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Background: Previous reports suggest that intact SMAD4 expression is associated with a locally aggressive 
pancreas cancer phenotype. The objectives of this work were to determine the frequency of intact SMAD4 
and its association with patterns of recurrence in patients with upfront resected pancreas cancer receiving 
adjuvant therapy.
Methods: A tissue microarray was constructed using resected specimens from patients who underwent 
upfront surgery and adjuvant gemcitabine with no neoadjuvant treatment for pancreas cancer. SMAD4 
expression was determined by immunohistochemical staining. Associations of SMAD4 expression and 
clinicopathologic parameters with clinical outcomes were evaluated using Cox proportional hazard models.
Results: One hundred twenty-seven patients were included with a median follow up of 5.7 years. Most 
patients had stage ≥ pT3 tumors (75%) and pN1 (68%). All patients received adjuvant gemcitabine, and 
79% of patients received adjuvant chemoradiotherapy. Ten (8%) patients had intact SMAD4 expression. 
Grade was the only clinicopathologic parameter statistically associated with SMAD4 expression (P=0.05). 
Median overall survival was 2.1 years. On univariate analysis, SMAD4 expression was associated with 
increased locoregional recurrence (hazard ratio 7.0, P<0.01, 95% confidence interval: 2.8–18.0) but not 
distant recurrence (P=0.06) or overall survival (P=0.73). On multivariable analysis, SMAD4 expression (hazard 
ratio 9.6, P<0.01, 95% confidence interval: 3.7–24.8) and adjuvant chemoradiotherapy (hazard ratio 0.3, 
P=0.01, 95% confidence interval: 0.1–0.8) were associated with higher and lower locoregional recurrence, 
respectively. 
Conclusions: In patients with upfront resected pancreas cancer, SMAD4 expression was associated with an 
increased risk of locoregional recurrence. Prospective evaluation of the frequency of SMAD4 expression and 
validation of its predictive utility is warranted. 
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Introduction

With an estimated 57,600 new cases in the United States 
and the lowest 5-year survival rate of major cancers, 
pancreas cancer has become the third leading cause of 
cancer mortality responsible for an estimated 47,050 deaths 
in 2020 (1-7). Approximately 20% of patients with clinically 
localized tumors are surgical candidates, and R1 resection 
occurs 20–60% of the time with survival similar to patients 
with unresectable tumors (8-10). Locoregional recurrence 
(LRR) is a known independent predictor of overall survival 
(OS) and the sole cause of death in up to 25% of patients 
(11,12). Despite use of adjuvant chemotherapy and/or 
chemoradiotherapy (CRT) to mitigate recurrence risk, 
prospective clinical trials still show high rates of LRR 
and distant recurrence (DR) of 20–53% and 46–86%, 
respectively (9,13-18). 

Mothers Against Decapentaplegic homolog 4 (SMAD4), 
also known as deleted in pancreatic cancer 4 (DPC4), 
functions in the transforming growth factor beta (TGF-β) 
pathway to induce growth suppressive effects in normal 
development and tumorigenesis (19-25). Inactivation or 
loss of SMAD4 promotes pancreatic tumor growth through 
the loss of TGF-β/SMAD4-dependent cell cycle arrest 
and apoptosis, and mutations in SMAD4 are found in the 
majority of pancreatic adenocarcinomas (20,26). SMAD4 
immunohistochemical (IHC) staining can be used to assess 
tumor SMAD4 expression, which is concordant with gene 
status in pancreas cancer (27,28). 

As a biomarker, SMAD4 expression may predict 
individual LRR or DR risk to stratify patients into selective 
treatment paradigms, ultimately with the potential to 
improve survival (11,27,29-38). Past reports suggest loss of 
SMAD4 expression is associated with a distant metastatic 
predominant phenotype (11,28,30) and worse prognosis 
(27,31-38), while intact SMAD4 expression is associated 
with a locally aggressive tumor phenotype (11,29). For 
example, in a study of 65 pancreas cancer specimens 
analyzed on rapid autopsy, 78% of patients without 
metastases had intact SMAD4 expression compared to 33% 
of patients with metastatic disease (11). In another study, 
11 (73%) of 15 patients with intact SMAD4 expression had 
a locally aggressive pattern of progression compared to 
four (29%) of 14 patients with SMAD4 loss (29). Previous 

studies reveal a range of SMAD4 loss in 15–82% of 
resected pancreas tumors (23,27,30-38). The wide range of 
frequency of SMAD4 loss may reflect differences in patient 
selection (localized vs. metastatic), specimen size, tumor 
heterogeneity, and IHC staining technique (30,31,36-38).

This work aims to determine the frequency of intact 
SMAD4 expression in a single-institution cohort of patients 
with treatment naïve, resected pancreas cancer and to 
evaluate the association of SMAD4 status with patterns of 
recurrence and survival. The following article is presented 
in accordance with the REMARK reporting checklist (39) 
(available at http://dx.doi.org/10.21037/jgo-21-55).

Methods

Patient selection

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study 
was approved by the institutional review board of Mayo 
Clinic (No.: 17-003122), and informed consent was taken 
from all the patients. From 2000 to 2010, 778 patients with 
clinically non-metastatic pancreas cancer who underwent 
curative intent surgery were screened for enrollment in a 
prospective single-institution clinical registry (Biospecimen 
Resource for Pancreas Research, Mayo Clinic IRB#354-06, 
supported in part by the Mayo Clinic SPORE in Pancreatic  
Cancer) (40). Of these, 579 patients consented for 
prospective patient registry enrollment providing access 
to their medical records and archived tumor tissues. As 
part of a subsequent retrospective institutional review 
board-approved study (No.: 17-003122), the pathology 
biorepository was queried for surgical pathology specimens 
with sufficient available tissue for tissue microarray (TMA) 
construction for tumor biomarker analysis. Eligible patients 
were those who underwent upfront surgery without 
neoadjuvant therapy and received at least one cycle of 
postoperative adjuvant gemcitabine. 

Tissue microarray generation

Treatment-naïve tumor biospecimens from 146 patients 
with formalin-fixed paraffin-embedded tissue available 
were included in TMA construction. In consideration of 
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immense tumor heterogeneity, up to three viable tumor 
locations were marked by a pathologist from H&E stained 
slides. The identified locations were then core punched 
(2.0 mm diameter) and used to construct a set of TMA 
blocks (41). Each TMA slide consisted of 60 cores with 
four cores of non-pancreas tissue samples placed to enable 
TMA orientation as well as serve as internal controls. 
IHC staining for SMAD4 was performed using murine 
B-8 monoclonal Santa Cruz antibody (catalog number  
SC-7966). TMAs were assessed for staining quality and 
scored by the study pathologist, who was otherwise 
blinded to patient clinicopathologic features and clinical 
outcomes. Scoring based on two measures: percentage of 
tumor cell staining, ranged 0–100% in increments of 10%, 
and staining intensity, scored as 0, 1, 2 or 3 (none, weak, 
moderate, or strong, respectively). A histoscore ranging 
from 0–300 was created by the product of the percentage 
of cell  staining and tumor intensity. A histoscore 
greater than zero was considered to have intact SMAD4 
expression.

Clinical data collection 

All 127 patients with SMAD4 IHC staining were included 
in the final analysis. Clinicopathologic features and clinical 
outcomes of the patients (OS, LRR, and DR) were collected 
retrospectively from the electronic medical record. LRR was 
defined by radiographic recurrence within the surgical bed, 
remnant pancreas, or draining lymph node regions such as 
superior mesenteric or celiac. DR included recurrences in 
the lung, liver, and other less common sites. LRR and DR 
events were tracked independently, and thus patients could 
be characterized as having one or both types of recurrence, 
whether identified concurrently or sequentially. The end 
of the follow up period was 1 January 2020, and median 
follow-up was 5.7 years (IQR, 4.6–7.6 years). 

Statistical analysis

Descriptive statistics were reported using the number 
(percentage) for discrete variables and the median and 
interquartile range (IQR) for continuous variables. 
The Kaplan Meier method was used to estimate OS.  
Cumulative incidence estimates were calculated for LRR 
and DR considering death as a competing risk.  Univariate 
associations of clinicopathologic parameters as variables 
(SMAD4 expression, resection margins (R0, R1, R2), 
tumor diameter dichotomized at median, tumor stage 

dichotomized as T1/T2 versus T3/T4, nodal stage, grade 
dichotomized at grade 2 versus grade 3/4, lymphovascular 
invasion, perineural invasion, carbohydrate antigen (CA) 
19-9 dichotomized at median, and use of adjuvant CRT) 
and OS were made using a Cox model.  Associations with 
both LRR and DR were made using the Fine and Gray 
extension of the Cox model.  For the outcomes with 
significant univariate associations, multivariable models 
were examined including as candidate variables those with 
a univariate significance of P≤0.25. Variables were retained 
for the final model using the backward selection method. 
An alpha level of 0.05 was used for statistical significance.

Results

Clinicopathologic features of the 127 patients included in 
the final analysis are summarized in Table 1. All patients 
received adjuvant gemcitabine with a median number 
of cycles of 6 (range, 1–6). Seventy-nine percent (n=99) 
of patients received adjuvant CRT with a median dose 
fractionation of 5,040 cGy (range, 4,500–5,940 cGy) in 28 
fractions (range, 25–33 fractions).

A total of 10 (8%) patients had intact SMAD4 expression 
and were more likely to have grade 2 tumors (25% 
expression) relative to grade 3 or 4 (6% expression) (P=0.05). 
No other clinicopathologic parameters were associated 
with SMAD4 expression. The median OS for all patients 
was 2.1 years (IQR, 1.3–3.8 years). Eighty-eight patients 
experienced any type of recurrence, and of those, 12 patients 
experienced both LRR and DR. Allowing for recurrences to 
be assessed independently, LRR and DR events occurred in 
20 and 80 patients, respectively (Table 2). 

On univariate analysis, intact SMAD4 expression was 
associated with a higher rate of LRR (HR =7.0, P<0.01, 95% 
CI: 2.8–18.0) (Table 3 and Figure 1). SMAD4 expression, 
use of CRT (P=0.07), and grade (P=0.08) were included as 
candidate variables in the multivariable model for LRR. 
On multivariable analysis, intact SMAD4 expression was 
associated with a higher rate of LRR (HR 9.6, P≤0.01, 95% 
CI: 3.7–24.8), use of adjuvant CRT was associated with a 
lower rate of LRR (HR =0.3, P=0.01, 95% CI: 0.1–0.8), and 
grade was not retained (Table 4). SMAD4 expression was 
not associated with DR (HR =1.8, P=0.06, 95% CI: 1.0–3.2) 
or OS (HR =1.1, P=0.73, 95% CI: 0.6–2.3) on univariate 
analyses (Table 3 and Figure 1). As no clinicopathologic 
parameters were associated significantly with DR or OS 
on univariate analyses, multivariable analyses were not 
performed for DR or OS.
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Table 1 Clinicopathologic features of 127 patients included in tissue microarray analysis. 

All patients, % [n] (n=127) SMAD4 intact, % [n] (n=10) SMAD4 lost, % [n] (n=117) P value

Sex 0.81

Female 46.5 [59] 50.0 [5] 46.2 [54]

Male 53.5 [68] 50.0 [5] 53.8 [63]

Age 0.61

Median (years) 64 69.5 64

Interquartile range (years) 55–73 56–74 55–73

ECOG 0.42

0 84.3 [107] 100.0 [10] 82.3 [97]

1 12.6 [16] 0.0 [0] 13.7 [16]

2 0.8 [1] 0.0 [0] 0.9 [1]

Missing 2.4 [3] 0.0 [0] 2.6 [3]

Charlson comorbidity index 0.62

0–2 19.7 [25] 20.0 [2] 19.7 [23]

3–5 56.7 [72] 70.0 [7] 55.6 [65]

>5 21.3 [27] 10.0 [1] 22.2 [26]

Missing 2.4 [3] 0.0 [0] 2.6 [3]

Histology 0.69

Adenocarcinoma 93.7 [119] 100.0 [10] 93.2 [109]

Mucinous carcinoma 3.9 [5] 0.0 [0] 4.3 [5]

Adenosquamous carcinoma 2.4 [3] 0.0 [0] 2.6 [3]

Tumor site 0.55

Head 77.2 [98] 90.0 [9] 76.1 [89]

Body 2.4 [3] 0.0 [0] 2.6 [3]

Tail 11.8 [15] 0.0 [0] 12.8 [15]

Overlap/not specified 8.7 [11] 10.0 [1] 8.5 [10]

Resection margin 0.72

R0 81.9 [104] 80.0 [8] 82.1 [96]

R1 16.5 [21] 20.0 [2] 16.2 [19]

R2 1.6 [2] 0.0 [0] 1.7 [2]

Median tumor size 0.55

Median (mm) 35.0 30.5 35.0

Interquartile range (mm) 26.0–45.0 27.0–36.0 26.0–45.0

Pathologic T stage 1.00

T1/T2 25.2 [32] 20.0 [2] 25.6 [30]

T3/T4 74.8 [95] 80.0 [8] 74.4 [87]

Table 1 (continued)
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Discussion

Pancreas cancer exhibits immense tumor and phenotypic 
heterogeneity with different treatment responses and 
patterns of recurrence (42-48). This is likely due to 
heterogeneous biologic subtypes as a result rapid clonal 
evolution and selection response (49,50). To date, limited 
information is available for identification and prognostic 

evaluation of subtypes for risk stratification. In the 
postoperative setting, adverse pathologic features and CA 
19-9 are correlated retrospectively with LRR and DR 
(12,51). Unfortunately, these indicators alone are inadequate 
to predict patterns of recurrence prospectively for guidance 
of appropriate adjuvant therapies tailored specifically to 
individual patients. Further, as recent clinical trials provide 
supportive evidence for neoadjuvant therapy (52-54), 

Table 1 (continued)

All patients, % [n] (n=127) SMAD4 intact, % [n] (n=10) SMAD4 lost, % [n] (n=117) P value

Pathologic N stage

N0 32.3 [41] 20.0 [2] 33.3 [39] 0.50

N1 67.7 [86] 80.0 [8] 66.7 [78]

Grade 0.05

2 9.4 [12] 30.0 [3] 7.7 [9]

3 76.4 [97] 50.0 [5] 78.6 [92]

4 14.2 [18] 20.0 [2] 13.7 [16]

Lymphovascular invasion 0.62

Absent 86.6 [110] 80.0 [8] 87.2 [102]

Present 13.4 [17] 20.0 [2] 12.8 [15]

Perineural invasion 0.50

Absent 31.5 [40] 80.0 [8] 68.5 [87]

Present 68.5 [87] 20.0 [2] 31.5 [40]

Preoperative CA 19-9 0.17

Median (U/mL) 195 63 219

Interquartile range (U/mL) 49–573 26–601 52–553

Adjuvant chemoradiotherapy 0.69

No 21.4 [27] 10.0 [1] 22.4 [26]

Yes 78.6 [99] 90.0 [9] 77.6 [90]

Missing 0.8 [1] 0.8 [1]

Table 2 Cumulative incidence and patterns of recurrence by SMAD4 expression

Total events (n=127)
3-year cumulative incidence,  
SMAD4 intact (95% CI), %

3-year cumulative incidence,  
SMAD4 lost (95% CI), %

Any recurrence 88 90.0 (73.2–100.0) 61.9 (53.6–71.4)

Locoregional recurrence 20 60.0 (36.2–99.5) 10.3 (6.1–17.7)

Distant recurrence 80 80.0 (58.7–100.0) 56.7 (48.3–66.5)

CI, confidence interval.
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Table 3 Univariate analyses for locoregional recurrence, distant recurrence, and overall survival

Univariate analysis for  
locoregional recurrence

Univariate analysis for  
distant recurrence

Univariate analysis for  
overall survival

P value HR 95% CI P value HR 95% CI P value HR 95% CI

SMAD4 expression

Lost 1.00 1.00 1.00

Intact <0.01 7.02 2.75–17.92 0.06 1.76 0.97–3.19 0.73 1.13 0.57–2.25

Resection

R0 1.00 1.00 1.00

R1 0.53 0.62 0.15–2.69 0.91 1.04 0.56–1.92 0.12 1.48 0.90–2.44

R2 0.43 0.42 0.17–65.05 0.68 0.55 0.03–9.21 0.06 3.82 0.93–15.72

Tumor diameter

≤35 mm 1.00 1.00 1.00

>35 mm 0.56 1.30 0.54–3.15 0.13 1.41 0.9–2.19 0.14 1.34 0.91–1.99

T stage

1/2 1.00 1.00 1.00

3/4 0.80 1.14 0.41–3.16 0.96 1.01 0.62–1.67 0.27 1.30 0.82–2.05

N stage

N0 1.00 1.00 1.00

N1 0.54 1.37 0.50–3.78 0.77 0.93 0.58–1.49 0.52 0.87 0.58–1.32

Grade

2 1.00 1.00 1.00

3/4 0.08 0.38 0.13–1.11 0.12 1.76 0.86–3.58 0.17 1.49 0.84–2.65

Lymphovascular invasion

No 1.00 1.00 1.00

Yes 0.39 0.41 0.06–3.10 0.01 2.13 1.19–3.81 0.25 1.38 0.79–2.40

Perineural invasion

No 1.00 1.00 1.00

Yes 0.30 0.56 0.19–1.67 0.56 1.16 0.71–1.87 0.42 1.19 0.78–1.81

Preoperative CA 19-9

≤195 1.00 1.00 1.00

>195 0.89 1.07 0.44–2.64 0.34 1.25 0.79–1.95 0.28 1.25 0.83–1.86

Adjuvant chemoradiotherapy

No 1.00 1.00 1.00

Yes 0.07 0.43 0.17–1.08 0.75 0.92 0.54–1.56 0.48 0.85 0.53–1.35

HR, hazard ratio; CI, confidence interval.
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historical pathologic predictors used to guide post-operative 
therapy are not available for use in selection of neoadjuvant 
therapy. Therefore, understanding tumor biology and easily 
assessable predictive biomarkers would be valuable in order 
to move toward individualized cancer therapy for pancreas 
cancer.

The present study adds to the existing body of work by 
suggesting intact SMAD4 as an independent risk factor 
for LRR in pancreas cancer. In the present study, 127 
patients with resected pancreas cancer treated with adjuvant 
gemcitabine and in the majority of cases adjuvant CRT 
were evaluated, and SMAD4 was observed to be intact in 
8% of specimens. This subset of patients treated at the 
study institution was chosen to isolate better the potential 
association of SMAD4 status and patterns of recurrence 
within a historical standard of care. The 3-year cumulative 
incidences of LRR were 60% in patients with SMAD4 
intact and 10% in patients with SMAD4 lost. Intact 

SMAD4 was predictive of a seven-fold increased risk of 
LRR on univariate analysis and a ten-fold increased risk of 
LRR on multivariable analysis, although SMAD4 expression 
was not associated significantly with DR. Clinicopathologic 
features were similar between patients with intact or lost 
SMAD4 with the exception of histopathologic grade, which 
was not associated with LRR on univariate or multivariable 
analysis. These data support the hypothesis that intact 
SMAD4 expression may be an independent predictor of a 
pancreas cancer subset with a predilection for LRR and may 
be used in risk stratification to identify patients who may be 
most likely to benefit from aggressive locoregional therapy. 

Recent clinical trials provide evidence for shifting the 
standard treatment paradigm of non-metastatic pancreas 
cancer to upfront neoadjuvant chemotherapy and CRT 
prior to an attempt at surgical resection (52-57). Two 
randomized trials demonstrated the benefits of neoadjuvant 
CRT prior to resection compared to upfront resection 

Table 4 Multivariable analysis for locoregional recurrence

Multivariate analysis for locoregional recurrence

P value HR 95% CI

SMAD4 expression

Lost 1.00

Intact <0.01 9.60 3.72–24.79

Adjuvant chemoradiotherapy

No 1.00

Yes 0.01 0.31 0.12–0.78

Grade was not retained in the parsimonious model including variables, P<0.05. HR, hazard ratio; CI, confidence interval.

Figure 1 Locoregional recurrence, distant recurrence, and overall survival by SMAD4 immunohistochemical expression: (A) Cumulative 
incidence of locoregional recurrence; (B) Cumulative incidence of distant recurrence; (C) Kaplan-Meier estimate of overall survival. HR, 
hazard ratio; CI, confidence interval.
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with adjuvant chemotherapy or CRT (52,54,58). While 
neoadjuvant CRT led to improvements in locoregional 
failure and disease-free interval, an additional benefit was 
the ability to detect the manifestation of occult metastatic 
disease during and after CRT but before surgery, thus 
improving the selection of surgical cases (54,58). For 
example, in the PREOPANC clinical trial, approximately 
14% of the patients who were randomized to and received 
neoadjuvant CRT did not undergo resection due to 
manifestation of metastatic disease (54,58). In a predefined 
subgroup analysis,  patients who underwent tumor 
resection and started adjuvant therapy had a median OS of  
35.2 vs. 19.8 months in the immediate surgery group. 
Despite these advantages, the rates of distant metastasis 
were similar between groups. These findings indicate that 
current clinical tools are inadequate to determine individual 
biology and to predict patterns of progression. Thus, a 
major challenge in treatment of pancreas cancer, with or 
without a neoadjuvant approach, is selecting appropriate 
patients for whom aggressive locoregional therapy may 
prolong survival.

Most studies have evaluated SMAD4 expression in the 
context of treatment-naïve, resected pancreas cancer. It is 
uncertain as to what impact SMAD4 expression may have in 
patients who undergo neoadjuvant treatment. In one study, 
the frequency of SMAD4 expression of resected specimens 
was similar between patients who did and did not receive 
neoadjuvant treatment (20% vs. 13%, respectively), and 
SMAD4 loss was associated with a shorter time to DR in the 
combined cohort (P=0.02) (30). As SMAD4 staining may be 
performed on fine needle aspiration samples with accuracy 
(34,59,60), it is feasible to assess SMAD4 status at diagnosis 
prior to neoadjuvant treatment as well as at possible 
resection after neoadjuvant treatment. It remains unclear 
whether neoadjuvant chemotherapy or CRT may change 
the expression of, or patterns of recurrence predicted by, 
SMAD4 and thus its relevance in a neoadjuvant treatment 
paradigm.

Beyond SMAD4, other molecular markers of loss of 
tumor suppression or oncogene activation have been 
explored for predictive utility of patterns of recurrence. 
Examples of significant correlations include inactivating 
mutations in TP53 with a distant metastatic predominant 
phenotype (11), high CXCR4 expression with a DR  
pattern (61), loss of p16 with DR as first recurrence and 
dominant pattern of progression (34), and high c-MET with 
shortened time to DR (30). While each of these markers 
are of interest, a synergistic combination potentially could 

be used to enhance their clinical utility (41). A panel 
of predictive and prognostic biomarkers may provide a 
unique signature that could be used to guide the treatment 
sequences of different combinatorial therapies to improve 
survival among various pancreas cancer subtypes.

While the results of this study are hypothesis generating 
and encouraging, several limitations are present. First, 
this is a selected cohort of patients from a single medical 
institution, and all inherent biases of a retrospective study 
may be present. The frequency of intact SMAD4 expression 
(8%) was lower than those of previously published 
studies, which may reflect an institution-based selection 
effect of treating patients with more advanced pancreas 
cancer and may limit the generalizability of the findings  
(30,31,36-38). The low detected frequency of intact 
SMAD4 also could reflect sampling error caused by tumor 
heterogeneity and the relatively small samples utilized 
for TMA construction (41). To attempt to mitigate this, 
up to three separate cores were taken per tumor. Further, 
this study was performed without a validation cohort, and 
validation of these results with an independent cohort 
is crucial. While lacking a true validation cohort, the 
observations of this study fit within the context of previously 
published literature and suggest a relationship between 
intact SMAD4 expression and LRR. Ultimately the findings 
are correlational and prospective evaluation is warranted. 

In conclusion, in a cohort of patients with resected 
pancreas cancer, intact SMAD4 expression was associated 
with a locally aggressive phenotype with a markedly 
increased risk of LRR. Multivariable analysis demonstrated 
intact SMAD4 and no adjuvant CRT were associated 
with increased risk of LRR. This work contributes to 
a growing body of knowledge that attempts to identify 
and differentiate molecular signatures in pancreas cancer 
and stratify patients who are more likely to benefit from 
aggressive locoregional therapy, including CRT. Future 
directions include prospective evaluation of the frequency 
of intact SMAD4, validation of its predictive utility 
including in both the adjuvant and neoadjuvant settings, 
and investigation into other biomarkers that could be 
combined with SMAD4 for improved prognostication.
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