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Abstract 

Background:  SMAD4 is a key mediator of TGFβ signaling and one of the mutated genes in extrahepatic bile duct 
cancer (eBDC). It has been also reported that SMAD4 has dual functions, in carcinogenesis via silencing and in tumor 
invasion/metastasis via signaling, depending on tumor stage. We previously visualized more nuclear transitioning 
functional SMAD4 at the tumor invasion front than the central lesion. So, we investigated the localization of functional 
SMAD4 (e.g., invasion area or metastasis lesion) and its association with chemotherapy and chemo-radiation therapy.

Methods:  We performed SMAD4 immunostaining on 98 resected eBDC specimens and evaluated the presence of 
the functional form of nuclear SMAD4 at the central lesion, invasion front, and metastatic lymph node. We also exam-
ined the influence on chemotherapy after recurrence (n = 33) and neoadjuvant chemo-radiation therapy (NAC-RT, 
n = 21) and the prognostic value of using retrospective data.

Results:  In 73 patients without NAC-RT, 8.2% had loss of SMAD4 expression and 23.3% had heterogeneous expres-
sion. Patients without SMAD4 expression at any site had significantly poorer overall survival (OS) than other patients 
(P = 0.014). Expression of SMAD4 at the invasion front was related to better survival (recurrence-free survival [RFS] 
P = 0.033; OS P = 0.047), and no SMAD4 expression at the metastatic lymph node was related to poorer OS (P = 0.011). 
The patients who had high SMAD4 expression had poorer prognosis after recurrence (RFS P = 0.011; OS P = 0.056). At 
the residual cancer in the resected specimen, SMAD4 was highly expressed after NAC-RT (P = 0.039).

Conclusions:  Loss of SMAD4 protein expression was a poor prognostic factor in eBDC at resectable stage. However, 
the intensity of functional SMAD4 in eBDC is a marker of resistance to chemo-radiotherapy and malignant potential at 
advanced stages.
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Introduction
Biliary tract cancers (BTCs), which include intrahepatic 
bile duct cancer (BDC), extrahepatic BDC (eBDC), and 
gallbladder cancer, arise from the epithelium of the bile 
duct and a highly malignant neoplasm. Although curative 

resection is the only effective treatment, more than half 
of BTC patients cannot undergo surgery because they are 
diagnosed at an advanced stage [1]. In addition, there is a 
high relapse rate in patients who undergo curative resec-
tion [2, 3]. Gemcitabine plus cisplatin (GC) has been the 
standard chemotherapy treatment for advanced/recur-
rent BTCs based on the results from the ABC-02 trial 
and the BT-22 trial [4, 5]. Gemcitabine and S-1 combina-
tion therapy (GS) has been shown to not be inferior to 
GC therapy [6]. However, the recommended treatment 
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options for unresectable or metastatic disease are lim-
ited, and the prognosis of these patients is poor, with a 
median overall survival (OS) of approximately 1 year [7].

BTC is a genetically diverse collection of cancers. 
Genomic and transcriptomic analysis of BTCs has been 
performed to understand the molecular landscape and 
to develop a new molecular targeted therapy [8–11]. 
KRAS, TP53, ARID1A, and SMAD4 have been identified 
as the most prevalent mutations in eBTC [12]. SMAD4 
is a key mediator of the TGFβ signaling pathway [13] and 
works via nuclear transition. The protein functions as a 
tumor suppressor and inhibits cell proliferation. Muta-
tions and deletions of SMAD4 have been most com-
monly documented in pancreatic adenocarcinoma [14] 
and biliary tract cancer and colorectal cancer [15]. Fur-
thermore, the loss of SMAD4 protein expression has 
been shown to correlate with poor prognosis in pancre-
atic, appendiceal, and esophageal adenocarcinomas. We 
previously showed that SMAD4 contributes to chemore-
sistance in BTCs by inducing epithelial-mesenchymal 
transformation (EMT) [16].

The TGFβ signaling pathway plays a dual role as both 
a tumor-suppressor and tumor-promotor depending 
on the tumor stage and tumor microenvironment [17]. 
Genomic alteration of genes encoding components of 
the TGFβ pathway, including SMAD4, has been observed 
frequently in hepatobiliary cancer. We previously visu-
alized more nuclear transitioning functional SMAD4 
at the tumor invasion front than the central lesion [16]. 

We thought that this intra-tumoral heterogeneity of 
functional SMAD4 was induced by tumor progression 
and the effect of SMAD4 on tumor progression depends 
on tumor stage. However, the significance of functional 
SMAD4 localization has not been examined in any detail.

Thus, our objective in the present study was to investi-
gate the localization of functional SMAD4 in BTC and its 
significance using resected specimens. We also examined 
the association between functional SMAD4 and chemo-
therapy and radiotherapy.

Materials and methods
Resected specimens and patient characteristics
We retrospectively analyzed 98 cases of eBDC including 
54 perihilar bile duct cancer and 44 distal bile duct can-
cer who underwent R0 or R1 resection between 2004 and 
2018 at Osaka University Hospital or Osaka International 
Cancer Institute in Osaka, Japan. The race/ethnicity 
of all patients in this cohort is Japanese/Asian. Patients 
who underwent R2 resection were excluded from this 
study (Fig.  1). Resected specimens were formalin-fixed 
and preserved in paraffin blocks prior to immunohis-
tochemistry. The use of resected samples was approved 
by the Human Ethics Review Committee of the Gradu-
ate School of Medicine, Osaka University (No. 20493). 
Written informed consent was obtained from all patients 
included in the study.

Fig. 1  Flowchart of patient inclusion in this study
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Pre‑operative treatment and follow‑up treatment 
after surgery
After routine examination of the general condition, we 
performed computed tomography (CT) or magnetic res-
onance imaging, endoscopic retrograde cholangiography, 
and/or percutaneous transhepatic cholangiography, 
electrogram, spirogram, and chest X-rays. Preopera-
tive staging was performed using image-based diagno-
sis. The treatment procedure was determined by the 
cancer board at each institution, consisting of radiolo-
gists, gastroenterologists, hepatologists, oncologists, and 
surgeons. After surgery, patients regularly underwent 
CT and the measurement of serum carcinoembryonic 
antigen (CEA) or carbohydrate antigen 19–9 (CA19-9) 
every 3  months in the first 2  years and every 6  months 
thereafter. If recurrence was clinically suspected, addi-
tional blood tests and imaging were performed to con-
firm recurrence. Recurrence was diagnosed based on 
these findings. After recurrence, we treated patients with 
chemotherapy, radiation, surgery, or best supportive care 
depending on the patients’ condition and the site and 
number of recurrences.

Immunohistochemistry
Immunohistochemical staining for SMAD4 was car-
ried out as described previously. In summary, resected 
specimens were cut into 3.5-µm slices, deparaffinized 
with xylene and ethanol, and bathed in citrate buffer at 
110 °C for 20 min for antigen retrieval. Endogenous per-
oxidase activity was inhibited by treating the tissue sam-
ple with 3.0% hydrogen peroxidase solution in methanol 
for 20  min. Non-specific binding sites were blocked in 
1 mol/L PBS with 10% normal goat serum from the Avi-
din/Biotin Blocking Kit (Vector Laboratories Inc., Burl-
ingame, CA, USA). The slices were incubated at 4  °C 
overnight with anti-SMAD4 antibody (mouse monoclo-
nal antibody, 1:50 dilution, Santa Cruz Biotechnology, 
USA). After washing with PBS, sections were loaded with 
secondary antibody from the Avidin/Biotin Blocking Kit 
(Vector Laboratories) for 1 h. Sections were stained with 
avidin–biotin complex reagents (Vector Laboratories) 
and 3,3′-diaminobenzidine (DAB) and counter-stained 
with hematoxylin. Finally, sections were dehydrated 
in graded concentrations of ethanol and xylene and 
mounted.

Evaluation of immunohistochemistry
Functional SMAD4 status was evaluated based on the 
intensity of nuclear staining. We defined ‘negative; 
score = 0’ when nuclear SMAD4 expression was none, 
and ‘weakly positive; score = 1’ when the percentage of 
nuclear positive SMAD4 expression was 0–25%, ‘moder-
ately positive; score = 2’ when the percentage of nuclear 

positive SMAD4 expression was 25–50% and ‘strongly 
positive; score = 3’ when the percentage of nuclear posi-
tive SMAD4 expression was above 50%. We confirmed 
the cancer area with hematoxylin and eosin staining of 
the specimens. The invasion front was defined as the 
front edge between tumor cells and stromal cells, and the 
central lesion was defined as the central part of the tumor 
mass or the tissue near the bile duct lumen (Fig. 2a). The 
nuclear staining intensity of each slide was scored sepa-
rately at the invasion front and central lesion. The total 
score was calculated in the sum of four different 400-fold 
visual fields. Therefore, the highest score was 12 points, 
and the lowest score was 0 point. Each slide was evalu-
ated in a blinded manner by two authors (S.K. and H.T.) 
who did not have any clinical or pathological information 
regarding the sample in order to avoid bias and subjective 
interpretation.

Statistical analysis
All data were expressed as mean ± standard deviation 
(SD). Between group differences in clinicopathologi-
cal characteristics were analyzed using Student’s t test 
for continuous variables and chi-squared test for non-
continuous variables. Overall survival (OS) and recur-
rence-free survival (RFS) rates were calculated using the 
Kaplan–Meier method. Univariate and multivariate anal-
yses were performed using the Cox proportional hazards 
regression model. P < 0.05 was considered significant. All 
statistical analyses were performed in JMP 14.0 software 
(SAS Institute, Cary, NC) by Hirotoshi Takayama.

Results
Patient characteristics
The entire cohort of 98 eBDC patients is summarized 
in Table  1. This cohort includes 69 men (70.5%) and 29 
women (29.5%). The mean age was 68.2 ± 9.0 years. The 
main tumor locations were the distal bile duct (n = 54, 
55.1%) and perihilar bile duct (n = 44, 44.9%). Among the 
included patients, 78 (79.6%) achieved R0 resection, and 
the other 20 patients (20.4%) had microscopically posi-
tive surgical margins (R1 resection). Forty-six patients 
(46.9%) received adjuvant chemotherapy.

Immunohistochemical findings of SMAD4 in eBDC
The typical immunohistochemical expression of SMAD4 
is demonstrated in Fig.  2b–e. SMAD4 expression was 
found in the cytoplasm and/or nucleus of tumor cells. We 
evaluated SMAD4 staining in the nuclei of tumor cells as 
functional SMAD4. Supplemental Figure 1 shows a histo-
gram of the SMAD4 immunohistochemical score at the 
central lesion and the invasion front of resected speci-
mens. The median SMAD4 staining score was 6 at both 
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the central lesion and invasion front, but the mean ± SD 
score was 6.13 ± 3.63 at the central lesion and 5.57 ± 3.75 
at the invasion front. We defined a score ≤ 6 points as low 
SMAD4 function and a score ≥ 7 points as high SMAD4 
function for both sites.

Association between functional SMAD4 expression 
and clinicopathological factors among eBDC patients who 
underwent upfront surgery
Table  2 shows the correlation between functional 
SMAD4 staining at the central lesion and tumor invasion 
front, and Fig.  3a, b shows the RFS and OS curves for 
four groups created when stratifying by SMAD4 staining 
at the two sites. There was no significant difference in the 
analyses, but in the analysis of OS, there was a marginal 

Fig. 2  The definition of tumor invasion front and tumor central lesion, and typical immunohistochemical labeling for SMAD4 in extrahepatic 
biliary tract cancer. a The definition of tumor invasion front and tumor central lesion. Scale bar = 500 µm, × 20 magnification. b–e Typical 
immunohistochemical labeling for SMAD4 in extrahepatic biliary tract cancer. Scale bar = 50 µm, × 400 magnification. b Nuclear SMAD4 expression 
is negative, score = 0. c The percentage of nuclear positive SMAD4 is 0–25%, score = 1. d The percentage of nuclear positive SMAD4 is 25–50%, 
score = 2. e The percentage of nuclear positive SMAD4 is above 50%, score = 3
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difference; the group without SMAD4 expression at any 
site had the poorest prognosis. Next, based on SMAD4 
expression at the central lesion and invasion front, we 
classified upfront surgery patients into two groups: no 
SMAD4 expression at any site (n = 6) and other cases 
(n = 67). Supplemental Table 1 summarizes the compari-
son of patient characteristics between the two groups. No 
SMAD4 expression was non-significantly associated with 
higher invasion of the liver (66.7% vs. 26.9% P = 0.053) 
and nervous system (100.0% vs. 76.9% P = 0.078). We did 
not observe a significant correlation of SMAD4 status 
with other clinicopathological factors.

Association between SMAD4 expression and prognosis 
among eBDC patients who underwent upfront surgery
Figure 3c, d shows the Kaplan–Meier survival curves for 
RFS and OS according to SMAD4 expression. Patients 
without SMAD4 expression at any site had significantly 
poorer OS than the other patients (3-year OS rate: 
no SMAD4 expression, 20.83%; other cases, 67.22%; 
P = 0.014). There was no significant difference for RFS 
(3-year OS rate: no SMAD4 expression, 0.0%; other cases, 
46.69%; P = 0.120).

Association between intensity of SMAD4 staining at each 
area and clinicopathological factors in the upfront surgery 
group with SMAD4 expression at any site
In 67 cases with SMAD4 expression at any site, the 
association of prognosis and clinicopathological factors 
with SMAD4 intensity was evaluated separately for the 
tumor invasion front and the central lesion. The cases 
were divided into a SMAD4 low group and SMAD4 
high group. Supplemental Table  2 summarizes the 
association between SMAD4 staining and clinicopatho-
logical factors. Cases with low SMAD4 staining at the 
invasion front presented higher invasion of the venous 
system (P = 0.044) and nervous system (P = 0.031). 
Supplemental Figure 2 shows the survival analysis. We 
did not find a significant difference between the two 
groups at both sites.

Three groups according to SMAD4 status
We divided the 73 patients who underwent upfront sur-
gery into three groups depending on the SMAD4 status 
in each area. The SMAD4 immunohistochemical score 
was 0 in the absent group, 1–6 in the low group, and 7–12 
in the high group. Supplemental Tables 3 and 4 compare 
clinicopathological factors among the three groups. In 
the classification of the central lesion, we found no sig-
nificant difference in clinicopathological factors among 
the three groups. In classification of the invasion front, 

Table 1  Clinicopathological parameters of 98 patients with 
extrahepatic bile duct cancer

a Average ± standard deviation

Variables n (%)

All 98

Race Asian 98 (100.0%)

Others 0 (0.0%)

Gender Men 69 (70.5%)

Women 29 (29.6%)

Age 68.2 ± 9.0a

Operative procedure Hepatectomy 44 (44.9%)

Pancreaticoduodenectomy 54 (55.1%)

Location Perihilar 44 (44.9%)

Distal 54 (55.1%)

Histological type Well or moderately 80 (81.6%)

Poorly 18 (18.4%)

UICC8th_pT 1 or 2 45 (45.9%)

3 or 4 53 (54.1%)

UICC8th_pN 0 61 (62.2%)

1 or 2 37 (37.8%)

Microinvasion into lymphatic 
system

Absent 47 (48.0%)

Present 51 (52.0%)

Microinvasion into venous 
system

Absent 69 (70.4%)

Present 29 (29.6%)

Microinvasion into nervous 
system

Absent 27 (27.6%)

Present 71 (72.4%)

Invasion into liver Absent 72 (73.5%)

Present 26 (26.5%)

Invasion into pancreas Absent 61 (62.2%)

Present 37 (37.8%)

Invasion into portal vein Absent 87 (88.8%)

Present 11 (11.2%)

Invasion into artery Absent 89 (91.8%)

Present 8 (8.2%)

Residual tumor R0 78 (79.6%)

R1 20 (20.4%)

Adjuvant therapy Done 46 (46.9%)

Not done 52 (53.1%)

Table 2  The correlation of SMAD4 expression at tumor central 
lesion and at tumor invasion front

SMAD4 expression at central 
lesion

SMAD4 expression at invasion 
front

Absent Present

Absent 6 (8.2%) 4 (5.5%)

Present 13 (17.8%) 50 (68.5%)



Page 6 of 11Takayama et al. World Journal of Surgical Oncology          (2022) 20:291 

we found a significant difference in microinvasion into 
the venous system and liver. We also compared the prog-
nosis of the three groups. Figure 3e–h shows the Kaplan–
Meier survival curves for RFS and OS. In the analysis 
of the central lesion, we found no significant difference 
among the three groups. In contrast, in the analysis on 
the invasion front, we found a significant difference (RFS 
P = 0.033; OS P = 0.047) among the three groups, and the 
absent group had the shortest RFS and OS.

SMAD4 expression at the metastatic lymph node
SMAD4 immunostaining of the metastatic lymph node 
was also performed in 14 cases for which a resected 
specimen was available. We divided the 14 patients into 
6 cases with SMAD4 expression and 8 cases without 
SMAD4 expression. Figure  4 shows the Kaplan–Meier 
survival curve stratified by SMAD4 expression in meta-
static lymph node. In the RFS analysis, we found no sig-
nificant difference. In the OS analysis, the group without 
SMAD4 expression at the metastatic lymph node had a 
poorer prognosis (P = 0.011).

Association between SMAD4 expression and adjuvant 
chemotherapy
We also evaluated the correlation between the effect 
of adjuvant chemotherapy and SMAD4 expression. 
Supplemental Figure  3 presents the Kaplan–Meier 
survival curves of 73 patients who underwent upfront 
surgery stratified by the presence or absence of adju-
vant chemotherapy. In the analysis of both RFS and 
OS, adjuvant chemotherapy did not improve the 
prognosis. Notably, there was no clear evidence of 
an effect of adjuvant chemotherapy on eBDC. Next, 
we classified patients into subgroups depending on 
the SMAD4 status (low or high) in each area (cen-
tral lesion and invasion front) and investigated the 
effect of adjuvant chemotherapy on the prognosis of 
each group. Supplemental Figures  4 and 5 show the 
Kaplan–Meier survival curves of these subgroups 
stratified by the presence or absence of adjuvant 
chemotherapy. An improving effect of adjuvant chem-
otherapy was not observed in any subgroup.

Univariate and multivariate analysis of survival 
in the upfront surgery group
Supplemental Tables 5 and 6 present the results of uni-
variate and multivariate analyses of factors influencing 
survival using the Cox proportional hazards model. In 
the analysis of RFS, univariate analysis showed that inva-
sion into the venous system (hazard ratio [HR] 2.034, 
P = 0.037), invasion of the nervous system (HR 4.711, 
P = 0.011), positive lymph node metastasis (HR 2.152, 
P = 0.024), and residual tumor (HR 2.950, P = 0.002) were 
associated with poor prognosis. Multivariate analysis 
revealed that invasion of the nervous system (HR 4.250, 
P = 0.023) and residual tumor (HR 2.860, P = 0.025) were 
independent prognostic factors. In the analysis of OS, 
univariate analysis showed that no SMAD4 expression 
at any site (HR 3.551, P = 0.022), invasion into the lym-
phatic system (HR 3.136, P = 0.013), and invasion of the 
nervous system (HR 5.269, P = 0.024) were prognostic 
factors. Multivariate analysis revealed that invasion into 
the lymphatic system (HR 3.136 P = 0.024) and invasion 
of the nervous system (HR 4.606, P = 0.043) were inde-
pendent prognostic factors.

SMAD4 expression and survival after recurrence
To evaluate the association between SMAD4 and chemo-
therapy, we also evaluated survival time after recurrence. 
We consider that the recurrence site would have the same 
features of the invasion front.

Among the 67 patients with SMAD4 expression at 
any site, 33 experienced recurrence. Survival time after 
recurrence was evaluated according to SMAD4 status 
at each central lesion and tumor invasion front (Fig.  5). 
In both the central lesion and invasion front, the high 
SMAD4 group had a poorer prognosis than the low 
SMAD4 group (central lesion, P = 0.011; invasion front, 
P = 0.056).

Change in SMAD4 expression after neoadjuvant 
chemotherapy
Finally, to evaluate SMAD4 on the residual cancer after 
chemotherapy and chemo-radiation therapy, we exam-
ined functional SMAD4 in resected specimens after 
neoadjuvant therapy. Four cases were treated with 
neoadjuvant chemotherapy (NAC) and 21 cases with 

Fig. 3  Kaplan–Meier survival curves for 73 patients with upfront surgery stratified by SMAD4 status. a Recurrence-free survival. b Overall survival. 
Black solid line, cases without SMAD4 expression at any site (n = 6); black dashed line, cases with absent at the central lesion and present at the 
invasion front (n = 4); gray solid line, cases with present at the central lesion and absent at the invasion front (n = 13); and gray dashed line, cases 
with present at both sites (n = 50). c Recurrence-free survival and d Overall survival in dichotomous groups. Black solid line, cases without SMAD4 
expression at any site (n = 6); black dashed line, the other cases (n = 67). e–h Patients were classified into three groups according to SMAD4 status 
at the central lesion and invasion front. SMAD4 score is 0 points in the absent group, 1 to 6 points in the low group, and 7 to 12 points in the high 
group. e Recurrence-free survival at the central lesion. f Overall survival at the central lesion. g Recurrence-free survival at the invasion front. h 
Overall survival at the invasion front

(See figure on next page.)
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Fig. 3  (See legend on previous page.)



Page 8 of 11Takayama et al. World Journal of Surgical Oncology          (2022) 20:291 

Fig. 4  Kaplan–Meier survival curves for 14 patients with lymph node metastasis. a Recurrence-free survival stratified by SMAD4 expression at the 
metastatic lymph node. b Overall survival stratified by SMAD4 expression at the metastatic lymph node. Black line, SMAD4 absent group; dashed 
line, SMAD4 present group

Fig. 5  Kaplan–Meier survival curves for 33 patients with recurrence after surgery. a Survival curves stratified by SMAD4 expression at the central 
lesion and b the invasion front. Solid line, SMAD4 low expression; dashed line, SMAD4 high expression

Fig. 6  Comparison of SMAD4 immunohistochemical scores among the upfront surgery, NAC and NAC-RT group. a At the central lesion. b At the 
invasion front
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neoadjuvant chemo-radiation therapy (NAC-RT), and 73 
cases underwent upfront surgery. The clinicopathologi-
cal factors among the three groups are summarized in 
Supplemental Table 7. The survival analysis of the three 
groups is shown in Supplemental Figure  6. The NAC-
RT group had better prognosis (5-year RFS rate, 82.4%; 
5-year OS rate, 92.9%) than the other groups. Figure  6 
shows the SMAD4 immunohistochemical scores at the 
central lesion and invasion front in each group. At the 
central lesion, there was no significant difference among 
the three groups. At the invasion front, we identified a 
significant difference (P = 0.039) between NAC-RT (aver-
age score 7.14 ± 3.51) and upfront surgery (average score 
5.23 ± 3.75).

Discussion
SMAD4 is an intracellular transcriptional mediator of the 
TGFβ signaling pathway. SMAD4 has been reported to 
function mainly as a tumor suppressor through cell cycle 
arrest, apoptosis, and differentiation. However, SMAD4 
has also been reported to trigger EMT through the induc-
tion of EMT-associated transcriptional factors Snail [18], 
ZEB1, and ZEB2 [19], or to function as a tumor promoter. 
Along with KRAS and p53, SMAD4 is one of the most 
frequently mutated genes in eBDC [9]. To understand 
the molecular pathology of BTCs, it is indispensable to 
elucidate the function of SMAD4. Our previous studies 
demonstrated high SMAD4 and N-cadherin staining at 
the invasion front in resected BTC specimens and sug-
gested that EMT may be induced at the cancer invasion 
front [16]. Our objective was to analyze the intra-tumoral 
localization of SMAD4 in resected BTC specimens and 
determine the significance of SMAD4 localization using 
immunohistochemistry.

We demonstrated that patients without SMAD4 
expression at the central lesion or tumor invasion front 
have poorer OS than those with SMAD4 expression at 
any site. Furthermore, when patients were classified into 
three groups (absent, low, high) according to the intensity 
of functional SMAD4 in each area, the absent group had 
the poorest prognosis in regards to RFS and OS. In addi-
tion, patients whose SMAD4 expression in the metastatic 
lymph node was negative had poorer OS than SMAD4-
positive patients. On the other hand, among patients 
with recurrence, high SMAD4 expression was signifi-
cantly related to shorter survival time after recurrence. 
Moreover, the SMAD4 immunohistochemical score 
at the tumor invasion front in the group treated with 
chemo-radiation therapy was lower than the score in the 
upfront surgery group.

The data presented here demonstrate that the loss of 
SMAD4 immunostaining was a poor prognostic factor 

for OS in the upfront surgery group. This result may 
indicate that, in eBDC, which can be radically resected, 
SMAD4 inactivation results in a biologically more 
aggressive form. Previous studies reported that patients 
without SMAD4 protein expression had a shorter sur-
vival time from pancreatic cancer [14], colon cancer [15], 
and esophageal cancer [20]. In studies of SMAD4 in bil-
iary tract cancer, organ-specific disruption of SMAD4 
was shown to induce tumorigenesis of cholangiocarci-
noma [21, 22]. Moreover, mutation of the SMAD4 gene 
was a poor prognostic factor in intrahepatic BDC and the 
loss of SMAD4 according to immunohistochemistry was 
significantly associated with distant metastasis [23]. The 
present result was consistent with these previous reports.

Among cases with recurrence, cases with high SMAD4 
expression at any site had shorter survival time than 
those with low SMAD4 expression. This result may 
possibly indicate that high expression of functional 
SMAD4 induces chemoresistance or tumor cells with 
high SMAD4 expression are more aggressive malignan-
cies when the tumor has progressed to distant metasta-
sis. However, to make such an interpretation, we need 
to hypothesize that the SMAD4 function at the invasion 
front in resected specimens is almost the same as its 
function in recurrent tumors. No reports have examined 
the prognosis after recurrence in BTCs stratified by the 
SMAD4 immunostaining status. However, other reports 
have shown that, in advanced tumors, intact SMAD4 
facilitates EMT and TGFβ-dependent tumor growth 
[24]. We previously found that SMAD4 expression levels 
are enhanced in the gemcitabine-resistant BDC cell line 
MzChA-1_GR compared to the parent MzChA-1 cell 
line, and MzChA-1_GR cells acquired malignant poten-
tial through EMT depending on SMAD4 function [16]. 
It has also been reported that for patients with advanced 
pancreatic cancer who undergo palliative chemotherapy 
before resection, patients with preserved SMAD4 expres-
sion have significantly shorter progression-free survival 
than patients with lost SMAD4 expression [25]. TGFβ 
signaling has also been suggested to play a tumor sup-
pressor role in early-stage tumors but a tumor promo-
tor role in late-stage tumors. Our results may reflect this 
theory from previous reports.

Functional SMAD4 was expressed at higher levels at 
the invasion front in patients treated with NAC-RT than 
in those treated with upfront surgery. OS and RFS were 
highest in the NAC-RT compared to the other two treat-
ment groups. This result may indicate that tumor cells 
with low functional SMAD4 expression died by receiv-
ing chemo-radiation therapy and tumor cells with high 
functional SMAD4 expression survived. In short, tumor 
cells with low functional SMAD4 expression may be 
radio-sensitive. There have been no reports regarding the 
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evaluation of functional SMAD4 in resected specimens 
for chemo- and/or radio-sensitivity, and we could not 
find a report supporting our results. Regarding mutation 
(deletion) of SMAD4, colorectal cancer [26] and pancre-
atic ductal carcinoma [27] are associated with resistance 
to radiotherapy. To examine our results in more detail, 
we need to compare biopsy specimens taken before neo-
adjuvant therapy to resected specimens taken after neo-
adjuvant therapy.

We acknowledge that the present analysis has several 
limitations. First, this was a retrospective analysis at two 
institutions and included a small number of patients. 
Second, the evaluation only by immunohistochemis-
try is thought to be insufficient to evaluate the presence 
of SMAD4 expression. Therefore, we have to evaluate 
SMAD4 expression by other methods, such as Western 
blotting and PCR. Finally, the present evaluation method 
for immunostaining cannot cover all areas in a tumor. In 
the near future, an imaging analysis using high-perfor-
mance software is needed in order to reflect the exact 
immunostaining.

In summary, the present results demonstrate that 
loss of SMAD4 expression is a poor prognostic factor 
in resectable eBDC and high expression of functional 
SMAD4 is a poor prognostic factor in recurrent eBDC. 
These results may indicate that SMAD4 had a bidirec-
tional function as both a tumor promotor and tumor 
suppressor. In the presence of SMAD4 deletion, path-
ways other than TGF/SMAD would work in cancer pro-
motion. The function of SMAD4 was complicated and we 
could not explain the function of SMAD4 completely. In 
the near future, further investigations of the dual func-
tion of SMAD4 are needed.

Conclusions
The loss of SMAD4 protein expression was a poor 
prognostic factor in eBDC. The intensity of functional 
SMAD4 staining in eBDC is a marker of resistance to 
chemotherapy and radiotherapy. The localization of func-
tional SMAD4 plays a complicated role in eBDC that 
related not only to the natural course of BTC after sur-
gery, but also chemo-radio-sensitivity.
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