAs, SSAs with cytological dysplasia and TSAs was signifi-
cantly higher than that in HPs (p < 0.0013; Fig. 1). Moreover,
a significant difference in the expression level was observed
between SSA and SSA with cytological dysplasia (p = 0.017).
The distribution of miR-31 expression in the 381 specimens
of serrated lesions and 222 specimens of non-serrated adeno-
mas was as follows: mean, 24.9; median, 7.3; SD, 50.0; range,
0.06-462.0 and interquartile range, 1.6-30.2. Cases with miR-
31 expression were divided into quartiles QI (<1.6), Q2 (1.6-
7.3), Q3 (7.4-30.2) and Q4 (>30.2) for further analysis.
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Table 1. MicroRNA-31 and clinicopathological and molecular features in serrated lesions and non-serrated adenomas

Gender

Female 241 (40%) 51 (34%) 68 (44%) 68 (46%)

Tumor size (mm) (mean = SD) 141*+11.1 16.4*133 13.3x10.8 14.0*10.5 12.6 £9.5 0.020

78 (13%) 38 (25%) 23 (15%) 6 (4.1%) 11 (7.3%) < 0.0001

10 (6.8%) 8 (5.3%)

12 (7.9%)

Ascending colon 139 (23%) 25 (16%) 29 (19%) 45 (30%) 40 (27%)

Histopathology

44 (30%) 38 (25%)
2(1 D

33 (22%)

Sessile serrated adenomas (SSAs)
Traditional serrated adenomas (TSAs) 11 (7.2%)
s eow

Non-serrated adenomas 222 (37%) 89 (59%) 54 (35%) 40 (27%)
(tubular or tubulovillous adenomas)

122 (20%)
10 .7
101 (17%)

10 (6.6%) 30 (20%)
00% (0%)

40 (27%)

354 (59%) 128 (84%) 95 (62%) 71 (48%) < 0.0001

KRAS mutation

Mutant 140 (23%) 47 (31%) 38 (25%) 26 (18%) 29 (19%)

CIMP-low/zero 503 (83%) 138 (91%) 142 (93%) 118 (80%) 105 (70%) < 0.0001

©
3 (2.0%) 2 (1.4%) 3 (2.0%)

MSi-high 9 (1.5%) 1 (0.7%)

Percentage (%) indicates the number of cases with a specific clinicopathological or molecular feature within a given quartile category (Q1, Q2, Q3
or Q4) of microRNA-31 expression. p Values were calculated by analysis of variance for age and tumor size and by chi-square or Fisher's exact test
for all other variables. To account for multiple hypothesis testing in association between miR-31 expression and other nine covariates, the P value
for significance was adjusted by Bonferroni correction to p = 0.0056 (= 0.05/9).

Abbreviations: CIMP: CpG island methylator phenotype; HP: hyperplastic polyp; MSI: microsatellite instability; MSS: microsatellite stable; SD: stand-
ard deviation; SSA: sessile serrated adenoma; TSA: traditional serrated adenoma.

Association of microRNA-31 expression and topathology, BRAF mutation and CIMP-high status
clinicopathological and molecular features in serrated (p<0.0001). No significant difference was observed
lesions and non-serrated adenomas between miR-31 expression and KRAS mutation

Table 1 shows the clinicopathological and molecular fea- (p =0.028) or MSI (p =0.71). When limiting cases to ser-
tures of serrated lesions and non-serrated adenomas rated lesions, miR-31 expression was associated with tumor
according to the miR-31 expression level. miR-31 expres- location, histopathology, BRAF mutation and CIMP-high
sion was significantly associated with tumor location, his-  status (p <0.0001; data not shown).

int. J. Cancer: 135, 2507-2515 (2014) ©® 2014 UICC
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Figure 2. Association between miR-31 expression and CIMP status in relation to BRAF status in serrated lesions (HPs, SSAs, SSAs with cyto-
logical dysplasia, TSAs and TSAs with high-grade dysplasia). A significant association was observed between high miR-31 expression and
CIMP-high status in serrated lesions with BRAF mutation. However, miR-31 expression was slightly but insignificantly associated with CIMP
status in the cases with wild-type BRAF. Cases with miR-31 expression were divided into quartiles Q1 (<1.6), Q2 (1.6-7.3), Q3 (7.4-30.2)
and Q4 (=30.2). CIMP: CpG island methylator phenotype; HP: hyperplastic polyp; miR-31: microRNA-31; SSA: sessile serrated adenoma;

TSA: traditional serrated adenoma.
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Figure 3. Frequency of BRAF mutation, CIMP-high and MLH1 methyla-
tion in serrated lesions (HPs, SSAs, SSAs with cytological dysplasia,
TSAs and TSAs with high-grade dysplasia). Frequency of BRAF muta-
tion, CIMP-high and MLH1 methylation increased gradually from the
rectum to cecum in serrated lesions {p < 0.0002), but there was no
significant difference between MGMT methylation and tumor location.
CIMP: CpG island methylator phenotype; HP: hyperplastic polyp; SSA:
sessile serrated adenoma; TSA: traditional serrated adenoma.

Association of miR-31 expression and BRAF mutation or
CIMP status in serrated lesions

Because BRAF mutation has been tightly associated with CIMP-
high status, we examined miR-31 expression in relation to
BRAF and CIMP status. High miR-31 expression was associated
with BRAF mutation and was independent of CIMP status in
serrated lesions (p <0.017; Supporting Information Fig. 1). In
contrast, a significant association was observed between high
miR-31 expression and CIMP-high status in serrated lesions
with BRAF mutation (p=0.0001; Fig. 2). However, miR-31
expression was slightly but insignificantly associated with CIMP
status in the cases with wild-type BRAF (p = 0.33).

Int. J. Cancer: 135, 2507-2515 (2014) © 2014 UICC
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Multivariate analysis to identify association with miR-31
expression in serrated lesions

We also performed multivariate logistic regression analysis to
confirm that the association between miR-31 expression and
BRAF mutation or CIMP status was independent of any
other clinical and molecular variables in serrated lesions. Our
data showed that miR-31 expression was associated with
BRAF mutation (p = 0.0037) and was independent of other
variables (Supporting Information Table 1).

Molecular characteristics of serrated lesions according to
tumor location

The frequency of BRAF mutation, CIMP-high status and
MLH] methylation increased gradually from the rectum to
cecum in serrated lesions (p <0.0002), but there was no sig-
nificant association between MGMT methylation and tumor
location (Fig. 3). Similarly, the number of serrated lesions
with high miR-31 expression increased gradually from the
rectum to cecum (p<0.0001; Fig. 4). Similar results were
observed in non-serrated adenomas (p < 0.0001; Fig. 4) and
CRCs (p < 0.0001; Supporting Information Fig. 2). After ser-
rated lesions and non-serrated adenomas were stratified by
BRAF mutation, the association between miR-31 expression
and tumor location persisted (p <0.0011; Supporting Infor-
mation Fig. 3).

Association of miR-31 expression and molecular alteration
in SSAs with or without cytological dysplasia

High miR-31 expression was conspicuous in SSAs with cytolog-
ical dysplasia compared to that in SSAs (p = 0.0079; Table 2).
CIMP-high was well pronounced in SSAs with cytological
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Figure 4. Frequency of miR-31 expression in serrated lesions (HPs, SSAs, SSAs with cytological dysplasia, TSAs and TSAs with high-grade
dysplasia) or non-serrated adenomas (tubular or tubulovillous adenomas). The number of cases with high miR-31 expression increased
gradually from the rectum to the cecum in not only in serrated lesions (p < 0.0001) but also in non-serrated adenomas (p < 0.0001). Cases
with miR-31 expression were divided into quartiles Q1 (<1.6), Q2 (1.6-7.3), Q3 (7.4-30.2) and Q4 (>30.2). HP: hyperplastic polyp; miR-
31: microRNA-31; SSA: sessile serrated adenoma; TSA: traditional serrated adenoma.

dysplasia (100%, 10/10) compared to that in SSAs (38%, 46/122;
p < 0.0001). MLH-1 methylation was more frequently observed in
SSAs with cytological dysplasia (80%, 8/10) than in SSAs (16%,
20/122; p < 0.0001). Likewise, MGMT methylation was more fre-
quently observed in SSAs with cytological dysplasia (40%, 4/10)
than in SSAs (7.4%, 9/122; p = 0.0071).

Association of miR-31 expression and molecular alteration
in TSAs with or without HGD

With regard to TSAs, no significant difference in miR-31
expression was found between TSAs with HGD and TSAs
(p = 0.23; Table 2). In contrast, CIMP-high status was more
frequently detected in TSAs with HGD (75%, 12/16) than in
TSAs (12%, 12/101; p<0.0001). MGMT methylation was
more frequently observed in TSAs with HGD (38%, 6/16)
than in TSAs (3.0%, 3/101; p <0.0001), but no significant
difference in MLHI methylation was found between TSAs
with HGD (0%, 0/16) and TSAs (4.0%, 4/101; p = 0.27).

Discussion

We performed this study to identify the possible association
of miR-31 expression with epigenetic features including
CIMP status as well as its role in the progression of serrated
lesions. High miR-31 expression was associated with CIMP-
high status in serrated lesions with BRAF mutation. Our data
also showed that the association between miR-31 expression
and BRAF mutation status was independent of CIMP status.
Thus, this is the first report to identify an association
between miR-3lexpression, BRAF mutations and CIMP sta-
tus in serrated lesions. Moreover, high miR-31 expression
was well pronounced in SSAs with cytological dysplasia than
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in SSAs, but no significant difference was observed between
TSAs and TSAs with HGD. With regard to the colorectal
continuum concept, the frequency of high miR-31 expression
increased gradually from the rectum to cecum in serrated
lesions as did the occurrence of BRAF mutation, CIMP-high
status and MLHI methylation.

miR-31 is located at 9p21.3 and is reportedly up-regulated
in CRCs.*'™**” We recently reported an association among
miR-31 expression, BRAF mutation and poor prognosis
involving a large CRC sample (N =721); we also reported
that high miR-31 expression is frequently detected in the
proximal colon (cecum and ascending and transverse colon)
compared to that in the distal colon (the descending and sig-
moid colon) and rectum.’® Because the presence of BRAF
mutation is tightly associated with CIMP status,”***™*¢ we
examined the association between miR-31 expression and
CIMP status in serrated lesions. With regard to CRCs, Slat-
tery et al reported that miR-31 was the one of the upregu-
lated miRNAs in patients with CIMP-high status; however,
they did not examine BRAF mutations.*” Moreover, no previ-
ous study has reported the association between miR-31
expression and CIMP status in premalignant colorectal
lesions.

Our current study had some limitations due to its cross-
sectional nature and the fact that unknown bias (i.e. selection
bias) may have confounded the results. Nevertheless, our multi-
variate regression analysis was adjusted for potential confounders
including clinical and molecular features. The results demon-
strated that high miR-31 expression is independently associated
with BRAF status in serrated lesions. In contrast, although we
found that miR-31 expression was associated with CIMP-high

int. J. Cancer: 135, 2507-2515 (2014) © 2014 UICC
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Table 2. Epigenetic features, CIMP status, MS! and microRNA-31 expression in serrated lesions according to histopathology

All cases 132 122 10 101 16

Unmethylated 126 (95%) 113 (93%) 6 (60%) 0.0071 98 (97%) 10 (63%) <0.0001

MLH1 methylation

20 (16%)

Methylayed

CIMP-low/zero 121 (92%) <0.0001

76 (62%) 0 (0%) <0.0001 89 (89%)
000w )

9807 16 (1

1'1 (11%) 3 (19%)
L7are 561%)
33 (33%) 2 (13%)

40 (40%) 6 (38%)

Percentage (%) indicates the number of cases with a specific molecular feature according to histopathology. p-Values were calculated by chi-square
or Fisher's exact test.

Abbreviations: CIMP: CpG island methylator phenotype; HP: hyperplastic polyp; MSI: microsatellite instability; MSS: microsatellite stable; SSA: ses-
sile serrated adenoma; TSA: traditional serrated adenoma.

status in serrated lesions with BRAF mutation, the relationship ~ (the “Two-colon concept”).?® Colorectal epithelial cells are
between miR-31 expression and CIMP status did not persist in  constantly in contact with bowel contents, which may play a
the cases with wild-type BRAF. These results suggested that the critical role in cellular transformation and tumor develop-
association between miR-31 expression and CIMP-high status ment and progression. Bowel contents (i.e. food debris and
may have been due to BRAF mutation. However, the number of microbiome) and their interactions with host cells may
samples of CIMP-high serrated lesions with wild-type BRAF was  directly cause cellular molecular changes, or alternatively,
too small (N=19). Moreover, multivariate logistic regression may influence tumor progression differentially according to
analysis showed that CIMP status was one of the variables associ-  molecular features in premalignant cells.?’ In fact, bowel con-
ated with miR-31 expression, although no significant association  tents gradually change, and this observation may explain why
was observed. Therefore, our results imply that epigenetic instabil-  molecular features of a tumor change gradually. Our current
ity (i.e. CIMP-high status) may be related to up-regulation of data using serrated lesions and non-serrated adenomas seems
miR-31 expression. Further functional analysis is needed to clarify ~ to be consistent with a previous study®® because the fre-
the associations between miR-31 expression, BRAF mutations and ~ quency of BRAF mutation, CIMP-high and MLHI methyla-
CIMRP status in colorectal neoplastic disease. tion increased along the bowel from the rectum to the
Accumulating evidence suggests that proximal colon can- cecum. These results indicate that gradual changes in tumor
cers differ from distal cancers in clinical, pathological and molecular features already occur at the early stage of colo-
molecular features.'®***"*” Yamauchi et al. reported that the rectal neoplastic disease.
frequency of CIMP-high, MSI-high and BRAF mutation In the current study, we also found that the frequency of
increase gradually along colorectum subsites from the rectum  high miR-31 expression increased gradually from the rectum
to the ascending colon; these data support the colorectal con- to the cecum in serrated lesions. Similar results were
tinuum concept, namely, gradual changes in tumor molecular  observed in non-serrated adenomas and CRCs. These results
features, rather than abrupt changes at the splenic flexure show that miR-31 may be a molecule that supports the
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colorectal continuum concept. To the best of our knowledge,
no previous reports have described a specific miRNA associ-
ated with this concept. Thus, our data on miR-31 and other
molecular features indicate that future studies on colorectal
tumors should include information on detailed tumor loca-
tions (beyond the proximal colon, distal colon and rectum).
Various authors have reported that SSAs with cytological
dysplasia have genetic and epigenetic abnormalities and are
at a high risk of progression to CRCs.******¢ A loss of
staining for MLH1 (due to MLHI methylation) leads to MSI,
and repeat tract mutation in genes such as TGFBRII is
restricted to the lesions with cytological dysplasia in
SSAs.>20%8-%0 1 addition, Dhir et al. recently reported that
there was a progressive increase in the methylation frequen-
cies of genes from HPs to SSAs to SSAs with cytological dys-
plasia.” Our current data showed that the frequency of high
miR-31 expression, MLHI and MGMT methylation and
CIMP-high in SSAs with cytological dysplasia is much higher
than in SSAs without. Thus not only accumulating epigenetic
alterations but also miR-31 expression may play a role in
SSA progression. In contrast, TSAs are much less common
than SSAs; therefore, there fewer data is available on their
molecular profile.*** TSAs typically do not show MLHI
methylation or develop into MSI-high CRCs, but they do
commonly have MGMT methylation.***** In addition, the
key molecule of the TSA pathway progression remains largely
unknown. In the current study, no significant differences in
miR-31 expression or MLHI methylation were found
between TSAs with and without HGD, whereas the frequency
of high CIMP status and MGMT methylation was much
higher in TSAs with HGD than in TSAs without. These

References
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results suggest that the molecule controlling serrated lesion
progression may distinguish TSAs from SSAs.

In conclusion, miR-31 expression was associated with
CIMP-high status in serrated lesions with BRAF mutation.
Our data also suggest that miR-31 may play an important
role in SSA evolution. Moreover, we found that not only
BRAF mutation and CIMP status but also miR-31 may be a
key molecule that supports the colorectal continuum concept.
These novel data will improve our understanding of details
of the colorectal serrated pathway and may lead to the estab-
lishment of a new therapeutic target or a theranostic proce-
dure in some CRC types.
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Abstract Insulin-like growth factor-I receptor (IGF-IR) sig-
naling is required for carcinogenicity and tumor development,
and this pathway has not been well studied in human esoph-
ageal carcinomas. Esophageal cancer is one of the human
cancers with the worst prognosis and has two main histolo-
gies: squamous cell carcinomas (ESCC) and adenocarcinoma
(EAQ). Previously, we have reported that detection of'the IGF
axis may be useful for the prediction of recurrence and poor
prognosis of ESCC. We have also shown the successful
therapy for several gastrointestinal cancers using recombinant
adenoviruses expressing dominant negative IGF-IR (ad-IGF-
IR/dn). The aim of this study is to develop potential targeted
therapeutics to IGF-IR and to assess the effect of IGF-IR
blockade in both of these types of esophageal cancer. We
determined immunohistochemical expression of IGF-IR in a
tissue microarray. We then assessed the effect of IGF-IR
blockade on signal transduction, proliferation, apoptosis, and
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motility. Ad-IGF-IR/dn, a tyrosine kinase inhibitor, BMS-
536924, and adenovirus expressing ShRNA for IGF-IR were
used. IGF-IR expression was common in both tumor types but
not in normal tissues. IGF-IR was detected in metastatic sites
at similar levels compared to the primary site. IGF-IR inhibi-
tion suppressed proliferation and colony formation in both
cancers. 1GF-IR blockades up-regulated both stress- and
chemotherapy-induced apoptosis and reduced migration. Al-
though IGF-IR/dn blocked ligand-induced activation of Akt-1
mainly, BMS-536924 effectively blocked both activation of
Akt and MAPK. The IGF axis might play a key role in tumor
progression of esophageal carcinomas. The IGF-IR targeting
strategies might thus be useful anticancer therapeutics for
human esophageal malignancies.

Keywords Dominant negative - EAC - ESCC - IGF-IR - TKI

Abbreviations
ad-IGF-IR/482st
ad-1GF-IR/950st
ad-shlG F-IR

Adenovirus expressing IGF-IR /482st
Adenovirus expressing IGF-IR/950st
Adenovirus expressing short-hairpin

IGF-IR
des(1-3)IGF-1 NH; terminally truncated 1GF-1
dn Dominant negative
EAC Esophageal adenocarcinoma
ESCC Esophageal squamous cell carcinoma
ERK Extracellular signal-regulated kinase
IGF Insulin-like growth factor
IGFBP IGF binding protein ‘
IGF-IR IGF-1 recepror

Truncated IGF-IR of 482 amino acid
long

IGF-1R/482st

@ Springer



974

Tumor Biol, (2014) 35:973-985

Truncated IGF-IR of 950 amino acid
long

IGF-IR/950st

IGF-IR/dn Dominant negative form of IGF-IR
InsR Insulin receptor

mAb Monoclonal antibody

PI3-K Phosphatidylinositide 3-kinase
TKI Tyrosine kinase inhibitor
Introduction

Esophageal cancer is one of the cancers with the worse prog-
nosis worldwide [1]. At the time of diagnosis, more than half
of patients have either unresectable tumors or metastatic ones.
Even after a curative-intent surgical operation. the 5-year
survival is still limited [2], and the therapy for unresectable
esophageal carcinomas is typically minimally effective.
Therefore, we must aim to seek new therapeutic options for
this disease. The main types of human esophageal tumor are
squamous cell carcinoma (ESCC) and adenocarcinoma
(EAC).

Recently, advances in molecular research have brought
new therapeutic strategies, including small molecule tyrosine
kinase inhibitors (TKI) and monoclonal antibodies (mAb),
into clinical testing. One group of new targets is the tyrosine
kinase receptors. The insulin-like growth factor (IGF) family
is a promising candidate [3, 4]. Agents targeting the 1GF-]
receptor (IGF-IR) pathway are moving into the clinic. Toward
that end, we have studied this pathway in esophageal cancers.

IGF-IR is a heterotetramer of two «- and two P-chains [3].
Binding of the ligands IGF-I and IGF-1I to IGF-IR causes
receptor autophosphorylation and activates multiple signaling
pathways, including ras/extracellular signal-regulated kinase
(ERK) and the phosphatidylinositide 3-kinase (PI3-K)/Akt-1
axes [6]. Activation of IGF-IR is regulated by multiple factors,
including IGF binding proteins (IGFBP) and IGF-2 receptor
[7-9]. Elevation of serum IGF-1 increases the risk of develop-
ing several cancers [10], and IGF-IR is essential for both
malignant transformation and progression [3. 4]. Reduction
of IGF-IR can induce apoptosis in tumors but produces only
growth slowing in untransformed cells, suggesting that it
might be an excellent target for therapeutic intervention [3].
IGF-IR knockout mice are viable (though physically small),
indicating that relatively normal development and differ-
entiation can occur in its absence [11]. These findings
suggest a potential basis for tumor selectivity in thera-
peutic applications.

Human esophageal epithelial cells express IGF-IR, and
IGF-I can stimulate both DNA synthesis and proliferation in
these cells [12—-14]. Salivary IGF-I continuously bathes the
‘esophageal lumen and is in a free form (not bound to IGFBP,
unlike the serum pool), which could enhance its binding
ability to receptors on the esophageal mucosal cells [15].

&) Springer

These data indicate that the IGF/receptor may play important
roles in homeostasis and esophageal premalignancy [14].

Both IGF-IR and IGFs are overexpressed in esophageal
cancer tissues compared to normal ones [16-18]. In addition,
IGFBP3 and an IGF-IR antibody suppress cancer cell prolif-
eration {19, 20]. However, the role of the IGF axis in esoph-
ageal cancer has not been adequately studied. We reported
previously that expression of IGF-IR and IGF-1I were detected
in 60 and 50% of ESCC, respectively, and were associated
with invasion depth, metastasis, advanced tumor stage, and
recurrence [21]. Patients with ESCC expressing both IGF-IR
and IGF-II had a significantly shorter survival rate than those
expressing either alone or neither in both single and multivar-
iate analysis. Dominant negative for IGF-IR (IGF-IR/dn)
suppressed proliferation and up-regulating chemotherapy-
induced apoptosis through blocking ligand-induced Akt acti-
vation in an ESCC cell line, TE-1 {21].

In addition, there is a strong positive association between
visceral obesity (metabolic syndrome) and risk of EAC, and
the IGF axis is speculated to relate to both obesity and EAC
[22]. IGF-IR expression in resected EAC was significantly
higher in viscerally obese patients than in those of normal
weight. Disease-specific survival was longer in patients with
IGF-IR-negative EAC than in those with IGF-IR-positive
tumors [23]. Thus, there are several lines of evidence that
the IGF axis may play an important role in EAC.

There are several possible approaches to blocking IGF-
IR signaling with therapeutic intent [24], including
blocking the ligand or receptor using mAbs [25, 26] or
TKIs [27, 28]. All of these are complicated by the high
homology of this receptor to the insulin receptor (InsR).
An approach that is intrinsically specific for IGF-IR is to
use dominant negative or soluble IGF-IR receptor ap-
proaches to specifically inhibit the function of the wild-
type receptor [29, 30]. We have constructed two different
adenoviruses expressing IGF-IR/dn (ad-IGF-IR/dn)
[31-34]. Ad-IGF-IR/482st encodes a truncated extracellular
domain of IGF-IR (without the transmembrane domain)
and thus produces a secreted protein that affects neighbor-
ing cells in addition to the transduced cells (a bystander
effect). Another ad-IGF-IR/950st encodes a receptor that
lacks the tyrosine kinase domain and thus remains on the
membrane of the transduced cells to form non-functional
receptor complexes. We have reported that ad-IGF-IR/dn
may be a useful therapeutic strategy against several gas-
trointestinal tumors [21. 31, 32, 34, 35]. We have also
reported that the adenoviral vector-based approach to ex-
press a short-hairpin inhibitory RNA of IGF-IR (ad-shIGF-
IR) induced effective IGF-IR silencing in gastrointestinal
cancers as manifested by effective blockade of the down-
stream pathway of IGF-IR and antitumor effects [36]. A
dual targeting TKI for IGF-IR/InsR. BMS-536924, may
have an advantage compared to a single targeting TKI,
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as transformed cells can also use insulin receptor activa-
tion of similar signaling pathways for proliferation in
addition to IGFR signals [35, 37].

In order to evaluate the expression of IGF-IR in EAC and in
metastatic sites of ESCC, we analyzed an esophageal cancer
tissue microarray immunohistochemically. To assess IGF-IR
blockade for both esophageal cancers, histologies ESCC and
EAC, we used several strategies including IGF-IR/dns, shIGF-
IR, and BMS-536924.

Methods
Materials, cell lines, and recombinant adenovirus vectors

Anti-Aktl(c-20), anti-ERKI1(K-23), anti-phospho-
ERKI(E-4), ant-IGF-I(G-17), and anti-IGF-IR(2C8)
were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA) and anti-phospho-Akt(Ser473) was
from Cell-Signaling Technology (Beverly, MA, USA).
Anti-IGF-IR(Ab-4) was from Oncogene Research Prod-
ucts (Cambridge, MA, USA) and anti-IGF-Il was from
Peninsula Laboratories (San Carlos, CA, USA). PI3-K
inhibitors, wortmannin and LY294002, p38-MAPK in-
hibitor SB203580, cisplatin (CDDP), and 5-fluorouracil
(5-FU) were' purchased from Sigma (St. Louis, MO,
USA), and MEK! inhibitor PD98059 was from Cell
Signaling. Recombinant human IGF-1 and IGF-II were
purchased from R&D systems (Minneapolis, MN, USA)
and des(1-3)IGF-1 from GroPep (Adelaide, Australia).
All human esophageal cancer cell lines (Fig. 1) were
obtained from the Japanese Cancer Collection of Re-
search Bioresources Cell Bank (Tokyo, Japan). Riken
Bioresource Center Cell Bank (Tsukuba, Japan), and
European Collection of Cell Cultures (Salisbury, UK).

Fig. 1 The expressions of IGF-
axis in esophageal carcinoma cell
lines. a RT-PCR revealed that
three cells express mRNAs of
IGF-II and IGF-IR but not IGF-I,
b Western blotting showed that
two EAC and four ESCC cells
express both IGF-IR and InsR
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Cells were passaged in RPMI1640 and DMEM, both
with 10% fetal bovine serum.

Recombinant adenoviruses expressing IGF-IR/dn (482 and
950 amino acids long, IGF-IR/482st and IGF-IR/950st, Ad-
IGF-IR/482st and Ad-IGF-IR/950st, respectively) were gen-
erated as described previously by homologous recombination
{(31]. Recombinant adenovirus vectors expressing shIGF-IR
(ad-shIGF-IR) were generated as described previously [38].
An adenovirus expressing f-galactosidase was used as a
control (ad-LacZ). Scrambled shRNA adenovirus (ad-Scr) is
another control that has a short hairpin sequence but no
specific target, also as described previously.

BMS-536924 was kindly provided by Bristol-Myers
Squibb (New York, NY, USA). Stock solution was prepared
in DMSO and stored at —20°C.

Immunohistochemical analysis

The paraffin-embedded esophageal tissue microarray (ES208)
was purchased from US Biomax (Rockville, MD, USA). After
deparaffinization, endogenous peroxidase activity was
blocked. Antibodies were applied after blocking with normal
goat serum. Sections were incubated with the anti-rabbit
secondary antibody (Santa Cruz Biotechnology) and a strep
tavidin-HRP followed by exposure to the diaminobenzidine
tetrahydrochloride substrate (Dako). The sections were
counterstained in Mayer’s hematoxylin and mounted. Immu-
nostaining signals were scored by two independent observers.
Semiquantitative scores were given as the score of the per-
centage of positive cells plus the score of the staining intensity.
The scoring criteria of the percentage of positive cells were as
follows: score 0, 0-5% positive cancer cells; score 1, 6-25%:
score 2, 26-50%; score 3, 51-75%; score 4, 76-100% posi-
tive. The intensity score was given as follows: score 0, no
staining; score 1, weak/equivocal; score 2, moderate; score 3,

ESCC

TE8

IGF-IR B

InsR
p-actin
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strong staining. The final scores were from 0 to 7 and four or
more were considered positive.

Reverse transcription PCR

Total RNA from cells was isolated by the acid guanidinium
thiocyanate~phenol-chloroform method. Primer sets for the
amplification of IGF-I ¢cDNA sequences were 5-CACTGT
CACTGCTAAATTCA-3 and 5-CTGTGGGCTTGTTGAAA
TAA-3' [39]. Primers for IGF-II cDNA were 5-AGTCGATGC
TGGTGCTTCTCA-3" and 5-GTGGGCGGGGTCTTGG
GTGGGTAG-3' [40]. Primers for IGF-IR were 5-ATTGAG
GAGGTCACAGAGAAC-3 and 5-TTCATATCCTGTTTT
GGCCTG-3' [40]. Randomly primed ¢cDNAs were prepared
from | mg of total RNA by M-MLV reverse transcriptase
(Takara, Japan) and amplified by PCR. For amplification of
these sequences, 35 cycles of PCR was programmed as fol-
lows: 94°C, 30 s; 60°C, 30 s; 72°C, 30 s,

Western blotting

Cells were cultured in serum-free medium for 24 h and then
stimulated with 20 ng/ml IGF-1 or 10 nM insulin. Cell lysatés
were prepared as described previously [31]. Equal aliquots of
lysate (100 pg) were separated by 4-20% SDS-PAGE and
immunoblotted onto polyvinylidene Hybond-P membrane
(Amersham, Arlington Heights, IL. USA). Analysis was
performed using the indicated antibodies, and bands were
visualized by ECL (Amersham).

Assessment of the effect on in vitro cell growth

Tumor cells were grown to 70% confluence in six-well plates
and infected with adenovirus. The number of cells was then
assayed by Trypan blue staining.

Four thousand cells were seeded into the wells of a 96-wel}
plate, and each was infected with adenovirus or control. Cell
growth was measured using WST-1 reagent (Roche, Basel,
Switzerland) as described previously [21].

In vitro tumorigenicity

Anchorage-independent growth was assessed by soft agar
clonogenicity assays. Briefly, cells were detached and plated
in 0.2% agarose with 1% underlay (2x10% cells/5-cm dish).
After | week, media were added over the soft agar. The
medium overlay was changed after 1 week. Colonies greater
than 125 pm were counted after 3 weeks using a calibrated
graticule.

Colony forming activity was assessed by plating 310 per
plate on 60-mm culture dishes and incubated for 24 h. The
cells were then treated with BMS-536924 and were incubated
for 14 days. After air-drying, cells were fixed with methanol
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and stained with Giemsa solution. Colonies containing 50
cells or more were counted.

Measurement of apoptosis

The DNA fragmentation assay was performed as follows: low
molecular weight DNA was extracted with 0.5% Triton X-
100, 10 nM EDTA, and 10 mM Tris-HCI, pH 7.4, treated with
400 pg/ml RNase A and then proteinase K for 1 h at 37°C,
ethanol-precipitated, and subjected to 1% agarose gel electro-
phoresis. The gels were stained with | pg/ml ethidium bro-
mide. Early apoptosis was quantified by staining with
Annexin-V-FITC according to the manufacturer’s protocol
(BD Biosciences) and measured by flow cytometry. Cells
undergoing apoptosis showed an increase in Annexin-V bind-
ing but excluded propidium iodide. TUNEL assays were
performed with in situ apoptosis detection kit (Takara) follow-
ing the manufacturer’s protocol. Caspase-3 colorimetric pro-
tease assay was performed following the manufacturer’s pro-
tocol (Caspase-3 Colorimetric Protease Assay Kit; MBL). In
brief, 3 % 10° cells were lysed in 100 wl of chilled cell lysis
buffer, and total cell lysates (100 pg) were incubated with
4 mM VETD-pNA Substrate (200 M final concentration) at
37°C for | h. Caspase-3 activity was measured by colorimetric
reaction at 405 nm.

First, cancer cells infected with Ad-IGF-IR/dns or Ad-LacZ
were induced with 10 mJ/em” UV light. To assess the efficacy
of IGF-IR/dn on chemotherapy-induced apoptosis, tumor cells
were treated for 24 h with | mM 5-FU or 50 puM cisplatin.

Migration assay

Wounding assays were performed using a modification of the
procedure described by Pennisi et al, [41]. Briefly, six-well
chambers were prepared by scratching registration marks onto
the slide surface. TE] cells (infected with adenoviruses) were
plated, grown normally for 48 h, and starved overnight.- Cells
were cut with a cell scraper, and five images were captured

Table 1 Summary of immunohistochemical expression of IGF-IR

IGF-IR (+)
Normal esophageal mucosa  0/7 0%
Esophageal carcinoma 3157 54%  p =0.0111 (Fisher)
IGF-IR (+)
Squamous cell carcinoma  23/34 68%
Primary sites 1523 65%
Metastasized sites 811 73%
Lymph node 6/9 67%
Skin 22 100%
Adenocarcinoma To8n2 36%
Adenosquamous carcinoma  0/1 0%
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Fig. 2 The effect of IGF-IR on EAC cells. a WST-1 assay showed cell
growth of OE33, 48 h of culture with/without IGFBP3. b Trypan blue
assay showed the number of viable cells. ¢ WST-1 assay revealed cell
proliferation of adenoviruses-infected OE33. d Colony formation assays
showed the effect of IGF-IR/dn and cisplatin on colony formation. e

along the cut surface on an Olympus IX-71S1F-2 microscope
{Tokyo, Japan) using a %20 objective. Additional images were
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OE33 was stimulated for 5 min with ligands in serum-free medium.
Western blotting showed signal transduction. f DNA fragmentation assay
detected UV-induced apoptosis. g Cells were treated for 24 h with
cisplatin. Then, caspase-3 assays were performed

captured 24 h later. For each experiment, the number of mi-
grating cells was counted by two independent observers [41].
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< Fig.5 Apoptotic induction in ESCC. a DNA fragmentation assay showed
UV-induced apoptosis. b Annexin-V assay revealed cthanol (EtOH)-
induced early apoptosis. ¢ Cells were treated with chemotherapy for 24
h. Then, annexin-V assay detected early apoptosis. d TUNEL assay
revealed cisplatin-induced apoptosis. € Caspase-3 assays demonstrated 5-
FU-induced apoptosis. f Annexin-V assay detected early apoptosis in
ESCC cells with several inhibitors or IGF-IR/dn

Statistical analysis

Statistical significance of difference between IGF-IR expres-
sions was determined by Fisher’s exact probability test.

The results of in vitro experiments are presented as means +
SE for each sample. The statistical significance of difference
was determined by one-way ANOVA or two-factor factorial
ANOVA. P values less than 0.05 were considered to indicate
statistical significance.

Results
The expressions of IGF axis in esophageal cancers

In the previous paper, we reported that many ESCC cell lines
express both IGF-IR and IGF-II, but a few cells express IGF-I
[21]. We evaluated the mRNA expression of both IGF-IR and
its ligands in two esophageal adenocarcinoma cell lines using
RT-PCR (Fig. la). Like the control ESCC, TEI, both IGF-IR
and IGF-1I messages were identified. However, none
expressed IGF-1 mRNA. Then, we assessed the protein ex-
pressions of both IGF-IR and InsR using Western blotting
(Fig. 1b). Both receptors were expressed in the two adenocar-
cinoma cell lines, and those expression levels were less than
those of four ESCC lines.

Tissue array data showed that IGF-IR was’ expressed in
cancer tissue more frequently than the normal mucosa (54 and
0%, respectively, p =0.0111; Table 1). The expression of IGF-
IR tended to be lower in EAC compared to ESCC (eight out of
22 primary EAC and 15 of 23 primary EACC). In ESCC, the
IGF-IR expression ratio of metastatic sites tended to be higher,
but not significantly so than that of the primary sites (73 and
65%, respectively).

These results indicate that both ligands and receptors are
expressed in many esophageal carcinomas, implying that the
IGF/IGF-IR axis might play some role in not only ESCC but
also EAC.

The effect of IGF-IR blockade on EAC cell lines
The natural inhibitor of IGFs, IGFBP3, suppressed the growth
of OE33 to a similar level as that observed when they are

cultured in serum-free media (Fig. 2a). Ad-IGF-IR/dn could
reduce in vitro cell growth of both OE33 and OE19 (Fig. 2b).
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WST-1 assay showed that IGF-IR/dn blocked the growth of
OE33 on plastic in a dose-dependent manner (Fig. 2c). IGF-
IR/dn also reduced the number of colonies in a dose-
deperident manner and strengthened the suppressive effect of
cisplatin on colony formation of OE33 (Fig. 2d). Moreover,
silencing IGF-IR by ad-shIGF-IR reduced colony number in a
dose-dependent manner and enhanced cisplatin-induced sup-
pression of colony formation in OE33 tumor cells.

Signaling analysis by Western blotting showed that ad-
IGF-IR/dn could block both IGF-I- and IGF-Il-induced phos-
phorylation of Akt in OE33 (Fig. 2e). IGF-IR/dn also reduced
phosphorylation of both ERKs and S6. IGF-IR/dn could block
des(1-3)IGF-1 induced downstream signal transduction but
not insulin-derived signals.

DNA fragmentation assays showed that IGF-IR/dn induced
apoptosis in OE33 (Fig. 2f). In addition, IGF-IR/dn could
enhance UV-induced apoptosis in OE33. The results were -
confirmed in another EAC cell, OE19. Moreover, ad-shIGF-
IR showed almost the same effect as ad-1GF-IR/dn in both cell
lines. Caspase-3 assays revealed that IGF-IR/dn up-regulated
cisplatin-induced apoptosis in both OE33 and OE19 (Fig. 2g).

The results indicate that blockade of IGF-IR suppressed growth
and colony formation and induced apoptosis in EAC cells.

The eftect of IGF-IR/dn on ESCC cell growth

In the previous report, we showed the effects of IGF-IR/dn
mainly for the ESCC cell line, TE!, so here we assessed the
effect of IGF-IR blockade on several other ESCC cell lines as
well [21].

IGF-BP3 suppressed proliferation of TE! cultured in con-
ditioned media with serum (Fig. 3a). The cell growth was
markedly suppressed in the media without serum and IGF-I
partially overcame this suppression. IGF-IR/482st suppressed
in vitro growth of other ESCC cell lines, TE8, T.T, and T.Tn,
in addition to TE1 (Fig. 3b). In every cell line, IGF-IR/dn was
the most effective for growth suppression among tested inhib-
itors, wortmannin, LY294002, PD98059, and SB203580.

Soft agar assays revealed that IGF-IR/482st inhibited in vitro
tumorigenicity in three ESCC cells: TE8, T.T, and T.Tn
(Fig. 3¢). In addition to IGF-IR/482st, another dominant nega-
tive, IGF-IR/950st, suppressed the carcinogenicity of T.Tn.
Colony formation assays showed that IGF-R/482st suppressed
colony formation in a dose-dependent manner (Fig. 3d).

IGF-IR/dn blocked signal transduction in ESCC cell lines

Both IGF-I and IGF-II could induce phosphorylation of Akt-1
inboth TE! and TES cells (Fig. 4a). Effective concentrations of
IGF-1 were from 5 to 100 ng/ml, and IGF-II was also effective
from 5 to 100 ng/ml. In both cell lines, 5 ng/m! IGF-I and 10
ng/ml IGF-1I resulted in the activation of Akt-1 in 2.5 to 20 min
(Fig. 4b).
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Both Akt-1 and ERKs were phosphorylated by the ligands,
IGF-1 and IGF-II, in TE8 infected with control virus; however,
Akt activation was blocked in the cells infected with IGF-IR/482st
(Fig. 4¢). The same results were observed in the other cell lines,
TEL T.T. and T.Tn (Fig. 4d-f). In the latter two cell lines, IGF-IR/
482st inhibited the ligand-induced phosphorylation of S6. In
T.Tn, des(1-3)IGF-I phosphorylated both downstream of Akt-1
and ERKs (Fig. 4g). In addition to IGF-IR/482st, [GF-IR/950st
blocked phosphorylation of Akt-1 but not ERK in T.Tn.

Up-regulation of apoptotic induction on ESCC cell lines
by IGF-IR/dn

DNA fragmentation assays revealed that the expression of IGF-
[R/dn induced up-regulation of UV-induced apoptosis in TES
(Fig. 5a). Annexin-V assays showed that IGF-IR/dn up-
regulated 10% ethanol-induced early apoptosis in three cell
lines, TE8, T.T, and T.Tn (Fig. 5b). Moreover, 1GF-IR/dn
increased apoptosis induced by both chemotherapies (cisplatin
and 5-FU) in both TE8 and T.Tn (Fig. 5¢). TUNEL assays
confirmed the result that IGF-IR/482st enhanced cisplatin-
induced apoptosis in both TE8 and TE! (Fig. 5d). Both 1GF-
[R/482st and IGF-IR/950st up-regulated 5-FU-induced apopto-
sis in TES as detected by caspase-3 assays (Fig. 5e).

Both PD98059 and SB203580 up-regulated 5-FU-induced
apoptosis in TES but wortmannin could not, as detected by
annexin-V assays {Fig. 5). Three inhibitors, wortmannin,
LY294002, and SB203580, enhanced 10% ethanol-induced
early apoptosis in T.Tn, but PD98059 did not.

The effect of IGF-IR on the migration of ESCC cell lines

T.T cells exhibited high mobility when cultured on plastic in a
conditioned medium, but migration was reduced when these
cells were cultured without serum (Fig. 6a). IGF-I stimulated
the mobility of T.T in a dose-dependent manner, and IGFBP-3
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reduced the migration ability of T.T cultured in conditioned
media with FCS. The results indicated that the IGF/IGF-IR
axis might play a part in the mobility of ESCC.

Both IGF-IR/dns suppressed the migration of T.T signifi-
cantly (Fig. 6b). Moreaver, both forms of IGF-IR/dn reduced
the mobility of the other two cell lines, TES and T.Tn.

The effect of BMS-536924 for both types of esophageal
carcinoma

The IGF-IR/InsR inhibitor, BMS§-536924, blocked IGF-I-
induced IGF-IR anto-phosphorylation and its down-stream
signals, pAkt and pERKSs, in an ESCC cell, TES (Fig. 7a).
The same results were detected in an EAC cell, OE33. Com-
pared to IGF-IR/dn, BMS-536924 could also block the phos-
phorylation of ERKs clearly in both cell lines.

BMS-536924 inhibited insulin-induced InsR autophospho-
rylation and activation of not only Akt but also ERKs in both
cell types (Fig. 7b), unlike IGF-IR/482st and IGF-IR/950st.

The kinase inhibitor suppressed colony formation of TES
completely and blocked that of OE33 in a dose-dependent manner
(Fig. 7¢). Caspase-3 assay showed that BMS-536924 enhanced
5FU-induced apoptosis in a dose-dependent manner (Fig. 7d).

The results indicate that IGF-IR target therapy might be a
candidate strategy for both types of esophageal carcinomas.

Discussion

We show here that EAC cell lines express both IGF-II and
IGF-IR, but not IGF-1, similar to ESCC. We also showed that
[GF-IR was expressed in metastatic deposits in addition to the
primary ESCC tumors. EAC expressed IGF-IR but tended to
do so less frequently than ESCC. These results are compatible
with the recent report in which higher IGF-IR protein expres-
sions were observed in ESCC cells compared with EAC cells
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Fig. 6 The effect of IGF axis on migration of ESCC assessed by wounding assays. a TT cells were cultured with or without FBS + IGF-1 for 24 h and

were cultured with/without IGFBP3. b Migration assay was performed for
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Fig. 7 The effect of BMS-536924 on both ESCC, TES and EAC, OE33.
a After the cell was cultured with several amounts of BMS-536924, cells
were stimulated for 5 min with IGF-1. Then Western blotting was
performed. b After BMS-536924 treatment, the cells were stimulated

[22]. IGF-IR expression could also be useful as a novel
prognostic marker for EAC [42]. Thus, IGF-IR might be a
therapeutic target for many esophageal carcinomas.

In our previous study, we demonstrated that the IGF-IR
axis is not only frequently overexpressed in ESCC and is
associated with poor outcome but that it is also an exciting
potential target for therapeutic intervention in this specific
disease [21]. One of the possible mechanisms of IGF-IR
overexpression in ESCC is that the miR-375 is downregulated
by promoter methylation as miR-375 has a strong tumor-
suppressive effect through inhibiting the expression of IGF-
IR [43].
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for 5 min with insulin. ¢ Colony formation assay revealed that this
inhibitor reduced the number of colonies. d Caspase-3 assay revealed
3-FU-induced apoptosis

In this study, ad-IGF-IR/dn suppressed in vitro tumorige-
nicity. survival, and migration of both ESCC and EAC cells
and also enhanced chemotherapy-induced apoptosis. In sev-
eral cell lines representative of the two esophageal cancer
subtypes (that express different patterns of IGF-IR and IGF
ligand expression), the effects of ad-IGF-IR/dns were very
similar, suggesting that IGF-IR targeting might have thera-
peutic potency for a variety of patients with esophageal carci-
nomas. This is also supported by the results from the multiple
different inhibitors used in this study: IGF-IR/dns, shIGF-IR,
and BMS-536924 all showed tumor-suppressive effects for
esophageal carcinomas.
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