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We evaluated the influence of the cancer microenvironment formed by peritoneal

invasion (CMPI) on clinical findings in colon cancer patients. In addition to the

association with poor prognosis, we discovered a relationship with bowel

obstruction. Detailed analysis revealed that clinical findings related to bowel

obstruction occurred more frequently in patients with an elevated type tumor,

which had peritoneal elastic laminal elevation to the tumor surface, compared to

those with non-elevated type tumors among those with elastic laminal invasion

(ELI). Lateral tumor spread and increase of tumor annularity rate in ELI-positive

elevated type cases suggested the morphological progression from ELI-positive

non-elevated type to elevated type. In addition, a-smooth muscle actin expres-

sion was the highest in ELI-positive elevated type, and prominent expressions

were found not only in the deep tumor area but also in the shallow tumor area.

Furthermore, contraction assays revealed the robust contractile ability of subperi-

toneal fibroblasts stimulated by cancer cell-conditioned medium. Our findings

suggest that CMPI spread into the luminal side of the colonic wall along with

tumor progression, which caused bowel obstruction through the activation of

subperitoneal fibroblasts. However, although the clinical outcome was not differ-

ent between the two types, the clinical findings were affected by the spread of

CMPI. We are the first to explore how the alteration of the tumor-promoting

microenvironment, along with tumor progression, contributes to the develop-

ment of clinical findings.

C olorectal cancer (CRC) is one of the most frequent malig-
nancies in the world.(1–3) The majority of patients with

early stage CRC have no symptoms and their cancers are often
detected during colorectal screening. However, in spite of the
development of the screening system, there are still many
patients whose cancers are diagnosed in an advanced stage
with clinical findings such as melena, abdominal pain, or
obstruction.(4,5) Clinical findings related to CRC are caused by
tumor growth into the intestinal lumen and tumor invasion to
the adjacent organs, therefore the development of clinical find-
ings typically occurs in relatively advanced stage CRC. Never-
theless, not all patients with advanced stage CRC experience
clinical findings. For instance, patients with an apple-core
lesion on barium enema examination do not always show
obstructive symptoms and there may be no difficulty in pas-
sage of the colonoscope despite a typical annular severe stric-
ture formation. Thus, the relationship between clinical findings
and tumor progression remains unclear.
Recently, peritoneal elastic laminal invasion (ELI) was

reported to be a strong prognostic factor in colon cancer
(CC).(6–8) Furthermore, we reported that the cancer microen-
vironment formed by the peritoneal invasion (CMPI)

promoted tumor progression and metastasis through the inter-
action between subperitoneal fibroblasts (SPFs) and cancer
cells.(9) Peritoneal tissue is one of the final layers of the
colonic wall, so ELI occurred in advanced stage CC. In
addition, marked morphological and pathological alterations
were observed in tumor tissues after ELI. Therefore, ELI,
and CMPI formed after ELI, may cause CC-related clinical
findings. In this study, we aimed to evaluate how the forma-
tion of the tumor microenvironment, such as CMPI, could
change the characteristics of the tumor tissue, and whether it
could affect clinical findings. Using detailed morphometrical
and biological investigation, we evaluated the interaction
between SPFs and cancer cells within CMPI in colonic
obstruction.

Materials and Methods

Patient selection and follow-up. A total of 205 patients with
pT3 and pT4a CC who underwent curative surgery at the
National Cancer Center Hospital East (Kashiwa, Japan)
between January 2007 and December 2010, were retrospec-
tively evaluated (Fig. 1). Demographics, clinical symptoms
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and treatments, serum data, colonoscopy findings, and histo-
pathology and prognostic outcome data for the patients were
recorded. Clinical symptoms included abdominal pain,
abdominal distension, and vomiting. Treatment of bowel
obstruction, including fasting and infusion or decompression
with an ileus tube, was carried out according to the severity
of the patient’s condition. No passage of colonoscope was
defined as the inability of an experienced endoscopist to pass

a thin scope (φ11.5 mm) beyond a tumor site to the oral-
sided colon, and was recorded as one of the features of
bowel obstruction.
All cases were reclassified based on the 7th edition of the

Union for International Cancer Control TNM staging sys-
tem.(10) We did not categorize isolated tumor deposits as
lymph node metastases to evaluate independently. Follow-up
after surgery was carried out in all patients and was comprised

Fig. 1. Flow diagram of the study of colon cancer
patients with pT3 and pT4a disease who underwent
curative surgery between January 2007 and
December 2010. *At least one of the criteria (i–v)
was met.

(a) (d)

(b) (e)

(c) (f)
Fig. 2. Two types of elastic lamina invasion (ELI)-
positive cases of colon cancer. ELI-positive cases
were divided into elevated type (a) and non-
elevated type (d) based on whether or not the
peritoneal elastic lamina (PEL) was elevated to
the surface by more than half the distance of the
tumor invasion. H&E staining (b, 920) and elastica
staining (c, 920) of the elevated type. H&E staining
(e, 920) and elastica staining (f, 920) of the non-
elevated type. Red line represents PEL (a, d). Arrow
heads indicate cleft (b, c). Arrows indicate PEL (c, f).
MP, muscularis propria; T, tumor.
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of serum tumor marker measurement every 3 months and chest
and abdominal computed tomography (CT) every 6 months for
the first 3 years, then every 6 months for the next 2 years. All
patients were followed up from the date of surgery to the last
contact (death or last follow-up). Metastasis and local recur-
rence were considered as tumor recurrence, and the final diag-
nosis was made by imaging (CT, magnetic resonance imaging,
and ⁄ or PET-CT), cytology, or biopsy.
Written informed consent for tissue collection and use for

research was obtained. The conduct of the study was approved
by our local ethics committee (National Cancer Center Hospi-
tal; no. 2013-293).

Histopathological analysis. We used the same histopathologi-
cal examination protocol as that used in our previous study.(6)

The resected specimens were fixed in 10% formalin, and the
entire tumor was cut into 5-mm slices. Representative slices
were embedded in paraffin, cut into 3-lm sections and stained
with H&E and elastica stain to evaluate ELI status and lym-
phovascular invasion. Because of discrimination of the perito-
neal elastic lamina (PEL) from the retroperitoneal fascia, we
confirmed the continuity from the PEL found at the other area
of colonic wall. Therefore, we undertook elastica stain on at
least one whole slice where the tumor was closest to the peri-
toneal surface. The median numbers of H&E and elastica
stained sections were 8.0 (range, 2–27) and 5.0 (range, 2–16),
respectively.
Cases with tumor invasion beyond the PEL were defined as

ELI-positive. First, we divided patients into ELI-positive and
ELI-negative cases to identify the difference of clinical fea-
tures based on the ELI status. Additionally, ELI-positive cases
were divided into elevated type or non-elevated type. Cases
with the PEL elevation to the surface of more than half the
distance of the tumor invasion were regarded as ELI-positive
elevated type (Fig. 2). Then, the association between the clini-
copathological findings and the three tumor types (ELI-nega-
tive, ELI-positive non-elevated type, and ELI-positive elevated
type) were assessed.

Azan staining, immunohistochemistry, and computer-assisted

image analysis. Two consecutive sections of 4-lm thick slices
were obtained from paraffin-embedded blocks, which included
all layers of the intestinal wall and tumor area with the deep-
est infiltration. One section was used for immunohistochemi-
cal a-smooth muscle actin (a-SMA) staining (9200, clone
1A4; Dako, Carpinteria, CA, USA) and the other for Azan
staining. Immunostaining was carried out using an autostainer
(Ventana Benchmark; Roche Diagnostics, Tokyo, Japan), as
described previously.(9) High-resolution slide images from
each H&E, a-SMA, and Azan stained section were obtained
using a Nano Zoomer 2.0-HT slide scanner (Hamamatsu Pho-
tonics, Hamamatsu, Japan). All sections were examined using
viewer software (NDP View; Hamamatsu Photonics). We
divided the tumor area into two equal parts of shallow and
deep areas. Five fields with the highest a-SMA and Azan
expressions were randomly selected from the shallow and
deep layer of each tumor (a total of 10 fields per specimen).
Then, images of 940 magnification (0.59 mm2) were saved
as JPEG files. The ratios of the a-SMA and Azan positive
area in the images were calculated using morphometric soft-
ware (WinRoof; Mitani, Fukui, Japan), as described previ-
ously.(9)

Cell cultures and cell lines. Both SPFs and submucosal fibro-
blasts (SMFs) were obtained from normal sigmoid colon tissue
of three patients operated on for sigmoid CC as described pre-
viously.(9) The samples were routinely maintained in MF-med-

ium (Toyobo, Tokyo, Japan) at 37°C in a humid atmosphere
containing 5% CO2.
The human colonic cancer cell line DLD-1 was obtained

from ATCC (Manassas, VA, USA), and maintained in DMEM
(Sigma-Aldrich, St. Louis, MO, USA) containing 100 U ⁄mL
penicillin and 100 lg ⁄mL streptomycin (Sigma-Aldrich) and
10% FBS (Gibco, Palo Alto, CA, USA).

Preparation of cancer cell-conditioned medium. Cancer cell-
conditioned medium (CCCM) from DLD-1 was obtained as
described previously.(9) Initially, 1.7 9 104 ⁄ cm2 of DLD-1
was grown in maintained medium for 48 h, and then starved
in DMEM for 24 h. The medium was removed and used as
CCCM.

Collagen gel contraction assay. A standard kit assay was used
to investigate the difference of contractile ability in fibroblasts
(Cell Biolabs, San Diego, CA, USA).(11) Briefly,
1.0 9 105 ⁄mm3 fibroblasts were mixed with a cold collagen
gel solution, then 0.5 mL fibroblast–collagen mixture was
added per well in a 24-well plate, and incubated for 1 h at

Table 1. Clinical characteristics according to elastic laminal invasion

(ELI) status in patients who underwent primary resection for pT3 and

pT4a colon cancer (n = 205)

ELI(�)

n = 113

ELI(+)

n = 92
P-value

Age, years

Median (range) 68 (24–90) 64 (38-89) 0.051

Sex

Male 51 46 0.488

Female 62 46

Body mass index, kg ⁄m2

Median (range) 23.3 (16.2–34.2) 22.5 (14.5–39.3) 0.141

Total protein level, g ⁄ dL
Median (range) 6.8 (5.4–7.9) 6.8 (5.2–7.9) 0.886

Albumin level, g ⁄ dL
Median (range) 4.1 (2.4–4.8) 4.0 (2.7–5.0) 0.821

C-reactive protein level, mg ⁄ dL
Median (range) 0.10 (0.01–6.46) 0.12 (0.01–5.10) 0.867

White blood cell count, ⁄mm3

Median (range) 5700 (3200–11 800) 5850 (3200–12 000) 0.571

Neutrophil count, ⁄mm3

Median (range) 3429 (1728–8626) 3485 (1141–9821) 0.551

Lymphocyte count, ⁄mm3

Median (range) 1693 (776–3493) 1736 (773–5064) 0.758

Hemoglobin concentration, g ⁄ dL
Median (range) 12.7 (6.9–17.7) 12.7 (7.6–16.7) 0.712

CEA level, ng ⁄mL

Median (range) 3.6 (0.6–358.9) 3.4 (0.7–197.0) 0.401

Tumor location

Right 40 22 0.193

Transverse 17 18

Left 56 52

Abdominal symptoms

+ 25 34 0.020

� 88 58

Passage of colon colonoscope†

+ 91 50 <0.001

� 19 41

Treatment of bowel obstruction

+ 2 11 0.003

� 111 81

CEA, carcinoembryonic antigen. †Four patients were missing data.
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37°C. After the gel polymerization, 1 mL DMEM containing
100 U ⁄mL penicillin, 100 lg ⁄mL streptomycin, and 10% FBS
was added and incubated for 24 h. Next, the medium was
removed from the plate, and CCCM was added to three wells
of each fibroblast type. As a control, serum-free DMEM was
added to another three wells. Twenty-four hours later, each gel
was gently released from the sides of wells, and pictures were
taken another 48 h later. The area of the gel was measured
using morphometric software (WinRoof; Mitani), and the con-
traction rate was obtained by the division of the gel area with
CCCM stimulation by the initial gel area.

Statistical analysis. Differences in the clinicopathological fea-
tures between ELI-positive and ELI-negative cases were
assessed using Fisher’s exact test and the Mann–Whitney U-
test; a-SMA and Azan positive area ratios were compared
using Student’s t-test.
Recurrence-free survival (RFS) was defined as the time that

elapsed between the date of surgery and any relapse or the last
contact. Kaplan–Meier survival curves were plotted and com-
pared using the log–rank test.
All statistical analyses were carried out using SPSS 22 (SPSS,

Chicago, IL, USA). All P-values were reported as two sided,
and statistical significance was defined as P < 0.05.

Results

Association between clinical characteristics and ELI status. In
the dataset, 92 patients (44.9%) were identified as ELI-posi-
tive. Serum data, nutritional status, level of tumor marker, and
tumor location were not associated with ELI status (Table 1).
However, patients with ELI-positive tumors more frequently
complained of clinical symptoms and required treatment for
bowel obstruction. No passage of the colonoscope was also
found more frequently in ELI-positive cases. For a detailed
analysis, dividing ELI-positive cases into two types, clinical
findings related to bowel obstruction were found more fre-
quently in the ELI-positive elevated type than in the ELI-posi-
tive non-elevated type cases (Fig. 3). Furthermore, patients
with ELI-positive elevated type tumors required more treat-
ment for bowel obstruction compared to patients with ELI-neg-
ative or ELI-positive non-elevated type tumors.

Association between histopathological characteristics and ELI

status. Thirty-eight percent of patients with pT3 disease
(n = 70) and all patients with pT4a disease (n = 22) were
ELI-positive. Histopathological findings by tumor type are
shown in Table 2. Thin ulcers and thickening under the mus-
cular layer were identified as morphological changes associated
with an ELI-positive state. The ELI-positive type was also sig-
nificantly associated with an invasive infiltrating pattern, a
higher pathological nodal stage, a high budding grade, a high
lymphovascular invasion grade, and a high perineural invasion
grade; features that are related to tumor malignancy. Further-
more, tumor size and annularity rate significantly increased in
the ELI-positive elevated type cases. These clinicopathological
results suggested that elevation of PEL was associated with
bowel obstruction and occurred in parallel with tumor progres-
sion.

Association between fibrosis and ELI status. Fibrosis in CRC
is associated with bowel obstruction.(12–14) Therefore, we
quantitatively assessed fibrosis in tumor tissue using morphom-
etry on Azan and a-SMA staining, which was evaluated by
tumor type.
The a-SMA expression was higher in order of ELI-positive ele-

vated type, ELI-positive non-elevated type, and ELI-negative

cases (Fig. 4a,b). An increase of a-SMA positive area ratio was
strongly associated with ELI status, and it was observed not only
in the deep tumor area but also in the shallow tumor area. Further-
more, there was a significant difference in the ratio between ELI-
positive elevated type and ELI-positive non-elevated type, espe-
cially in the shallow tumor area. In the Azan stain, the fibrosis
area was also higher in ELI-positive cases than in ELI-negative
cases, but the ratio was not different between ELI-positive ele-
vated type and ELI-positive non-elevated type (Fig. 4a,c).

Association between prognosis and ELI status. The median
follow-up was 4.3 years (range, 0.3–6.6 years). The 3-year
RFS rates for ELI-negative and ELI-positive patients were
95.4% and 74.9%, respectively, and the log–rank analysis
revealed a statistically significant difference (P < 0.001;
Fig. 5a). However, the 3-year RFS rates for ELI-positive non-
elevated type and ELI-positive elevated type were 72.2% and
76.7%, respectively, and there was no significant difference
between these two types among ELI-positive patients
(P = 0.340; Fig. 5b).

Contractile ability of SPFs. To estimate the contribution of
SPFs to bowel obstruction, contraction assays were carried out
and contractile abilities were compared with those of SMFs.

(a)

(b)

(c)

Fig. 3. Incidence rates of clinical findings by colon cancer tumor
type. Clinical findings included abdominal symptoms (a), no passage
of the colonoscope (b), and treatment of bowel obstruction (c). Tumor
types were divided into elastic lamina invasion (ELI)-negative type,
elevated type ELI-positive cases, and non-elevated type ELI-positive
cases.
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The response to CCCM stimulation was significantly higher in
SPFs than in SMFs (Fig. 6).

Discussion

In this study, we investigated two types of ELI-positive tumors
and first detected the progression-dependent elevation of PEL
that was associated with bowel obstruction. Elevation of PEL
implied a spread of CMPI toward the luminal surface, and fur-
ther investigation suggested that the activation of SPFs, which
normally reside in the subperitoneal outer area of the colonic
wall, contributes to obstruction of the bowel. We have reported
that CMPI contributes to tumor progression and metastasis
through the interaction of SPFs and cancer cells. Tumors were
known to form heterogeneous microenvironments and some of

these, including CMPI, promote tumor progression and metas-
tasis.(15–18) However, a progression-dependent alteration of
such a tumor microenvironment has not been investigated. In
this study, we revealed that a progression-dependent spread of
the tumor microenvironment to the shallow layer of the tumor
tissue resulted in reduced bowel patency. Our findings first
suggest that the tumor-promoting microenvironment can con-
tribute not only to tumor progression or metastasis, but also to
the deterioration of clinical findings.
The cancer microenvironment consists of a heterogeneous

type of stromal cells, and fibroblasts are one of the major
sources.(19) Subperitoneal fibroblasts were reported to be sensi-
tive to CCCM stimulation, and the upregulation of contrac-
tion-associated genes, including a-SMA, by CCCM was one of
the specific features of SPFs.(9) An increase in a-SMA expres-

Table 2. Clinical and histopathological findings by tumor type in patients who underwent primary resection for pT3 and pT4a colon cancer

(n = 205)

1. ELI(�)

n = 113

2. ELI(+)

Non-elevated type

n = 36

3. ELI(+)

Elevated type

n = 56

P-value (1. vs 2.) P-value (2. vs 3.)

Maximum transverse tumor size, cm

Median (range) 4.0 (1.0–10.0) 3.4 (1.0–9.2) 5.0 (2.0–10.5) 0.250 0.003

Maximum longitudinal tumor size, cm

Median (range) 3.5 (1.0–10.0) 3.0 (1.5–8.0) 4.0 (2.0–8.0) 0.153 0.021

Tumor annularity rate, %

Median (range) 63.3 (17.6–100) 53.3 (18.8–100) 100 (28.6–100) 0.512 <0.001

Thickness of ulcer, mm

Median (range) 12.0 (4.0–41.0) 8.0 (4.0–40.0) 9.56 (3.0–26.0) 0.001 0.352

Thickness under the muscular layer, mm

Median (range) 2.5 (0.1–19.0) 3.0 (0.75–46.0) 4.4 (0.25–20.0) 0.058 0.331

Histologic differentiation

Well ⁄moderately 108 33 54 0.298 0.298

Poorly ⁄mucinous 5 3 2

Infiltrating pattern

Expanding 55 4 4 <0.001 0.382

Invasive 58 32 52

Tumor depth

pT3 113 26 44 <0.001 0.486

pT4a 0 10 12

Nodal status

pN0 66 16 24 0.002 0.668

pN1 43 12 23

pN2 4 8 9

Budding grade

Grade 1 87 20 35 0.041 0.187

Grade 2 18 12 10

Grade 3 8 4 11

Tumor deposits

+ 11 6 6 0.197 0.301

� 102 30 50

Lymphatic invasion

+ 50 24 37 0.019 0.953

� 63 12 19

Vascular invasion

+ 64 27 37 0.049 0.364

� 49 9 19

Perineural invasion

+ 24 15 20 0.015 0.566

� 89 21 36

ELI, elastic laminal invasion.
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(a)

(b) (c)

Fig. 4. Association between fibrosis and colon cancer tumor type. a-Smooth muscle actin (a-SMA) staining (940) and Azan staining (940) posi-
tive areas were successfully detected using morphometric software (a). The a-SMA staining positive area ratio is shown by tumor area (shallow
layer, deep layer, and both layers [All]) (b). The Azan staining positive area ratio is also shown (c). Values are mean percentages and those in
parentheses are standard deviation. *P < 0.001.

Cancer Sci | April 2015 | vol. 106 | no. 4 | 471 © 2015 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

Original Article
www.wileyonlinelibrary.com/journal/cas Yokota et al.



sion was found in CC tissue with strictures and enhanced con-
tractile ability of fibroblasts.(20–22) Concordant with these pre-
vious studies, we also found a robust functional contractile
ability of SPFs that seemed to be associated with the bowel
obstruction. In addition, the spread of CMPI may contribute to
the development of clinical findings related to bowel obstruc-
tion. However, the spread of this microenvironment did not
deteriorate the patient’s prognosis. Consequently, the tumor
biology would have been already altered by the formation of
CMPI, and the spread of CMPI would lead to alteration of
tumor morphology.
Morphological alteration in the course of tumor progression

has been studied in the early stage of carcinogenesis, as in
adenoma–carcinoma sequences and de novo cancer. However,
there were few studies on the morphological alteration that
accompanied the progression of advanced tumor. Recently, we
have reported the morphological alteration associated with
ELI-positive type invasion.(6) Further detailed analysis in this
study revealed that the elevation of the PEL was strongly asso-
ciated with lateral tumor spread and the resulting increase in
tumor annularity rate, which suggested that the spread of
CMPI caused morphological alteration. Based on these find-
ings, we propose a model of the morphological alteration that
accompanies progression of advanced CC (Fig. 7).
Understanding stromal events may be helpful in the treat-

ment of CRC. More recent research suggests that tumor stroma
might be a good target for therapeutic interventions, in particu-
lar chemotherapy.(15) For example, it was reported that treat-

ment of pancreatic cancer with nab-paclitaxel reduced the
number of cancer-associated fibroblasts in the cancer stroma
and improved the response to chemotherapy.(23) Twenty-five
percent of patients with uncomplicated CRC with unresectable
distant metastasis who underwent chemotherapy required palli-
ative intervention such as bypass surgery, colonic stent, and
palliative resection; approximately 80% of these interventions
were due to colonic obstruction.(24) We speculate that treat-
ment for tumor stroma improves bowel patency, thereby avoid-
ing stent placement or palliative surgeries that are required for
bowel obstruction. Treatments for tumor stroma may be effec-
tive in treating patients with unresectable primary CRC to
avoid invasive palliative procedures.
The limitation of our study is that there is a difference in

the number of H&E and elastica stained slides examined in
each case, because we could not adopt the protocol with a pre-
defined number of blocks and sections due to the priority on
clinical diagnosis. This might cause a bias in the classification
of tumor types.

(a)

(b)

Fig. 5. Kaplan–Meier curves depicting recurrence-free survival of 205
patients who underwent primary resection for pT3 and pT4a colon
cancer. (a) Patients were stratified according to elastic laminal inva-
sion (ELI) status. Blue line, ELI-negative cases; red line, ELI-positive
cases. (b) Patients were divided into three tumor types. Blue line, ELI-
negative type; green, non-elevated type ELI-positive cases; yellow line,
elevated type ELI-positive cases.

(a)

(b)

Fig. 6. Contraction assays using submucosal fibroblasts (SMFs) and
subperitoneal fibroblasts (SPFs). Gels containing SMFs or SPFs were
compared by the presence or absence of cancer cell-conditioned med-
ium (CCCM). (a) Pictures of each gel were taken 48 h after release of
each gel from the sides of wells. (b) Contraction rate is shown by bar
graph indicating the average value of three gels.
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In conclusion, the tumor-promoting microenvironment of
CMPI spread into the luminal side of the colonic wall after
ELI, and caused bowel obstruction through activation of SPFs.
The clinical outcome was affected by CMPI formation, and
clinical findings were affected by the spread of CMPI. We are
the first group to show that the tumor-promoting microenviron-
ment can spread in the course of tumor progression and can
influence physical findings.
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propria; T, tumor.
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