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Purpose

Molecular treatments targeting epidermal growth factor receptors (EGFRs) are important
strategies for advanced colorectal cancer (CRC). However, clinicopathologic implications of
EGFRs and EGFR ligand signaling have not been fully evaluated. We evaluated the expres-
sion of EGFR ligands and correlation with their receptors, clinicopathologic factors, and
patients’ survival with CRC.

Materials and Methods

The expression of EGFR ligands, including heparin binding epidermal growth factor-like
growth factor (HBEGF), transforming growth factor (TGF), betacellulin, and epidermal growth
factor (EGF), were evaluated in 331 consecutive CRC samples using mRNA in situ hybridiza-
tion (ISH). We also evaluated the expression status of EGFR, human epidermal growth factor
receptor 2 (HER2), HER3, and HER4 using immunohistochemistry and/or silver ISH.

Results

Unlike low incidences of TGF (38.1%), betacellulin (7.9%), and EGF (2.1%), HBEGF expres-
sion was noted in 62.2% of CRC samples. However, the expression of each EGFR ligand
did not reveal significant correlations with survival. The combined analyses of EGFR ligands
and EGFR expression indicated that the ligands-/EGFR+ group showed a significant asso-
ciation with the worst disease-free survival (DFS; p=0.018) and overall survival (OS;
p=0.005). It was also an independent, unfavorable prognostic factor for DFS (p=0.026) and
0S (p=0.007). Additionally, HER4 nuclear expression, regardless of ligand expression, was
an independent, favorable prognostic factor for DFS (p=0.034) and OS (p=0.049), by mul-
tivariate analysis.

Conclusion

Ligand-independent EGFR overexpression was suggested to have a significant prognostic
impact; thus, the expression status of EGFR ligands, in addition to EGFR, might be necessary
for predicting patients' outcome in CRC.

Key words
Colorectal neoplasms, Epidermal growth factor receptor,
Ligands, mRNA in situ hybridization

Introduction

Recently, considerable progress has been made in molec-
ular studies of carcinogenesis and cancer progression. This
deeper understanding has led to advances in new treatment
strategies, including the use of molecularly targeted agents.

| http://www.e-crtorg |

One of the therapeutic targets in clinical use is the epidermal
growth factor receptor (EGFR) [1-3]. EGFR, a member of the
EGEFR family, is known to be overexpressed in various can-
cers including colorectal cancer (CRC) [1,2]. Several EGFR
signaling inhibitors, such as cetuximab and panitumumab,
against the EGFR’s extracellular domain have an important
clinical role in treatment and provide significant survival
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benefits in advanced CRC patients [4]. Unfortunately, a sig-
nificant number of CRC patients with activated EGFR sig-
naling suffered resistance to these treatments [4]. Several
studies suggested that other genetic alterations influenced
the therapeutic resistance in these cases, and more studies
focused on the underlying mechanisms of resistance to EGFR
inhibitors and predictive biomarkers to discriminate the
patients who may receive greater benefits from treatment
with EGFR inhibitors [4].

Various ligands are known to activate EGFR signaling,
including heparin-binding epidermal growth factor-like
growth factor (HBEGF), transforming growth factor (TGF),
betacellulin, and epidermal growth factor (EGF) [5]. These
ligands bind to the extracellular domain of EGFR and acti-
vate downstream signaling pathways [5]. Several studies
have investigated the protein and mRNA expressions of
some EGFR ligands, such as amphiregulin and epiregulin
[6-8]. These ligands are commonly detected in CRC, suggest-
ing their potential prognostic and predictive impact for anti-
EGFR inhibition therapy in CRC [6,7,9-11]. Khelwatty et al.
[8] also demonstrated that the evaluation of not only EGFR
expression, but also the expression of its ligands may be used
to predict the effect of anti-EGFR treatments. Furthermore,
some EGFR ligands including HBEGF and betacellulin inter-
act with human epidermal growth factor receptor 4 (HER4)—
another member of the EGFR family—that may have close
associations with favorable features and prognosis in cancer
[12-14]. However, the clinicopathologic impact of various
EGFR ligands and underlying mechanisms in ligand-depen-
dent EGFR signaling remains unclear.

Therefore, wqe evaluated the mRNA expression of EGFR
ligands including HBEGF, TGF, betacellulin, and EGF in a con-
secutive CRC cohort, and explored the clinicopathologic
implications of EGFR ligands in relation to EGFR families.

Materials and Methods

1. Patients characteristics and tissue microarray construc-
tion

A total of 331 CRC samples were collected from 2005 to
2006 at Seoul National University Bundang Hospital. All
patents had undergone curative surgical resection without
preoperative chemoradiation therapy. Patients’ characteris-
tics and clinicopathologic details including age, sex, tumor
location, tumor differentiation, pathologic stage (American
Joint Committee on Cancer TNM stage, seventh edition),
time of death, tumor recurrence, and adjuvant chemoradia-
tion treatment status were obtained from medical and patho-
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logic records. Disease-free survival (DFS) was defined as the
time from the date of curative resection to tumor recurrence
and overall survival (OS) was calculated to the date of death.
Of these 331 CRC cases, patients were treated with chemo-
therapy alone in 234 cases and both chemotherapy and
radiotherapy in 15 cases. Among 188 patients with stage ITI/
IV CRC, 155 and nine patients received treatments with
additional chemotherapy alone and chemotherapy plus
radiotherapy, respectively. After a microscopic review of
each case, 2-mm-sized tissue cores from the most represen-
tative tumor areas were extracted to construct tissue microar-
ray (TMA) blocks, as previously described [15].

2. mRNA in situ hybridization

Next, the expression levels of EGFR ligands were meas-
ured by mRNA in situ hybridization (ISH) using the RNA
scope 2.0 HD Reagent kit (Advanced Cell Diagnostics Inc.,
Hayward, CA) on TMA blocks, according to the manufac-
turer’s instructions. After pretreatment with heat and pro-
tease, 4-um tissue sections were incubated and hybridized
with the target probes for EGFR ligands. Each hybridized
slide was then hybridized with preamplifier, amplifier, and
horseradish peroxidase-labeled probes in order. The colori-
metric reaction with 3,3’-diaminobenzidine followed. As a
positive control, ubiquitin C staining was applied under oth-
erwise identical conditions, and cases with negative or weak
ubiquitin C signals were excluded from further analysis. The
slides were scored according to the manufacturer’s scoring
guideline: 0, no staining or less than 1 dot/cell; 1, 1-3 dots/
cell; 2, 4-10 dots/ cell; 3, > 10 dots/ cell and dot clusters visible
in less than 10% positive cells under x20 objective; and 4,
>10 dots/ cell and dot clusters visible in more than 10% pos-
itive cells under x20 objective.

3. Immunohistochemistry and interpretation

Immunohistochemical staining was performed on the
4-um-thick sections of TMA blocks with EGFR (pharmDX kit,
prediluted, DAKO, Glostrup, Denmark), HER3 (1:20, DAKO),
and HER4 (1:8,000, Thermo Scientific, Fremont, CA) antibod-
ies. Staining was carried out according to the manufacturer’s
protocols. In brief, the slides from the TMA blocks with
4-um thickness were deparaffinized and rehydrated. Then,
these slides were placed for antigen retrieval and incubated
with antibodies [13,16,17]. EGFR-positive expression was
defined as membranous staining in > 0% of the tumor cells,
according to the DAKO EGFR pharmDX assay interpretation
guideline. For evaluation of HER3 and HER4 expression, a
previously described 4-tiered scoring system based on the
staining intensity was applied [16]. The cytoplasmic and/or
membranous expression of HER3 was categorized into four
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grades, as follows: 0, negative; 1, weak staining; 2, moderate
staining; and 3, strong staining. In addition, cytoplasmic and
nuclear expression of HER4 was evaluated separately. Posi-
tivity for HER3 and HER4 expression was considered as
>10% of tumor cells with moderate to strong immunostain-

ing.
4. Assessment of HER2 status

The evaluation of HER? status was performed by immuno-
histochemistry and silver in situ hybridization (SISH),
according to the DAKO HercepTest interpretation manual
for gastric cancer [16]. The slides were stained with an anti-
body to HER2/neu (predilution, Ventana Medical Systems,
Tucson, AZ) using an automated BenchMark XT stainer.
HER? SISH was also performed with INFORM HER2 DNA
and INFORM chromosome 17 (CEP17) probes (Ventana
Medical Systems). The entire core was scanned and the sig-
nals for 20 non-overlapping tumor cell nuclei were calculated
in the hot spot area. HER2 status was considered positive if
>10% of tumor cells revealed 2+ and 3+ immunostaining and
a ratio between HER2 and CEP17 of > 2.0 upon SISH.

5. Microsatellite instability determination

The microsatellite instability (MSI) status was determined
using five markers of NCI recommended microsatellite loci
(BAT-25, BAT-26, D55346, D175250, and D2S123) [13].
Briefly, tissue sections obtained from the tumor area and
matching normal colonic mucosa were analyzed for MSI sta-
tus using an automated DNA sequencer (ABI3731 Genetic
Analyzer, Applied Biosystems, Foster City, CA). The MSI sta-
tus was divided into three groups as followed: microsatellite
stable (MSS; no unstable markers), microsatellite instability-
low (MSI-L; one unstable marker), and microsatellite insta-
bility-high (MSI-H; two or more unstable markers).

Table 1. Distribution of EGFR ligands expression in CRC

Ligand

£ 0
HBEGF 125 (37.8)
TGF 205 (61.9)
Betacellulin 305 (92.1)
EGFE 324 (97.9)

6. Statistical analysis

We implemented the chi-square test and Fisher exact test
to compare the differences between the expression of EGFR
ligands and EGFR families, and various clinicopathologic
characteristics. The Kaplan-Meier method with the log-rank
test was applied for survival analysis. To analyze the prog-
nostic significance of the expression of EGFR ligands and
EGEFR families, we performed univariate and multivariate
Cox regression analyses. The SPSS ver. 21 (IBM Corp.,
Armonk, NY) was used for all statistical analyses, and we
considered p < 0.05 as statistically significant.

7. Ethical statement

The study was approved by the Institutional Review Board
of The Seoul National University Bundang Hospital (B-1210/
174-301) and performed in accordance with the principles of
the Declaration of Helsinki. The informed consent was
waived.

Results

1. Patient characteristics

A total of 331 CRC cases consisting of 184 men and 147
women were included in this study. The median age of these
patients was 66 years (range, 20 to 95 years). Regarding
tumor histology, well to moderate differentiation was
observed in 300 cases (90.6%), and poorly differentiated and
mucinous-type CRCs were observed in 31 cases (9.4%). Of
the 320 cases with available results for MSI status, 27 cases
(8.4%) were categorized to MSI-H and 293 cases (91.6%) were
determined as MSS/MSI-L. S1 Table summarizes the pati-
ents’ characteristics.

mRNA expression

1 2 3 4
96 (29.0) 57 (17.2) 37(11.2) 16 (4.8)
88 (26.6) 27 (8.2) 10 (3.0) 1(0.3)
23 (6.9) 3(0.9) 0
1(0.3) 6 (1.8) 0 0

Values are presented as number (%). HBEGF, heparin binding epidermal growth factor like growth factor; TGF, transforming

growth factor; EGF, epidermal growth factor.
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Fig. 1. Representative images of mRNA expression of epidermal growth factor receptor ligands in colorectal cancer. (A)
Heparin binding epidermal growth factor-like growth factor (x400). (B) Transforming growth factor (x400). (C) Betacellulin
(x400). (D) Epidermal growth factor (x400).

Table 2. Association between expression of EGFR ligands and EGFR families

EGFR-

p-value

HER2-

p-value

HER3-

PREINE

HER4cyto-

p-value

HER4nu-

HBEGF

0

1-4
TGF

0

1-4
Betacellulin

0

1-4
EGF

0

1-4

positive

121 (39.7)

8(30.8)

127 (39.2)

2 (28.6)

0.273 6 (4.8)
6(2.9)

0.660 9(4.4)
3(2.4)

0.372 12 (3.9)
0

0.710 12 (3.7)
0

positive

0.380

0.546

0.609

>0.999

positive

74 (59.2)
154 (74.8)

132 (64.4)
96 (76.2)

209 (68.5)
19 (73.1)

223 (68.8)
5(71.4)

0.003

0.024

0.630

>0.999

positive

71 (56.8)
136 (66.0)

131 (63.9)
76 (60.3)

189 (62.0)
18 (69.2)

203 (62.7)
4(57.1)

0.093

0.513

0.463

>0.999

positive

12 (9.6)
24 (11.7)

22(10.7)
14 (11.1)

33 (10.8)
3(11.5)

36 (11.1)
0

0.561

0.914

>0.999

>0.999

Values are presented as number (%). EGFR, epidermal growth factor receptor; HER2, human epidermal growth factor
receptor 2; HER3, human epidermal growth factor receptor 3; HER4cyto, human epidermal growth factor receptor 4 cyto-
plasmic expression; HER4nu, human epidermal growth factor receptor 4 nuclear expression; HBEGF, heparin binding epi-
dermal growth factor like growth factor; TGF, transforming growth factor; EGF, epidermal growth factor.
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Table 3. Expression of EGFR ligands, EGFR, HER4, and their correlation with clinicopathologic characteristics

EGEFR ligands EGFR HERA4cyto HER4nu
Characteristic ————
Positive  p-value Positive  p-value Positive  p-value Positive  p-value
Age (yr)
<60 76 (69.7) 0.377 33(30.3)  0.023 68 (62.4)  0.968 11(10.1)  0.748
>60 165 (74.3) 96 (43.2) 139 (62.6) 25(11.3)
Sex
Male 138 (75.0) 0.316 62(33.7)  0.028 118 (64.1)  0.503 18 (9.8) 0.475
Female 103 (70.1) 67 (45.6) 89 (60.5) 18 (12.2)
Location
Right sided 68 (70.1) 0.476 47 (485)  0.023 55(56.7)  0.158 7(7.2) 0.169
Left sided 173 (73.9) 82 (35.0) 152 (65.0) 29 (12.4)
Depth of tumor (pT)
T1, T2 36 (75.0) 0.712 13(27.1)  0.068 39(81.3)  0.004 12(25.0)  0.001
T3, T4 205 (72.4) 116 (41.0) 168 (59.4) 24 (8.5)
Differentiation
Low grade 227 (75.7) < 0.001 115(38.3)  0.458 192 (64.0)  0.087 34(11.3)  0.553
High grade 14 (45.2) 14 (45.2) 15 (48.4) 2 (6.5)
Tumor border
Expanding 31 (64.6) 0.166 13(27.1)  0.068 29 (60.4)  0.743 5(104) 0912
Infiltrative 210 (74.2) 116 (41.0) 178 (62.9) 31 (11.0)
Lymphatic invasion
Absent 94 (66.7) 0.030 48 (34.0) 0113 9 (68.1)  0.072 21(149)  0.043
Present 147 (77 .4) 81 (42.6) 111 (58.4) 15(7.9)
Vascular invasion
Absent 196 (72.9) 0.964 107 (39.8)  0.532 167 (62.1)  0.721 30(11.2)  0.737
Present 45 (72.6) 22 (35.5) 40 (64.5) 6(9.7)

Neural invasion

Absent 165 (72.1) 0.643
Present 76 (74.5)

pTNM stage
I 1L I 200 (73.8) 0.389
v 41 (68.3)

MSI status (n=320)
MSS/MSI-L 220 (75.1) 0.009
MSI-H 14 (51.9)

83(36.2)  0.127
107 (39.5)  0.686
22 (36.7)

119 (40.6)  0.135
7(25.9)

143 (62.4)  0.959 21(9.2) 0.135

176 (64.9)  0.055 33(12.2)  0.106

185 (63.1)  0.247 33(11.3)  1.000
14 (51.9) 3(11.1)

Values are presented as number (%). EGFR, epidermal growth factor receptor; HER4, human epidermal growth factor
receptor 4; HER4cyto, human epidermal growth factor receptor 4 cytoplasmic expression; HER4nu, human epidermal growth
factor receptor 4 nuclear expression; MSI, microsatellite instability; MSS, microsatellite stable; MSI-L, microsatellite instabil-

ity—low; MSI-H, high microsatellite instability-high.

2. Expression of EGFR ligands and EGFR families in CRC

The expression of EGFR ligands was not detected in the
non-neoplastic colorectal mucosa. In CRC, EGFR ligands
were expressed in the cytoplasm of tumor cells. The CRC
cases were divided into two groups according to the expres-
sion of EGFR ligands: positive (1-4) or negative (0). Although
betacellulin (7.9%, 26/ 331) and EGF (2.1%, 7/331) were faintly
expressed in a small number of CRC cases, expression of

HBEGF and TGF were observed in 62.2% (206/331) and
38.1% (126/331) with various staining intensities, respec-
tively (Table 1, Fig. 1).

Immunohistochemical expression for EGFR families were
also performed in 331 CRC tissue samples, using TMA
blocks. EGFR and HER3 were overexpressed in 129 (39.0%)
and 228 (68.9%) out of 331 cases, respectively. Twelve cases
(3.6%) showed HER? positivity. Regarding to the sublocal-
ization, HER4 cytoplasmic and nuclear expression were

VOLUME 50 NUMBER 4 0CTOBER 2018 1355
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Table 4. Combined expression of EGFR ligands and EGFR expression

Characteristic
Age (yr)
<60
> 60
Sex
Male
Female
Location
Right sided
Left sided
Depth of tumor (pT)
T1, T2
T3, T4
Differentiation
Low grade
High grade
Tumor border
Expanding
Infiltrative
Lymphatic invasion
Absent
Present
Vascular invasion
Absent
Present
Neural invasion
Absent
Present
pTNM stage
L 11, I
v
MSI status (n=320)
MSS/MSI-L
MSI-H

Others Ligand-/EGFR+ p-value
102 (93.6) 7 (6.4) 0.131
196 (88.3) 26 (11.7)

164 (89.1) 20 (10.9) 0.541
134 (91.2) 13 (8.8)

86 (88.7) 11 (11.3) 0.592
212 (90.6) 22(9.4)

45 (93.8) 3(6.3) 0.444
253 (89.4) 30 (10.6)

274 (91.3) 26 (8.7) 0.023

24 (77.4) 7(22.6)

43 (89.6) 5(10.4) >0.999
255 (90.1) 28 (9.9)

130 (92.2) 11 (7.8) 0.257
168 (88.4) 22 (11.6)
245 (91.1) 24 (8.9) 0.185

53 (85.5) 9 (14.5)

208 (90.8) 21(9.2) 0.467

90 (88.2) 12 (11.8)

245 (90.4) 26 (9.6) 0.628

53 (88.3) 7 (11.7)

264 (90.1) 29 (9.9) 0.742

24 (88.9) 3(11.1)

Values are presented as number (%). EGFR, epidermal growth factor receptor; MSI, microsatellite instability; MSS, microsatel-
lite stable; MSI-L, microsatellite instability—low; MSI-H, microsatellite instability-high.

found in 207 (62.5%) and 36 (10.9%) cases, respectively.

3. Association between the expression of EGFR ligands and
EGEFR families

We explored the correlation between the expression of
EGEFR ligands and EGFR families. Our results revealed that
HBEGF and TGF expressions were significantly associated
with HER3 expression (p=0.003 and p=0.024, respectively).
However, we did not observe other significant associations
between the expression of EGFR ligands and EGFR families
(Table 2).
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4. Association between EGFR ligands and clinicopatho-
logic variables

HBEGF expression revealed a positive correlation with low
grade differentiation (p < 0.001), but not with other various
clinicopathologic characteristics (all p > 0.05). TGF expression
revealed a tendency to be detected in low-grade CRCs with
borderline statistical significance (p=0.062). Although the fre-
quencies were low, EGF positivity was associated with vas-
cular invasion (p=0.025) and tended to be detected in CRC
with expanding tumor borders (p=0.066). However, no sig-
nificant difference between betacellulin expression and vari-
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Fig. 2. Kaplan-Meier survival curves according to the combined expression status of ligands and epidermal growth factor

receptor (EGFR). (A) Disease-free survival. (B) Overall survival.

ous clinicopathologic variables was noted. Regarding the as-
sociation with MSI status, TGF expression was significantly
associated with MSS/MSI-L status (p=0.009) (51 Table). Upon
Kaplan-Meier survival analysis with the log-rank test, no sig-
nificant relationships with either DFS or OS were revealed
according to the expression status of each EGFR ligand in
CRC (52 Fig.).

5. Combined analysis of EGFR ligands and EGFR in CRC

We assessed the correlation with clinicopathologic param-
eters depending on the combined status of EGFR ligands. A
total of 241 cases (72.8%) revealed positivity for at least one
EGEFR ligand in CRC. EGFR ligand positivity was signifi-
cantly correlated with low grade differentiation (p < 0.001)
and the presence of lymphatic invasion (p=0.030), but not
with other clinicopathologic factors. The expression of EGFR
ligands was more frequently detected in MSS/MSI-L CRC
(p=0.009) (Table 3).

Next, we analyzed the clinicopathologic significance
depending on the combined status of EGFR ligands and
EGFR expression. Interestingly, the EGFR-positive CRC
group without ligand expression revealed a significant asso-
ciation with poorly differentiated histology (p=0.023) (Table 4).
We explored survival differences using Kaplan-Meier analy-
sis. Patients with ligand—/EGFR+ revealed the worst DFS
compared to other groups, but these differences were not sta-
tistically significant (p=0.123). The ligand-/EGFR+ group
also revealed the poorest OS (p=0.039). After dichotomiza-

tion, we compared the prognostic significance in the CRC
with ligand—/EGFR+ group compared to the CRC with any
other expression group; patients with ligand-/EGFR+
revealed significantly shorter DFS and OS (p=0.018 and
p=0.005, respectively) (Fig. 2). Moreover, we performed mul-
tivariate analysis to determine the prognostic impact. In the
Cox model, dichotomization into EGFR ligands—-/EGFR+
and others predicted unfavorable DFS and OS (p=0.026 and
p=0.007, respectively). Tumor differentiation, invading bor-
ders, neural invasion, and pathologic stage also indicated
their prognostic significance for patients’ survival (Table 5).

6. Association of combined status of HBEGF, betacellulin,
and HER4 expression with clinicopathologic paracmeters

Since HBEGF and betacellulin have also been reported as
ligands for HER4, we explored the clinicopathologic signifi-
cance of HBEGF, betacellulin, and HER4 expression. HER4
cytoplasmic expression was found in 207 cases (62.5%), while
its nuclear expression was observed in 36 cases (10.9%)
(S3 Fig.). HER4 cytoplasmic expression was correlated with
lower T category (p=0.004). HER4 nuclear immunoreactivity
was significantly associated with lower T category (p=0.001)
and the absence of lymphatic invasion (p=0.043). Other clin-
icopathologic parameters were not correlated with HER4
cytoplasmic or nuclear expression (Table 3). Patients with
HER4 nuclear expression, regardless of its ligands, HBEGF
and betacellulin expression status, revealed superior DFS
(p=0.035) and OS (p=0.030), as determined in the survival
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Table 5. Univariate and multivariate survival analysis

Disease-free survival

Variable

HR

Overall survival

Univariate analysis

Age (> 60 yr vs. <60 yr) 1.189
Sex (male vs. female) 1.435
Location (left sided vs. right sided) 1.198
Differentiation (high grade vs. low grade) 3.040
Tumor border (infiltrative vs. expanding) 4.148
Lymphatic invasion (present vs. absent) 2.770
Venous invasion (present vs. absent) 3.287
Neural invasion (present vs. absent) 3.030
PTNM stage (IV vs. L, II, III) 4.562
MSI status (MSS/MSI-L vs. MSI-H) 1.381
Ligand—/EGFR+ vs. others 1.843
HER4nu (positive vs. negative) 0.423
Multivariate analysis
Differentiation (high grade vs. low grade) 2.964
Tumor border (infiltrative vs. expanding) 2.888
Lymphatic invasion (present vs. absent) 1.414
Venous invasion (present vs. absent) 1.348
Neural invasion (present vs. absent) 2277
PTNM stage (IV vs. L, II, III) 3.022

Ligand-/EGFR+ vs. others 1.824
HER4nu (positive vs. negative) 0.408

95% CI p-value 95% CI p-value
0.794-1.778 0.400 1.312 0.834-2.066 0.240
0.979-2.104 0.064 1.240 0.817-1.881 0.312
0.789-1.821 0.397 1.168 0.738-1.849 0.507
1.853-4.988 < 0.001 3.583 2.135-6.014 <0.001
1.692-10.172  0.002 4.050 1.487-11.031  0.006
1.805-4.251 < 0.001 3.256 1.983-5.346 < 0.001
2.230-4.843 < 0.001 3.799 2.495-5.783 < 0.001
2.090-4.393 < 0.001 3.520 2.331-5.314 < 0.001
3.116-6.678 < 0.001 7.592 5.009-11.506 < 0.001
0.642-2.974 0.409 1.051 0.485-2.278 0.899
1.099-3.088 0.020 2.146 1.251-3.682 0.006
0.186-0.964 0.041 0.347 0.128-0.946 0.039
1.762-4986 < 0.001 3.487 1.998-6.084 < 0.001
1.161-7.184 0.023 2.446 0.878-6.815 0.087
0.876-2.283 0.156 1.369 0.780-2.402 0.274
0.844-2.154 0.212 1.197 0.723-1.982 0.484
1.529-3.391 < 0.001 2.593 1.658-4.057 < 0.001
2.006-4.552 < 0.001 5.578 3.543-8.780 < 0.001
1.074-3.098 0.026 2.158 1.230-3.787 0.007
0.178-0.935 0.034 0.363 0.132-0.994 0.049

HR, hazard ratio; CI, confidence interval; MSI, microsatellite instability; MSS, microsatellite stable; MSI-L, microsatellite
instability-low; MSI-H, microsatellite instability-high; EGFR, epidermal growth factor receptor; HER4nu, human epidermal

growth factor receptor 4 nuclear expression.

analysis. However, we failed to determine a significant cor-
relation between HER4 cytoplasmic expression or its co-expre-
ssion with its ligands with regard to DFS and OS (54 Fig.).
HER4 nuclear expression predicted favorable DFS and OS
upon multivariate analysis (p=0.034 and p=0.049, respec-
tively) (Table 5).

Discussion

In this study, we found that EGFR ligands including
HBEGF, TGF, betacellulin, and EGF were expressed with
various intensities in CRC tissue. While we failed to deter-
mine the significant prognostic values of each EGFR ligand,
CRC patients with EGFR overexpression and no other ligand
expression presented with significantly unfavorable out-
comes, compared to others. This result indicated its inde-
pendent prognostic value for poor survival. Furthermore,
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HER4 nuclear expression, regardless of its ligands, HBEGF,
and betacellulin expressions, is also a better prognostic indi-
cator for CRC. Our results may provide the basis for under-
standing EGFR signaling pathways and the development of
new treatments targeting EGFR signaling.

EGFR, a well-known transmembrane receptor kinase, is
composed of three structural and functional domains: the
extracellular ligand binding domain, transmembrane region,
and cytoplasmic domain containing tyrosine kinase [18]. Pre-
vious studies identified two different EGFR downward sig-
naling pathways. Various ligands activate EGFR signaling
by binding to the extracellular domain, which results in con-
formational changes of EGFR and activation of several
canonical signals, such as ERK and Akt [5]. Contrary to lig-
and-dependent signaling, ligand-independent constitutive
activation of EGFR induces a distinct signaling pathway
through the transcription factor interferon regulatory factor
3 [18,19]. Interestingly, these two signaling pathways are
exclusively activated [18,19].

Previous studies have mainly focused on the prognostic
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and predictive impacts of amphiregulin and epiregulin,
which are commonly expressed in CRC and might be asso-
ciated with favorable prognostic effects in CRC [6,7,9-11].
However, the clinicopathologic implications of other ligands,
including HBEGF, TGF, betacellulin, and EGF, are insuffi-
ciently investigated. For HBEGF, a pivotal role in cancer pro-
gression has been proposed in various cancers, including
cervical, breast, and gastric cancers [20-23]. In CRC, Kawa-
saki et al. [24] suggested that HBEGF has roles in CRC pro-
gression through the recruitment of intestinal myofibroblasts.
In our cohort, although HBEGF expression is commonly
detected in CRC, we were unable to determine a significant
correlation with various clinicopathologic factors except for
tumor differentiation. Interestingly, stromal HBEGF expres-
sion was observed in 21.5% (71/331) of our cohort. Among
these, 63 cases revealed HBEGF expression in both stromal
and tumor cells (S5 Fig.). Recent studies by Schrevel et al. [20]
and Murata et al. [25] described the possible role of HBEGF
from fibroblasts and macrophages, which are associated with
cancer cell proliferation in cervical cancer. Based on these
results of HBEGF expression in the tumor microenviron-
ment, we analyzed the association between stromal HBEGF
expression and clinicopathologic parameters, but no signifi-
cant differences including patients” survival depending on
stromal HBEGF expression was observed in CRC (data not
shown).

A recent study by Khelwatty et al. [8] conducted in
metastatic CRC using immunohistochemistry, demonstrated
that betacellulin was the most commonly expressed ligand
and was associated with unfavorable prognosis in metastatic
CRC. However, HBEGF expression was not detected in that
study. Inconsistent with their results, our study found dif-
ferent expression frequencies, wherein HBEGF and TGF were
relatively commonly expressed, while betacellulin expression
presented in only a few subsets of the consecutive CRC
cohort, using mRNA ISH. Immunohistochemistry is consid-
ered as a reproducible and efficient tool for the characteriza-
tion of proteins of interest on formalin fixed paraffin
embedded slides. However, there is a paucity of reliable
commercially available immunohistochemical antibodies
against various EGFR ligands. In addition, the cutoff value
of immunohistochemical expression for EGFR ligands
remains variable and controversial. Yoshida et al. [26]
observed the predictive impact of = 30% expression of four
EGFR ligands including amphiregulin, HBEGF, TGF-a, and
epiregulin. Khelwatty et al. [8] adopted various cutoff points
(> 5-50% of tumor cells) for each EGER ligand to avoid the
effect of low specific staining. Considering the above matters,
we evaluated the expression of four EGFR ligands, using
mRNA ISH, but mRNA levels were not completely overlap-
ping with the levels of their translated protein expression. It
was expected that several factors including different cohorts

and detection methods may contribute to explain these dis-
cordant results. In addition, previous studies have evaluated
the mRNA expression of several EGFR ligands including
EGF, TGF in colon cancer cell lines and human colon cancer
tissue [27,28]. As these studies, EGF mRNA was significantly
expressed in colon cancer cell lines and fresh-frozen human
colon cancer specimen. Rajagopal et al. [28] also detected the
EGF mRNA expression in non-neoplastic colon specimen, by
reverse transcription—polymerase chain reaction analysis, in
contrast with our results that no EGF mRNA expression was
found in non-neoplastic colonic mucosa. In present study,
we examined EGR ligand expression in formalin fixed paraf-
fin embedded specimens by mRNA ISH. The difference of
samples used for mMRNA measurements and detection meth-
ods might explain these conflicting results. Further studies
regarding the expression of EGFR ligands are warranted to
validate these results.

Because the expression of each EGFR ligand was not a
prognostic marker in CRC according to our results, we
adopted the combined expression status of four ligands to
evaluate the clinicopathologic significance of ligand associ-
ated EGFR overexpression in CRC. Our results revealed that
ligand-independent EGFR overexpression was related to
poor prognosis in CRC patients. In addition, different from
low-affinity ligands such as amphiregulin and epiregulin, the
ligands that we tested, including HBEGF, TGF, betacellulin,
and EGF, are known as high-affinity ligands and these lig-
ands have relatively high levels of signaling potential and
activating effects for canonical pathways [6]. From these find-
ings, we infer that ligand-dependent EGFR signaling is not
a decisive factor for poor prognosis. Several recent studies
have described that there were two distinct signaling path-
way, ligand dependent and ligand independent constitutive
pathway and these two signaling showed the mutually
exclusive nature [18,19]. However, the downstream signaling
of EGFR activation cooperatively or independently with
EGEFR ligands was not clear in CRC. In present study, we
evaluated the expression status of EGFR and its ligands and
showed the prognostic impact depending on their expression
phenotypes in CRC, but we could not show the association
with EGFR downstream signaling deeply. Furthermore,
immunohistochemical staining using EGFR pharmDX anti-
bodies, which were used to determine the expression status
of EGFR in this study, have also been identified to be reactive
in cases of EGFRvIII mutants, which trigger ligand-indepen-
dent EGFR signaling [19]. Given these points, our study has
certain limitations and further studies will be necessary to
elucidate EGFR downstream signaling, considering the
association of its ligands in CRC.

For HER4 expression, immunohistochemically, cytoplas-
mic localization was the predominant pattern and some cases
revealed nuclear immunostaining in our study. HER4 acti-
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vation generates two structurally and functionally different
isoforms by alternative splicing: CYT1 and CYT2. While the
CYT2 isoform can enter the nucleus easily and regulates tran-
scription related to favorable features including cell differ-
entiation, the CYT1 isoform is insufficient to translocate into
the nucleus and contains a phosphatidylinositol-3 kinase
binding motif to activate its signaling pathway to induce
tumor cell proliferation [13,14]. These findings suggested
that, as for staining patterns, nuclear accumulation of HER4
might indicate better prognosis, in contrast to cytoplasmic
localization that is associated with tumor progression [12].
We previously reported that HER4 nuclear expression might
be regarded as a favorable prognostic marker in gastric can-
cer [13]. However, clinicopathologic significance depending
on the subcellular localization of the HER4 protein was not
fully evaluated in CRC. Based on the results of previous
studies, cytoplasmic HER4 indicated a positive association
with poor survival in CRC [12,29]. In our study, the prognos-
tic impact of HER4 cytoplasmic expression was not signifi-
cant, which was inconsistent with previous results. More-
over, HER4 nuclear expression was significantly associated
with the absence of lymphatic invasion and lower pathologic
stage, and was determined to be an independent factor for
improved prognosis in CRC. These findings are generally
consistent with the results demonstrated in gastric cancer
[13]. Interestingly, these prognostic impacts were not influ-
enced by the status of its ligands, or HBEGF and betacellulin
expressions. Therefore, our results suggest that HER4
nuclear expression, not cytoplasmic localization, and regard-
less of ligand expression, might be a biomarker for predicting

better prognosis in CRC patients. Because there were more
known ligands for HER4 that we did not test, larger and
more comprehensive studies for the subcellular localization
of HER4 expression are needed to explain the underlying
mechanism and the different prognostic impacts in CRC.

In conclusion, we identified that EGFR overexpression
without ligand expression could be a biomarker for unfavor-
able prognosis. Moreover, the evaluation of EGFR ligand
expression, in addition to EGFR expression, could provide
meaningful information for predicting patients’ survival in
CRC. Together, HER4 nuclear expression, regardless of its
ligands expression, is suggested as an independent favorable
prognostic factor in CRC.
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