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Abstract.
BACKGROUND: Wnt/�-catenin signaling is a highly conserved signaling pathway that regulates the transcription factor
PROX1. The role of �-catenin and PROX1 in pancreatic cancer is ambiguous, as some studies have associated their expression
with tumor regression and some with tumor progression.
OBJECTIVE: We have investigated their expression in surgically treated pancreatic cancer patients receiving neoadjuvant
therapy (NAT), and patients treated upfront with surgery (US). We furthermore compared the expression of �-catenin and
PROX1 between patients who had a good or poor response to NAT.
METHODS: We evaluated �-catenin and PROX1 expression through immunohistochemistry in 88 neoadjuvant and 144
upfront surgery patients by scoring the intensity of the immunopositivity as 0–3, corresponding to negative, weak, moderate,
or strong. We developed a six-tier grading scheme for the neoadjuvant responses by analyzing the remaining tumor cells in
surgical specimen histological sections.
RESULTS: Strong �-catenin immunopositivity associated with improved survival in the patients with good NAT-response
(≤10% residual tumor cells) (Hazard ratio [HR] 0.26 95%, confidence interval [CI] 0.07–0.88 p = 0.030). Additionally,
the combined moderate �-catenin and PROX1 expression associated with improved survival (HR 0.20 95% CI 0.05–0–76
p = 0.018) among the good responders. Among the patients with a poor NAT-response (> 10% residual tumor cells), both
strong �-catenin immunopositivity and strong combined �-catenin and PROX1 associated with shorter survival (HR 2.03
95% CI 1.16–3.55 p = 0.013, and HR 3.1 95% CI 1.08–8.94 p = 0.03, respectively). PROX1 alone was not associated with
survival.
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CONCLUSIONS: Strong �-catenin immunopositivity and combined strong or moderate �-catenin and PROX1 immunoposi-
tivity associated with improved survival among the good NAT-responders and worse survival among the poor NAT-responders.

Keywords: Pancreatic ductal adenocarcinoma, PDAC, preoperative chemotherapy, treatment response, chemoresistance,
tumor microenvironment

1. Introduction

Due to the aggressive nature of pancreatic cancer the survival rates continue to remain low, with
only 6% five-year survival across all stages and 20% even in localized disease [1, 2]. Neoadjuvant ther-
apy (NAT) offers a solution for controlling early micrometastasis, downsizing tumor, and decreasing
tumor activity [3, 4]. Currently, NAT is effectively used in locally advanced and borderline resectable
pancreatic cancer [5, 6]. The utilization of NAT in resectable pancreatic cancer is under debate [7].

The impacts of preoperative treatments on cell-level changes in pancreatic cancer are widely
unknown. Treatment response can be evaluated histologically from postsurgical specimens by assess-
ing the percentage of remaining viable tumor cells by objective and repeatable scale and criteria [8].
Few such scaling methods exist, but the field lacks the establishment of a single method [9–11].

�-catenin is an intracellular regulator of the Wnt signaling, [12, 13] the evolutionary conserved
pathway that participates in multiple developmental events during embryonic development, including
cell proliferation, stem cell renewal, and cellular differentiation [14]. During pancreas development,
both inappropriate activation and inactivation lead to profound defects of the pancreas [15, 16]. In Wnt
signaling, the absence of Wnt ligands leads to phosphorylation of �-catenin, which further prevents
nuclear accumulation and stabilization of �-catenin and leads to repressing target genes. Wnt ligand
binding results in �-catenin stabilization and accumulation in the nucleus, which further leads to
transcription [17, 18].

The Wnt/�-catenin pathway has been implicated in tumorigenesis at several sites, including the
colon and rectum [19], pancreas [20], and liver [21]. In normal pancreatic ductal cells, the expression
of �-catenin is mainly membranous, but in pancreatic cancer �-catenin undergoes redistribution so
that membranous expression decreases and aberrant cytoplasmic and nuclear expression increases [20,
22–24]. In pancreatic cancer, increased cytoplasmic, rather than membranous, expression of �-catenin
is associated with metastasis [25, 26] and, in some studies, poorer survival [25, 27]. The Wnt/�-catenin
plays a role in initiating the malignant process [28]. The association between the intensity of �-catenin
expression and survival in pancreatic cancer is ambiguous. Saukkonen et al. showed that especially
low cytoplasmic expression of �-catenin is associated with poor prognosis [24]. In another study, high
�-catenin expressing cells showed more invasiveness than low expressing cells [29].

Prospero-related homeobox 1 (PROX1) is a transcriptional factor coded by the homeobox gene
PROX1. In developing organs, its strongest expression has been described in lymphatic endothelial
cells [30–32] but has been found in all developing germ layers in various tissues, including the central
nervous system [33, 34], pancreas, and liver [34, 35]. The role of PROX1 in different malignancies is
diverse, and it has been characterized as both suppressing and promoting tumor growth [23, 37–45].
In colorectal cancer (CRC), PROX1 acts as an essential downstream regulator of the Wnt/�-catenin
pathway, and a high level of abnormal Wnt/�-catenin signaling increases the expression of PROX1,
which is further associated with CRC tumor progression [36]. In pancreatic cancer, its role has been
described mainly as tumor-suppressive [37–39]. Jin et al. found that forced PROX1 re-overexpression
could reverse cell proliferation and migration of pancreatic cancer cells [39]. The site of PROX1
expression in the normal pancreatic tissue is commonly nuclear, but in pancreatic cancer, cytoplasmic
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staining, rather than nuclear, is frequently seen [24]. In pancreatic cancer cells, PROX1 and �-catenin
expressions are generally decreased and correlate with each other [24].

The function and expression of Wnt/�-catenin signaling and PROX1 in pancreatic cancer following
neoadjuvant treatment are not understood. It is not known whether the cytoplasmic expression of
these markers correlates with survival in neoadjuvant-treated pancreatic cancer patients [24]. Thus,
we aimed to investigate the expression of �-catenin and PROX1 and their association with survival in
neoadjuvant-treated pancreatic cancer in comparison with upfront surgery (US) patients. Additionally,
we aimed to analyze the differences in the expressions between the different NAT-response groups.

2. Methods

We identified patients surgically treated for pancreatic ductal adenocarcinoma (PDAC) at Helsinki
University Hospital between 2000 and 2016 (n = 235), finding 90 patients who received NAT. For
the control group, we gathered 145 PDAC patients with upfront surgery who were propensity scored
with matched age, sex, and time of surgery. The follow-up data, including time of death and local
and distant disease recurrence, were collected from patient records, Statistics Finland, and the Finnish
Population Registry. Patients who died of immediate (< 30 days) postoperative complications were
excluded (n = 3). Due to retrospective nature of the study, the used NAT regimens vary. NATs used in
the study patients are described in the Supplementary table.

2.1. Tumor tissue microarray and immunohistochemistry

Formalin-fixed and paraffin-embedded post-pancreatectomy specimens were collected, and
hematoxylin-eosin samples were evaluated by an experienced pathologist (JH) to confirm the diag-
nosis and to determine well-presented areas for the tumor tissue microarray (TMA) preparation. Six
1.0 mm cores were drilled from each tumor with an automatic tissue microarrayer (TMA Grand Master,
TMA Control 3.0, 3D Histech, Hungary). TMA-blocks were cut into 4 �m sections, deparaffinized
in xylene, and rehydrated through a gradually decreasing concentration of ethanol to distilled water
(Tissue-Tek DRS, Sakura, Ca, USA). Slides were treated in a PreTreatment module (Agilent Dako,
Ca, USA) in Tris-Hcl (pH 8.5) and Tris-EDTA (pH 9) buffer for 20 min at 98◦C for antigen retrieval.
Slides were immunostained in an Autostainer 480 (Lab Vision Corp., Fremont, CA, USA) by the Dako
REAL EnVision Detection System, Peroxidase/DAB+, rabbit/mouse (Dako, Glostrup, Denmark). For
staining, �-catenin tissues were incubated with monoclonal beta Catenin antibody (CAT-5H10 by
Invitrogen, Thermo Fisher Scientific, Inc., Waltham, MA, USA; diluted to 1:400 with Dako REAL
Antibody Diluent S2022) for one hour at room temperature. PROX1 staining tissues were incubated
with Human PROX1 Antibody (R&D Systems, Inc., Minneapolis, MN, USA; diluted 1:1800 with
Dako REAL Antibody Diluent S2022) overnight at +4ºC. A sample of colon cancer tissue served as
the positive control.

All immunostained TMA samples were evaluated by two independent, blinded investigators (AE
and JH). In previous studies specifically cytoplasmic expression of �-catenin and PROX1, rather than
membranous or nuclear, has associated with survival [24, 40]. Hence, for evaluating the expression of
�-catenin and PROX1, cytoplasmic immunostaining was used. The cytoplasmic staining intensity, in
the PDAC cells, of �-catenin and PROX1 was scored from 0 to 3: 0, negative; 1, weakly positive; 2,
moderately positive; and 3, strongly positive (Fig. 1). The highest score across all six TMA samples
was considered representative. In case of differing scores, the consensus was reached through re-
evaluation. Cytoplasmic staining of �-catenin and PROX1, as well as the mentioned antibodies, have
been demonstrated before in PDAC [24]. All TMA spots of one US patient failed to include tumor;
hence �-catenin could not be examined.
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Fig. 1. The immunohistochemical staining pattern of �-catenin and PROX1 in neoadjuvant treated pancreatic ductal ade-
nocarcinoma. The staining pattern of �-catenin using monoclonal beta Catenin antibody (CAT-5H10) (1A-1D) and PROX1
using Human PROX1 Antibody (2A-2D) in neoadjuvant treated pancreatic ductal adenocarcinoma. Representative images
of �-catenin expression (1A) negative cytoplasmic expression with weak membranous positivity, (1B) weak cytoplasmic
positivity, (1C) moderate cytoplasmic positivity, and (1D) strong cytoplasmic positivity. Representative images of PROX1
expression (2A) negative expression, (2B) weak cytoplasmic positivity, (2C) moderate cytoplasmic positivity, and (2D) strong
cytoplasmic positivity. Magnification 200x is used in all separate images. The corresponding scale bar can be seen in lower
right corner.

2.2. Response to neoadjuvant therapy

Responses were determined by evaluating the percentage of remaining viable tumor cells: 0, no
viable residual tumor cells (RTCs); 1, only some found with a high magnification of 200–400x (≤5%
RTCs); 2, easily found with a large magnification of 200–400x (6–10% RTCs); 3, easily found with
a small magnification of 20–40x (11–50% RTCs); 4, only little effect identified (51–90% RTCs); and
5, no effect identified (91–100% RTCs). Samples were evaluated by an experienced pathologist (AR).
The neoadjuvant response grading has been reported before [11].

2.3. Statistical analysis

For analytical purposes, in �-catenin and PROX1 analyses, we considered score 3 as a strong
expression and score 0–2 as a weak expression. For analyzing the combined �-catenin and PROX1
expression, the scores were grouped as follows: strong �-catenin and PROX1 (both scored 3); either
exhibiting strong staining (either scored 3); both staining weakly (both scored 0–2), corresponding to
strong, moderate, and weak combined expression, respectively. In survival analyses, disease-specific
survival (DSS) was applied; thus death from pancreatic cancer served as a final event, and death
from other causes served as a competing event. One patient died from another cause. The follow-up
time was recorded from surgery. Due to a significant statistical interaction between �-catenin and
treatment response, separate survival analyses were performed for the good (≤ 10% residual tumor
cells) and poor (> 10% residual tumor cells) NAT responders. The correlation between �-catenin and
PROX1 immunostaining intensities was calculated with Spearman’s correlation using a bootstrapped
confidence interval.

To compare categorical variables, we used Fisher’s exact and linear-by-linear association tests.
For survival analyses, we used the Cox proportional-hazard regression and the Kaplan–Meier model
with the log-rank test. In the progression-free survival (PFS) analysis, progression was defined as
cancer recurrence, either local recurrence or distant metastasis, whichever occurred first. Deaths related
to pancreatic cancer and other deaths were used as competing events. We considered p < 0.05 as
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Table 1

�-catenin and PROX1 immunopositivity comparison between NAT and US patients

n (%) NAT US p-value
88 (38) 144 (62)

�-catenin immunostaining

negative 1 (1) 2 (1)

weak 4 (5) 16 (11)

moderate 36 (41) 76 (53)

strong 47 (53) 49 (34) 0.004

PROX1 immunostaining

negative 4 (5) 18 (13)

weak 26 (30) 48 (33)

moderate 45 (51) 70 (49)

strong 13 (15) 8 (6) 0.007

Combined �-catenin and PROX1

weak 35 (40) 92 (64)

moderate 46 (52) 47 (33)

strong 7 (8) 5 (4) < 0.001

NAT = neoadjuvant therapy US = upfront surgery.

statistically significant, and two-tailed tests were used. All statistical analyses were calculated using
SPSS (version 25, IBM Corp., Armonk, TX, USA) and STATA/MP (version 16.1, StataCorp LLC,
College Station, Texas, USA).

This study complied with the Declaration of Helsinki and was approved by the Surgical Ethics
Committee of the Helsinki University Hospital (Dnro HUS 226/E6/06, extension TMK02 §66 17 April
2013 and 2019). The National Supervisory Authority of Health and Welfare also granted permission
(Valvira Dnro 10041/06.01.03.01/2012).

3. Results

NAT patients (n = 88) had significantly stronger �-catenin and PROX1 immunopositivity compared
with US patients (n = 144). Overall, �-catenin immunopositivity was strong in both groups, whereas
PROX1 immunopositivity was weaker (Table 1). �-catenin and PROX1 immunopositivity weakly
correlated with each other in the whole study group (Spearman’s bootstrapped correlation coefficient
0.283, 95% confidence interval [CI] 0.164–0.387 p < 0.001).

Among NAT patients PROX1 and �-catenin did not express correlation (Spearman’s bootstrapped
correlation coefficient 0.066, 95% –0.139–0.258 p = 0.543). Patient characteristics associated with �-
catenin and PROX1 were examined separately. Of the analyzed clinicopathological parameters, strong
�-catenin associated with younger age (< 65 years, p = 0.005). Strong PROX1 associated with negative
lymph node metastasis (p = 0.035) and vascular resection (p = 0.024) (Tables 2 and 3, respectively).

A good NAT response associated with neoadjuvant radiation (p = 0.001), less advanced stage
(p = 0.025), negative lymph node metastases (p = 0.029), and negative perineural invasion (p < 0.001).
A strong �-catenin or PROX1 showed no association between the NAT response. Table 4 summarizes
the characteristics associated with NAT-response.

Analyzing the entire NAT group, neither strong �-catenin nor strong PROX1 associated with disease-
specific survival (DSS) (HR 0.03; 95% CI 0.77–1.39; p = 0.833, HR 0.89; 95% CI 0.51–1.46; p = 0.573,
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Table 2

�-catenin immunopositivity scoring and the comparison between clinicopathological parameters

n (%) �-catenin immunostainings

negative weak moderate strong p-value

1 (1) 4 (5) 36 (41) 47 (53)
Gender

female 1 (100) 2 (50) 20 (56) 26 (55)
male 0 (0) 2 (50) 16 (44) 21 (45) 0.782

Age
< 65 0 (0) 0 (0) 14 (39) 28 (60)
≥ 65 1 (100) 4 (100) 22 (61) 19 (40) 0.005

Vascular resection
Yes 1 (100) 2 (50) 23 (64) 24 (51)
No 0 (0) 2 (50) 13 (36) 23 (49) 0.270

Stage
IA 0 (0) 1 (25) 3 (8) 6 (13)
IB 1 (100) 1 (25) 11 (31) 12 (26)
IIA 0 (0) 0 (0) 3 (8) 4 (9)
IIB 0 (0) 1 (25) 11 (31) 18 (38)
III 0 (0) 1 (25) 8 (22) 6 (13) 0.890
IV∗

missing∗∗ 1
T

T1 0 (0) 1 (25) 5 (14) 14 (30)
T2 1 (100) 2 (50) 23 (64) 21 (45)
T3 0 (0) 0 (0) 7 (19) 10 (21)
T4 0 (0) 1 (25) 1 (3) 1 (2) 0.573

missing∗∗ 1
N

N0 1 (100) 3 (75) 17 (47) 23 (49)
N1 0 (0) 1 (25) 12 (33) 19 (40)
N2 0 (0) 0 (0) 7 (19) 5 (11) 0.602

Grade
1 1 (100) 0 (0) 7 (19) 5 (11)
2 0 (0) 2 (67) 20 (56) 33 (70)
3 0 (0) 1 (33) 8 (22) 7 (15) 0.377

missing∗∗∗ 4
Neoadjuvant response

≤ 10% residual tumor cells 0 (0) 0 (0) 6 (17) 11 (23)
> 10% residual tumor cells 1 (100) 4 (100) 30 (83) 36 (77) 0.195

Resection margin
R0 1 (100) 3 (75) 27 (77) 35 (76)
R1 0 (0) 1 (25) 8 (23) 11 (24) 0.187

missing∗∗∗ 2
Perineural invasion

Yes 1 (100) 2 (50) 28 (78) 30 (64)
No 0 (0) 2 (50) 8 (12) 17 (36) 0.384

Perivascular invasion
Yes 0 (0) 2 (50) 11 (31) 12 (26)
No 1 (100) 2 (50) 25 (69) 35 (74) 0.544

∗Stage IV patients excluded from the study. ∗∗Two patients had a complete response to NAT, one of
whom had 19 mm dysplastic changes with a T1 tumor. ∗∗∗Two patients had a complete response to
NAT, thus the tumor grade could not be determined. Two patients had missing data. Linear-by-Linear
association was applied.
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Table 3

PROX1 immunopositivity scoring and the comparison between clinicopathological parameters

n (%) PROX1 immunostainings

negative weak moderate strong p-value

4 (4) 26 (30) 45 (51) 13 (15)
Gender

female 2 (50) 14 (54) 26 (58) 7 (54)
male 2 (50) 12 (46) 19 (42) 6 (46) 0.844

Age
< 65 0 (0) 13 (50) 25 (56) 4 (31)
≥ 65 4 (100) 13 (50) 20 (44) 9 (69) 0.773

Vascular resection
Yes 2 (50) 11 (42) 26 (58) 11 (85)
No 2 (50) 15 (58) 19 (42) 2 (15) 0.024

Stage
IA 0 (0) 3 (12) 5 (11) 2 (15)
IB 0 (0) 7 (27) 13 (30) 5 (38)
IIA 1 (25) 1 (4) 4 (9) 1 (9)
IIB 3 (75) 13 (50) 11 (25) 3 (23)
III 0 (0) 2 (8) 11 (25) 2 (15) 0.373
IV∗

missing∗∗ 1
T

T1 1 (25) 7 (27) 10 (22) 2 (15)
T2 2 (50) 14 (54) 22 (50) 9 (70)
T3 1 (25) 5 (19) 9 (20) 2 (15)
T4 0 (0) 0 (0) 3 (8) 0 0.940

missing∗∗ 1
N

N0 0 (0) 11 (42) 25 (56) 8 (62)
N1 4 (100) 13 (50) 12 (26) 3 (23)
N2 0 (0) 2 (8) 8 (18) 2 (15) 0.035

Grade
1 0 (0) 4 (16) 6 (14) 3 (25)
2 3 (75) 14 (56) 31 (72) 7 (58)
3 1 (25) 7 (28) 6 (14) 2 (17) 0.820

missing∗∗∗ 4
Neoadjuvant response

≤ 10% residual tumor cells 1 (25) 6 (23) 7 (16) 3 (23)
> 10% residual tumor cells 3 (75) 20 (77) 38 (84) 10 (77) 0.737

Resection margin
R0 4 (100) 22 (88) 30 (67) 10 (83)
R1 0 (0) 3 (12) 15 (33) 2 (17) 0.234

missing∗∗∗ 2
Perineural invasion

Yes 3 (75) 18 (69) 31 (69) 9 (69)
No 1 (25) 8 (31) 14 (31) 4 (31) 0.580

Perivascular invasion
Yes 3 (75) 7 (27) 10 (22) 5 (38)
No 1 (25) 19 (73) 35 (78) 8 (62) 0.538

∗Stage IV patients excluded from the study. ∗∗Two patients had a complete response to NAT, one of
whom had 19 mm dysplastic changes with a T1 tumor. ∗∗∗Two patients had a complete response to
NAT, thus the tumor grade could not be determined. Two patients had missing data. Linear-by-Linear
association was applied.
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Table 4

The association between different clinicopatholigcal parameters and neoadjuvant response

n (%) Neoadjuvant response

≤ 10% residual > 10% residual p value
tumor cells tumor cells

17 (19) 71 (79)
Gender

female 8 (47) 41 (58)
male 9 (53) 30 (42) 0.588

Age
< 65 7 (41) 35 (49)
≥ 65 10 (59) 36 (51) 0.598

Vascular resection
yes 9 (53) 41 (58)
no 8 (47) 30 (42) 0.789

Radiation therapy
Yes 11 (65) 15 (21)
no 6 (35) 56 (79) 0.001

Stage
IA 3 (19) 7 (10)
IB 7 (44) 18 (25)
IIA 2 (13) 5 (7)
IIB 3 (19) 27 (38)
III 1 (6) 14 (20) 0.025
IV∗

missing∗∗ 1
T

T1 5 (29) 15 (21)
T2 9 (53) 38 (54)
T3 1 (6) 16 (23)
T4 1 (6) 2 (3) 0.139

missing∗∗ 1
N

N0 12 (71) 32 (45)
N1 5 (29) 27 (38)
N2 0 (0) 12 (17) 0.029

Grade
1 2 (12) 11 (16)
2 9 (53) 46 (65)
3 4 (24) 12 (17) 0.364

missing∗∗∗ 4
Resection margin

R0 14 (88) 52 (74)
R1 2 (12.5) 18 (26) 0.340

missing∗∗∗

Perineural invasion
yes 12 (71) 15 (21)
no 5 (29) 56 (79) < 0.001

(Continued)
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Table 4

(Continued)

n (%) Neoadjuvant response

≤ 10% residual > 10% residual p value
tumor cells tumor cells

Perivascular invasion
yes 15 (88) 48 (68)
no 2 (12) 23 (34) 0.135

Strong �-catenin
yes 6 (35) 35 (49)
no 11 (65) 36 (51) 0.418

Strong PROX1
yes 14 (82) 61 (86)
no 3 (18) 10 (14) 0.710

∗Stage IV patients were excluded from the study. ∗∗Two patients experienced a complete
response to NAT, one of whom had dysplastic changes and the tumor size was determined.
∗∗∗Two patients had a complete response to NAT, thus the tumor grade could not be deter-
mined. Two patients had missing data. Linear-by-linear and Fisher’s exact -tests were used
for this table.

respectively). In the group of good responders, with ≤ 10% of residual tumor cells, strong �-catenin
associated with significantly better DSS, HR 0.26; 95% CI 0.07–0.88; p = 0.030 (Fig. 2a). Com-
bined moderate �-catenin and PROX1 associated with better survival (HR 0.20; 95% CI 0.05–0.76;
p = 0.018) (Fig. 2b) as well, but no significant association was noted with combined strong �-catenin
and PROX1 (HR 0.22; 95% CI 0.03–1.64; p = 0.139) or PROX1 alone (HR 0.47; 95% CI 0.07–3.32;
p = 0.446). After excluding patients with negative immunostaining in either of the markers, we found
similarly that in the group of good responders a combined moderate �-catenin and PROX1 asso-
ciated with better survival compared to combined weak (HR 0.21 95% CI 0.05–0.82 p = 0.025).
Again, combined strong �-catenin and PROX1 did not significantly associate with survival (HR 0.24
95% CI 0.03–1.87 p = 0.170). A multivariate analysis could not be performed due to small number
of patients.

In the group of poor responders, with > 10% of residual tumor cells in contrast to the good response
group, strong �-catenin associated with poor DSS: HR 2.03; 95% CI 1.16–3.55; p = 0.013 (Fig. 2c).
A combined strong �-catenin and PROX1 associated with even worse survival with the following
results: combined strong HR 3.1; 95% CI 1.08–8.94; p = 0.03 and combined moderate HR 2.21; 95%
CI 1.21–4.05; p = 0.01 (Fig. 2d). Analysis of strong PROX1 did not yield a significant association
with survival (HR 1.67; 95% CI 0.81–3.46; p = 0.168). In the multivariate DSS analysis, combined
strong �-catenin and PROX1 associated with shorter survival (HR 3.73; 95% CI 1.40–9.97; p = 0.009).
Table 5a describes the multivariate analysis. After excluding negative immunostainings in either of
the markers results again stayed similar. Combined moderate �-catenin and PROX1 associated with
worse survival with HR 2.36 95% CI 1.22–4.58 p = 0.011. Similarly, a combined strong �-catenin
and PROX1 associated with even worse survival with HR 3.10 95% CI 1.04–9.18 p = 0.042. In the
multivariate analysis, the results stayed the same: combined strong �-catenin and PROX1 associated
with shorter DSS with HR 3.89 95% CI 1.37–11.04 p = 0.011.

The correlation between disease recurrence and �-catenin and PROX1 expression in the NAT group
was analyzed. In the good response group, strong �-catenin and moderate combined �-catenin and
PROX1 associated with improved PFS (HR 0.20; 95% CI 0.46–0.85; p = 0.029 and HR 0.07; 95%
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Fig. 2. The disease-specific survival (DSS) analyses show the association between �-catenin, combined �-catenin and PROX1
expression and survival in the group of patients with a good neoadjuvant (NAT) response (a-b) and poor NAT response (c-
d). The Kaplan-Meier method and log-rank tests were applied. a. Among patients with a good NAT response with ≤ 10%
of residual tumor cells, strong cytoplasmic �-catenin immunopositivity associated with a better DSS compared to patients
with weak �-catenin. Together seven patients where censored. b. Among patients with a good NAT response, the combined
moderate �-catenin and PROX1, meaning patients with either strong �-catenin or strong PROX1 immunopositivity, was
associated with better survival compared to weak combined immunopositivity. Together seven patients where censored. c.
Among patients with a poor NAT response with > 10% of residual tumor cells, strong �-catenin immunopositivity associated
with poor survival. Together 19 patients were censored. d. Among patients with a poor NAT response, the combined strong
�-catenin and PROX1, meaning both had strong immunopositivity, associated with worse survival. Furthermore, for patients
with combined moderate �-catenin and PROX1, meaning either strong �-catenin or strong PROX1, the survival was better
compared to patients with both markers strong, but worse compared to patients with weak combined immunopositivity,
meaning neither of the markers had strong immunopositivity. Together 19 patients were censored.

CI 0.02–2.95; p = 0.004, respectively). Strong combined �-catenin and PROX1 did not associate with
PFS, nor did PROX1 analyzed alone. Again, a multivariate analysis could not be performed due to a
small number of patients. In the poor response group, strong PROX1 associated with deteriorated PFS
with HR 2.19 (95% CI 1.28–3.76; p = 0.004). Furthermore, combined strong �-catenin and PROX1
associated with deteriorated PFS, HR 2.11 (95% CI 1.02–4.38; p = 0.045). The multivariate analysis
could be performed in the poor response group. The association of combined �-catenin and PROX1
with PFS remained: strong combined HR 2.38; 95% CI 1.14–4.97; p = 0.021 and moderate combined
HR 1.86; 95% CI 1.00–3.43; p = 0.049. The factors used in the multivariate analysis are seen in Table 5b.
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Table 5

The multivariate analyses describing the DSS (a) and the PFS (b) of the poor NAT response group

a b

HR 95% CI p – value HR 95% CI p - value

Age at operation 1.03 0.99 1.06 0.138 1.02 0.98 1.06 0.248
Stage III 1.97 0.95 4.11 0.070 2.26 44378 4.79 0.033
Tumor size (mm) 1.01 0.99 1.03 0.267 1.01 0.99 1.04 0.336
Adjuvant therapy 0,47 0.25 0.90 0.024 0.61 0.32 1.15 0.126
Perivascular invasion 0.85 0.41 1.74 0.654 0.77 0.41 1.44 0.412
Combined �-catenin and PROX1

weak 1 1
moderate 2.32 1.22 4.44 0.011 1.86 1.00 3.43 0.049
strong 3.73 1.40 9.97 0.009 2.38 1.14 4.97 0.021

DSS = Disease-spesific survival PFS = Progression-free survival NAT = Neoadjuvant therapy HR = Hazard ratio CI =
Confidence interval.

4. Discussion

To the best of our knowledge, this is the first study to report the expression of �-catenin and PROX1
in neoadjuvant-treated pancreatic cancer. According to our results, the role of �-catenin and PROX1
in survival can be either improving or deteriorating depending on the NAT response. Among patients
with good response, with less than 10% residual tumor cells, strong �-catenin and combined moderate
�-catenin and PROX1 associated with improved survival. In contrast, in the poor NAT response group
with more than 10% residual tumor cells, strong �-catenin and combined strong �-catenin and PROX1
associated with deteriorated survival.

According to prior studies, the association between �-catenin expression and survival in pancreatic
cancer is ambiguous. Some studies have indicated that increased cytoplasmic �-catenin expression is
associated with metastasis [25, 26] and poorer survival, [25, 27] whereas one study investigating pan-
creatic cancer patients undergoing US indicated that particularly low cytoplasmic �-catenin expression
was associated with poorer survival [24]. Now, we report that the association of cytoplasmic �-catenin
expression and poor or improved survival in neoadjuvant treated pancreatic cancer varies depending
on the patient’s response to NAT. The underlying reasons for the variation in the survival association
are unclear. In treatment of naı̈ve tumors the Wnt/�-catenin signaling pathway function and expres-
sion may vary between the patients, which partly explains the following good or poor NAT response.
Alternatively, the good treatment response may lead to changes in the tumor and the tumor microen-
vironment, which further cause alterations in the Wnt/�-catenin signaling. Pancreatic cancer tumors
generally have strong desmoplasia and deposition of extracellular matrix where PDAC cells induce
a strong response within the stroma [41]. Stromal components have been shown to affect cancer cell
proliferation and survival [42, 43]. The tumor microenvironment and stromal cells have significance
in whether a good treatment response is achieved [44]. The role of the microenvironment cannot be
ignored when discussing the alternating role of �-catenin and PROX1 in tumor progression and sur-
vival. In our study, the strong cytoplasmic �-catenin immunopositivity had a deteriorating effect on
survival in the poor response group, but overall they had stronger �-catenin expression (49% vs. 35%).
The difference was not statistically significant, leaving the question if stronger expression leads to
alteration in survival open.

The combined strong and moderate �-catenin and PROX1 expression similarly associated with DSS
compared to strong �-catenin alone, so that in the well-responding patients, the effect seen was an
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improvement in survival and the poorly responding group deterioration of survival. In the NAT-patients,
in either of the response groups, PROX1 alone did not statistically associate with survival. A prior
study described a similar result in pancreatic cancer that �-catenin alone and combined �-catenin and
PROX1 associated with survival, but no association between PROX1 and survival was seen. Only
pancreatic cancer patients undergoing US were included in that study [24]. Some studies demonstrate
a tumor-suppressive role of PROX1 in pancreatic cancer [37–39]. Interestingly, analyzing the whole
study group, we noticed a weak correlation between �-catenin and PROX1 immunopositivity. However,
while examining the NAT patients alone, the correlation could not be seen. In the NAT group, �-catenin
immunopositivity was stronger compared to PROX1, whereas in the US patients, the overall staining
pattern of �-catenin and PROX1 was more similar, explaining the lack of correlation in the NAT
patients. Most of the strong �-catenin immunostainings among NAT patients were seen in the group
of poor responders. Overall, the immunopositivity of the NAT patients was generally stronger. The
difference between NAT and US patients in other tumor marker expressions by immunostaining has
been reported before [10]. Especially in the poor responders’ group, the strong combined cytoplasmic
�-catenin and PROX1 presented even worse survival compared with strong �-catenin alone, evoking
the question of the role of PROX1 in Wnt/�-catenin signaling pathway in poorly responding NAT
patients. Interestingly, moderate combined �-catenin and PROX1 associated with slightly improved
survival in the good responders, compared to �-catenin alone, contradicting the role of PROX1.

When analyzing the whole NAT group, a strong �-catenin associated with younger age (< 65 years,
p = 0.005) and a strong PROX1 associated with negative lymph node metastasis (p = 0.035) and vascular
resection (p = 0.024). Contradictory to our results, a previous study which analyzed the association of
clinicopathological parameters and �-catenin and PROX1 in US patients found a statistically significant
association between low PROX1 expression and younger age and between low �-catenin expression
and higher tumor grade. Analyzing the association of better NAT response and survival, the survival
benefit can only be seen if the response to NAT is remarkably good, meaning ≤ 5–10% residual tumor
cells [11, 45]. The survival analysis of the NAT response groups used in this study has been reported
before [11].

The findings in the PFS analysis were aligned and logically similar to DSS analysis. In the good
response group, strong cytoplasmic �-catenin and moderate combined �-catenin and PROX1 asso-
ciated with improved PFS, resembling the DSS analysis. In the poor response group, strong PROX1
associated with impaired PFS, and so did the strong combined �-catenin and PROX1. In the PFS
analysis of poor responders �-catenin did not significantly associate with survival. Overall, these find-
ings were aligned with DSS analysis except for the poor responders PROX1 association. The lack of
PROX1 presenting statistical significance in other analyses may be due to a lack of statistical power.

To our knowledge, this is the first study to report the impact of �-catenin and PROX1 on disease
progression in pancreatic cancer. The previous studies have not come to a final conclusion on whether
�-catenin or PROX1 promote tumor progression or acts as a tumor suppressor, and depending on the
study, results supporting both possibilities can be found. However, in pancreatic cancer most studies
describe �-catenin as tumor-promoting. Similarly, the role of PROX1 in malignancy is diverse, both
suppressing and promoting tumor growth [24, 37, 46–52]. In pancreatic cancer, its role has been
described mainly as tumor-suppressive. Our DSS findings further support the understanding that like
with �-catenin, the role of PROX1 is ambiguous and may vary depending on the patients’ good or
poor treatment response.

We relied on the strengths of our study — the study cohort comprised a relatively large pool of
patients with a histologically confirmed diagnosis of PDAC. The NAT and US groups were matched
for age, gender, and time of surgery. Our data on survival and follow-up are reliable and precise.
Multiple well-representative tumor samples were used to evaluate neoadjuvant response, and our
neoadjuvant response scheme followed the recommendations of the latest tumor response consensus



A. Eurola et al. / β-catenin plus PROX1 immunostaining stratifies disease progression 81

statements from the Amsterdam International Consensus Meeting [8]. Given these strengths, we also
acknowledge limitations to our study. Only seven neoadjuvant patients presented strong combined �-
catenin and PROX1 immunostaining. The TMA samples were relatively small (1 mm diameter), thus,
the representativeness of cancer and immunostaining may have suffered, as the �-catenin and PROX1
expression may be unevenly distributed in the tumor. These limitations were minimized by taking
several [6] TMA spots of each tumor and scoring the intensity using the strongest intensity visible
in these spots. An experienced pathologist determined the location of the TMA drilling spots on the
specimen. Furthermore, the staining intensity scoring was determined by two independent investigators
to minimize the effect of subjectivity. Due to the retrospective nature of our study, the implementation
of NAT varied between patients. This study featured a limited number of patients with a good response
to NAT and, thus, we could not perform a multivariate survival analysis for those patients.

5. Conclusions

In neoadjuvant-treated pancreatic cancer, the role of �-catenin and PROX1 on survival can be
either improving or deteriorating depending on the treatment response, associating with significantly
improved DSS and PFS in well-responding patients and with significantly impaired DSS and PFS in
poorly responding patients. Overall, the expressions of �-catenin and PROX1 were stronger in the
NAT patients compared to US patients. In the NAT patients, strong �-catenin associated with younger
age and strong PROX1 associated with negative lymph node metastasis and vascular resection.
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