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Abstract
Recent advances in the development of chemotherapies have helped improve the prognosis of pancreatic ductal adenocar-
cinoma (PDAC). However, predicting factors for the outcomes of chemotherapies (either gemcitabine or S-1) have not yet 
been established. We analyzed the expression of 4 major epithelial-to-mesenchymal transition-inducing transcription factors 
in 38 PDAC patients who received adjuvant chemotherapy after radical resection to examine the association with patients’ 
prognoses. The TWIST1-positive group showed a significantly poorer prognosis than the TWIST1-negative group for both 
the relapse‐free survival (median survival time [MST] of 8.9 vs. 18.5 months, P = 0.016) and the overall survival (MST of 
15.2 vs. 33.4 months, P = 0.023). A multivariate analysis revealed that TWIST1 positivity was an independent prognostic 
factor for a poor response to adjuvant chemotherapies (hazard ratio 2.61; 95% confidence interval 1.10–6.79; P = 0.029). 
These results suggest that TWIST1 can be utilized as an important poor prognostic factor for radically resected PDAC patients 
with adjuvant chemotherapy, potentially including neoadjuvant therapy using these agents.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a dismal-
prognosis tumor with a high mortality rate [1]. The 5-year 
survival rate is ≤ 10% [2]. Although certain types of neo-
adjuvant chemotherapy and radiation therapy can improve 

patients’ outcomes, surgical resection has been the most reli-
able way to overwhelm PDAC [3, 4]. Recent advances in 
strategies, including a combination of chemotherapy with 
conversion surgery for patients with initially unresectable 
PDAC, have improved the overall survival (OS). However, 
establishing an ideal method that increases the number of 
resectable cases after preoperative treatments remains an 
urgent issue [5–7].

The effectiveness of neoadjuvant and adjuvant chemo-
therapies with either gemcitabine or S-1 in resected PDAC 
has been shown by phase II and III trials (Prep-02/JSAP-05 
[8] and JASPAC 01 [9], respectively), indicating that gem-
citabine and S-1 are important key candidate drugs for over-
whelming PDAC. However, which patients can benefit from 
these drugs remains unclear.

Epithelial-to-mesenchymal transition (EMT) plays an 
important role in the progression of malignancy in various 
tumors [10–12]. It has also been shown to be crucial in the 
acquisition of chemoresistance in PDAC [13]. However, the 
associations between the expression of EMT-transcription 
factors (EMT-TFs) and treatment outcomes of gemcitabine 
or S-1 in the clinical setting remain unclear.
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In the present study using pathological R0-resected speci-
mens from PDAC patients who received adjuvant chemo-
therapy with either gemcitabine or S-1, we investigated the 
expression of four key major EMT-TFs (SNAIL, SLUG, 
TWIST1, and ZEB1) by immunohistochemical staining as 
a preliminary study with the intention of clarifying whether 
or not EMT-TFs can be prognostic factors for the OS of 
patients who received gemcitabine or S-1.

Methods

In this retrospective and stratified cohort study, we analyzed 
55 resected specimens from patients with PDAC who under-
went microscopically surgical margin-negative resection 
(pathological R0 resection) at Tohoku University Hospital 
between January 2007 and June 2012. These specimens were 
the only tissues available that allowed us to follow the prog-
noses and conduct immunohistochemical analyses.

Among these 55 patients, 38 received adjuvant chemo-
therapy, while 17 did not receive adjuvant chemotherapy. 
The end of the follow-up period was December 2017, with 
a follow-up rate of 98.2%.

The inclusion criteria were age ≥ 20 years old, histologi-
cally proven PDAC, surgical resection with no pathological 
residual tumor, pathological stages I through III (classified 
according to the UICC 8th ed.), no distant metastases, and 
cytologically negative findings for intraoperative peritoneal 
lavage fluid. The performance status of each patient was 
adequate (0 or 1) for adjuvant chemotherapy. No radiation 
therapy was performed in the perioperative period.

The exclusion criteria were PDAC with other pancreatic 
neoplasms or precancerous lesions, a history of treatment 
with gemcitabine and/or S-1, confirmed recurrence before 
starting adjuvant chemotherapy, comorbidity with other 
malignancy, incompatible general condition for chemother-
apy, and an insufficient volume of samples to evaluate four 
EMT-TFs in consequent slices.

This study was approved by the Ethics Committee of 
Tohoku University School of Medicine under the acces-
sion numbers of 2015-1-473 and 2015-1-474. The primary 
outcome was the overall survival (OS), and the secondary 
outcome was the relapse-free survival (RFS).

Patients received the same regimen as in the JASPAC 01 
study, a randomized phase III trial of adjuvant chemother-
apy with gemcitabine versus S-1 for patients with resected 
pancreatic cancer, without registration: weekly gemcitabine 
adjuvant or oral administration of S-1 adjuvant for 6 months 
[9].

Immunohistochemical staining experiments for EMT-
TFs were performed as described previously [14]. The 
antibodies used were as follows: SNAIL (ab180714; 
Abcam, Cambridge, UK), SLUG (ab128485; Abcam, or 

LS-C175177-100; LifeSpan BioSciences, Seattle, WA, 
USA), TWIST1 (ab50581; Abcam), and ZEB1 (NBP1-
05987; Novus Biologicals, Centennial, CO, USA). Heat-
mediated antigen retrieval for 30 min by microwaving was 
performed as follows: 0.1 mol/L citrate buffer for SNAIL 
and SLUG and 0.001 mol/L EDTA with 0.001 mol/L Tris 
for TWIST1 and ZEB1. Blocking of endogenous peroxi-
dase activity was performed by incubation in 1% hydrogen 
peroxidase in methanol for 15 min. Dilutions of primary 
antibodies were 1:400 (SNAIL), 1:150 (SLUG), 1:400 
(TWIST1), and 1:200 (ZEB1), and each antibody was 
treated with phosphate-buffered saline (PBS) overnight 
at 4 °C. Immunohistochemical staining with 3,3’-diam-
inobenzidine were performed for the following durations: 
5 min for SNAIL, 10 min for SLUG and TWIST1, and 
15 min for ZEB1.

We assessed the entire invasive front of PDAC (× 100), 
as previous reports suggested that EMT actively occurred 
in the invasive front [15, 16]. We defined a result as posi-
tive if ≥ 10% cells were positively stained to detect dif-
ferences in the prognosis, considering previous reports; 
in two previous studies, immunohistochemistry and 
quantitative reverse transcription polymerase chain reac-
tion (qRT-PCR) showed that almost all resected PDAC 
samples expressed SNAIL, SLUG, and TWIST1 [11, 14]. 
We therefore used 10% as the cut-off value according to 
those previous reports. The expression was quantified 
and evaluated by a comparison with staining levels of 
cytoplasm and nuclei in non-cancerous pancreatic duct 
surrounding PDAC. These analyses were conducted by 
researchers blinded to the outcome. The expression was 
reviewed independently by two pathologists who special-
ized in PDAC.

The chi-square test and Fisher’s exact test were used to 
categorize variable data. The RFS and OS were analyzed 
by the Kaplan–Meier method using the log-rank test. The 
Cox proportional hazards model was used for univariate 
and multivariate analyses to evaluate the prognostic factors, 
and those with P values below 0.157 were included in the 
final model considering overfitting [17]. Plausible covari-
ates thought to be associated with prognoses of PDAC and 
response for chemotherapy were included in a multivari-
ate analysis; adjustment included age, gender, preoperative 
CA19-9, tumor location, histological differentiation, UICC-
stage, UICC T-stage, UICC N-stage, vascular invasion, lym-
phatic invasion, neural invasion, adjuvant chemotherapy, and 
expression of TWIST1. Spearman correlation r value was 
calculated to evaluate the correlations of expression of the 
four EMT-TFs.

Data analyses were performed with the JMP Pro soft-
ware program, version 14 (JMP, SAS Institute Japan, Tokyo, 
Japan). Significant differences were considered for a P 
value < 0.05.
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Results

Although previous studies have suggested that EMT plays 
an important role in chemoresistance and malignant atti-
tudes in various malignant tumors including PDAC [18, 
19], the involvement of the expression of EMT-TFs in 
resected PDAC patients and prognoses has not been fully 
investigated, particularly in patients who receive adjuvant 
chemotherapy. We therefore focused on this point in this 
study.

The patients’ clinicopathological characteristics are 
summarized in Supplemental Table 1. Of the 55 patients 
with R0 resection, 38 received adjuvant chemotherapy 
with either gemcitabine (n = 26) or S-1 (n = 12) after ade-
quate postoperative recovery according to adjuvant chemo-
therapy regimens of JASPAC 01. The other 17 patients did 
not receive adjuvant chemotherapy in the same period. The 
median follow-up time was 619 days.

In our previous study, we immunohistochemically 
analyzed the expression of EMT-TFs in epithelial cells 
in pancreatic intraepithelial neoplasia (PanIN) lesions 
surrounding the cancerous tissues and reported SNAIL1 
as the prognostic indicator [14]. In the present study, we 
focused on cancerous tissue, particularly at the invasive 
front of each PDAC. In the 38 patients with chemother-
apy, staining was positive for SNAIL in 30 of 38 (78.9%), 
for SLUG in 30 of 38 (78.9%), for TWIST1 in 18 of 38 
(47.4%), and for ZEB1 in 1 of 38 (2.6%). Representative 
immunostaining results are shown in Supplemental Fig. 1.

To clarify whether or not the expression of the four 
analyzed EMT-TFs was correlated with each other, we 
calculated Spearman correlation r values. The associa-
tion between SNAIL and SLUG was moderately posi-
tive (r = 0.57, P < 0.001), but no other correlations were 
observed.

To identify which EMT-TF contributed most to the 
prognosis of radically resected PDAC patients with adju-
vant chemotherapy, we investigated the associations of the 
expression of EMT-TFs with patients’ prognoses in the 38 
patients who received adjuvant chemotherapies (Fig. 1). 
The TWIST1-negative group showed a significantly better 
RFS (median survival time [MST] of 18.5 vs. 8.9 months, 
P = 0.016) and OS (MST of 33.4 vs. 15.2  months, 
P = 0.023) than the TWIST1-positive group. The expres-
sion of SNAIL, SLUG, and ZEB1 was not associated with 
the RFS or OS.

We additionally analyzed the RFS and OS further as 
shown in Supplemental Fig. 2, including in the 17 patients 
without adjuvant chemotherapy (A), the 55 total patients 
irrespective of chemotherapy (B), the 12 patients who 
received S-1 (C), and the 26 patients who received gemcit-
abine (D). The results of Kaplan–Meier analyses are shown 

in Supplemental Fig. 2 (A and B). The TWIST1-positive 
group with gemcitabine treatment showed a significantly 
poorer RFS (MST of 9.3 vs. 13.1 months, P = 0.049) and 
a tendency toward poorer OS than the TWIST1-negative 
group. No other statistically significant differences were 
observed.

TWIST1 is a transcription factor belonging to a basic 
helix-loop-helix protein family that cooperates with SNAIL 
and plays a crucial role in EMT [20]. During the EMT pro-
cess, TWIST1 is activated by MAPK-mediated phosphoryla-
tion [20] and promotes mesenchymal morphologic changes. 
Inductions of the following molecules by TWIST1 are 
observed [21, 22]: downregulation of E-cadherin, claudin, 
occludin, desmoplakin, and plakoglobin; and upregulation 
of N-cadherin, fibronectin, and vitronectin. These dynamic 
changes in phenotype play an important role in the malignant 
attitudes of PDAC. Our results suggest that TWIST1 can 
contribute to the poor prognosis of PDAC patients receiving 
adjuvant chemotherapy because of these mechanisms.

To further evaluate TWIST1 as an independent prognos-
tic and surrogate marker for the adjuvant chemotherapy-
treated group, we next analyzed whether or not there were 
any significant associations between TWIST1 positivity 
and clinical outcome. We found that TWIST1 positivity 
was associated with an increased UICC N stage but noted 
no significant associations among any of the other analyzed 
parameters (Supplemental Table 2). Associations between 
other EMT-TFs and clinical outcomes are summarized in 
Supplemental Table 3.

Results of univariate and multivariate analyses are sum-
marized in Table 1. TWIST1 immunostaining (hazard ratio 
4.21; 95% confidence interval [CI] 1.84–10.29; P < 0.001) 
and neural invasion (hazard ratio 3.45; 95% CI 1.26–8.72; 
P = 0.018) showed a significant difference with regard to 
the RFS in the univariate analysis. In the multivariate anal-
ysis for the RFS, TWIST1 immunostaining (hazard ratio 
4.18; 95% CI 1.79–10.40; P < 0.001) showed significant 
differences. Regarding the OS, gender, adjuvant chemo-
therapy, and TWIST1 immunostaining showed significant 
differences, so we further performed multivariate analyses 
focused on these three parameters and found that TWIST1 
immunostaining showed a significant difference with regard 
to the OS (hazard ratio 2.61; 95% CI 1.10–6.79; P = 0.029). 
These results suggest that TWIST1 is a poor prognostic fac-
tor for radically resected PDAC patients with chemotherapy 
in the clinical setting.

We also verified the associations between the TWIST1 
expression and prognostic impact of chemotherapy using a 
stratified Cox proportional hazards model. As summarized 
in Supplemental Table 4, unadjusted and adjusted models 
showed that TWIST1 positivity was associated with a ten-
dency toward an increased hazard ratio in chemotherapy 
(adjusted hazard ratio for the OS of TWIST1 positivity: 
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Fig. 1  Patients were classified into two groups by the expression of 
SNAIL, SLUG, and TWIST1. Results of Kaplan–Meier curves for 
the relapse-free survival (RFS) and overall survival (OS) among 

patients who received adjuvant chemotherapy are shown. Depending 
on the TWIST1 expression, significant differences in both the RFS 
and OS were seen
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2.56, 95% CI 0.49–13.5; adjusted hazard ratio for the OS of 
TWIST1 negativity: 0.48, 95% CI 0.13–1.77).

Discussion

Various reports in the research setting support our find-
ings, as TWIST1 overexpression has been reported to be a 
chemoresistant factor in various cancers [22–25]. In terms of 
chemoresistance during malignant progression, various path-
ways, such as ABCB1 [23], AURKA [26, 27], COL11A1 
[21], and PDGFD [28], have been reported to be involved. 
Our present findings concerning TWIST1 responses to gem-
citabine or S-1 suggest another potential pathway, but the 
key target molecules remains elusive.

In addition, regarding why SNAIL, SLUG, and ZEB1 
were not key molecules affecting the PDAC prognosis, sev-
eral hypotheses have been proposed. First, the expression 
of these three molecules was not considered an appropri-
ate prognostic marker. SNAIL and SLUG were expressed 
in 78.9% of specimens, which was too high. ZEB1 was 
conversely expressed in just 2.6% of specimens, which was 
too low. Future studies should explore molecular reasons 
for these results in greater detail. Second, TWIST1 mainly 
played a role in stemness and chemoresistance rather than 
progression and metastasis, although SNAIL and ZEB1 
played roles in invasion and metastasis [29]. TWIST1 over-
expression also led to an undifferentiated status and the 
activation of the ras-signaling pathway [29]. These features 
support TWIST1 as an appropriate for prognostic factor.

Table 1  Univariate and multivariate analyses for the relapse-free and overall survivals

RFS relapse-free survival, OS overall survival, CA19-9 carbohydrate antigen 19–9, UICC Union for International Cancer Control

Univariate analysis for the RFS Multivariate analysis for the RFS

Hazard ratio 95% CI P value Hazard ratio 95% CI P value

Age (≥ 69 vs. < 69) 0.97 0.48–2.00 0.93
Gender (male vs. female) 1.81 0.89–3.77 0.10 1.68 0.77–3.66 0.19
Preoperative CA19-9
(> 200.8 vs. ≤ 200.8)

1.41 0.69–2.93 0.34

Tumor location (pancreatic head vs. body and tail) 0.93 0.41–2.39 0.86
Histology (poorly vs. others) 1.50 0.44–9.42 0.56
UICC-stage (stage 3 vs. stage 1, 2) 1.2 0.59–2.60 0.62
UICC T-stage (T3, 4 vs. T1, 2) 1.1 0.53–2.45 0.80
UICC N-stage (N2 vs. N0, 1) 1.08 0.49–2.72 0.86
Vascular invasion (positive vs. negative) 1.4 0.25–3.03 0.60
Lymphatic invasion (positive vs. negative) 1.18 0.47–2.61 0.70
Neural invasion (positive vs. negative) 3.45 1.26–8.72 0.018 2.25 0.77–6.25 0.13
Adjuvant (S-1 vs. gemcitabine) 0.47 0.20–1.01 0.47
TWIST1 (positive vs. negative) 4.21 1.84–10.29 < 0.001 4.18 1.79–10.40  < 0.001

Univariate analysis for the OS Multivariate analysis for the OS

Hazard ratio 95% CI P value HR 95% CI P value

Age (≥ 69 vs. < 69) 1.22 0.58–2.63 0.61
Gender (male vs. female) 2.13 1.01–4.63 0.047 2.22 1.13–5.60 0.023
Preoperative CA19-9 (> 200.8 vs. ≤ 200.8) 1.28 0.61–2.72 0.52
Tumor location (pancreatic head vs. body and tail) 0.97 0.43–2.47 0.94
Histology (poorly vs. others) 1.48 0.44–9.24 0.57
UICC-stage (stage 3 vs. stage 1, 2) 1.30 0.60–3.03 0.52
UICC T-stage (T3, 4 vs. T1, 2) 1.17 0.50–2.50 0.71
UICC N-stage (N2 vs. N0, 1) 1.6 0.65–4.78 0.32
Vascular invasion (positive vs. negative) 1.95 0.45–5.82 0.33
Lymphatic invasion (positive vs. negative) 1.39 0.55–3.12 0.46
Neural invasion (positive vs. negative) 1.61 0.59–3.75 0.33
Adjuvant (S-1 vs. gemcitabine) 0.17 0.048–0.45 < 0.001 0.27 0.069–0.88 0.029
TWIST1 (positive vs. negative) 4.19 1.89–9.69 < 0.001 2.61 1.10–6.79 0.029
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In this study using radically resected PDAC specimens 
from patients with pathological R0 resection, we found an 
association between a negative expression of TWIST1 and 
a better prognosis for both the RFS and OS in patients who 
received adjuvant chemotherapy with either gemcitabine 
or S-1.

Several limitations associated with the present study 
warrant mention. First, this was a retrospective study, so 
the sample size was limited. Although this was an explora-
tory study, an estimated sample size of 236 patients is 
required in total to achieve 80% power and 5% significance 
level as a confirmatory study. However, this sample size 
would have been too high for us at a single institution 
to collect a sufficient number of surgical samples to ade-
quately evaluate four EMT-TFs simultaneously. We need 
to design a multicenter cohort study to overcome this prob-
lem in the future. Second, endoscopic ultrasound-guided 
fine-needle aspiration or a biopsy is required to confirm 
that the TWIST1 expression is truly a prognostic factor for 
neoadjuvant chemotherapy. EMT is a complex pathway, 
and the present study did not reveal details concerning the 
system of chemoresistance acquisition.

However, despite these limitations, this is the first 
report investigating the association between these four 
major EMT-TFs and the prognosis of adjuvant chemo-
therapy in human PDAC using radically resected human 
samples with adjuvant chemotherapy. Similar previous 
research was performed, but it included many cases with 
advanced-stage disease [30]. Stage III and IV patients 
accounted for 51% of the population in that study, whereas 
in our cohort, stage IV patients were excluded, and stage 
I and II patients accounted for about 80% of our popu-
lation. Kaplan–Meier plots suggested that TWIST1 did 
not contribute to the poor prognoses in stage II patients 
(n = 147) but did contribute in all-stage patients (n = 177) 
[31]. These previous findings suggest that the prognos-
tic impact of TWIST1 in advanced-stage PDAC is higher 
than in early-stage PDAC, which may support the validity 
of our results and the prognostic impact of TWIST1 in 
specific patients (i.e., those with radically resected PDAC 
treated with adjuvant chemotherapy).

Furthermore, our results shown in Supplemental Fig. 2 
support our results in Fig. 1 and Table 1, wherein a low 
TWIST1 expression can aid in screening patients who can 
benefit from chemotherapy. In addition, we should explore 
adjuvant therapies other than gemcitabine or S-1 for patients 
with high TWIST1 levels. We believe that it is worth report-
ing that TWIST1 can be a candidate surrogate marker for 
clinical management of patients with PDAC. In future stud-
ies, more cases should be accumulated, and more genomic 
and metabolomic details should be investigated, including 
samples collected by endoscopic ultrasound-guided fine-
needle aspiration or biopsies.

In conclusion, the present findings suggest that the 
TWIST1 expression is an independent poor prognostic fac-
tor in patients with PDAC receiving adjuvant chemotherapy 
with either gemcitabine or S-1 in the clinical setting. These 
results may enable us to more effectively select candidate 
patients likely to benefit from chemotherapy, including neo-
adjuvant treatments using these agents, and identify possible 
new targets for treatment among PDAC patients classified 
into certain subgroups.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00595- 023- 02655-3.

Acknowledgements We are grateful to Dr. Barbara Lee Smith Pierce 
(Retired Adjunct Professor, University of Maryland University Col-
lege) for her editorial work in the preparation of the manuscript. This 
work was supported in part by Grants-in-Aid for Scientific Research 
(26460468, 15K10084) from Japan Society for the Promotion of 
Science.

Author contributions SF made the initial proposal for this study, per-
formed experiments and data analyses, wrote the draft, and brushed 
up the manuscript as the co-corresponding author. YS also made the 
initial proposal for this study, supervised all experiments, checked the 
obtained data, and contributed to the manuscript as the co-correspond-
ing author of this manuscript. SF checked the data and contributed to 
the manuscript. MY performed experiments and data analyses and con-
tributed to the manuscript. MI, FM, and MU collected patients’ sam-
ples and clinical data and contributed to the manuscript. AH made the 
initial proposal for this study, checked the obtained data, and contrib-
uted to the manuscript as the corresponding author of this manuscript.

Data availability The datasets analyzed during the current study are 
available from the corresponding author on reasonable request.

Declarations 

Conflict of interest MU received a lecture fee from Taiho Pharmaceu-
tical, and endowments from Taiho Pharmaceutical, Chugai Pharma-
ceutical, Takeda Pharmaceutical, and MSD K.K.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Raimondi S, Maisonneuve P, Lowenfels AB. Epidemiology of 
pancreatic cancer: an overview. Nat Rev Gastroenterol Hepatol. 
2009;6:699–708.

https://doi.org/10.1007/s00595-023-02655-3
http://creativecommons.org/licenses/by/4.0/


639Surgery Today (2023) 53:633–639 

1 3

 2. Brand RE, Lerch MM, Rubinstein WS, Neoptolemos JP, 
Whitcomb DC, Hruban RH, et  al. Advances in counselling 
and surveillance of patients at risk for pancreatic cancer. Gut. 
2007;56:1460–9.

 3. Conroy T, Desseigne F, Ychou M, Bouché O, Guimbaud R, Béc-
ouarn Y, et al. FOLFIRINOX versus gemcitabine for metastatic 
pancreatic cancer. N Engl J Med. 2011;364:1817–25.

 4. Loehrer PJ Sr, Feng Y, Cardenes H, Wagner L, Brell JM, Cella 
D, et  al. Gemcitabine alone versus gemcitabine plus radio-
therapy in patients with locally advanced pancreatic cancer: 
an Eastern Cooperative Oncology Group trial. J Clin Oncol. 
2011;29:4105–12.

 5. Blazer M, Wu C, Goldberg RM, Phillips G, Schmidt C, Mus-
carella P, et al. Neoadjuvant modified (m) FOLFIRINOX for 
locally advanced unresectable (LAPC) and borderline resect-
able (BRPC) adenocarcinoma of the pancreas. Ann Surg Oncol. 
2015;22:1153–9.

 6. Gillen S, Schuster T, Büschenfelde CM Zum, Friess H, Kleeff J. 
Preoperative/neoadjuvant therapy in pancreatic cancer: A system-
atic review and meta-analysis of response and resection percent-
ages. PLoS Med. 2010 7:1–15.

 7. Morganti AG, Massaccesi M, La Torre G, Caravatta L, Piscopo 
A, Tambaro R, et al. A systematic review of resectability and sur-
vival after concurrent chemoradiation in primarily unresectable 
pancreatic cancer. Ann Surg Oncol. 2010;17:194–205.

 8. Motoi F, Kosuge T, Ueno H, Yamaue H, Satoi S, Sho M, et al. 
Randomized phase II/III trial of neoadjuvant chemotherapy with 
gemcitabine and S-1 versus upfront surgery for resectable pancre-
atic cancer (Prep-02/JSAP05). Jpn J Clin Oncol. 2019;49:190–4.

 9. Uesaka K, Boku N, Fukutomi A, Okamura Y, Konishi M, Matsu-
moto I, et al. Adjuvant chemotherapy of S-1 versus gemcitabine 
for resected pancreatic cancer: a phase 3, open-label, randomised, 
non-inferiority trial (JASPAC 01). Lancet. 2016;388:248–57.

 10. Yamada S, Fuchs BC, Fujii T, Shimoyama Y, Sugimoto H, 
Nomoto S, et al. Epithelial-to-mesenchymal transition predicts 
prognosis of pancreatic cancer. Surgery. 2013;154:946–54.

 11. Hotz B, Arndt M, Dullat S, Bhargava S, Buhr HJ, Hotz HG. 
Epithelial to mesenchymal transition: expression of the regula-
tors snail, slug, and twist in pancreatic cancer. Clin Cancer Res. 
2007;13:4769–76.

 12. Thiery JP. Epithelial-mesenchymal transitions in tumour progres-
sion. Nat Rev Cancer. 2002;2:442–54.

 13. Zheng X, Carstens JL, Kim J, Scheible M, Kaye J, Sugimoto H, 
et al. Epithelial-to-mesenchymal transition is dispensable for 
metastasis but induces chemoresistance in pancreatic cancer. 
Nature. 2015;527:525–30.

 14. Fujiwara S, Saiki Y, Ishizawa K, Fukushige S, Yamanaka M, Sato 
M, et al. Expression of SNAIL in accompanying PanIN is a key 
prognostic indicator in pancreatic ductal adenocarcinomas. Cancer 
Med. 2019;8:1671–8.

 15. Kahlert C, Lahes S, Radhakrishnan P, Dutta S, Mogler C, Herpel 
E, et al. Overexpression of ZEB2 at the invasion front of colo-
rectal cancer is an independent prognostic marker and regulates 
tumor invasion in vitro. Clin Cancer Res. 2011;17:7654–63.

 16. Galván JA, Zlobec I, Wartenberg M, Lugli A, Gloor B, Perren 
A, et al. Expression of E-cadherin repressors SNAIL, ZEB1 and 
ZEB2 by tumour and stromal cells influences tumour-budding 
phenotype and suggests heterogeneity of stromal cells in pancre-
atic cancer. Br J Cancer. 2015;112:1944–50.

 17. Heinze G, Dunkler D. Five myths about variable selection. Transpl 
Int. 2017;30:6–10.

 18. Sato R, Semba T, Saya H, Arima Y. Concise review: stem cells 
and epithelial-mesenchymal transition in cancer: biological impli-
cations and therapeutic targets. Stem Cells. 2016;34:1997–2007.

 19. Fischer KR, Durrans A, Lee S, Sheng J, Li F, Wong STC, 
et al. Epithelial-to-mesenchymal transition is not required for 
lung metastasis but contributes to chemoresistance. Nature. 
2015;527:472–6.

 20. Huber MA, Kraut N, Beug H. Molecular requirements for epithe-
lial-mesenchymal transition during tumor progression. Curr Opin 
Cell Biol. 2005;17:548–58.

 21. Zhao Z, Rahman MA, Chen ZG, Shin DM. Multiple bio-
logical functions of Twist1 in various cancers. Oncotarget. 
2017;8:20380–93.

 22. Shahin SA, Wang R, Simargi SI, Contreras A, Parra Echavarria 
L, Qu L, et al. Hyaluronic acid conjugated nanoparticle delivery 
of siRNA against TWIST reduces tumor burden and enhances 
sensitivity to cisplatin in ovarian cancer. Nanomedicine Nano-
technology, Biol Med. 2018;14:1381–94.

 23. Wu YH, Huang YF, Chang TH, Chou CY. Activation of TWIST1 
by COL11A1 promotes chemoresistance and inhibits apoptosis 
in ovarian cancer cells by modulating NF-κB-mediated IKKβ 
expression. Int J Cancer. 2017;141:2305–17.

 24. Li R, Wu C, Liang H, Zhao Y, Lin C, Zhang X, et al. Knockdown 
of TWIST enhances the cytotoxicity of chemotherapeutic drugs 
in doxorubicin-resistant HepG2 cells by suppressing MDR1 and 
EMT. Int J Oncol. 2018;53:1763–73.

 25. Sakowicz-Burkiewicz M, Przybyla T, Wesserling M, Bielarc-
zyk H, Maciejewska I, Pawelczyk T. Suppression of TWIST1 
enhances the sensitivity of colon cancer cells to 5-fluorouracil. 
Int J Biochem Cell Biol. 2016;78:268–78.

 26. Hata T, Furukawa T, Sunamura M, Egawa S, Motoi F, Ohmura 
N, et al. RNA interference targeting aurora kinase a suppresses 
tumor growth and enhances the taxane chemosensitivity in human 
pancreatic cancer cells. Cancer Res. 2005;65:2899–905.

 27. Wang J, Nikhil K, Viccaro K, Chang L, Jacobsen M, Sandusky G, 
et al. The Aurora-A-Twist1 axis promotes highly aggressive phe-
notypes in pancreatic carcinoma. J Cell Sci. 2017;130:1078–93.

 28. Wang R, Li Y, Hou Y, Yang Q, Chen S, Wang X, et al. The PDGF-
D/miR-106a/Twist1 pathway orchestrates epithelial-mesenchymal 
transition in gemcitabine resistance hepatoma cells. Oncotarget. 
2015;6:7000–10.

 29. Greco L, Rubbino F, Morelli A, Gaiani F, Grizzi F, de’Angelis 
GL, et al. Epithelial to mesenchymal transition: a challenging 
playground for translational research. Current models and focus 
on TWIST1 relevance and gastrointestinal cancers. Int J Mol Sci. 
2021;22:11469.

 30. Liu Y, Meng F, Wang J, Liu M, Yang G, Song R, et al. A novel 
oxoglutarate dehydrogenase-like mediated MIR-214/TWIST1 
negative feedback loop inhibits pancreatic cancer growth and 
metastasis. Clin Cancer Res. 2019;25:5407–21.

 31. Nagy Á, Munkácsy G, Győrffy B. Pancancer survival analysis of 
cancer hallmark genes. Sci Rep. 2021;11:1–10.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	TWIST1 is a prognostic factor for neoadjuvant chemotherapy for patients with resectable pancreatic cancer: a preliminary study
	Abstract
	Introduction
	Methods
	Results
	Discussion
	Anchor 7
	Acknowledgements 
	References




