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Purpose: We evaluated the relationship of cancer-associated fibroblasts (CAFs) and desmoplastic reactions with cancer
invasiveness and long-term outcomes in patients with colorectal cancer (CRC).

Methods: Histologic evaluation of mature CAFs and desmoplasia was performed by observing the collagen fiber structure
and fibroblast cytomorphology in the intratumoral stroma and invasive front of CRC tissues. Cancer-cell invasiveness was
evaluated using lymphatic invasion, vascular invasion, perineural invasion, tumor budding, and tumor growth patterns.
Overall survival and systemic recurrence were analyzed. A network analysis was performed between CAF maturation,
desmoplastic reaction, and cancer invasiveness.

Results: The proportions of mature CAFs in the intratumoral stroma and the invasive front were 57.6% and 60.3%, re-
spectively. Epidermal growth factor receptor (EGFR) overexpression was significantly higher in the mature CAFs in the
invasive front as compared to immature CAFs. Lymphatic invasion increased as the number of mature fibroblasts in the
intratumoral stroma increased. Tumor budding was observed in almost half of both mature and immature stroma samples
and occurred more frequently in infiltrating tumors. On network analysis, well-connected islands were identified that was
associated with EGFR overexpression, CAF maturation, and infiltrating tumor growth patterns leading to tumor budding.
Conclusion: The maturity of CAFs and desmoplastic reactions were associated with cancer invasion. However, the cyto-
morphologic characteristics of CAFs were insufficient as an independent prognostic factor for patients with CRC.
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worldwide. Early diagnosis and treatment of patients with
colorectal cancer have improved the survival rate, but 60% of pa-
tients with colorectal cancer still have metastasis to the liver or
lung [1]. Metastasis is a multistep process that requires changes in
tumor cell biology. However, recent findings on the tumor micro-
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environment have shifted the paradigm, and we now know that
the host response plays a significant role in this process. During
cancer invasion and metastasis, cancer cells are affected by vari-
ous cells in the tumor microenvironment [2]. Moreover, a variety
of histologic reactions can occur around the tumor.

Fibrosis is a normal reaction that occurs during wound healing,
and regions of mature fibrosis with dense collagen fibers are ex-
pected to act as barriers to inhibit the spread of cancer cells. The
desmoplastic reactions around the tumor can show a histological
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structure similar to wound healing and has been reported as a fa-
vorable prognostic factor in patients with colorectal cancer [3, 4].
However, immature desmoplastic reactions are histologically sim-
ilar to keloid scars and can promote tumor infiltration, indicating
an undesirable prognosis [5, 6]. Cancer-associated fibroblast
(CAF) activity, regulated by various growth factors from cancer
cells, was recently found to promote cancer cell metabolism, pro-
liferation, and metastasis [7-10]. Activated fibroblasts produce
abundant collagen fibers to form high-density fibrosis around
cancer cells, and fiber contraction with increasing tumor stiffness
can promote cancer cell invasion [11-14]. Experimental studies of
CAF activation and cancer invasion have raised questions that are
still not fully understood. Thus, to date, only few studies have di-
rectly assessed the effects of CAFs and the desmoplastic responses
on cancer invasion in pathologic tissues from patients with colon
cancer. Thus, the purpose of this study was to evaluate the rela-
tionships of CAFs and desmoplastic reactions to cancer invasive-
ness and long-term oncologic outcomes in patients with colorec-
tal cancer.

METHODS

Patients and methods

We randomly selected 151 patients from a prospectively recorded
cohort of colorectal cancer patients who underwent a follow-up
of 3 years or longer. This study was conducted after receiving the
approval of the Institutional Review Board (approval number: 05-
2016-097) of the Pusan National University Yangsan Hospital.
Written informed consent was obtained from all patients included
in this study.

Clinicopathologic characteristics and survival data were col-
lected through outpatient records and telephone visits. Clinical
factors included age, gender, body mass index, serum carcinoem-
bryonic antigen (CEA), and colon obstruction. Pathologic factors
included tumor size, pathologic TNM stage, and cancer cell dif-
ferentiation. Tumor size was measured in the 2 dimensions of the
formalin-fixed tumor. TNM staging was classified according to
the criteria of the 7th edition of the American Joint Committee
on Cancer [15]. The 3-tier system of well (G1), moderate (G2)
and poor (G3) differentiation was applied according to World
Health Organization histologic grade.

Molecular biological factors, such as cytoplasmic CEA accumu-
lation, p53 accumulation in the cancer cell, epidermal growth fac-
tor receptor (EGFR) overexpression, K-ras proto-oncogene (KRAS)
mutation, B-raf proto-oncogene (BRAF) mutation, and microsat-
ellite instability (MSI), were assessed. EGFR (mouse monoclonal
antibody, clone: E30, M7239, DAKO, Glostrup, Denmark), CEA
(mouse monoclonal antibody, clone: II-7, DAKO), and p53
(mouse monoclonal antibody, clone: DO-7, NCL-L-p53-DO7,
Novocastra, Newcastle upon Tyne, UK) were identified by immu-
nohistochemical staining. EGFR expression was considered posi-
tive when it was recognized in more than 10% of the cancer cells.
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Cytoplasmic CEA accumulation was considered positive in cases
where more than 10% of the tumor cells showed cytoplasmic
staining. Nuclear accumulation of p53 was considered positive
when it was recognized in more than 10% of the tumor cells.
KRAS (exon 12 and 13) and BRAF (exon v600E) mutations were
detected by using the quantitative real-time reverse transcription
polymerase chain reaction with paraffin block tissue [16]. MSI-
high was defined as instability in at least 2 of the 5 microsatellite
loci, MSI-low as instability in only one locus, and microsatellite
stable as instability in no loci.
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Maturation of desmoplasia and fibroblasts

Hematoxylin & eosin (H&E) staining was used to assess the mat-
uration of desmoplasia and fibroblasts. H&E staining was also
used to evaluate the morphology of stromal cells and the extracel-
lular matrix to classify the histologic changes in the tumor stroma.
Stromal response to cancer cells was classified according to the
dominant characteristics of stromal tissue. Tissue in which a col-
lagen structure and fibroblasts were predominantly distributed in
the tumor matrix was classified as a desmoplastic reaction, and
tissue in which inflammatory cells predominated as an inflamma-
tory reaction. If mucous accounted for more than 50% of the
stroma, this was defined as a mucinous reaction. Histologic evalu-
ations for desmoplasia and fibroblast maturation were performed
by observing the collagen fiber’s structure and fibroblast cytomor-
phology. Mature stroma was composed of elongated collagen fi-
bers and spindle-shaped fibroblasts, and immature stroma was
composed of keloid-like collagen bundles and plump fibroblasts.
CAF maturity was categorized according to the cytomorphologi-
cal characteristics. Thin, wavy spindle cells were classified as ma-
ture CAFs, and large fibroblasts with plump nuclei were classified
as immature CAFs (Fig. 1). The maturity of the desmoplastic re-
action was measured at the intratumoral stroma and the invasive
front and was classified according to the report of Ueno et al. [3].

Evaluation of cancer invasiveness

To evaluate the invasiveness of cancer cells, we examined the T
status, N status, lymphatic invasion, vascular invasion, perineural
invasion, tumor budding, and tumor growth pattern (expanding
or infiltrating type). Lymphatic invasion was identified by the
presence of tumor cell clusters in endothelial lined spaces without
a muscular coat. Vascular invasion was defined as tumor cell clus-
ters in spaces with muscular coats. Perineural invasion was de-
fined as cancerous cells spreading to the space surrounding a
nerve. Tumor budding was defined as a cluster with a single cell
or with 1 to 5 cells in the stroma around the tumor. Tumor bud-
ding was evaluated in 10 high power fields (HPFs) at high magni-
fication (x40) and was stratified as grade 1 (0-4/10 HPF), grade 2
(5-9/10 HPF), grade 3 (10-19/10 HPF), and grade 4 (>20/10
HPF). Cases with tumor budding of grades 3-4 (=10/10 HPF)
were considered positive [17]. Tumor growth patterns were classi-
fied into the expanding type, which grows by pushing the sur-
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Fig. 1. Histological categorization of desmoplastic reactions and cancer-associated fibroblast (CAF) maturation. (A) Mature desmoplasia is
composed of elongated collagen fibers and spindle-shaped CAF cells. (B) Immature desmoplasia is composed of myxoid components, keloid-
like collagen bundles, and large plump CAFs (H&E, x40).

rounding stroma, and the infiltrating type, which grows by pene-
trating the stroma. Two pathologists reviewed the pathologic
slides independently. When they had different views, they dis-
cussed and reevaluated the slides together. All pathological evalu-
ations were performed using blinded clinical information.

Patient follow-up

We analyzed survival data and systemic recurrence of colorectal
cancer patients during a follow-up of 3 years or longer. All pa-
tients underwent postoperative surveillance using abdominal and
thoracic computed tomography and CEA measurements every 6
months. When cancer recurred at the site of the primary carci-
noma, it was considered a local recurrence, and metastasis to
other organs, such as the liver and lung, and intra-abdominal dis-
seminated metastasis were considered systemic metastasis.

Statistics and network analysis

Chi-square and Pearson correlation tests were used to evaluate
the correlation between the invasiveness characteristics of colon
cancer and CAF maturation. The Kaplan-Meier method and the
Log-Rank test were used to analyze the long-term oncologic out-
comes. For multivariate analyses, the Cox proportional hazards
model was used with forward stepwise selection. The covariance
input criterion was <0.1, and the elimination criterion was <0.05.
We also performed a network analysis between CAF maturation
and desmoplastic reaction with cancer invasiveness. Network
analyses were performed based on robust Spearman correlation
(rho) measures for all collected parameters. The depth of each
node indicates the number of edges. Positive (rho <0.2) and nega-
tive (rho <-0.2) associations are represented as blue and red lines,
respectively. Network visualization was conducted on the Gephi
platform [18]. IBM SPSS Statistics ver. 24.0 (IBM Co., Armonk,
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NY, USA) was used for statistics, and the significance level was P <
0.05.

RESULTS

Desmoplastic responses appeared predominantly in the stroma in
78.3% of the colorectal cancer samples. Other histologic responses
were inflammatory and mucinous reactions in 16.4% and 5.3% of
the samples, respectively. The proportion of mature CAFs was
57.6% in the intratumoral stroma and 60.3% in the invasive front.
No significant differences in clinicopathologic factors in cases
with mature and immature CAFs were noted, except for EGFR
expression (Table 1), which was significantly higher when mature
CAFs were found in the invasive front (Fig. 2).

When patients were divided by stage, the incidence of lym-
phatic, vascular, and perineural invasion increased with increas-
ing stage progression. Tumor budding was relatively frequent,
even in the early stage. However, fibroblast maturation and tumor
growth patterns were similar between the tumor stages (Table 2).

The correlation between fibroblast maturation and cancer inva-
siveness factors was analyzed. When mature fibroblasts were
dominant in the intratumoral stroma, lymphatic invasion and ex-
panding tumor growth were significantly more frequent. When
immature fibroblasts prevailed in the invasive front, infiltrating
tumor growth and advanced T status were significantly more
common (Table 3). Tumor budding was observed in almost half
of both groups, although it occurred more frequently in patients
with tumors of an infiltrating type (P = 0.003).

The 5-year overall survival rate was lower in the mature CAF
group than in the immature CAF group, but this difference was
not statistically significant. The survival difference by fibroblast
maturation disappeared when the two groups were compared to
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Table 1. Patient characteristics (n = 151)

- Intratumoral CAF Invasive front CAF
Characteristic
Mature (n = 87) Immature (n = 64) P-value Mature (n = 91) Immature (n = 60) P-value
Clinical factors
Age, >70 yr 6 (29.9) 7 (26.6) 0.655 6 (28.6) 7(28.3) 0.975
Male sex 6 (52.9) 42 (65.6) 0.116 1(56.0) 37 (61.7) 0.493
BMI, >25 kg/m? 30 (34.5) 16 (25.0) 0.211 31(34.1) 5 (25.0) 0.236
Serum CEA, >5 mg/dL 1(35.6) 5 (39.1) 0.666 3 (36.3) 23(38.3) 0.797
Colon obstruction 0 (34.5) 27 (42.2) 0.334 1(34.1) 26 (43.3) 0.250
Cancer sideness
Right 26 (29.9) 21(32.8) 0.701 26 (28.6) 21(35.0) 0.404
Left 61(70.1) 43 (67.2) 65 (71.4) 39 (65.0)
Pathologic factors
Tumor size, >5 cm 37 (42.5) 34 (53.1) 0.197 37 (40.7) 34 (56.7) 0.054
Pathologic stage 0.154 0.095
I 18(20.7) 9(14.1) 20 (22.0) 7(11.7)
[ 26 (29.9) 24 (37.5) 24 (26.4) 26 (43.3)
[ 31(35.6) 28 (43.3) 36 (39.6) 23(38.3)
% 12(13.8) 3(4.7) 11 (12.1) 4(6.7)
Histologic grade 0.118 0.156
Well differentiated (G1) 7(8.4) 4(6.3) 9(10.5) 2(3.3)
Moderately differentiated (G2) 71 (85.5) 59 (93.7) 73(84.9) 57 (95.0)
Poorly differentiated (G3) 5 (6.0) 0(0) 4.(4.7) 1(1.7)
Molecular factors
Cytoplasmic CEA 66 (75.9) 49 (76.6) 0.920 67 (73.6) 48 (30.0) 0.368
P53 accumulation 55 (63.2) (5 7) 0.291 55 (60.4) 35(58.3) 0.796
EGFR overexpression 28 (40.0) 3(23.6) 0.053 30 (41.1) 11(21.2) 0.019
KRAS mutation 21 (32.3) 8(32.7) 0.961 21 (30.4) 18(35.3) 0.574
BRAF mutation 00 1(2.3) 0.249 000 1(2.4) 0.230
MSI-high 8(15.7) 5(11.4) 0.541 10 (18.5) 3(7.3) 0.116

Values are presented as number (%).

CAF, cancer-associated fibroblast; BMI, body mass index; CEA, carcinoembryonic antigen; EGFR, epidermal growth factor receptor; KRAS, K-ras proto-oncogene; BRAF, B-

raf proto-oncogene; MSI, microsatellite instability.

patients with nonmetastatic colorectal cancer. No differences in
systemic recurrence were observed in the 2 fibroblast maturation
groups (Table 4).

On univariate analyses using the Log-Rank test, T status, N sta-
tus, lymphatic invasion, tumor budding, EGFR overexpression,
old age, and elevated serum CEA were found to be prognostic
factors for survival (Fig. 3). The factors associated with systemic
recurrence were T status, N status, lymphatic invasion, vascular
invasion, perineural invasion, old age, elevated serum CEA, and
EGER overexpression (Fig. 4). On multivariate analyses using the
Cox proportional hazards model, lymph node metastasis and old
age were independently associated with overall survival. T stage,
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old age, and EGFR overexpression were considered to be inde-
pendent prognostic factors for systemic recurrence (Table 5).
Many prognostic factors other than EGFR are associated with
CAF maturation. Therefore, we performed a network analysis to
determine whether the various prognostic factors were correlated.
In the network analysis using Spearman correlation coefficients,
the critical nodes with more than five edges were lymphatic inva-
sion, perineural invasion, T status, N status, colonic obstruction,
and elevated CEA. Two well-connected islands were identified.
One island included lymphatic invasion and vascular invasion,
leading to aggressive phenotypes associated with advanced stages,
large tumor size (>5 cm), obstruction, and lymph node metasta-
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sis. The second island was associated with EGFR overexpression,
CAF maturation, and infiltrating tumor growth leading to tumor
budding (Fig. 5).

DISCUSSION

Dvorak [19] declared 30 years ago that cancer is a non-healing
wound; since then, many studies of cancer invasion and metasta-

100 Table 2. Distribution of cancer-associated fibroblast (CAF) maturity
& Mature and cancer invasiveness factors according to colorectal cancer stage
B Immature (n=151)
80 ) Stage| Stagell Stagell Stage IV
- Variable N=27) (=50 (=59 (n=15) P-value
% Intratumoral CAF 0.154
iS5 60 | Mature 18 (66.7) 26(52.0) 31(52.5) 12(80.0)
g P 0.053 P = 0.019 Immature 9(33.3) 24(48.0) 28(475) 3(20.0)
2 s Invasive front CAF 0.095
>
= Mature 20(74.1) 24 (48.0) 36(61.0) 11(73.3)
& Immature 7(259 26(52.00 23(39.00 4(26.7)
20 Lymphatic invasion 137 3(6.00 14237 6(40.00 0.001
Vascular invasion 0(0) 2 (4.0) 7(119 2(13.3 0135
Perineural invasion 0(0) 11(222) 22(37.3) 8(53.3) <0.001
0 )
Intratumoral stroma nvasive frort Tumor budding 8(296) 23(46.0) 35(59.3) 8(533) 0.076
Tumor growth pattern 0.389
. ) ) Expanding type 9(33.3) 11(22.0)0 10(16.9  4(26.7)
Fig. 2. Correlation of epidermal growth factor receptor (EGFR) o
overexpression and cancer-associated fibroblast maturation in the Infilirating type 18(66.7) 39(78.0) 49(83.1) 11(73.3)
tumor stroma of colorectal cancer. Values are presented as number (%).
Table 3. Cancer-associated fibroblast (CAF) maturation and cancer invasion (n = 151)
Intratumoral CAF maturation Invasive front CAF maturation
Variable Mature CAF Immature CAF P-value Mature CAF Immature CAF P-value
(n =87) (n=64) (n =91) (n =60)
Lymphatic invasion 9(21.8) 5(7.8) 0.024 6 (17.6) 8(13.3) 0.650
Vascular invasion 8(9.2) 3(4.7) 0.358 6 (6.6) 5(8.3) 0.754
Perineural invasion 23 (26.4) 8(28.1) 0.854 23(25.3) 8 (30.0) 0.577
Tumor budding 45 (51.7) 29 (45.3) 0.511 50 (54.9) 24 (40.0) 0.096
Infiltrating growth 60 (69.0) 57 (89.1) 0.003 64 (70.3) 53 (88.3) 0.029
T status (3-4) 61 (70.1) 49 (76.6) 0.460 60 (65.9) 50 (83.3) 0.024
N status (1-2) 43 (49.4) 31 (48.4) 0.904 47 (51.6) 27 (45.0) 0.506

Values are presented as number (%).

Table 4. Five-year overall survival and systemic recurrence according to cancer-associated fibroblast (CAF) maturation in patients with

colorectal cancer (n = 151)

CAF Overall survival ~ Odds ratio 95% Cl P-value  Systemic recurrence 0dds ratio 95% Cl P-value

Intratumoral CAF (mature vs. ~ 76.7% vs. 87.5% 1.925 0.848-4.371 0.118 23.9% vs. 29.1% 0.921 0.486-1.746 0.801
immature)

Invasive front CAF (mature vs.  77.9% vs. 88.3% 2.060 0.876-4.847 0.098 22.4% vs. 31.9% 0.798 0.421-1.513 0.489

immature)

CAF, cancer-associated fibroblast; Cl, confidence interval.
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sis have examined the wound healing process. During wound
healing in cancer tissues, activated fibroblasts can lead to a normal
wound healing response and serve as barriers to inhibit the spread
of cancer cells; however, an atypical wound healing process simi-
lar to the keloid process can also occur in the tumor stroma,
where excess corpulent fibers can be accumulated by plump fi-
broblasts. Immature fibrosis like a keloid scar can promote tumor
infiltrating growth, and colon cancer patients with this phenotype
may have an undesirable prognosis [5].

Tumor metastasis can be blocked by dense fibrous tissue. In cur-
rent thought, the migration and invasion of cancer cells should be
blocked by loose fibrotic tissue composed of myxoid and keloid-

like collagen bundles and large plump CAFs. A cholangiocarci-
noma with dense collagen walls around the cancer tissue indicates
a good prognosis [20]. Additionally, colon cancer with high-den-
sity mature fibrosis suggests a favorable survival outcome [3].
Ueno et al. evaluated the fibrosis maturation of colorectal cancer
patients and reported that the mature fibrosis group had a signifi-
cantly higher survival rate, providing a pathological basis for the
long-standing belief that the dense structure of mature fibrosis
acts as an obstacle to tumor metastasis [3-6]. However, experi-
mental studies have shown that CAF activation and fibrosis can
promote cancer invasion. Activated fibroblasts produce abundant
collagen fibers that form high-density fibrosis around cancer cells
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Fig. 3. Five-year overall survival of patients with colorectal cancer by significant prognostic factors. EGFR, epidermal growth factor receptor;

CEA, carcinoembryonic antigen.
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Fig. 4. Five-year systemic recurrence of colorectal cancer by significant prognostic factors. EGFR, epidermal growth factor receptor; CEA, car-

cinoembryonic antigen.

[21]. Fiber contraction and tumor stiffness in mature fibrotic tis-
sue lead to cancer cell invasion in vitro [11-14]. Unlike the expec-
tation that mature fibroblast responses will prevent the spread of
cancer cells, these studies suggest that CAF activation can pro-
mote cancer invasion.

Recently, tumor stiffness has been experimentally proven to
promote metastasis. When fibrosis forms a dense structure
around cancer cell clusters in an adenocarcinoma, the internal
pressure causes the gland structure to rupture, allowing the rapid
spread of cancer cells [11]. In addition, the high-density fiber of
the tumor stroma acts as a train track to promote the movement
of cancer cells, thereby promoting invasion and metastasis [4].

42

Expression of lysyl oxidase (LOX), a factor involved in collagen
arrangement during wound healing, can induce dense fibrosis.
When LOX is activated in the tumor stroma and the collagen ar-
ray is aligned, tumor stiffness promotes the migration, invasion,
and metastasis of cancer cells [22]. The different results between
clinicopathologic and experimental studies may be because of dif-
ferences in the nature and the histological structure of various
cancer cells.

Interestingly, in this study, the maturation of CAF has no rela-
tion to pathological stage. In the hypotheses when planning this
study, the authors predicted that as cancer progressed, the propor-
tion of immature CAF would increase and that these changes
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Table 5. Univariate and multivariate analyses of 5-year overall survival and systemic recurrence for patients with colorectal cancer (n = 151)

A Univariate analysis Multivariate analysis
OR 95% Cl P-value OR 95% Cl P-value
Overall survival
T status (3-4) 4.014 1.566-10.235 0.004 = = =
N status (1-2) 3.654 1.774-7.530 <0.001 5.363 1.572-18.291 0.007
Lymphatic invasion 2.340 1.160-4.722 0.018 - - -
Tumor budding 2.386 1.079-5.275 0.032 2.286 0.892-5.855 0.085
EGFR overexpression 0.506 0.253-1.013 0.054 = = =
Age, >70 yr 2.455 1.295-4.656 0.006 2.286 1.275-6.572 0.011
Serum CEA, >5 mg/dL 4.075 2.083-7.971 < 0.001 = = =
Systemic recurrence
T status (3—4) 5.037 2.141-11.850 < 0.001 2.148 1.147-4.021 0.017
N status (1-2) 3.204 1.743-5.890 < 0.001 - - -
Lymphatic invasion 2.980 1.619-5.483 < 0.001 2.815 1.487-5.330 0.001
Perineural invasion 2.087 1.179-3.693 0.012 - - -
Vascular invasion 2.634 1.182-5.871 0.018 = = =
EGFR overexpression 2.612 1.113-3.638 0.021 2.033 1.097-3.770 0.024
Age, 270 yr 3.095 1.764-5.430 0.001 2.148 1.147-4.021 0.017
Serum CEA, >5 mg/dL 1.965 1.121-3.452 0.018 - - -

OR, odds ratio; Cl, confidence interval; EGFR, epidermal growth factor receptor; CEA, carcinoembryonic antigen.

No. of Edges

©O00

—Positive correlation
—Negative correlation

@ CAF maturity

Invasive

Fig. 5. Network analysis of Spearman’s coefficients of correlation. The blue line reflects significant correlation with a coefficient >0.2. The red
line reflects reverse correlation with a coefficient <-0.2. CEA, carcinoembryonic antigen; MSI, microsatellite instability; BMI, body mass index;
EGFR, epidermal growth factor receptor; CAF, cancer-associated fibroblast.
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would be associated with poor prognosis. However, the results of
the study showed that CAF maturation based on cytomorpho-
logic characteristics was not statistically correlated with stage and
showed no statistical difference as a prognostic factor for overall
survival and systemic recurrence. A possibility is that the forma-
tion of the tumor microenvironment induced by cancer cells may
be determined early in cancer development. Therefore, the im-
mature CAF ratio would be presumed to be constant regardless of
stage. Thus, to date, only few clinical studies have directly assessed
the effects on cancer invasion of CAFs and desmoplastic re-
sponses in the pathologic tissues of colon cancer patients.

In this study, we analyzed the effects of fibrotic maturation of
the tumor stroma on cancer invasiveness and long-term onco-
logic outcomes. Above all, no difference in 5-year survival was
noted in patients with differing desmoplastic maturation states.
However, we did see a difference in the mechanism of tumor in-
vasion. When a mature desmoplastic reaction was observed, more
lymphatic invasion had occurred. Conversely, immature fibrosis
of the tumor stroma promoted infiltrating tumor growth. These
various cancer invasion routes could be because of a mature or an
immature stroma, which may dilute the prognostic effect of des-
moplastic maturation.

Infiltrating tumor growth has been considered to be advanta-
geous for cancer cell metastasis and is, therefore, a poor prognos-
tic factor [1, 2]. In this study, infiltrating tumor growth was ob-
served prominently in cases of immature fibrosis in the invasive
front. In contrast, a more expanding growth pattern was observed
in cases with mature fibrotic reaction, consistent with the expec-
tation that dense fibrosis acts as a physical barrier to cancer cell
infiltration. However, the 5-year survival rate was similar in pa-
tients with infiltrating patterns and those with expanding growth
patterns. These results suggest that different pathways of cancer
invasion may be induced by different microenvironments, all
leading to metastasis.

In the multivariate analyses, EGFR overexpression was found to
be as an independent prognostic factor for systemic recurrence.
Subanalyses showed that EGFR overexpression was also a statisti-
cally significant independent factor for systematic recurrence in
the stage I-IIT nonmetastatic colorectal cancer patients (odd ratio,
2.445; 95% confidence interval, 1.278-4.674; P = 0.007). Only 2 of
15 patients (13.3%) with metastasis included in this study received
EGFR inhibitor-based targeted therapy with the anti-EGFR drug
Cetuximab (Erbitux, Merck, Darmstadt, Germany). Therefore,
therapeutic effects, such as improvement of survival rate and in-
hibition of recurrence due to targeted treatment, including treat-
ment with anti-EGFR drugs, were not likely to be important con-
founding factors in our analyses. When EGFR was strongly ex-
pressed in cancer tissue, CAF maturation in the invasive front was
found in the dense desmoplasia and was associated with expand-
ing tumor growth. In contrast, weak EGFR expression was con-
sistent with immature CAFs and a loose fibrous stroma that was
associated with infiltrating tumor growth. In an experimental
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study, the number of fibroblasts increased significantly in the
presence of growth factors like epidermal growth factor (EGF)
and basic fibroblast growth factor (bFGF), and EGF could stimu-
late fibroblasts to produce VEGF and hepatocyte growth factor
(HGF) [23]. In another in vitro study, normal epithelial cells were
transformed into activated fibroblasts through an epithelial-to-
mesenchymal transition by stimulation with transforming growth
factor (TGF)-p and FGF-2, promoting the invasion of cancer cells
[24]. Therefore, fibroblast maturation can be controlled by using a
variety of growth factors, such as EGE, FGE, and TGE which are
derived from cancer cells and can affect the growth pattern of
cancer cells.

The invasion and the metastasis of cancer cells is a multi-step
process that is caused by the complex interaction of various fac-
tors. In this study, 23 clinicopathologic and molecular factors
were compared through network analyses. We were able to find 2
closely linked islands with different invasiveness characteristics.
Thus, we could determine the correlation of various critical fac-
tors influencing the survival and the recurrence patterns of pa-
tients with colorectal cancer. The first pathway included the acti-
vation of various growth factors that could induce fibroblast mat-
uration and increase tumor stiffness, leading to lymphatic inva-
sion and vascular invasion, precipitating lymph node metastasis.
In the second pathway, weak EGFR expression predominated in
immature fibroblasts and a loose fibrous stroma could be formed,
leading to infiltrating tumor growth and tumor budding.

This research has several limitations. Clinical data from a small
number of patients in a single institution will have a statistically
low power and require careful interpretation, so a larger scale
study is needed. Moreover, the maturation and the activation of
fibroblasts cannot be completely determined by using morpho-
logical evaluations. We used the criteria of Ueno et al. [3] for de-
fining positive desmoplastic reactions and CAFs. Maturity evalu-
ation using CAF shape and size has been applied in several previ-
ous pathologic research efforts. Typically, a fibroblast has a lan-
ceolate form, but a myofibroblast, which is activated in the fibrosis
process and is expressed by molecular markers such as smooth
muscle actin (SMA), tends to become larger and plump. Based on
the coincidence of cellular morphology and expression of molec-
ular markers, Ueno et al. [3] were able to assess the activity of
CAF easily through H&E staining, and several important studies
have demonstrated its value as an independent prognostic factor
for patients with colorectal cancer. In addition, Dvorak [19] eval-
uated the maturity of desmoplastic reactions by applying patho-
logical features such as abnormal wound healing, including keloid
reactions and excessive fibrous deposition to the tumor microen-
vironment. However, cytomorphologic properties based on this
H&E staining have limited ability to assess CAF activation ade-
quately. Thus, molecular studies are needed to reveal the mecha-
nisms of fibroblast activation that affect cancer-cell invasion path-
ways.

Recently, fibrosis of submucosal cancers has been reported to be
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an important predictor of poor prognosis in patients with early
colorectal cancer undergoing endoscopic mucosal resection [25].
Therefore, the expectation is that the prognosis for patients with
early colorectal cancer can be predicted by using the characteris-
tics of the tumor’s microenvironment, and various studies are un-
derway to develop an anti-CAF agent as a noble anticancer strat-
egy. Therefore, molecular biologic parameters related to CAF ac-
tivation are expected to be useful for clinical indications and for
increasing the efficacy of new targeted therapies

In conclusion, the maturity of CAFs and desmoplastic reactions
were associated with tumor infiltrating growth pattern and cancer
invasion, such as lymphatic invasion and tumor budding. How-
ever, in this study, the cytomorphological characteristics of CAFs
and desmoplastic reactions in H&E stained tissues were insuffi-
cient for them to be used as independent prognostic factors for
patients with colorectal cancer patients. Therefore, in the future,
elaborate molecular biology research and large-scale clinical stud-
ies will be needed to apply the characteristics of CAFs to precision
medicine and targeted therapy.
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