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Simple Summary: Fucoxanthin (Fx) is a representative marine carotenoid. To achieve clinical
application of Fx toward cancer treatment, it is important to clarify the presence or absence of its
effect in patient-derived xenograft (PDX) mice. Here, we investigated the anticancer effects of Fx in
pancreatic cancer (PC)-PDX mice. Consequently, our results suggest that the increase in decorin (DCN)
and pro-oxidant p-p38(Thr'® /Tyr'®2) and phospho c-Jun N-terminal kinase (pJNK)(Thr!83 / Tyr!85)-
related signals and the inhibition of insulin growth factor binding protein 2 (IGFBP2)-, epithelial cell
adhesion molecule (EpCAM)-, and lipocalin 2 (LCN2)-related signals are key regulators of tumor
suppression in the PC-PDX mice. The protein alterations in the mice were partially supported by
in vitro experiments. Therefore, Fx may be a promising candidate for cancer therapy in patients
with PC.

Abstract: Pancreatic cancer (PC) is one of the most fatal cancers, and there is an urgent need to develop
new anticancer agents with fewer side effects for the treatment of this condition. A patient-derived
xenograft (PDX) mouse model transplanted with cancer tissue from patients is widely accepted as the
best preclinical model for evaluating the anticancer potential of drug candidates. Fucoxanthin (Fx) is
a highly polar carotenoid contained in edible marine brown algae and possesses anticancer activity.
However, there is a lack of data on the effects of Fx in PDX models. We investigated the anticancer
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effects of Fx in PDX mice transplanted with cancer tissues derived from a patient with PC (PC-PDX)
using comprehensive protein expression assay. Fx administration (0.3%Fx diet) ad libitum for 27 days

This article is an open access article  giopificantly abrogated tumor development (0.4-fold) and induced tumor differentiation in PC-PDX
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and tended to decrease LCN2 (0.6-fold) levels in the tumors of the PC-PDX mice, as compared to
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those in the control mice. Some of the protein expression patterns were consistent with the in vitro
experiments. That is, treatment of fucoxanthinol (FxOH), a prime metabolite derived from dietary Fx,
enhanced non-glycanated DCN, p-p38(Thr!8 /Tyr'82), and pJNK(Thr!83 /Tyr'#) levels in human PC
PANC-1 and BxPC-3 cells.These results suggested that Fx exerts anticancer and differentiation effects
in a PC-PDX mice through alterations of some multifunctional molecules.

Keywords: anticancer effect; fucoxanthin; patient-derived xenograft; pancreatic cancer; decorin; heme
oxygenase 1; insulin growth factor binding protein 2; lipocalin 2; epithelial cell adhesion molecule

1. Introduction

Pancreatic cancer (PC) is a malignant neoplasm known to be associated with some of
the most fatal outcomes worldwide. The incidence of PC is closely related to high mortality
rates. According to the GLOBOCAN 2020 database reports, PC accounts for 495,773 new
cancer cases and is responsible for 466,003 cancer-related deaths worldwide [1]. In the
United States of America, the number of new cases and deaths due to PC is expected to
continue to increase until 2040 [2]. It is estimated that the five-year relative survival rates of
PC at localized, regional, and distant stages are 44%, 15%, and 3%, respectively (combined
survival rates of all stages = 12%) [3]. Growing evidence suggests that high-risk factors for
PC include smoking, adult obesity, adult attained height, type 2 diabetes mellitus, chronic
pancreatitis, certain chemicals, age (>45 years), sex (with males having a higher risk than
females), race, family history, gene mutations, infections, and the consumption of certain
foods and drinks. Definitive evidence regarding decreased risk factors for PC is yet to be
established. However, certain lifestyle-related improvements are recommended for PC
prevention, such as smoking cessation, maintaining appropriate body weight, habitual
exercise, and the intake of vegetables, fruits, and whole grains [3,4].

It is difficult to completely eliminate PC using chemotherapies, such as gemcitabine,
5-fluorouracil, and albumin-bound paclitaxel, which are mostly used to prolong survival.
In addition, there are very few anticancer drugs that can be used for PC chemotherapy, and
the side effects upon administration of these drugs must also be considered [3]. Therefore,
there is an urgent need to develop new anticancer drugs that can treat PC with fewer side
effects, prior to other cancers.

Pancreatic ductal adenocarcinoma (PDAC) is the dominant histological type of PC
(approximately 90% of all PC cases) [5]. Pancreatic intraepithelial neoplasias (PanINs) are
preinvasive lesions that occur at the onset of PDAC, and their progression is classified into
four types from early to late. Somatic mutations in Kirsten ras (KRAS), cyclin-dependent
kinase inhibitor 2A (CDKN2A), tumor protein 53 (T'P53), mothers against decapentaplegic
homolog 4 (SMAD4), breast cancer susceptibility gene 1 (BRCA1), and BRCA?2 are frequently
associated with PanIN progression and have been suggested to trigger PDAC onset [5,6].

Several animal models of PDAC have been developed. A mouse model of PDAC with
Kras mutation (Ptf1a%"*/*; LSL-K-ras®1?P/* mice) shows PanIN progression and develops
pathological PDAC resembling human PDAC [7]. Moreover, Ptf1a“"*; LSL-K-rasC1?P/+
mice combined with Tgfbr2 knockout or Trp53R17?H mice have been shown to exhibit
a higher frequency of PDAC onset than the initial Ptﬂacre/ *, LSL-K-rasC12P/* mice [8,9].
Treatment of Syrian golden hamsters with N-nitrosobis(2-oxopropyl)amine (BOP) was
found to induce PanIN, with the occurrence of PDAC found to be associated with genetic
mutations in Kras, cdkn2a, and smad4 [10]. Currently, patient-derived xenograft (PDX)
models with directly transplanted tissues from cancer patients have been recognized as
the best models for evaluating the anticancer potential of drug candidates, replacing
in vitro and in vivo models that use the US National Cancer Institute-60 panel, which
is a fundamental tool comprising 60 human cancer cell lines [11,12]. Engrafted cancers
can conserve the histopathological features and molecular regulation of patient-derived
cancer tissues. PDX has been suggested as an optimal model for assessing anticancer
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drugs, exhibiting 90% of the overall predictive accuracy of clinical therapeutic efficacy
in patients [13,14]. However, the anticancer effects of general foods and food-derived
functional compounds in PDX models remain poorly understood.

Fucoxanthin (Fx) is a highly polar carotenoid predominantly present in edible marine
brown algae. The Fx molecule (C4H530¢, 658.9 g/mol) comprises a polyene chain, an
allenic bond, a 5,6-monoepoxide group, and a carbonyl group (Supplementary Figure S1).
Toxicological and interventional studies have suggested that Fx is a safe compound with
no adverse effects in humans or rodents [15-20]. Fx is easily converted into deacety-
lated fucoxanthinol (FxOH) in the intestines of humans and mice and FxOH is one of
the main metabolites detected in blood and tissues [21,22]. No clinical or epidemiolog-
ical examinations of the anticancer effects of Fx and FxOH have been conducted yet.
However, it has been demonstrated using in vitro and in vivo experiments that Fx and
FxOH can exert the anticancer effects on colorectal, skin, duodenal, liver, lung, and breast
cancers [23-26]. In addition, we revealed that Fx and FxOH have anticancer activities
against a few PC in vitro and in vivo PC models. FxOH treatment (5.0 uM) could promote
apoptosis in a mouse PDAC cell line (KMPC44) established from the Ptf1a“"*; LSL-K-
rasG12D/+ mice and a hamster PDAC cell line (HaPC-5) established from the BOP-treated
Syrian golden hamster [27,28]. Furthermore, Fx administration (488.8 mg/Fx/kg body
weight [bw]/mouse/day) could substantially inhibit the onset of PDAC in a PDAC mouse
(C57BL/6]) model with allogenic and orthotopic transplantations of the KMPC44 cells [29].
Lu et al. showed that Fx boosted the growth inhibitory effects of gemcitabine in human
PC PANC-1 and MIA PaCa-2 cells [30]. Fx may be a promising candidate that contributes
to prolonging the survival of patients with PC in the future. Considering its clinical appli-
cation, it is necessary to investigate the effects of Fx in PDX models inoculated with PC
tissues (PC-PDX).

In this study, we examined the anticancer potential of Fx in a PC-PDX mouse model.

2. Materials and Methods
2.1. Chemical

An Fx-enriched oil (5.0 w/v % Fx-oil; product name, Fucoxanthin-5KW®) predomi-
nantly comprising palm oil and minor ingredients (proteins, carbohydrates, and sodium)
was kindly supplied by Oryza Oil & Fat Chemical Co., Ltd. (Aichi, Japan). Palm oil
without Fx was used as the control oil. All-trans-FxOH (purity, >98%) was purified
from marine algal lipids by Dr. Hayato Maeda (Hirosaki University, Japan). Dimethyl
sulfoxide (DMSO) (cat.no. 041-07217), formaldehyde (37%) (cat.no. A16163) and (10%)
(cat.no. 060-01667), Hank’s balanced salt solution (HBSS) (cat.no. 082-08961), isoflurane
(cat.no. 099-06571), and poly(oxyethylene 20 sorbitan) monolaurate (Tween 20) (cat.no.
166-21213), and Roswell Park Memorial Institute -1640 cell culture medium (RPMI) (cat.no.
183-02165) were obtained from FUJIFILM Wako Pure Chemicals (Osaka, Japan). RNAlater
(catno. AM7021), GlutaMAX (cat.no. 35050061), fetal bovine serum (FBS) (cat.no.10437),
and penicillin/streptomycin (antibiotics) (cat.no.15140122) were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). Bovine serum albumin (BSA) (cat.no. 01281-97)
was obtained from Nacalai Tesque (Kyoto, Japan), respectively. The sources, catalog num-
bers, and brand names of the primary antibodies are listed in Supplementary Table S1.
Goat anti-rabbit (cat.no. #7074) and anti-mouse (cat.no. SA00001-1) secondary antibod-
ies conjugated with horseradish peroxidase (HRP) were purchased from Cell Signaling
Technology (Danvers, MA, USA) and Proteintech (Rosemont, IL, USA), respectively, and
4/,6'-Diamidino-2-phenylindole (DAPI) (cat.no. 340-07971) was purchased from Dojindo
(Kumamoto, Japan). All the other chemicals and solvents were of analytical grade.

2.2. Establishment of PDX Tumor from Human PC Tissue

The J-PDX library was created in 2018 for Japanese patients with cancer, as described
previously [31]. More than 1000 patients with cancer were provided with sufficient oppor-
tunities to reject study participation at the National Cancer Center Hospital in Japan. The
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patients signed an informed consent form and agreed to participate in the sample collection
and data transmission. This study was approved by the Institutional Review Board of
the National Cancer Center (identification code, 2015-123 and 2021-163; authorization,
2015 and 2021). Samples isolated from various departments, such as surgical specimens,
needle biopsies, endoscopy, and ascitic fluids, were rapidly soaked in storage solution,
transiently stored at 4 °C, and conveyed to an adequate facility for multi-omics analyses or
PDX establishment.

We selected a patient with PC from the J-PDX library based on the following char-
acteristics: race, age, sex, and location of sample collection. In addition, we considered
clinical characteristics such as disease, pathological type, tumor-node-metastasis (TNM)
status, clinical stage, and prior treatment history (chemotherapy, radiotherapy, and im-
munotherapy) of the primary cancer tissue. DNA and RNA were extracted from the tumor
sample using a KingFisher Cell and Tissue DNA Kit (cat.no. 97030196) (Thermo Fisher
Scientific, Waltham, MA, USA) and MagMAX mirVana Total RNA Isolation Kit (A27828)
(both from Thermo Fisher Scientific, Waltham, MA, USA), respectively. Hotspots, fusions,
and copy number variations of 161 cancer genes in the tumor sample were assessed using
a rapid next-generation sequencer (Oncomine Comprehensive Assay v3 with the Ion Tor-
rent Genexus System (software version 6.6 and cat.no. A46296); Thermo Fisher Scientific,
Waltham, MA, USA).

To establish the PC-PDX mice, we transplanted tumor tissues from a patient with PC
into mice as follows: Female NOD.Cg—PrkchCid IZngt’"lS”g /ShiJic (NOG) mice (5 weeks
old) were purchased from In-Vivo Science (Kanagawa, Japan). The mice were housed
in polycarbonate cages in a humidity- and temperature-controlled room under a 12 h
light/dark cycle. PC tissue was cut into 2 mm? sections and subcutaneously inoculated
into the flank region of 6-week-old mice using a transplantation needle, to generate PC-
PDX mice. The estimated tumor size was monitored weekly and determined using the
following formula: a (mm) x b? (mm)/2 (a, long range; b, short range). Tumor passage was
performed when the tumor size reached 200-2000 mm?®. The tumor established in the first
PC-PDX mouse was named TG;. The second- and third-passage tumors that developed in
other PDX mice were named TG, and TGs, respectively [31]. Animal experiments were
conducted according to the guidelines of the Institute for Laboratory Animal Research,
National Cancer Center Research Institute (identification codes: T17-020, T17-073, and
T19-008; authorizations 2017 and 2021). Mice used for tumor passage were euthanized
under 2% isoflurane inhalation (air, 2.0 L/min). In the present study, we used TG3 tissue
from the selected patient with PC, provided by the National Cancer Center J-PDX library
in Japan.

2.3. Animal Experiments

Female CB17.Cg-Prkdc*® Lyst®$7 /CrlCrlj (SCID-Beige) mice (4 weeks old) were pur-
chased from Oriental Yeast (Tokyo, Japan), placed in plastic cages with sterilized softwood
chips, and maintained under constant temperature, humidity, and a 12 h light/dark cycle.
The mice received standard solid MF chow (Oriental Yeast, Tokyo, Japan) and tap water
ad libitum. After one week of acclimatization, three pieces of TG3 PC tissue (2 mm?>) were
subcutaneously injected into the flank region of the 5-week-old mice using a transplantation
needle (to generate TG4-PC-PDX). The mice were monitored daily for clinical signs. After
three months, the mice were euthanized under 2% isoflurane anesthesia (air, 2.0 L /min),
and harvested tumor tissues were cut into 36 pieces (2 mm? in size) under HBSS (4 °C) to
generate TG5-PC-PDX mice.

Female SCID-Beige mice (4 weeks old, 27 mice) were purchased from Oriental Yeast
(Tokyo, Japan), randomly divided into plastic cages with sterilized softwood chips (three
mice/cage), and kept under constant temperature, humidity, and a 12 h light/dark cycle.
The mice received standard solid MF chow (Oriental Yeast, Tokyo, Japan) and tap water
ad libitum. After one week of acclimatization, two pieces of the TG4 PC tissues (2 mm?3)
from the TG4-PC-PDX mouse were subcutaneously injected into the flank region of each
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mouse (5 weeks old) using a transplantation needle (to generate TG5-PC-PDX) on day 0
(5-week-old). Fx-oil was painted on a solid MF at a concentration of 0.3% Fx (3.0 mg Fx/g
MF chow, Fx-high diet) and 0.1% Fx (1.0 mg Fx/g MF chow, Fx-low diet). The control
diet comprised of solid MF with an equivalent volume of control oil (control diet). The
mice were assigned to the Fx-high diet (Group 1, n = 9), Fx-low diet (Group 2, n = 9),
and control diet (Group 3, n = 9) groups, which were administered Fx-high, Fx-low, and
control diets ad libitum for 27 days (days 0-27), until sacrifice. The body weight, estimated
tumor size, and other clinical features of the mice were regularly monitored. The estimated
tumor size (mm?) was determined using the following formula given above. TGs-PC-PDX
mice in Groups 1-3 were euthanized under 2% isoflurane anesthesia (air, 2.0 L/min), and
whole flank tumors of each mouse were excised, washed with cold phosphate-buffered
saline (PBS), and cut into several pieces. For histopathological assessment, one piece of
the tumor was fixed in 10% neutral buffered formalin for 2 days. Hematoxylin and eosin
(HE)-stained sections were prepared using Morphotechnology (Hokkaido, Japan). Other
tumor pieces were permeabilized with RNAlater (500 pL) overnight at 4 °C and then
were frozen at —80 °C until proteome and western blot analyses. An expert pathologist
performed a histopathological diagnosis of the tumors. The study protocol was approved
to be an operational project by the Institutional Review Board of the National Cancer Center
Research Institute (identification code, 2021-163; authorization, 2021) and of the Health
Sciences University of Hokkaido (identification code, 21P003; authorization, 2021). The
animal experiments were approved by the Institutional Guidelines for Animal Care and
Use of the Health Sciences University of Hokkaido, in accordance with the “Guidelines for
Animal Experiments in the Health Sciences University of Hokkaido” (identification code,
22-003; authorization, 2021).

2.4. Proteome Analysis

Whole tumors were lysed in a lysis buffer and sonicated. The total protein content
was measured using the Bradford assay, followed by denaturation at 95 °C for 5 min. Total
proteins from Fx-high diet-treated mice (group 1) or control mice (group 3) were prepared
as a sample with equivalently mixed proteins (total 75 pug) and then subjected to proteome
analysis. Protein samples were purified, lysed, denatured, alkylated, and digested with
trypsin, and part of them (200 ng) were applied to quantitative liquid chromatography
with tandem mass spectrometry (UltiMate 3000 RSLC Nano LC System) using a Q Exactive
HE-X mass spectrometer (both from Thermo Fisher Scientific, Carlsbad, CA, USA) at the
Kazusa DNA Research Institute (Chiba, Japan) (analysis registration number: KK1583).
Proteome profiles based on the mass spectroscopy data were analyzed using Scaffold
DIA software (Promega Software, Portland, OR, USA). The protein sequence database
was based on the Human UniProtKB/Swiss-Prot database and the Prosit spectral library
(https:/ /www.proteomicsdb.org/prosit/) (accessed and downloaded on 26 November
2021). The quantitative value corresponding to the protein expression was calculated for
proteins satisfying both cutoff peptide false discovery rate (FDR) (<1.0%) and protein FDR
(£1.0%).

2.5. Cell Proliferation Assay

Two human PC cell lines, PANC-1 (ATCC no. CRL-1469) and BxPC-3 (ATCC no.
CRL-1687), were purchased from American Type Culture Collection (Manassas, VA, USA).
The cells were routinely cultured in RPMI-1640 medium with 10% heat-inactivated FBS, 1%
GlutaMAX™, 40,000 U/L penicillin, and 40 mg/L streptomycin (10%FBS/RPMI) at 37 °C
in a humidified atmosphere containing 95% air and 5% CO; until use. Briefly, PANC-1
and BxPC-3 cells were seeded into a 24-well plate (at a density of 5 x 10* cells/mL) with
10% FBS/RPMI for one day. The cells were incubated in 10% FBS/RPMI with FxOH (final
concentrations of 5 and 20 pM) or vehicle alone (DMSO) for 2 days. The cells were washed
with PBS and fixed in 10% formalin in PBS (1:1) for 10 min, at 37 °C. The cells were then
washed and incubated with PBS. Following that, DAPI solution in PBS was added to the
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cells and incubated for 10 min at 37 °C. A Keyence BZ-X810 microscope (Osaka, Japan) was
used to observe and acquire images of the cellular nuclei. The total area of the blue-stained
nuclei was quantified using Keyence BZ-X810 analysis software BZ-H4AS (Osaka, Japan).

2.6. Western Blot Analysis

Western blot analysis of the tumors was performed as described previously [29]. Whole
tumors were harvested from Groups 1 and 3 and sonicated in a lysis buffer. PANC-1 and BxPC-
3 cells were seeded into 10 cm plates at a density of 5 x 10* cells/mL and allowed to adhere for
1 day. The cells were then exposed to 10% FBS/RPMI with FxOH (final concentrations of 5 and
20 uM) or vehicle alone (DMSO), for 1 day. The cells were trypsinized, washed with PBS, and
lysed using a lysis buffer. The protein content in each PDX tumor or cell line was determined
using the Bradford assay. The proteins (10 pg) in each mouse tumor or cell were subjected
to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred onto Hybond polyvinylidene fluoride membranes (cat.no. 10600058) (Amersham
Biosciences, Little Chalfont, UK). The PVDF membranes were blocked with Tris-buffered
saline containing 0.1% Tween 20 and 1 w/v% BSA (1% BSA/TBS-T) at room temperature for
1 h, followed by incubation with each primary antibody (diluted 1:1000) in 1% BSA /TBS-T at
4 °C overnight. The membranes were then incubated with horseradish peroxidase-conjugated
anti-mouse or anti-rabbit secondary antibodies (diluted 1:5000) in TBS-T at room temperature
for 1 h. The protein bands were visualized using enhanced chemiluminescence (cat.no.
WBKLS0500; Millipore, Billerica, MA, USA), normalized to (3-actin expression as a loading
control, and then quantified in comparison with a control group using Fiji Image]2 software
(version 2.9.0/1.53t) (National Institutes of Health, http:/ /rsb.info.nih.gov/ij/) (accessed on
20 October 2022).

2.7. Statistics Analysis

All results are presented as mean =+ standard error (SE). Statistical differences in tumor
incidence between the two groups were assessed using Fisher’s exact probability test.
The normality of the distribution of the results was analyzed using the Shapiro-Wilk test.
Comparisons between two groups with and without normal distribution were performed
using post hoc Student’s t-test (parametric) or Mann-Whitney U-test (nonparametric),
respectively. In addition, comparisons among three groups with and without normal
distribution were performed using one-way ANOVA (parametric) with post hoc Tukey test
or Kruskal-Wallis test (nonparametric) with post hoc Dunn-Bonferroni test, respectively.
The statistical analysis was conducted using SPSS Statistics version 25 (IBM Co., Ltd.,
Armonk, NY, USA). Differences were considered statistically significant at * p < 0.05 and
*p <0.01.

3. Results
3.1. Characteristics of a Tumor Derived from a Patient with PC

Table 1 summarizes the basic and pathological characteristics of a patient with PC.
The race, age, sex, and location of the sample collection were Japanese, in their early 70s,
male, and pancreatic, respectively. The tumor characteristics were as follows: disease,
primary PC without metastasis or recurrence; pathological type, adenocarcinoma (ADC);
tumor node-metastasis (TNM) status, T4AN1M1; clinical stage, stage IV; prior treatment
history (chemotherapy, radiotherapy, and immunotherapy), none. Multi-omics analyses
of 161 gene alterations in the tumor sample passaged three times in the PDX mice, named
transgeneration 3 (TGs, generally called F3), detected hotspot mutations of TP53 and
KRAS, with truncating mutations of ARIDIA and Notch Homolog 2 N-terminal-like C
(NOTCH2NLC): TP53, C238Y; KRAS, G12D; ARID1A, 11816S fs Ter 67; NOTCH2NLC, amino
acid change not identified (Supplementary Table S2). No gene fusions or copy number
variations were observed among the 161 genes.
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Table 1. Characteristics of the patient with pancreatic cancer.
Classification Characteristics
Registration number X130068
Race Japanese
Age (years) Early 70s
Gender Male
Location of sample collection Pancreas
Disease Primary pancreatic cancer without recurrence
Pathological type Adenocarcinoma
TNM status T4N1IM1
Clinical stage Stage IV
Chemot}.lerapy, radiotherapy and None
immunotherapy

3.2. Anticancer Effect of Fx Administration on the PC-PDX Mice

An Fx diet (0.3% and 0.1%) was administered to the PC-PDX mice ad libitum for
27 days. No clinical signs of disease were observed in Groups 1-3 during the experimental
period. In addition, there were no significant differences in the intake amounts of the Fx-
high diet-administered mice (Group 1), the Fx-low diet-administered mice (Group 2), and
the control diet (Group 3) administered mice (data were assessed using the Shapiro-Wilk
test, and one-way ANOVA with post hoc Tukey test): Group 1, 163.9 + 4.6 g Fx diet/kg
bw; Group 2, 177.7 £ 4.2 g Fx diet/kg bw; Group 3, 174.8 &+ 4.3 g control diet/kg bw. The
average Fx intakes in Groups 1 and 2 were 491.8 and 177.7 mg Fx/kg bw, respectively.
There was no significant difference between the average liver weight ratio of Groups 1
and 3: Group 1, 6.3 &= 0.2%/bw; Group 3, 5.9 &= 0.2%/bw (data were assessed using
Shapiro-Wilk test and Student’s t-test). The mean bw did not differ significantly among
the three groups, except for between Groups 2 and 3 on day 23 (Figure 1A). The estimated
tumor sizes in Groups 1 and 2 were significantly reduced and/or tended to be lower,
respectively, as compared to that of Group 3 on day 27: Group 1, 53.6 + 15.2 mm? (0.4-fold
vs. Group 3); Group 2, 92.2 + 28.6 mm? (0.7-fold vs. Group 3); Group 3, 138.9 4- 28.6 mm3
(Figure 1B). However, the tumor sizes of Groups 1-3 differed minimally during most of the
experimental period (days 0-23), except for on day 27. Based on the pathological diagnoses,
well to moderately differentiated ADC and moderately to poorly differentiated ADC in
Group 1 were significantly increased and decreased, respectively, when compared to that in
Group 3, although little difference in moderately differentiated ADC was observed between
Groups 1 and 3 (Supplementary Figure S2 and Supplementary Table S3).

3.3. Comprehensive Proteome Alteration in the Tumor Tissue of PDX Mice after Fx Administration

We aimed to elucidate the molecular mechanisms underlying the anticancer and
differentiation-inducing effects of Fx on the tumors of PC-PDX mice, focusing particularly
on the proteome profile of the tumors. Proteome analysis demonstrated that 318 upregu-
lated (>1.5-fold) and 887 downregulated (<—1.5-fold) proteins (total, 1205 proteins) were
altered in the Fx-high diet-administered PDX mice, as compared to the control mice. From
the molecular functions and interactions regarding cancer based on some available studies
(32-36), three upregulated proteins, including the tumor suppressors of decorin (DCN)
(2.6-fold) and FAF1 (1.8-fold), and a stress-inducible protein of heme oxygenase 1 (HO1)
(2.5-fold) were detected as molecules that may contribute to anticancer and stress signals
in the Fx-treated mice, with the top 50 upregulated proteins (Supplementary Table S4).
Similarly, 109 downregulated proteins were detected as molecules that may contribute to
cancer development in the mice, from the molecular functions and interactions regard-
ing cancer. Of these, we have noted on the 24 downregulated proteins as follows: INSR
(N.D., not detected compared to the that of control mice), BAG1 (N.D.), ITGB3 (N.D.),
IGFBP3 (—4.0-fold), ITGA1 (—3.6-fold), LAMADS5 (—3.2-fold), NECTIN2 (—3.1-fold), ECM1
(—3.0-fold), HNF4A (—2.7-fold), NFKB1 (—2.4-fold), NFKB2 (—2.3-fold), CLU (—2.3-fold),
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insulin growth factor binding protein 2 (IGFBP2) (—2.3-fold), ITGA3 (—1.9-fold), COL17A1
(—1.9-fold), CD44 (—1.9-fold), CDC42EP5 (—1.8-fold), TIMP1 (—1.8-fold), lipocalin 2 (LCN2)
(—1.8-fold), ADAM17 (—1.7-fold), MDK (—1.7-fold), epithelial cell adhesion molecule (Ep-
CAM) (—1.7-fold), DAGI (—1.7-fold), and MUCS5AC (—1.6-fold), (Supplementary Table
S5). Supplementary Tables 54 and S5 also show other molecules that are expected to be
involved in the anticancer effects, in addition to the molecules selected above (proteins
colored gray in Supplementary Tables S4 and S5). However, we could not perform sub-
sequent western blot analysis on all the upregulated and downregulated proteins shown
in Supplementary Tables 5S4 and S5. Thus, we proceeded with the understanding that the
experimental limitations may have hindered the findings of this study.
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Figure 1. The growth inhibitory effect of fucoxanthin (Fx) administration on tumors of pancreatic
cancer tissue-transplanted patient-derived xenograft (PC-PDX) mice. Mice in Groups 1 (red dots), 2
(yellow dots), and 3 (blue dots) were administered Fx-high, Fx-low, and control diets, respectively, ad
libitum for 27 days, until sacrifice. The body weight and estimated tumor size of the PC-PDX mice
were routinely measured in PC-PDX mice. (A) Body weight changes during the experimental period.
Data are presented as the mean =+ standard error (SE) (n = 9). After the normality distribution of
the results was checked by means of the Shapiro—Wilk test, comparisons among Groups 1-3 were
performed using one-way analysis of variance with post hoc Tukey test. A statistically significant
difference of * p < 0.05 was found between Groups 2 and 3 on day 23 only). (B) The subcutaneous
estimated tumor size in PC-PDX mice during the experimental period, calculated based on the
following formula: a (mm) X b? (mm)/2 (a, long range; b, short range). Data are presented as the
mean = standard error (SE) (n = 9). After the normality distribution of the results was checked using
the Shapiro—Wilk test, comparisons among Groups 1-3 were performed using Kruskal-Wallis with
post hoc Dunn-Bonferroni test. A statistically significant difference of * p < 0.05 was found between
Groups 1 and 3 on day 27).

3.4. Altered Protein Expression or Activation in the Tumor Tissues of PDX Mice after Fx
Administration Based on Proteome Analyses

Based on proteome alterations, the effect of the Fx-high diet administration on the
expression and activation of each selected protein (total 31 molecules based on the proteins
colored gray in Supplementary Tables 54 and S5) was examined in whole tumor tissues of
PC-PDX mice, using western blot analysis. Compared to the expression levels in Group
3, administration of the Fx-high diet in Group 1 significantly increased the expression
of non-glycated DCN (2.4-fold), tended to increase HO1 expression (1.5-fold without
statistically significant difference), significantly decreased IGFBP2 (0.6-fold) and EpCAM
(0.7-fold) expression, and tended to decrease LCN2 expression (0.6-fold without statistically
significant difference). Little change or appearance was observed in the expression levels
of the other 32 proteins between Groups 1 and 3 (Figure 2).
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Figure 2. Protein expression profiles of tumors from patient-derived pancreatic cancer tissue-
transplanted xenograft (PC-PDX) mice following fucoxanthin (Fx) administration. Protein expression
levels in the tumors of Fx-high diet-administered (Group 1) and control (Group 3) mice were assessed
using western blot analysis. (A) Each protein band for tumors of Groups 1 (Fx-high diet administered
mice) and 3 (control mice). (B) The protein levels in tumors of PC-PDX mice in Groups 1 and 3 were
normalized to that of the 3-actin. Each protein level in Group 1 (black bar) was estimated against
the average value (1.0-fold) of Group 3 (white bar). Data are presented as mean =+ standard error
(SE) (n = 4-5). After the normality distribution of the results was checked using the Shapiro—Wilk
test, the comparison between Groups 1 and 3 were performed using post hoc Student’s t-test, except
for in case of EpCAM and NF«kB1 p50, which were assessed using Mann-Whitney U-test. * p < 0.05.
n.s., no significance; and N.D., not detected. (3-Actin as a loading control for membranes analyzing *
glycanated DCN, non-glycanated DCN (DCN-A), and DCN-B, b ITGB3, LAMAS, and ECM1; ¢ BAG1
and ITGA1; ¢ HNF4A, IGFBP2, NFkB(p105), NFkB(p50), and COL17A1; ¢ CLUw, ITGA3, NFkB(p100),
NFkB(p52), and LCN2;/ MDK, EpCAM, MUC5AC, and DAG1; 8 TIMP1, FAF1, and HO1; h IGFBP3
and CD44; | NECTIN2 and ADAM17;/ INSR; and ¥ CDC42EP5.
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Subsequently, alterations in the central 26 molecules belonging to 11 upstream and
downstream signals closely related to all DCN, HO1, IGFBP2, EpCAM, and LCN2 were
examined in the whole tumor tissue of a PC-PDX mice, following Fx-high diet adminis-
tration (Figure 3). Fx administration in group 1 significantly increased the expression
of phospho(p) protein kinase B (pAKT)(Thr3%) (1.8-fold), phospho signal transducer
and activator of transcription (pSTAT3)(Ser’?’) (2.3-fold), and pSmad2(Ser#6>/4¢7) (2.2-
fold); and tended to increase levels of phospho focal adhesion kinase (pFAK)(Tyr397)
(1.6-fold), pPaxillin(Tyr31) (1.4-fold), pAKT(Ser473) (1.3-fold), transforming growth fac-
tor (TGF)-f1(1.6-fold), p—p38(Thr180 / Tyrlsz) (1.6-fold), phospho c-Jun N-terminal kinase
(pJNK)(Thr!83 /Tyr!8%) (1.8-fold), and Cyclin D1 (1.5-fold), as compared to those in Group
3. The expression or activation of the other 16 proteins was minimally altered between
Groups 1 and 3 or was not detected in both the groups (Figure 3).

3.5. Altered Protein Expression or Activation in FxOH-Treated Human PC Cells

Since FxOH is the prime metabolite derived from dietary Fx in the plasma and various
organs of humans and mice [21,22], we have investigated the growth inhibition effects
and molecular mechanisms of FxOH in human PC cells, and not Fx. Based on the gene
and protein alterations induced by Fx administration in the whole tumor tissue of PC-
PDX mice, we also examined the effect of FXOH on protein expression and activation
in two representative human pancreatic cancer cell lines, PANC-1 and BxPC-3. We first
confirmed the inhibitory effects of FXOH on the growth of PANC-1 and BxPC-3 cells.
Treatment with FxOH (5 and 20 uM) induced marked morphological changes, ranging
from an elongated cell type to a round type. Additionally, FxXOH showed significantly
suppressed cell proliferation, in a dose-dependent manner, as determined using the cell
count assay with DAPI-stained nuclei (Figure 4A,B). The percentages of cell proliferation
(control 100%) were as follows: 5 uM FxOH, 52.1 + 3.2%; 20 uM FxOH, 46.1 + 3.4%
in PANC-1 cells; 5 uM FxOH, 59.6 + 3.5%; 20 uM FxOH, 40.6 £ 2.6% in BxPC-3 cells
(Figure 4B). Next, we confirmed the effects of FXOH in PANC-1 and BxPC-3 cells with re-
spect to molecules and signals altered in the whole tumor tissue of PC-PDX mice following
Fx administration. Consequently, FxOH treatment (5 and/or 20 pM) upregulated expres-
sion levels (>1.5-fold change) of glycanated DCN, non-glycanated DCN (DCN-A), HO1,
LCN2, pAKT(Ser*”?), pJNK(Thr!®3 /Tyr!8%), and active forms of caspase-3, while it downreg-
ulated the expression levels (<0.6-fold change) of integrin «5, pPaxillin(Tyrgl), and Cyclin
D1 in PANC-1 cells. In addition, FxOH upregulated the expression levels (>1.5-fold change)
of non-glycated DCN, HO1, IGFBP2, LCN2, EpCAM, pPaxillin(Tyr3!), pAKT(Thr3"%),
p-p38(Thr!® /Tyr!82), pINK(Thr!'® /Tyr!'®5), and active forms of caspase-3, and down-
regulated the expression levels (<0.6-fold change) of glycanated DCN, pAKT(Ser*’®),
PSTAT3(Ser’?’), pSmad2(Ser*®5/467), and Cyclin D1 in BxPC-3 cells. DCN-B expression
in either cell line, EpCAM, pFAK(Tyr®”), and pSmad?2(Ser*%°/467) expressions in PANC-1
cells, were detected at a very low level, with or without FxXOH treatments (Figure 4C).
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Figure 3. Protein expression and activation profiles in tumors of patient-derived pancreatic cancer
tissue-transplanted xenograft (PC-PDX) mice administered fucoxanthin (Fx), considering molecules
upstream and downstream of DCN, HO1, IGFBP2, EpCAM, and LCN2. Protein expression levels
between the Fx-high diet-administered (Group 1) and control (Group 3) mice were measured using
western blot analysis. (A) Each protein band for tumors of Groups 1 (Fx-high diet administered
mice) and 3 (control mice). (B) The protein levels in tumors of PC-PDX mice in Groups 1 and 3 were
normalized to that of the 3-actin. The protein levels in Group 1 (black bar) were estimated against
the average value (1.0-fold) in Group 3 (white bar). Data are presented as mean =+ standard error
(SE) (n = 4-5). After the normality distribution of the results was checked using Shapiro—Wilk
test, comparisons between Groups 1 and 3 were performed using post hoc Student’s t-test.
*p < 0.05; ** p < 0.01; n.s., no significance; N.D., not detected. Fx1—4, four tumors in the Fx-high
diet-administered mice (Group 1); Control 1-5, five tumors in the control mice (Group 3). 3-Actin
levels, as a loading control, in membranes analyzing * integrin o5, pPaxillin(Tyr?!), E-cadherin,
vimentin, and pMEK1/ 2(Ser217/221), b integrin 31, pERK1/ 2(Thr?02/ Tyr204), [3-catenin, N-cadherin,
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Figure 4. Growth inhibition and protein expression levels in PANC-1 and BxPC-3 cells with or
without fucoxanthinol (FXOH) treatment. PANC-1 and BxPC-3 cells were treated with 5 and 20 uM
FxOH for 1 day. (A) Phase contrast microscopy images. Scale bar, 200 pm. (B) Cell proliferation was
measured using the cell count assay based on the DAPI-stained nuclei. Data are presented as mean
=+ standard error (SE) (n = 4). After the normality distribution of the results was checked using the
Shapiro—Wilk test, comparisons among cells with FxOH 5 and 20 uM treatments, and control cells
were performed using one-way analysis of variance with post hoc Tukey test. * p < 0.05. (C) The
protein levels were measured using western blotting. (3-Actin was used as a loading control. The
band densities for each protein in the FxOH (5 and 20 uM)-treated PANC-1 and BxPC3 cells, as well
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as control cells, were normalized to that of B-actin. Each protein level in the FxOH-treated cells
was evaluated against that in the control cells as 1.0-fold. Since the bands of DCN-B, EpCAM,
pFAK(Tyr**7), and pSmad2(Ser*%>/467) in PANC-1 cells, as well as DCN-B in BxPC-3 cells, represented
little expression, these protein levels were not calculated. 3-Actin, as a loading control, for membranes
analyzing * HO1, IGFBP2, integrin a5, pPaxillin(Tyr’!), pAKT(Ser*’?), pSmad2(Ser#6%/47), and
Cyclin D1; ¥ LCN2, EpCAM, integrin f1, pFAK(Tyr®), pAKT(Thr’%®), pERK1/2(Thr??2 / Tyr?4),
pro-caspase-3, and active form of caspase-3; ¢ glycanated DCN, non-glycanated DCN (DCN-A), DCN-
B, pSTAT3(Ser’?’), p-p38(Thr'® / Tyr!82), and pJNK(Thr!83 /Tyr!#). All experiments were repeated
twice with the same results.

4. Discussion

In the present study, assessment of the pathological and molecular characteristics of
the tumors derived from a patient with PC indicated that the tissue was an aggressive
malignant primary cancer with certain genetic variations. Fx administration substantially
inhibited tumor development and induced differentiation in PC-PDX mice, accompanied
by altered expression of multiple molecules in both epithelial and stromal tissues. To the
best of our knowledge, this is the first report to suggest the anticancer effects of Fx in
human-like PC tissues, similar to clinical samples, using PDX mice.

The characteristics of the primary tumor tissue (TGq) of a patient with PC, in addition
to those to the TG3 sample, suggested that the tissue was an aggressive malignant primary
cancer tissue possessing genetic alterations in TP53, KRAS, ARID1A, and NOTCH2NLC
(Tables 1 and S2). Notable frequencies of TP53 (tumor suppressor gene), KRAS (oncogene),
and ARIDIA (tumor suppressor gene) mutations have been detected in the PC tissues of
several patients. In particular, mutations in TP53 and KRAS can lead to aberrations in sig-
naling pathways such as mitogen-activated protein kinase (MAPK), phosphatidylinositol-3
kinase (PI3K)/AKT, DNA damage, and cell cycle, and contribute to the malignant pro-
gression of PanIN, followed by PC development. In addition, the loss of ARIDIA function
could be correlated with poor outcomes in PC [5,6,32-35]. There is limited information
available regarding the genetic variation and function of NOTCH2NLC in PC; therefore, we
did not focus on this gene or its mechanism of action in this study.

Herein, we administered the PC-PDX mouse model a Fx-high diet (0.3% Fx) ad libitum
for 27 days. In Group 1, the average Fx intake from the Fx diet was 491.8 mg Fx/kg bw. The
human equivalent dose based on the human body surface area was estimated as 2399.0 mg
Fx/60 kg bw/human/day (491.8/12.3 x 60), according to a previous study [36,37]. Previous
toxicological studies have suggested that oral administration of 202,000 mg Fx/kg/bw can
be deemed safe, as it does not induce any serious adverse effects in vivo [16,17]. Thus, we
speculated that the Fx dose (491.8 mg Fx/kg bw/mouse/day) was within the safety range for
PDX mice. However, data on the clinical safety of Fx in humans are scarce. Oral administration
of Fx-rich algal extracts (1.0—8.0 mg Fx/human/day for 1—4 months) has been shown to
exert anti-obesity and anti-diabetes effects in humans without serious adverse effects [18-20].
Thus, there is a need for further investigations to determine the safe dose of Fx in humans.

Administration of the Fx-high diet significantly inhibited the estimated tumor size
in Group 1 (0.4-fold compared with Group 3) and strongly induced differentiation in the
ADC, as compared to that in Group 3 (Figure 1B and Supplementary Table S3). Sub-
sequently, we aimed to elucidate the molecular mechanisms underlying the anticancer
and differentiation-inducing effects of Fx on tumors, focusing particularly on the pro-
teome profiles (Supplementary Tables S4 and S5). There was enhanced expression of
DCN-A (2.4-fold), HO1 (1.5-fold), p-p38(Thr!8 / Tyr!82) (1.5-fold), and pJNK(Thr'8? / Tyr!8)
(1.8-fold), and reduced expression of IGFBP2 (0.6-fold), LCN2 (0.6-fold), and EpCAM
(0.7-fold) in the tumor tissues of the Fx high diet-administered PC-PDX mice, as compared
to those in the control mice (Figures 2 and 3). The in vitro experiments showed that in the
expression patterns of DCN-A, HO1, p-p38(Thr!'® /Tyr!82), and pJNK(Thr!83 /Tyr!85) in the
FxOH-treated PANC-1 and BxPC-3 cells were consistent with the Fx-administered mice
(Figure 4).
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DCN, a typical small leucine-rich protein, is a secreted proteoglycan embedded in the
extracellular matrix (ECM). It is widely distributed as two types of DCNs in mammalian
cells: an approximately 40 kDa core protein (non-glycanated DCN, or DCN-A) and an
approximately 80—90 kDa glycosaminoglycan (GAG)-added type (glycanated DCN). The
GAG chain in the molecule comprises variable GAGs, such as chondroitin and dermatan sul-
fate, and controls the distance between collagen fibrils in the ECM. DCN is a multifunctional
proteoglycan that suppresses tumor growth, angiogenesis, cell cycle, inflammation, metas-
tasis, and epithelial-mesenchymal transition (EMT) and promotes mitophagy, apoptosis,
and autophagy by regulating several signals, including mesenchymal-epithelial transition
factor (Met), epidermal growth factor receptor (EGFR), vascular endothelial growth factor
receptor 2 (VEGFR2), WNT, MAPK, PI3K/AKT/mammalian target of rapamycin (mTOR),
and TGF-3 [38,39]. Furthermore, DCN is secreted by stromal cells, such as cancer-associated
fibroblasts (CAFs), which can enhance the tumor microenvironment (TME) formation via
the DCN paracrine effect [40]. Moreover, Zhang et al. have demonstrated that DCN-A
is expressed at higher levels in paracancerous tissues than in cancerous tissues, among
human PC samples, while a low molecular weight DCN (DCN-B, approximately 25 kDa)
is elevated in cancerous tissues. In addition, DCN-A overexpression suppresses cell pro-
liferation and migration and augments apoptosis-related gene expression in BxPC-3 cells,
in contrast to the effects of DCN-B overexpression [41]. HO1, an inducible cytoprotective
enzyme against oxidative stress, facilitates tumor microenvironment (TME) formation,
chemoresistance, and anti-apoptotic action in PC cells and mouse models [42—44]. Insulin
growth factor (IGF) and receptor signaling (e.g., IGF-1R) are the key pathways involved
in PC development. IGF-binding proteins (IGFBPs) bind to IGFs, stabilize cytokines, and
alter various downstream signals. IGFBP2 is one of six IGFBP members (IGFBP1-6) with
binding sites for IGF-I, heparin, ECM, cell surface proteoglycans, and integrins in its pro-
tein sequence. It has been suggested that IGFBP2 could promote tumorigenesis, EMT, cell
proliferation, invasion, metastasis, and angiogenesis through the activation of integrin,
EGFR, PIBK/AKT, NFkB, STAT3, VEGE, extracellular signal-regulated kinase (ERK), and
WNT, and the suppression of p21 [45,46]. High serum levels of IGFBP2 are associated
with poor survival in patients with PC [46]. LCN2, a novel adipokine, also called neu-
trophil gelatinase-associated lipocalin, is highly expressed in patients with PC and is a key
regulator of inflammation, fibrosis, PanIN formation, survival, pancreatic tumor growth,
TME, metastasis, angiogenesis, and EMT, along with the activation of NF-kB, EGFR, and
MEK/ERK expression [47,48]. EpCAM is a pan-epithelial differentiation antigen expressed
in epithelial tissues that positively regulates tumorigenesis, cell proliferation, differenti-
ation, migration, metastasis, EMT, tumor immunity, drug resistance, NF«B, interleukins
(IL-6 and IL-8), PI3K/AKT/mTOR, WNT, hepatocyte growth factor/c-Met, RAS/MAPK,
and integrins [49]. p38 and JNK belong to the MAPK family and have dual functions
that induce cell survival or death through various stimuli; however, their activation under
severe oxidative stress (pro-oxidant effect) induces apoptosis in cancer cells [50].

Currently, there is limited evidence on the association between carotenoids and DCN
in cancer. This study is the first to report an association between the anticancer effects of
carotenoids and DCN expression in PDX mice and their apoptotic effects in human PC cells
(Figures 2 and 4C). In addition, the expression of &« smooth muscle actin (xXSMA), a cancer-
associated fibroblast marker protein, differed minimally between Groups 1 and 3 (Figure 3).
Therefore, we speculated that DCN secreted from stromal cells contributes minimally to
the anticancer effects of Fx. In addition, the DCN-B protein levels did not significantly
differ between Groups 1 and 3 (Figure 2). This molecule was poorly identified in the
FxOH-treated human PC cells (Figure 4C). Among all the DCN types, only DCN-A may
play an important role in the anticancer effects of Fx in mice. To date, some researchers have
demonstrated the functional validations of DCN, IGFBP2, LCN2, and EpCAM in human
PC cells. Treatment of DCN-expressing oncolytic adenovirus significantly suppressed
the cell growth in human PC MIA PaCa-2 and PANC-1 cells and inhibited pancreatic
tumorigenesis in athymic nude mice with orthotopic transplantation of MIA PaCa-2 [51].
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IGFBP-2 gene knockdown attenuated migration, invasion, and EMT in human PC BxPC-3
and CFPAC cells [52]. LCN2 gene knockdown inhibited cell attachment and invasion in
human PC BxPC-3 and HPAF-II cells [53]. An intraperitoneal administration of a bispecific
antibody (EpCAM and CD3) suppressed a tumor growth in xenograft mice transplanted of
BxPC-3 cells [54]. Thus, DCN, IGFBP2, LCN2, and EpCAM are effective molecules for the
growth inhibition in human PC cells. Several carotenoids are responsible for regulating
oxidative stress in normal cells through their antioxidant activities. Accumulating evidence
has demonstrated that certain carotenoids containing Fx, astaxanthin, bixin, 3-carotene, f3-
cryptoxanthin, lutein, and lycopene can exert the pro-oxidant actions against various cancer
cells, inducing high levels of intracellular reactive oxygen species (ROS). ROS-mediated
apoptosis enhances DNA damage and expression of pATR, pATM, p-p38, pJNK, Bax, p53,
caspases, p21, p27, and heat-shock proteins (HSPs), and reduced levels of pAKT, Bcl-2, and
PERK expression [55]. Intracellular levels of ROS, including the superoxide radical/anion,
hydroxyl radical, and hydrogen peroxide, are modulated by antioxidant enzymes such as
superoxide dismutase, glutathione (GSH) peroxidase, GSH reductase, and catalase. In the
present study, tumor tissues from Fx-treated PC-PDX mice showed the upregulated trends
for HO1, p-p38 (Thr!® /Tyr!82), and pJNK (Thr'® /Tyr!®%) (Figures 2 and 3). Furthermore,
upregulated expression of HO1, p-p38(Thr!® /Tyr!82), and /or pJNK(Thr!# /Tyr!8) was
observed during apoptosis induction in FxOH-treated PANC-1 and BxPC-3 cells (Figure 4C).
The in vitro and in vivo experiments suggest that although HO1 upregulation would result
from oxidative stress, the pro-oxidant effects mediated through p38 and JNK activation
may trigger suppressive effects on tumor growth in Fx-administered PC-PDX mice.

On the other hand, the expressions of IGFBP2, EpCAM, and LCN2 showed the op-
posite patterns between in vivo and in vitro experiments (Figures 2 and 3, and Figure 4C).
The differences in its molecular expression in cells and animal tissues may depend on the
property of cancer cells prior to compound addition or on the interaction with stromal
cell populations. In addition, some of molecular alteration patterns of in vitro and in vivo
experiments in the present study were different from those of our previous studies: FxOH-
treated mouse PDAC cell line (KMPC44) established from the Ptflacrﬁ/ *: LSL-K-rasC12DH
mice and a hamster PDAC cell line (HaPC-5) established from the BOP-treated Syrian
golden hamster, and Fx-administered PC mouse (C57BL/6]) model with allogenic and
orthotopic transplantations of the KMPC44 cells (27-29). Moreover, functional modifi-
cations of cellular signals are frequently associated with drug resistance and cancer cell
survival. The activation of PI3K/AKT, integrins/FAK, TGF-3, IGF1R, EMT, and nuclear
factor erythroid 2 p45-related factor 2/HO1 was found to exert key roles in compensating
for cell resistance and survival against anticancer drug exposure [56,57]. The upregulated
expression (>1.5-fold change) of HO1, pFAK(Tyr*””), pAKT(Thr3%), pSTAT3(Ser’?”), TGF-
B1, pSmad2(Ser#%5/467), and Cyclin D1 in the tumor tissue of Fx-treated PC-PDX mice might
be a partial compensatory mechanism for survival and chemoresistance (Figures 2 and 3).
Similarly, the upregulated expression (>1.5-fold change) of HO1, IGFBP2, LCN2, EpCAM,
pPaxillin (Tyr’!), pAKT (Ser*”®), and pAKT (Thr®®) in FxOH-treated PC cells may be a
partial compensatory mechanism in cancer cell models (Figure 4C). For future application
of Fx as an anticancer drug for individual patients with PC, it is necessary to elucidate the
anticancer mechanisms of Fx (or FxOH) at any treating method using various animal and
cell models, such as PDX, three-dimensional cell culture models recapitulating the clonal
heterogeneity, and two-dimensional co-culture models in tumor and stromal cells [10,11].

TGz tumor samples showed genetic alterations in TP53, KRAS, and ARID1A expres-
sion levels. The presence of KRAS mutations in patients is correlated with low DCN gene
expression [58]. In addition, the combined delivery of KRAS and IGFBP2 induced astro-
cytoma development in vivo [59]. LCN2 reportedly contributes to PanIN formation and
poor survival in a transgenic K-rasC12P PC mouse model [44]. KrasS12P and loss of Aridla
function concomitantly induce PanIN development in a PC mouse model [60]. Fx may
have restraining effects on KRAS and ARIDI1A mutation-triggered pancreatic dysfunction.
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A TGs (corresponding to Fs) sample was used in this study. Generally, the third
generation (TG3/F3) in PDX mice is used for anticancer drug efficacy. As consecutive
passages of human tumors engrafted into PDX mice cause gradual histological, stromal,
and genetic shifts, the progression of tumor generation is a risk factor for altering the effect
of the anticancer drugs. Tentler et al. have revealed that the gene expression profiles of
F5/Fp in PDX mice were more diverse than those of F3/F [61]. However, the tumor sample
donated by the J-PDX library was already TG3. Thus, we proceeded with the understanding
that these limitations may have hindered the findings of this study.

5. Conclusions

Figure 5 summarizes the molecular alterations underlying the effects of Fx in a PC-
PDX mouse model. Based on our findings, Fx administration considerably abrogated
tumor development and induced tumor differentiation in a PC-PDX mouse model, along
with comprehensive alterations in 1205 proteins in proteome analysis. Considering these
molecular alterations, Fx-administered PC-PDX mice showed increased expression of non-
glycanated DCN (DCN-A), p-p38(Thr'8/Tyr!82), and pJNK(Thr!83 /Tyr!8), as well as
decreased expression of IGFBP2, EpCAM, and LCN2. Our results suggest that the increase
in DCN and pro-oxidant signals and the inhibition of IGFBP2-, EpCAM-, and LCN2-related
signals are key regulators of tumor suppression in PC-PDX mice. Therefore, Fx could serve
as a promising candidate for cancer therapy in patients with PC, and there is a need for
further investigations using other PC-PDX models to confirm the anticancer effects of Fx.

Anticancer effect

Tumor size reduction
Differentiation induction

Significant alteration
Non-glycanated DCN f
iGFBP2 §

EpcAM §

Alteration trend
LCN2 §
p-p38(Thr'eoTyriez) 4

Molecular change

PDX mice with human \\

s

Figure 5. Possible mechanisms underlying the anticancer and differentiation effects of fucoxan-
thin (Fx) against a patient derived xenograft (PDX) mice with a human pancreatic cancer. Non-
glycanated DCN, non-glycanated decorin (DCN-A); IGFBP2, insulin growth factor binding protein 2;
EpCAM, epithelial cell adhesion molecule; LCN2, lipocalin 2; p—p?’B(Thr180 / Tyrlgz), phosphorylated
p38(Thr!80 /Tyr182); p]NK(Thr'8? / Tyr!82), phosphorylated c-Jun N-terminal kinase(Thr!®3 / Tyr18?).
Red and blue arrows show upregulated (activated) and downregulated proteins.
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