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Abstract: This study aimed to identify the proteomic changes produced by curcumin treatment
following stimulation of the host immune system in a rat model of malignant mesothelioma. We
analyzed the proteomes of secondary lymphoid organs from four normal rats, four untreated tumor-
bearing rats, and four tumor-bearing rats receiving repeated intraperitoneal administrations of
curcumin. Cross-comparing proteome analyses of histological sections of the spleen from the three
groups first identified a list of eighty-three biomarkers of interest, thirteen of which corresponded
to proteins already reported in the literature and involved in the anticancer therapeutic effects of
curcumin. In a second step, comparing these data with proteomic analyses of histological sections of
mesenteric lymph nodes revealed eight common biomarkers showing a similar pattern of changes in
both lymphoid organs. Additional findings included a partial reduction of the increase in spleen-
circulating biomarkers, a decrease in C-reactive protein and complement C3 in the spleen and lymph
nodes, and an increase in lymph node purine nucleoside phosphorylase previously associated with
liver immunodeficiency. Our results suggest some protein abundance changes could be related to the
systemic, distant non-target antitumor effects produced by this phytochemical.

Keywords: curcumin; proteomics; biomarkers; malignant mesothelioma; rat; spleen; lymph node;
immune response; systemic effect

1. Introduction

Curcumin belongs to a category of bioactive compounds with the propensity to
target multiple signaling pathways that are crucial for tumor development [1]. This
molecule provides a diversity of interactions explained by its binding to numerous proteins
via a unique symmetrical structure combining a central keto-enol tautomer, flexible a,b-
unsaturated b-diketone linkers, and terminal o-methoxyphenolic groups [2]. In line with
the concept of polypharmacology, its mechanism of action suggests that it modulates
multiple sensitive nodes belonging to a network of interacting targets [3]. This new
concept now offers a strategy to overcome drug resistance [4]. In the case of colon cancer,
curcumin represents an epigenetic modulator, cancer stem cell suppressor, and potent
autophagy modulator. Trials have demonstrated clinical evidence in prevention and
treatment, including synergistic effects on the efficacy of current cancer drugs [5].

Curcumin’s multifaceted effects have already contributed to addressing the chemore-
sistance and radioresistance commonly found in aggressive cancers such as glioblastoma
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(GBM) [6]. To circumvent its poor oral absorption following the inclusion of curcumin
in the diet, other strategies have been proposed to treat experimental models of GBM or
malignant mesothelioma (MM)), e.g., intraperitoneal injection [6,7]. Based on proteomic
analyses of the liver from curcumin-treated tumor-bearing rats vs. untreated tumor-bearing
rats and normal rats, we previously identified quantitative changes in a set of biomarkers
representing both determinants of liver colonization and therapeutic targets [8].

It has been reported that an important factor explaining curcumin’s polypharmacology
could be the diversity of its degradation products [9]. In our previous studies, successive
intraperitoneal administrations of curcumin produced large areas of necrotic/apoptotic
tumor cells while inducing an influx of activated CD8+ T cells at the periphery of residual
tumors [7] and in the liver [8]. This immune response suggests some common features
with the recently described “abscopal effect” (meaning an out-of-field systemic antitumor
effect) observed in melanoma patients receiving radiation therapy [10]. Among lymphoid
organs, emphasis was given a few years ago to the spleen’s crucial role in regulating
immune responses both locally and in the whole body [11]. Therefore, to give insight
into the possible biomarkers associated with this effect in curcumin-treated rats, we first
investigated the quantitative changes observed in the spleen proteome compared with
normal and untreated tumor-bearing rats in our experimental mM model. Cross-comparing
spleen proteomic analyses identified eighty-three biomarkers of interest, thirteen of which
corresponded to proteins already reported in the literature and involved in curcumin’s
therapeutic effects against different cancers. In a second step, cross-comparing spleen data
with mesenteric lymph node analyses revealed eight previously undescribed common
biomarkers affected by curcumin treatment, which may be related to an abscopal effect.

2. Results
2.1. Histological Features of the Immune Response in the Spleen and in Residual Tumors of
Curcumin-Treated Rats

Three groups of four male rats at four months of age (to mimic the physiological
conditions of mM carcinogenesis in adult humans) were used for the study, the experi-
mental design being summarized in Figure 1A. The first group (G1) consisted of normal
rats. The second (G2) and third groups (G3) corresponded to rats given a single injection
of 3 x 10° M5-T1 tumor cells (tumor challenge) at day 0. G1 and G2 rats received four
successive injections of DMSO (50% in saline, i.p., as the vehicle), while G3 rats had four
injections of curcumin (1.5 mg/kg in 50% DMSO plus saline) at days 7, 9, 11, and 14. These
8 rats were euthanized at day 16, and the tumors were collected (for treated rats, mostly
residual tumors present in the peritoneal cavity). For all twelve rats, spleen and mesenteric
lymph nodes were additionally sampled. For both the averaged total tumor mass and
spleen mass, a significant decrease was observed in treated (G3) vs. untreated (G2) rats.
General histological views of tumor masses (G2) and residual tumors (G3) collected in each
rat are shown in Supplementary Figure S1.

In previous studies, we observed an immune response directed against M5-T1 tumor
cells in G3 rats following multiple i.p. curcumin injections, which could be explained by
the fact that numerous tumor cells experienced a necrosis/apoptosis process in vivo [7].
Therefore, the decrease in spleen mass observed in G3 vs. G2 rats led us to investigate
the differential histological features of the spleen between the three groups (Figure 1B).
General views of histological sections of the spleen after HPS staining first revealed a
decreased contrast between the white and red pulps of G2 rats, as compared to G1 and
G3 rats. In parallel, numerous tumor cells attached to the spleen capsule were specifically
present in G2 rats. In a second step, high-magnification views of the white pulp in G3 rats
showed the presence of a specific subpopulation of immune cells in the lymphoid sheath
surrounding the central artery, which was not observed in G1 and G2 rats. Subsequently, a
comparative analysis of the spleen from the G2 and G3 groups after immunostaining with
anti-CD8 monoclonal antibody revealed this population corresponded to the CD8+ T cells
specifically observed in G3 (Figure 1B, bottom rank, yellow arrows), which were larger
and more intensely stained than their G2 counterparts. In a third step, high-magnification
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views of these areas confirmed that G2 rats were specifically characterized by smaller, more
heterogeneous, and irregularly shaped cells, while the lymphoid sheath cells in G3 rats
were nicely individualized (Figure 1C, top rank). Examination of red pulps also revealed
the same specific feature (Figure 1C, bottom rank, arrow). Finally, residual tumor masses
collected in the peritoneal cavity of G3 rats were also characterized by massive infiltration
of their surrounding environment and connective tissue separating muscle fibers with
activated lymphocytes presenting the same morphology (as previously observed in the
liver [8]), a finding never obtained in G2 rats (Figure 1D).
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Figure 1. Spleen histological changes induced by M5-T1 tumor progression or curcumin treatment. (A) Experimental
procedure showing how tumor and lymphoid organs were sampled for proteomic and histological analysis (top), and
the effect of curcumin treatment on tumor and spleen mean masses. (B) Identification of a subpopulation of activated
lymphocytes showing specific morphological features in curcumin-treated rats (G3 group). Top rank, general views of
the spleen from one representative rat of each group (HPS staining, x15, the scale bar represents 1 mM). Middle rank,
anti CD8+ IHC staining, comparison of G3 (right) vs. G2 rat (left), x50, the scale bar represents 500 um. Bottom rank,
magnification of a lymphoid nodule, anti CD8+ IHC staining, showing a significant concentration of CD8+ T cells into
the lymphoid sheath surrounding the central artery (right), and corresponding HPS staining (left) revealing the presence
of bigger, densely stained lymphocytes in the corresponding area (yellow arrows), x200, the scale bar represents 100 um.
(C) High-magnification views (HPS staining) of lymphoid sheaths (top rank) and red pulps (bottom rank, the yellow arrow
points to a small cluster of large lymphocytes), the scale bar represents 25 pm. (D) Comparison of histological sections (HPS
staining) of M5-T1 tumors, G3 (curcumin-treated rat, top rank) vs. G2 group (untreated rat, bottom rank). Top, general view
(left, the scale bar represents 1 mM), and magnifications of two areas illustrated by the yellow rectangles showing clusters
of immune cells infiltrating the connective tissue separating muscle fibers (insert, the scale bar represents 50 um) and the
external part of the tumor (right, the scale bar represents 25 um). Bottom, general view (the scale bar represents 1 mM), and
magnification of a large area (the scale bar represents 100 pm) showing numerous tumor cells invading the muscle free of
any lymphocyte cluster.

2.2. Spleen Biomarkers of Tumor Progression and Curcumin-Induced Immune Response

We detected 1483 proteins in each spleen sample analyzed by SWATH-MS. The number
of proteins exhibiting significant abundance differences (p < 0.05) in G2 vs. G1, G3 vs. G2,
and G3 vs. G1 were 285, 192, and 250, respectively. Cross-comparing the three files led
to a list of 83 proteins (Table 1) common to the 285 proteins found in G2 vs. G1 and the
192 proteins found in G3 vs. G2, of which 60 proteins were excluded from the 250 proteins
found in G3 vs. G1 (satisfying the condition p < 0.05).
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Table 1. List of spleen proteins exhibiting significant abundance changes (p < 0.05) common to the two comparisons: group

2 (G2, untreated tumor-bearing rats) vs. group 1 (G1, normal rats), and group 3 (G3, tumor-bearing rats treated with

curcumin) vs. group 2. Non-significant differences for G3 vs. G1 = ns (p > 0.05). Gene names (in italics) are given for Rattus

norvegicus. 1 increase, | decrease.

Code Gene Full Name G2/G1 G3/G2 G3/G1
AACS Aacs Acetoacetyl-CoA synthetase p= 0.1(;1991 ) O.\%) - o =n5.69)
ABCF3 Abef3 sfg;fiﬁii?glﬁiﬁﬁfg p= 00123 p= o7 =021

AHR Ahr Aryl hydrocarbon receptor po 030555 )- O.\l(r) 2363 v :ng‘zg)

ANXA1 Anxal Annexin Al p= 1.6T9 105 p= 0\.L0018 @ =n5.11)
ANXA5 Anxab Annexin A5 p= Ojl(\)0281 p= 0%0227 @ =n§.27)

ARLY Asl Argininosuccinate lyase p= 011787 p= 0?160459 (p =n5.65)
ATPD Atpod e aehondral p= 003331 p= 000155 (v Z05)
CALR Calr Calreticulin p= 0T0009 p= 0%1667 (v =ng-17)
CELF2 Celf? CUGBI;%;‘glirk; family . 014365 p= O.\l(f)3967 (2 =n5.25)
CNDP2 Cndp2 Cytoﬁﬁiﬁﬁgﬁmﬁc p= 001447 p= 002765 (v Z016)

CO9 C9 Complement component C9 p= 0.1(\)0086 p= 0%0267 (p =ng.45)
CORIA Corola Coronin-1A p= 030729 p= 0?160078 & =n5.79)
CPNE1 Cpnel Copine-1 p= 022077 p= 0%0269 (4 =n05-35)
DDX21 Ddx21 Nucleolar RNA helicase 2 p= 0?50579 p= 0,%2476 (p =n8-22)
DESM Des Desmin p= 01)1363 p= 0?161693 ( =n5.51)
DJB11 Drnajb11 ol hoﬂ?ﬁf&“ﬁf&mﬂy ’ p= 01)2069 p= 0%0836 (v Z085)
EFNB1 Efnbl Ephrin-B1 p= 0T0007 p= 0,%0685 (p =ng-67)
FUBP1 Fubp1 rar uPStre?Toiﬁ? fnt_bmding p= 01)0202 p= ot3159 (p =n5.14)

G6PI Gpi Glucose-6-phosphate isomerase p= 023101 ) O.\%) 0557 v :5.()7)
GDIA Cdil Rab GDP disz;);;z;tion inhibitor . OE 0306 . 0% " o :1523)

GDIB Cdi2 Rab GDP dissg)ec:gtion inhibitor ) 01)1183 ) 0~l.r0371 @ ;‘534)
GRP78 Hspas 7okD gl;fﬁf;zegulated p= 01)0475 p= 0%0064 ( o21)
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Table 1. Cont.
Code Gene Full Name G2/G1 G3/G2 G3/G1

3-hydroxyacyl-CoA T ) ns

HCD2 Hsd17b10 dehydrogenase type-2 p=0.0194 p = 0.04092 (p =0.70)
Heterogeneous nuclear T 1 ns

HNRPM Hurnpm ribonucleoprotein M p = 0.00659 p =0.0007 (p = 0.54)
. : T 1 ns

HXK3 Hk3 Hexokinase-3 p = 0.03094 p = 000115 (v = 0.96)
) Interferon-induced T 1 ns

IEM3 Ifitm3 transmembrane protein 3 p =0.00314 p=0.0218 (p =0.95)
IMPA1 Impal Inositol monophosphatase 1 T " s

P phosp p =0.0029 p =0.02081 (p =0.29)
cAMP-dependent protein 4 1 ns

KAPO Prkarla kinase type I—alpha regulatory p = 0.00633 p=55810~ (v = 0.08)

subunit

o T 1 ns

LEG1 Lgals1 Galectin-1 p=001128 p = 0.00304 (v = 0.30)
Leucine-rich repeat-containing T ) ns

LRC59 Lrre9 protein 59 p =0.00057 p =0.00105 (p = 0.76)
P . T 1 ns

MBB1A Mybbpla Myb-binding protein 1A p = 0.00035 p = 0.00673 (n=0.71)
Mitogen-activated protein T A ns

MKO3 Mapks kinase 3 p =0.00899 p=0.01772 (p=091)
. Methylthioribose-1-phosphate T ) ns

MINA Mril isomerase p =0.00444 p=0.0179 (p = 0.86)
. . T 1 ns

MVP Mup Major vault protein p = 0.00743 p = 0.02179 (= 0.54)
s . T 1 ns

MYL6 Mylé Myosin light polypeptide 6 p = 0.0052 p = 001144 (n = 0.75)
. . T 1 ns

OPLA Oplah 5-oxoprolinase p = 0.04606 p = 0.03249 (v = 052)
. Protein kinase C and casein T 1 ns

PACN2 Pacsin2 substrate in neurons 2 protein p = 0.03552 p =0.02471 (p=0.99)
Programmed cell death protein T N ns

PDCDA Pdcdd 4 p = 0.0012 p = 0.02955 (= 0.16)
e qpeq s 1T 1 ns

PDIA1 P4hb Protein disulfide isomerase p = 0.03143 p = 0.03366 (b = 0.47)
. . . T 1 ns

PDLI5 Pdlim5 PDZ and LIM domain protein 5 p = 0.03056 p = 0.03767 (= 0.64)
Pleckstrin homolog-like domain T N ns

PHLBI Phldb1 family B member 1 p =0.03397 p =0.01971 (p =0.35)
Proteasome subunit beta T 1 ns

PSB10 Psmb10 type-10 p =0.00099 p =0.00199 (p=0.97)
Transcriptional activator protein T + ns

PURB Purb Pur-beta p =0.00037 p=0.01449 (p = 0.86)
RHOA Rhoa Transforming protein RhoA T + ns

&P p=0.01258 p =0.00027 (p = 0.48)
. . T 1 ns

RL13 Rpl13 60S ribosomal protein L13 p = 0.00388 p = 0.00536 (v = 0.59)
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Code Gene Full Name G2/G1 G3/G2 G3/G1
. . 1T 1 ns
RL18 Rpl18 60S ribosomal protein L18 p = 0.00386 p=0.019 (v = 0.45)
. . T 1 ns
RL3 Rpl3 60S ribosomal protein L3 p = 0.00187 p = 0.00629 (= 038)
RL35A Rpl35a 60S ribosomal protein L35a T " s
p =0.03126 p =0.01536 (p=0.31)
Heterogeneous nuclear T ) ns
ROA2 Hnrnpa2b1 ribonucleoprotein s A2/B1 p =0.00755 p=00135 (p = 0.39)
T + ns
SPRC Spare SPARC p = 0.044 p =0.0279% (p = 0.36)
STIM1 Stim1 Stromal interaction molecule 1 T " s
p = 0.02664 p =0.03078 (p=0.61)
. T 1 ns
TAGL2 Tagln2 Transgelin-2 p = 0.00181 p = 0.00397 (b = 0.08)
General vesicular transport T 1 ns
usot tsol factor p115 p =0.01675 p=0.01326 (p = 0.88)
WDR1 Wdrl WD repeat-containing protein 1 T + ns
p =0.01835 p=0.01242 (p=0.93)
. WAS/WASL-interacting protein T ) ns
WIPFL Wipfl family member 1 p =0.00052 p=0.02194 (p = 0.56)
ARF3 Arf3 ADP-ribosylation factor 3 " T ns
p = 0.03262 p=0.04184 (p = 0.23)
. 1 T ns
CAH1 Cal Carbonic anhydrase 1 p =230 x 10-5 p =253 x 10-5 (= 047)
Uroporphyrinogen ) T ns
bcup Urod decarboxylase p =0.03293 p =0.04001 (p=092)
Delta-aminolevulinic acid 1 T ns
HEM2 Alad dehydratase p = 0.0004 p =0.03423 (p=0.14)
Nucleosome assembly protein 1 T ns
NPILL Nap1l 1like 1 p = 0.00498 p = 0.01454 (p = 0.53)
BIEA Blvra Biliverdin reductase A T " T
p=3.0010-5 p =0.00726 p =0.00148
- . 1 ! _
CAN2 Capn2 Calpain-2 catalytic subunit p=1.09 x 105 p=0.02941 p=0.01691
. 0 ! 1
CERU Cp Ceruloplasmin p=272x107° p = 0.00447 p =0.01102
T 4 T
cos 3 Complement €3 p=532x107° p =0.00065 p=146 x 1075
o . 1 ! 1
CRP Crp C-reactive protein p=168x 107 p = 0.0023 p =250 x 105
CSK Csk Tyrosine-protein kinase CSK T + T
p=6.65x 107> p = 0.00093 p=0.0141
FIBA Fga Fibrinogen alpha chain T " T
p =0.00196 p =0.00607 p=0.03133
I . T +
FIBB Fgb Fibrinogen beta chain p = 0.00582 p=0.02273 p=7.65x 105
ibronecti T ' D
FINC Fnl Fibronectin p=236x 1070 p =0.00042 p =0.0063
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Table 1. Cont.
Code Gene Full Name G2/G1 G3/G2 G3/G1
- ) { )
HEMO Hpx Hemopexin p =0.00019 p=0.0155 p = 0.00854
. 1 ! _
HSPB1 Hspbl Heat shock protein beta-1 p=9.81 x 105 p=002131 p =0.0003
S10A4 5100a4 Protein S100-A4 T + T
p =0.00015 p = 0.00305 p =0.00534
Copper transport protein 1 T 1
ATOX1 Atox1 ATOX1 p =0.00085 p =0.03533 p =0.02508
B3AT Slc4al Band 3 anion transport protein ¥ T T
p =0.04023 p =0.00039 p = 0.00089
Glycogen [starch] synthase, T 0 T
GYS2 Gys2 liver p =0.00021 p = 0.02082 p = 0.0006
PRDX2 Prdx2 Peroxiredoxin-2 T T T
p =0.0008 p =0.02675 p = 0.00086
ARP3 Actr3 Actin-related protein 3 + " "
p =0.0345 p = 0.00646 p = 0.00054
10 kDa heat shock protein, 1 1 1
CHIO Hspel mitochondrial p =0.0041 p =0.04784 p = 0.00055
) e A + 1
PDIA3 Pdia3 Protein disulfide isomerase A3 p = 0.00265 p = 0.00268 p =486 x 10~
. Peptidyl-prolyl cis-trans 1 1 1
PPIA Ppia isomerase A p = 0.02202 p=0.01276 p =0.00125
; ~ 4 { {
RL13A Rpl13a 60S ribosomal protein L13a p = 0.02799 p = 001762 p = 0.00137
RS16 Rps16 40S ribosomal protein S16 " " ¥
p =0.00333 p =0.04225 p =0.0003
RS23 Rps23 40S ribosomal protein S23 ¥ " +
p =0.00851 p=0.01798 p=627 x 107°

Among the first group of proteins, 55 exhibited an increase (including 4 ribosomal
proteins) and 5 a decrease linked to tumor progression, which returned to normal values
after curcumin treatment (Table 1). A second group of 14 proteins was also common to
G2 vs. G1 and G3 vs. G2 (still evolving in opposite directions), while showing significant
abundance changes (p < 0.05) between G3 and G1, including 12 presenting an increase
and 2 a decrease. Finally, a third group of nine proteins presented abundance changes
evolving in the same direction in G2 vs. G1 and G3 vs. G2 (with p < 0.05 between G3
and G1), including two showing an increase while seven a decrease (Table 1). Figure 2A
shows the main subcellular and extracellular locations of the 83 proteins listed in Table 1.
A gene ontology analysis of upregulated proteins, conducted with DAVID Bioinformatics
Resources 6.8 (https://david.ncifcrf.gov) (accessed on 15 July 2021) revealed two main
charts: (1). proteins involved in cell-cell adhesion (with a p value of 5.5 x 1073), and
(2). Extracellular Matrix (ECM) proteins (with a p value of 8.5 x 1074). Downregulated
proteins did not provide any information due to their restricted number. Moreover, a func-
tional analysis of known and predicted protein—protein interactions for the 55 upregulated
proteins, using the STRING Database (https:/ /string-db.org) (accessed on 15 July 2021),
showed 31 were associated in a single network, with 2 others being associated separately
while 22 presented no interactions (Figure 2B).

We next analyzed which of the eighty-three proteins listed in Table 1 were already
reported as being associated with curcumin’s therapeutic effects in the literature. We found
thirteen proteins reported in PubMed, three of which were cited more than four times
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A

over a 25-year period and encoded by Ahr, Pdcd4, and Rhoa (Table 2). The quantitative
changes we observed in the spleen for these three proteins are illustrated in Figure 3A. For
PDCD4, immunohistochemical staining of the spleen also revealed the presence of clusters
of densely stained PDCD4+ cells in the lymphoid sheaths surrounding the central arteries
of the splenic nodules in G2 rats, which were rarely found in G3 rats (Figure 3B,C).
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Figure 2. Cont.
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Figure 2. (A) Main locations of the eighty-three potential targets of curcumin’s therapeutic efficacy in the spleen. The
proteins illustrated in this figure correspond to the list detailed in Table 1. Each protein is identified by the gene (in
italics) encoding its expression. Names in black and bold represent the first group of proteins for which a p value < 0.05 was
observed in both G2 vs. G1 and G3 vs. G2, with abundance changes evolving in opposite directions, respectively (arrows
indicating changes observed in G2 vs. G1, 1 for increase, | for decrease), while differences were not significant in G3 vs. G1
(p value > 0.05). Names between brackets correspond to the second group of proteins satisfying the same conditions in G2
vs. G1 and G3 vs. G2, while showing significant differences in G3 vs. G1 (p value < 0.05), written in brown for increase and
blue for decrease. Proteins of the third group (changes evolving in the same directions in both G2 vs. G1 and G3 vs. G2) are
represented by names in brackets in orange and cyan blue, for increase and decrease, respectively. Locations were recorded
on https://www.proteinatlas.org (accessed on 15 July 2021). (B) Analysis of protein—protein interactions (PPIs) by online
bioinformatics (STRING Database, https://string-db.org) (accessed on 15 July 2021), restricted to the 55 proteins showing
abundance increase in G2 vs. G1, decrease in G3 vs. G2, while unchanged in G3 vs. G1.
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Table 2. Proteins of the spleen proteome (listed in Table 1) reported in the literature as being associated with curcumin’s

therapeutic effects.

Authors (Year)

Biological Model/Topic

Ciolino et al. [12]
Rinaldi et al. [13]
Nishiumi et al. [14]
Choi et al. [15]

MCF-7 Human breast carcinoma cells
Human oral squamous cell carcinoma cells
Mouse hepatoma Hepa-1clc7
Hep3B, MCF-7, HEK 293 human cells . ..

(AAth) Garg et al. [16] Mice (in vivo)
Cifti et al. [17] Rats (in vivo)
Singh et al. [18] Drosophila larvae
Mohammadi-Bardbori et al. [19] Human hepatoma
Nakai et al. [20] Mouse hepatoma
ANXAS5 i
(Arxa5) Kam et al. [21] EAhy926 human endothelial cells
CO9 s
(C9) Jacob et al. [22] Mice (in vivo)
GRP78 Ravindranathan et al. [23] Colorectal cancer cells
(Hspab)
LEG1 Rabinovitch et al. [24] Normal rat T cells (from spleen)
(Lgals1) Brandt et al. [25] Human leukemic T cells
MVP . . .
Thiyagarajan et al. [26] Y79 human retinoblastoma cells
(Mup)
Mudduluru et al. [27] Rko and HCT116 human colorectal cancer cells
Yang et al. [28] DU145 human prostate cancer cells, B16 murine melanoma cells
PDCD4 Chen et al. [29] Review: microRNAs regulation
(Pdcd4) Lelli et al. [30] Review: melanoma
Tan et al. [31] C6 rat experimental glioblastoma
Shakeri et al. [32] Review: microRNA-21
PDIA1 . . L
(P4hb) Ouyang et al. [33] Mouse intestinal mucosa (in vivo)
PSB10 .
(Psmb10) Wang et al. [34] MCEF-7 Human breast carcinoma cells
Zhang et al. [35] Lu1205 and A375 human melanoma cells
RHOA Qin et al. [36] HSC-T6 rat cells, rat liver fibrosis (in vivo)
(Rhoa) Wang et al. [37] HMrSV5 human peritoneal mesothelial cells
Gallardo et al. [38] MCF-10F and MDA-MB-231 human breast cancer cells
SPRC Kilian et al. [39] PC-3 human prostate cancer cells + xenografts in CD-1 mice (in vivo)
(Sparc) Wang et al. [34] MCF-7 Human breast carcinoma cells
é"{}il:z/;l) Shin et al. [40] HEK293 human embryonic kidney cells
TAGL2

(Tagln2)

Ma et al. [41]

CAL 27 human tongue cancer cells
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Figure 3. Abundance changes in the spleen. (A) Proteomic analysis of three proteins most reported in the literature as being
associated with curcumin’s therapeutic effects. Gene names encoding each protein are written in italics at the top of each
graph. Left to right: G1 (control = normal rats), G2 (tumor = untreated rats), and G3 (curcumin-treated rats); p values of the
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comparison between groups are indicated at the top of the bars. (B) Immunohistochemical staining with anti-PDCD4
antibody of the spleen from two representative rats of G2 (left) and G3 (right) groups. Top, general views, open red arrows
show the locations of clusters of positive cells in the lymphoid sheaths surrounding the central arteries of the splenic
nodules, the scale bars represent 2.5 mM. Bottom, enlargement of the two areas represented by the yellow rectangles
showing differences in the staining intensity of these clusters in G2 vs. G3; the scale bars represent 500 um. (C) High
magnification views of these two areas showing the differences in staining intensity, morphology, and cell density in G2 vs.
G3; the scale bars represent 50 um.

2.3. Common and Specific Biomarkers of Curcumin-Induced Effects in Spleen and Lymph Nodes

We next determined which of the eighty-three biomarkers identified in Table 1 exhib-
ited similar profiles in another lymphoid organ located at distance from the initial place
of M5-T1 tumor development, the omentum, which has an anatomical relationship with
the spleen. Therefore, we investigated the proteome of mesenteric lymph nodes, as these
are numerous large masses allowing proteomic analyses. Representative examples of the
histological features of lymph nodes from each group of rats are given in Supplementary
Figure S2. We detected 1498 proteins in each lymph node sample analyzed by SWATH-MS.
The number of proteins exhibiting significant abundance changes (p < 0.05) in G2 vs. G1,
G3 vs. G2, and G3 vs. G1 were 415, 256, and 188, respectively.

In a first step, cross-comparing the proteins not common to these lists and Table 1 led
us to define a repertoire of specific spleen biomarkers. The proteins exhibiting the largest
abundance changes in this organ are illustrated in Figure 4.
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Figure 4. Most significant abundance changes specifically observed in the spleen. Gene names encoding each protein are
written in bold and italics for each graph. The green and yellow arrows indicate proteins located in both the nucleus and
another subcellular compartment (locations were recorded on https:/ /www.proteinatlas.org) (accessed on 19 July 2021).

In a second step, eight proteins showing similar profiles of abundance changes in
spleen and mesenteric lymph nodes (common to the lists G2 vs. G1 and G3 vs. G2
above and to Table 1) were identified. Seven of these proteins were excluded from the
188 proteins found in G3 vs. G1 (satisfying the condition p > 0.05), encoded by Fubpl,
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Hnrnpa2bl, Hsd17b10, Mybbpla, Psmb10, Purb, and Wipfl. The protein encoded by Impal
was the only one satisfying the condition p < 0.05 for the comparison G3 vs. G1. Two
additional proteins showed tendencies for the same, encoded by Cpnel and Mril genes
(Supplementary Figure S3). Figure 5 shows the comparison of abundance changes for both
spleen and lymph nodes for these eight proteins.

2=10°8

0.00037 r—‘
21.5-10°
% 2108 E
5 2
E £ 1age
T T
& 108 £="
o @ 510t
0
control  Tumor  Tumor Control  Tumor  Tumor
+ Curcumin + Curcumin
SPLEEN SPLEEN
MBBIA PURB
Mybbpla Purb
15407 00044 0.00509 1.5-40° 000083 0.01881
g 1108 ‘g 1#10%
£ £
§ ®
5 50t 5 sa0e
w w
Centrol  Tumor  Tumor Control  Tumor  Tumor
+ Curcumin + Curcumin
LYMPH NODES LYMPH NODES
PSB10
ROA2
Hurnpa2bi Psnibl0
0.00198
uoo155 nnus 1108 0.00099 ,ﬁ
1.5%10°
2 5
H c
£ 1100 2
E £ 5x10%
® ®
5 5
W 5108 @
0
Control  Tumeor  Tumor Control  Tumor  Tumor
+ Curcumin + Curcumin
SPLEEN SPLEEN
PSB10
ROA2 Pombi0
HumpaZbl . ) soonm \ MSTT
ﬂsmﬂ |JHD 6x10 ’—1
152108 2
% B 4x108
I3 e
s g
E 00 E
= ®
g 5 2.100
@ 5x10° @

Control  Tumor  Tumor
+ Curcumin

LYMPH NODES

Control  Tumer Tumor
+ Curcumin

LYMPH NODES

2.5-10°

210,

WIPF1
Tigfl

0.00052 0.02134

BEAN

4x10¢

FUBP1
Fubpl

0.00202 003159

=

5x10%

> 2 3<108
B H
5 1.5x108 §
E £ 2105
T 1108 ®
£ )
® @ 1x10¢
5x104.
Control  Tumor  Tumor Control  Tumor  Tumor
+ Curcumin + Curcumin
SPLEEN SPLEEN
FUBFP1
WIPF1 Fubpl
Wl
2405 4=10%
800425 0.00301 0.00547 0.0072
215108 3108
£ 5
H H
£ 2
E 100 E 2.10%
w ®
3 =
=2 2
® 5104 0 1=10%
Control  Tumor  Tumor Control  Tumor  Tumor
+ Curcumin + Curcumin
LYMPH NODES LYMPH NODES
HCD2
Hsd17b10 D,,‘,gﬁ'
0.0134 0.04092 6105 0.0028 0.02081
8105
z E s
T ge10t T 410
] ]
E E
7 4x10° =
H & 200
D 2108 @
Control  Tumor  Tumor Control  Tumor  Tumor
+ Curcumin + Curcumin
SPLEEN SPLEEN
HCD2
HudI 7510 ll}IPAl
" | 00 10% mpel
810 :mn 25+10% 0.00354
0.00134
2 60 P
3 ]
H S1.5-10¢
E 4=10¢ E
3 P odoar
=2 2
@ 2x10¢ »

Control Tumor Tumor
+ Curcumin

LYMPH NODES

Control Tumor Tumor
+ Curcumin

LYMPH NODES

Figure 5. Proteins exhibiting similar profiles of abundance changes in the spleen and lymph nodes. Gene names encoding each

protein are in italics and protein codes (for Rattus norvegicus) in upper case and bold, as indicated at the top of each graph.

In a third step, the analysis of specific biomarkers of curcumin-induced effects in
lymph nodes identified a single protein, purine nucleoside phosphorylase, encoded by
the Pnp gene (Figure 6A). This protein exhibited the same pattern of abundance changes
as previously observed in the liver of the same rats [8]. Moreover, immunohistochemical
staining of lymph nodes revealed the presence of higher stained PNPH+ cells in the
medullary sinus in G3 vs. G2 rats (Figure 6B), and of PNPH+ cells in the two parts of the
cortex of lymphatic nodules in G3 rats, which were absent in G2 rats (Figure 6C).
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.“. ‘."

MSTI tumor, untreated rat G2

Figure 6. Purine nucleoside phosphorylase (PNPH) in lymph nodes. (A) Proteomic analysis. (B,C) Immunohistochemical
staining with anti-PNPH antibody of lymph nodes from two representative rats of G2 (top) and G3 (bottom) groups (general
views in inserts). Photographs in (B) illustrate the differences in staining intensity of PNPH+ cells present in the medullary
sinus. Photographs in (C) show the presence of numerous PNPH+ cells in the outer cortex and some in the inner cortex in
G3 rat (absent in G2 rat). Yellow arrows indicate probable macrophages/dendritic cells in the germinal center. Scale bars
represent 50 um.

2.4. Tumor Progression and Curcumin-Induced Effects on Plasma Biomarkers

Among the second group of biomarkers listed in Table 1, in addition to complement
C9, for which the increase observed in the spleen and induced by tumor progression
was completely reversed following curcumin treatment (Figure 4), seven other plasma
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proteins exhibited a rise in abundance that was partially reversed in G3 rats (Figure 7A).
These included five positive acute-phase proteins (encoded by Cp, C3, Crp, Fga, and
Fgb genes) for which elevated plasma levels are generally associated with inflammation.
The two others were hemopexin (encoded by Hpx) involved in the scavenging of heme,
and fibronectin (encoded by Fnl), a component of the extracellular matrix playing a
major role in cell adhesion and migration. In lymph nodes, the only protein showing an
evolution comparable to that observed in the spleen was the C-reactive protein (Figure 7B),
a decreased level in complement C3 also being induced after curcumin treatment.
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Figure 7. Levels of plasma biomarkers in the spleen (A) and lymph nodes (B). p values of the comparison between groups

are indicated at the top of the bars. Red (light red representing the partial decrease between “Tumor + curcumin” = G3 vs.

“Tumor” = G2) and blue bars representing the significant decrease relative to (Control = G1), respectively. ns and dotted line

= non-significant difference.

3. Discussion

Curcumin’s effects on all stages of tumorigenesis are well established. However,
although its action on multiple cell-signaling pathways has been the subject of numerous
studies on cancer cells in vitro, several questions remain on its complex mechanisms of
action in vivo. To shed light on this point, we used a rat model of aggressive peritoneal
mesothelioma [7] and an established treatment procedure with curcumin injected intraperi-
toneally to determine the secondary lymphoid organs’ implication in the immune response
induced, and to further identify potential associated biomarkers [8]. Taverna and colleagues
previously reported that innovative quantitative proteomic techniques such as SWATH-MS
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helped reveal how curcumin modulated the composition of exosomes released by cancer
cells, making it possible to reverse their pro-angiogenic activity [42]. As reviewed by Bronte
and Pittet, investigations on mouse spleen functions have unveiled a wider role than previ-
ously expected, especially in systemic regulation of immunity [11]. In line with its crucial
implication in immune responses, which is deleterious to the host in metastatic cancers,
this organ was shown to represent the site of accumulation of immature myeloid-derived
suppressor cells (MDSCs) in tumor-bearing animals [11]. Tu and colleagues have revealed
that one of curcumin’s most impressive effects in vivo was the inhibition of these myeloid
cells” expansion in the spleen and polarization toward a M1-like phenotype [43]. Therefore,
our work first aimed at providing information at a molecular level on spleen proteomic
biomarkers which were affected by both tumor progression and curcumin treatment. To
date, this field of research has been poorly documented experimentally, and limited to the
case of non-medicated and non-immunized rats [44].

Among the 55 proteins showing significant abundance changes common to G2 vs. G1
and G3 vs. G2, and excluded from G3 vs. G1, 13 were already reported in the literature as
being associated with curcumin’s effects. One especially has been the subject of numerous
studies since 1998 [12], related to curcumin’s suppression of the transformation of the aryl
hydrocarbon receptor (encoded by the Ahr gene) in cancer cells [14,20]. A recent study by
Mohammadi-Barbori and colleagues has shown that this effect’s mechanistic aspects also
include chromatin remodeling [19] in addition to a previously documented modification
of the cellular redox status [15]. Interestingly, another important target is represented
by miRNA expression [30], and particularly miRNA-21 (miR-21), which is regulated by
curcumin [27,29,31,32]. Even more interesting, Pdcd4 represents a functional target of
miR-21 [45], while the anticarcinogenic effects of curcumin were reported to be partly
mediated through modulation of miR-21 expression [32]. These two findings suggest that
the decrease in PDCD4 immunostaining we observed in spleen cells of curcumin-treated
rats vs. untreated rats might reflect the reversal produced by curcumin treatment on the
deleterious effects induced by the tumor development on immune cell functions. RhoA,
one of the most extensively studied members of the Rho family of small GTPase, is also
involved in tumor cell migration and invasion [46], as well as fibrosis induction [36,37],
both of which are prevented by curcumin through reversion of the epithelial-mesenchymal
transition [35,38]. Finally, in our study, among the twelve proteins involved in the most
significant abundance changes specifically observed in the spleen, which were related
to tumor progression and completely reversed upon curcumin treatment, two already
reported in the literature concerned complement C9 and transgelin-2. In the first case,
Jacob and colleagues have previously reported the reduction of complement activation and
C9 deposits by curcumin [22]. In our data, the fact that no change was observed in parallel
in lymph nodes could be explained by the finding that activation of the complement
cascade resulted in rapid disappearance of C9 from the plasma and accumulation in
the spleen [47]. However, although the reversion induced by curcumin treatment was
not complete, a common effect in spleen and lymph nodes was observed for another
member of the complement system, C3, consistent with its known role in both the classical
and alternative pathways [48]. Regarding transgelin-2, Ma and colleagues have revealed
that the gene encoding for this protein belonged to a group of fifteen genes involved in
curcumin’s therapeutic effect against human tongue cancer [41].

The decrease in carbonic anhydrase 1 (encoded by Cal) and delta-aminolevulinic acid
dehydratase (encoded by Alad) induced in the spleen by tumor progression concurred with
our histological observations on the red pulp, as these enzymes are specific to erythroid
cells. However, in addition to their balance, both components of the spleen appeared to be
affected in G2 rats. The parallel decrease in the activity of nucleosome assembly protein
1-like 1 (encoded by Nap1i1) specific to this group could be explained by Tanaka and
colleagues’ findings that its downregulation renders the cell vulnerable to apoptotic cell
death via attenuation of NF-kB transcriptional activity on Mcl-1 [49]. Indeed, the protein is
quite abundant in immune cells. Moreover, this observation agrees with another report
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from Cevik et al., demonstrating that lack of NAP1L1 leads to inefficient TLR3 responses,
which are involved in pathogen recognition and activation of innate immunity [50]. Among
the nine other main spleen proteins concerned with a complete reversion of the increase
produced by tumor progression, we found two proteins involved in cell transduction
pathways, one located in the cytosol (encoded by Prkarla), and the second in the nucleus
(encoded by Mapk3). The interrelationship between cyclic AMP elevation and ERK1/2
activation has previously been documented in cancer cells [51], suggesting that a combined
increase in untreated tumor-bearing rats could be associated with early tumor progression
in this lymphoid organ. Another category of proteins exhibiting increased abundance in
G2 rats includes calreticulin and leucine-rich repeat-containing protein 59, both located in
the endoplasmic reticulum (ER). This observation could relate to the fact that enhanced
ER activity is required to facilitate the folding, assembly, and transportation of membrane
and secretory proteins, all these functions being carried out by chaperones [52]. However,
calreticulin can also be co-located in the nucleus, elevated levels being associated with
additional cellular processes, and particularly with poor outcomes in some cancers as
reviewed by Fucikova et al., in line with enhanced angiogenesis and facilitation of the
migration and proliferation of tumor cells [53]. As in our study, elevated levels were
observed not in the tumor, but a secondary lymphoid organ, the spleen, perhaps due to
efferocytosis, which corresponds to the uptake and removal of apoptotic cells by phagocytes
leading to silenced immune responses [54]. The elevated levels of annexins Al and A5 are
also frequently associated with tumor invasiveness [55,56], while the ephrin receptor family
plays a major role in modifications of the tumor microenvironment and tumor immune
evasion [57]. In this context, the increase we observed in the peculiar case of ephrin-B1 in
the spleen could be explained by Iwasaki et al.’s finding that activation of this protein’s
expression is related to chronic hypoxia [58], which is also consistent with our observations
on the aforementioned decrease in erythrocytic cell biomarkers.

In our study, cross-comparing spleen and lymph node proteomic data led us to identify
several common biomarkers of interest, among which C-reactive protein, which represents
one member of the positive acute-phase response proteins commonly elevated in inflam-
matory diseases and cancers. Even more interestingly, eight biomarkers showed similar
profiles of abundance changes in both secondary lymphoid organs. The protein exhibiting
the most significant changes, encoded by Mybbpla, was initially reported to belong to
Aurora kinases, presenting an essential role in the normal progression of mitosis [59]. Sub-
sequently, George and colleagues pointed to the critical role of MYBBP1A in the regulation
of senescence in cancer cells under genotoxic stress [60], while Weng et al. emphasized its
overexpression in the progression of hepatocellular carcinoma with poor prognosis [61].
Interestingly, Nahdlkova recently reported that MYBBP1A is associated with p53, TPPII,
SIRT6, and CD47 in a protein interaction network that controls the Warburg effect [62].
Two other proteins of interest that bind to single-stranded DNA in the nucleus are encoded
by Purb and Fubpl. In the first case, purine-rich element-binding proteins A and B are
implicated in the regulation of gene expression at both transcription and translation levels,
the highest levels of PURB being observed in myeloid cells from patients with primary
acute myelogenous leukemia displaying risk factors forecasting a poor prognosis [63]. At
the end of the 2010s, FUBP1 represented one of the fifty types of specific factors already
reported to regulate c-myc transcription [64], whose overexpression was associated with
the regulation of proliferation and migration in liver cancer cells [65]. By 2019, Debaize and
Troadec concluded that FUBP1 represented a potent pro-proliferative and anti-apoptotic
factor which also appeared to be of clinical relevance in oncogenesis [66]. Recent findings
by Ma and colleagues have confirmed this protein’s value as a novel prognosis factor and
therapeutic target for cervical carcinoma [67]. Another protein showing extremely signifi-
cant abundance changes in both organs is WIPF1, which belongs to the WASP-interacting
family of proteins [68] and is involved in the formation of actin-rich membrane protru-
sions degrading the extracellular matrix called invadopodia [69]. Aberrant expression
of WIPF1 has been reported in several cancers, contributing to invasive and metastatic
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properties [70]. In the context of our study, an intriguing feature is the observation made
by Ramesh et al. concerning the implication of WIPF1 in the regulation of TCR signaling,
linked to cytoskeletal abnormalities in inherited immune deficiency [71]. Finally, two
more important members are ROA2 and PSB10. The former is an RNA-binding protein
of extracellular vesicles involved in intercellular communication [72,73], while the latter
represents a key subunit of the immunoproteasome [74,75].

Lastly, the pattern of abundance changes that we observed specifically in lymph nodes
for purine nucleoside phosphorylase, which mimicked our previous finding in the liver of
the same rats [8], tends to confirm its value as an immune deficiency biomarker.

4. Materials and Methods
4.1. Experimental Procedures in Rats

F344 male Fisher rats at seven weeks of age were purchased from Charles River
Laboratories (L’ Arbresle, 69, France) and maintained under SPF (specific-pathogen-free)
status in the UTE-IRS UN Animal Facility of the University of Nantes following European
Union guidelines for the care and use of laboratory rodents in research protocols. The
experiments were approved by the Ethics Committee for Animal Experiments (CEEA) of
the Pays de la Loire Region of France (2011.38) and #01257.03 (approved on 19 June 2015) of
the French Ministry of Higher Education and Research (MESR). For groups G2 and G3, the
M5-T1 original neoplastic cell line [7] was injected intraperitoneally (3 x 10° cells in 200 pL
PBS buffer) at day 0 (Figure 1A). At day 16, all rats were anesthetized in an isoflurane
chamber (Forene®, Abbott, Rungis cedex, France) and finally euthanized in their home
cage with a rate of 30% volume displacement per minute of CO;. In untreated rats (G2),
numerous metastatic nodules were collected in the peritoneal cavity, invading the liver,
pancreas, diaphragm, gut, and parietal peritoneum, easily identified by their white color
and dense texture. In curcumin-treated rats (G3), metastatic nodules were absent from the
peritoneal cavity and diaphragm, and a few residual tumor masses were collected in the
peritoneal cavity, attached to the omentum, liver, or gut (Supplementary Figure S1).

4.2. Histological Analyses

Tissue samples (tumor, spleen, and mesenteric lymph nodes) for histological analyses
were collected from the three groups of rats (Figure 1A), fixed in 4% paraformaldehyde (in
PBS buffer), embedded in paraffin, and then cut with a Leica RM2255 microtome (Leica
Biosystems, Nussloch, Germany). For histological examination, 3-um-thick sections of
all samples were stained with hematoxylin-phloxine-saffron (HPS), and the slides were
scanned (NanoZoomer 2.0 HT Hamamatsu, Japan). For T cell characterization, spleen
sections were stained with anti-CD8 (LS-B3665, LSBio France, Nanterre, France) monoclonal
antibody. Complementary immunohistochemical analyses were conducted with rabbit
anti-PDCD4 (NBP1-76738) and anti-PNPH (NBP1-82541) antibodies (Novus Biologicals,
Centennial, CO, USA).

4.3. Proteomic Analyses

For SWATH-MS analyses, four 20 um-thick sections of each spleen and lymph node
sample were used. In a first step, HPS-stained sections were examined to select areas
of interest (to remove any risk of tumor cell contamination), and then corresponding ar-
eas were removed with a scalpel and collected in a 1.5-mL Eppendorf® microtube. The
samples were deparaffinized with xylene washes, rehydrated in graded ethanol solutions,
and vacuum-dried [8]. Dried tissues were resuspended in 200 puL of Rapigest SF (Waters,
Milford, MA, USA) and dithiothreitol added to a final concentration of 5 mM (DTT, Ap-
pliChem, Darmstadt, Germany). Tubes were incubated in a thermo shaker at 95 °C for one
hour, and sonication was performed twice by Ultrasonic processor 75185 (130 W, 20 KHz,
Bioblock Scientific, Illkirch, France). Subsequently, cysteine residues were alkylated by
adding 200 mM S-methyl-methanethiosulfonate (MMTS) to a final concentration of 10 mM
(incubated at 37 °C). Sequencing-grade trypsin was added in a ratio > 2 g mM 2 tissue
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(incubated at 37 °C overnight). The reaction was stopped with formic acid (9% final concen-
tration) and incubated at 37 °C for one hour, and the acid-treated samples were centrifuged
at 16,000 g for ten minutes. Salts were removed from the supernatant and collected into
new reaction microtubes using self-packed C18 STAGE tips. Peptide concentrations were
finally determined with the Micro BCA™ Protein Assay Kit (Thermo Fisher Scientific,
Saint-Herblain, 44, France).

Five micrograms of each sample were analyzed by repeating the whole gradient
cycle corresponding to the acquisition of 32 time-of-flight MS/MS scans of overlapping
sequential precursor isolation windows (25 m/z isolation width, 1 m/z overlap, high-
sensitivity mode). Each MS/MS scan covered the 400 to 1200 m/z mass range, with a
previous MS scan for each cycle. The accumulation time was 50 ms for each MS scan and
100 ms for the product ion scan (230 to 1500 m/z), leading to a total cycle time of 3.5 s.
Peak extraction of the SWATH data and relative quantification were further performed as
previously described [8].

5. Conclusions

Taken together, our observations suggest that multiple intraperitoneal administration
of curcumin produced effects in secondary lymphoid organs of tumor-bearing rats at
two complementary levels. At the spleen level, close to the initial location of tumor
development, curcumin restored both red and white pulp functions and the delicate balance
observed between these two compartments in normal animals, shown by the return to
normal abundances of 53 proteomic biomarkers. In lymph nodes, the decrease in PNPH
produced by tumor development and related to immune deficiency also returned to normal
under curcumin treatment. Furthermore, curcumin contributed to reducing the elevation
of twelve additional biomarkers, and to limiting the reduction of two others produced by
tumor progression in untreated animals. At a second level, the fact that eight biomarkers
showed similar profiles of abundance changes in the spleen and mesenteric lymph nodes,
far from the place of tumor development, tends to demonstrate the existence of an out-of-
field systemic antitumor effect, probably related to massive induction of necrosis/apoptosis
in tumor cells by curcumin treatment. The nature of biomarkers affected by this “abscopal
effect” finally suggests, in addition to C-reactive protein secreted in the blood and related
to inflammation, an action at multiple levels in immune cells within lymphoid follicles,
including transcription regulation, reorganization of the cytoskeleton, TCR signaling, and
regulation of proteasomal activity. These observations provide a good basis for future
mechanistic studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1jms22168566/s1.

Author Contributions: Conceptualization and design of experiments, preparation of samples for
proteomic and histological analysis, and analysis of the data, D.L.P.; Preparation of samples for
proteomic analysis, A.B. and C.H.; Preparation of samples for histological examination, S.B.; Relative
quantification by SWATH-MS, acquisition, statistical analysis, and validation, C.G.; Writing—original
draft preparation, D.L.P; Funding acquisition, C.G. and O.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was conducted with the support of the “Comité Féminin 49 Octobre Rose”.

Institutional Review Board Statement: Experiments on laboratory rats (F344) were conducted in
the UTE-IRS UN Animal Facility of the University of Nantes following European Union guidelines
for the care and use of laboratory rodents in research protocols. The experiments were approved
by the Ethics Committee for Animal Experiments (CEEA) of the Pays de la Loire Region of France
(2011.38) and #01257.03 of the French Ministry of Higher Education and Research (MESR).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.


https://www.mdpi.com/article/10.3390/ijms22168566/s1
https://www.mdpi.com/article/10.3390/ijms22168566/s1

Int. J. Mol. Sci. 2021, 22, 8566 23 of 26

Acknowledgments: We are very grateful to the support of Marine Malloci (MicroPICell, SFR Frangois
Bonamy), University of Nantes, in helping us to add crucial immunohistochemical data to the original
manuscript. We also thank Géraldine Leman (University of Angers) for complementary investigations
and all the staff at the Animal Facility (UTE-IRS UN) for their excellent care of the rats during all the
experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.
12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Muniraj, N.; Siddharth, S.; Sharma, D. Bioactive compounds: Multi-targeting silver bullets for preventing and treating breast
cancer. Cancers 2019, 11, 1563. [CrossRef]

El-Magboub, A.; Rojsitthisak, P.; Muangnoi, C.; Wichitnithad, W.; Romero, R.; Haworth, L.S. Biological targets and pharmacology
of curcumin. In Curcumin Synthesis, Emerging Role in Pain Management and Health Implications; Pouliquen, D.L., Ed.; Nova Science
Publishers Inc.: New York, NY, USA, 2014; pp. 103-133.

Anighoro, A.; Bajorah, J.; Rastelli, G. Polypharmacology: Challenges and opportunities in drug discovery. J. Med. Chem. 2014, 57,
7874-7887. [CrossRef]

Karuppasamy, R.; Veerappapillai, S.; Maiti, S.; Shin, W.-H.; Kihara, D. Current progress and future perspectives of polypharma-
cology: From the view of non-small cell lung cancer. Semin. Cancer Biol. 2021, 68, 84-91. [CrossRef]

Weng, W.; Goel, A. Curcumin and colorectal cancer: An update and current perspective on this natural medicine. In Seminars in
Cancer Biology; Academic Press: Amsterdam, The Netherland, 2020; pp. 1-14. [CrossRef]

Ryskalin, L.; Biagioni, F.; Busceti, C.L.; Frati, A.; Fornai, F. The multi-faceted effect of curcumin in glioblastoma from rescuing cell
clearance to autophagy-independent effects. Molecules 2020, 25, 4839. [CrossRef] [PubMed]

Pouliquen, D.L.; Nawrocki-Raby, B.; Nader, J.; Blandin, S.; Robard, M.; Birembaut, P.; Grégoire, M. Evaluation of intracavitary
administration of curcumin for the treatment of sarcomatoid mesothelioma. Oncotarget 2017, 8, 57552-57573. [CrossRef] [PubMed]
Pouliquen, D.L.; Boissard, A.; Henry, C.; Blandin, S.; Richomme, P.; Coqueret, O.; Guette, C. Curcumin treatment identifies
therapeutic targets within biomarkers of liver colonization by highly invasive mesothelioma cells—Potential links with sarcomas.
Cancers 2020, 12, 3384. [CrossRef] [PubMed]

Schneider, C.; Gordon, O.N.; Edwards, R.L.; Luis, P.B. Degradation of curcumin: From mechanism to biological implications. J.
Agric. Food Chem. 2015, 63, 7606-7614. [CrossRef]

D’Andrea, M.A.; Reddy, G.K. Systemic antitumor effects and abscopal responses in melanoma patients receiving radiation
therapy. Oncology 2020, 98, 202-215. [CrossRef]

Bronte, V.; Pittet, M.]. The spleen in local and systemic regulation of immunity. Immunity 2013, 39, 806-818. [CrossRef]

Ciolino, H.P.; Daschner, P.J.; Wang, T.T.Y.; Yeh, G.C. Effect of curcumin on the aryl hydrocarbon receptor and cytochrome P450
1A1 in MCF-7 human breast carcinoma cells. Biochem. Pharmacol. 1998, 56, 197-206. [CrossRef]

Rinaldi, A.L.; Morse, M.A.; Fields, HW.; Rothas, D.A; Pei, P; Rodrigo, K.A.; Renner, R.J.; Mallery, S.R. Curcumin activates the
aryl hydrocarbon receptor yet significantly inhibits (-)-Benzo(a)pyrene-7R-trans-7, 8-dihydrobiol bioactivation in oral squamous
cell carcinoma cells and oral mucosa. Cancer Res. 2002, 62, 5451-5456.

Nishiumi, S.; Yoshida, K.-I.; Ashida, H. Curcumin suppresses the transformation of an aryl hydrocarbon receptor through its
phosphorylation. Arch. Biochem. Biophys. 2007, 466, 267-273. [CrossRef]

Choi, H.; Chun, Y.-S.; Shin, YJ.; Ye, S.K,; Kim, M.-S,; Park, J.-W. Curcumin attenuates cytochrome P450 induction in response to
2,3,7,8-tetrachlorodibenzo-p-dioxin by ROS-dependently degrading AhR and ARNT. Cancer Sci. 2008, 99, 2518-2524. [CrossRef]
[PubMed]

Garg, R.; Gupta, S.; Maru, G.B. Dietary curcumin modulates transcriptional regulators of phase I and phase II enzymes in
benzo[a]pyrene-treated mice: Mechanism of its anti-initiating action. Carcinogenesis 2008, 29, 1022-1032. [CrossRef]

Ciftci, O.; Tanyildizi, S.; Godekmerdan, A. Protective effect of curcumin on immune system and body weight gain on rats
intoxicated with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Immunopharmacol. Immunotoxicol. 2010, 32, 99-104. [CrossRef]
[PubMed]

Singh, M.P.; Mishra, M.; Sharma, A.; Shukla, A K.; Mudiam, M.K.R.; Patel, D.K.; Dam, K.R.; Chowdhuri, D.K. Genotoxicity and
apoptosis in Drosophila melanogaster exposed to benzene, toluene and xylene: Attenuation by quercetin and curcumin. Toxicol.
Appl. Pharmacol. 2011, 253, 14-30. [CrossRef]

Mohammadi-Bardbori, A.; Akbarizadeh, A.R.; Delju, F.; Rannug, A. Chromatin remodeling by curcumin alters endogenous aryl
hydrocarbon receptor signaling. Chem. Biol. Interact. 2016, 252, 19-27. [CrossRef]

Nakai, R.; Fukuda, S.; Kawase, M.; Yamashita, Y.; Ashida, H. Curcumin and its derivatives inhibit 2,3,7,8-tetrachloro-dibenzo-
p-dioxin-induced expression of drug metabolizing enzymes through aryl hydrocarbon receptor-mediated pathway. Biosci.
Biotechnol. Biochem. 2018, 82, 616-628. [CrossRef] [PubMed]

Kam, A.; Li, K.M.; Razmovski-Naumovski, V.; Nammi, S.; Chan, K.; Grau, G.E.; Li, G.Q. Curcumin reduces tumour necrosis
factor-enhanced annexin V-positive microparticle release in human vascular endothelial cells. J. Pharm. Pharm. Sci. 2015, 18, 424.
[CrossRef] [PubMed]

Jacob, A.; Chaves, L.; Eadon, M.T.; Chang, A.; Quigg, R.J.; Alexander, ].J. Curcumin alleviates immune-complex-mediated
glomerulonephritis in factor-H-deficient mice. Immunology 2013, 139, 328-337. [CrossRef] [PubMed]


http://doi.org/10.3390/cancers11101563
http://doi.org/10.1021/jm5006463
http://doi.org/10.1016/j.semcancer.2019.10.019
http://doi.org/10.1016/j.semcancer.2020.02.011
http://doi.org/10.3390/molecules25204839
http://www.ncbi.nlm.nih.gov/pubmed/33092261
http://doi.org/10.18632/oncotarget.15744
http://www.ncbi.nlm.nih.gov/pubmed/28915695
http://doi.org/10.3390/cancers12113384
http://www.ncbi.nlm.nih.gov/pubmed/33207594
http://doi.org/10.1021/acs.jafc.5b00244
http://doi.org/10.1159/000505487
http://doi.org/10.1016/j.immuni.2013.10.010
http://doi.org/10.1016/S0006-2952(98)00143-9
http://doi.org/10.1016/j.abb.2007.08.007
http://doi.org/10.1111/j.1349-7006.2008.00984.x
http://www.ncbi.nlm.nih.gov/pubmed/19018768
http://doi.org/10.1093/carcin/bgn064
http://doi.org/10.3109/08923970903164318
http://www.ncbi.nlm.nih.gov/pubmed/19821784
http://doi.org/10.1016/j.taap.2011.03.006
http://doi.org/10.1016/j.cbi.2016.03.037
http://doi.org/10.1080/09168451.2017.1386086
http://www.ncbi.nlm.nih.gov/pubmed/29191105
http://doi.org/10.18433/J3ZC8G
http://www.ncbi.nlm.nih.gov/pubmed/26626244
http://doi.org/10.1111/imm.12079
http://www.ncbi.nlm.nih.gov/pubmed/23347386

Int. J. Mol. Sci. 2021, 22, 8566 24 of 26

23.

24.

25.

26.

27.

28.

29.
30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Ravindranathan, P.; Pasham, D.; Balaji, U.; Cardenas, J.; Gu, J.; Toden, S.; Goel, A. A combination of curcumin and oligomeric
proanthocyanidins offer superior anti-tumorigenic properties in colorectal cancer. Sci. Rep. 2018, 8, 13869. [CrossRef]
Rabinovitch, G.A.; Alonso, C.R.; Sotomayor, C.E.; Durand, S.; Bocco, J.L.; Riera, C.M. Molecular mechanisms implicated in
galectin-1-induced apoptosis: Activation of the AP-1 transcription factor and downregulation of Bcl-2. Cell Death Differ. 2000, 7,
747-753. [CrossRef]

Brandt, B.; Abou-Eladab, E.F,; Tiedge, M.; Walzel, H. Role of the JNK/c-Jun/AP-1 signaling pathway in galectin-1-induced T-cell
death. Cell Death Dis. 2010, 1, €23. [CrossRef]

Thiyagarajan, S.; Thirumalai, K.; Nirmala, S.; Biswas, J.; Krishnakumar, S. Effect of curcumin on lung resistance-related protein
(LRP) in retinoblastoma cells. Curr. Eye Res. 2009, 34, 845-851. [CrossRef] [PubMed]

Mudduluru, G.; George-William, J.N.; Muppala, S.; Asangani, I.A.; Kumarswamy, R.; Nelson, L.D.; Allgayer, H. Curcumin
regulates miR-21 expression and inhibits invasion and metastasis in colorectal cancer. Biosci. Rep. 2011, 31, 185-197. [CrossRef]
Yang, C.H.; Yue, J.; Sims, M.; Pfeffer, L.M. The curcumin analog EF24 targets NF-kB and miRNA-21, and has potent anticancer
activity in vitro and in vivo. PLoS ONE 2013, 8, €71130. [CrossRef]

Chen, J.; Xu, T.; Chen, C. The critical roles of miR-21 in anti-cancer effects of curcumin. Ann. Transl. Med. 2015, 3, 330. [CrossRef]
Lelli, D.; Pedone, C.; Sahebkar, A. Curcumin and treatment of melanoma: The potential role of microRNAs. Biomed. Pharmacother.
2017, 88, 832-834. [CrossRef]

Tan, X.; Kim, G.; Lee, D.; Oh, J.; Kim, M.; Piao, C.; Lee, J.; Lee, M.S.; Jeong, ].H.; Lee, M. A curcumin-loaded polymeric micelle as a
carrier of a microRNA-21 antisense-oligonucleotide for enhanced anti-tumor effects in a glioblastoma animal model. Biomater. Sci.
2018, 6, 407-417. [CrossRef] [PubMed]

Shakeri, A.; Gahnbari, M.; Tasbandi, A.; Sahebkar, A. Regulation of microRNA-21 expression by natural products in cancer.
Phytother. Res. 2021. [CrossRef] [PubMed]

Ouyang, M.; Luo, Z.; Zhang, W.; Zhu, D.; Lu, Y,; Wu, J.; Yao, X. Protective effect of curcumin against irinotecan-induced intestinal
mucosal injury via attenuation of NF-kB activation, oxidative stress and endoplasmic reticulum stress. Int. . Oncol. 2019, 54,
1376-1386. [CrossRef]

Wang, R.; Li, J.; Zhao, Y,; Li, Y.; Yin, L. Investigating the therapeutic potential and mechanism of curcumin in breast cancer based
on RNA sequencing and bioinformatics analysis. Breast Cancer 2018, 25, 206-212. [CrossRef]

Zhang, P; Bai, H.; Liu, G.; Wang, H.; Chen, F,; Zhang, B.; Zeng, P.; Wu, C.; Peng, C.; Huang, C.; et al. MicroRNA-33b, upregulated
by EF24, a curcumin analog, suppresses the epithelial-to-mesenchymal transition (EMT) and migratory potential of melanoma
cells by targeting HMGAZ2. Toxicol. Lett. 2015, 234, 151-161. [CrossRef]

Qin, L.; Qin, J.; Zhen, X,; Yang, Q.; Huang, L. Curcumin protects against hepatic stellate cells activation and migration by
inhibiting the CXCL12/CXCR4 biological axis in liver fibrosis: A study in vitro and in vivo. Biomed. Pharmacother. 2018, 101,
599-607. [CrossRef]

Wang, Q.; Yang, X.; Xu, Y.; Shen, Z.; Cheng, H.; Cheng, F; Liu, X.; Wang, R. RhoA /Rho-kinase triggers epithelial-mesenchymal
transition in mesothelial cells and contributes to the pathogenesis of dialysis-related peritoneal fibrosis. Oncotarget 2018, 9,
14397-14412. [CrossRef] [PubMed]

Gallardo, M.; Kemmerling, U.; Aguayo, F.; Bleak, T.C.; Mufioz, J.P,; Calaf, G.M. Curcumin rescues breast cells from epithelial-
mesenchymal transition and invasion induced by anti-miR-34a. Int. ]. Oncol. 2020, 56, 480—-493. [CrossRef]

Killian, P.H.; Kronski, E.; Michalik, K.M.; Barbieri, O.; Astigiano, S.; Sommerhoff, C.; Pfeffer, U.; Nerlich, A.G.; Bachmeier, B.
Curcumin inhibits prostate cancer metastasis in vivo by targeting the inflammatory cytokines CXCL1 and -2. Carcinogenesis 2012,
33, 2507-2519. [CrossRef]

Shin, D.H.; Nam, ].H.; Lee, E.S.; Zhang, Y.; Kim, S.]. Inhibition of Ca?* release-activated Ca%* channel (CRAC) by curcumin and
caffeic acid phenethyl ester (CAPE) via electrophilic addition to a cysteine residue of Orail. Biochem. Biophys. Res. Comm. 2012,
428,56-61. [CrossRef] [PubMed]

Ma, C,; Zhuang, Z.; Su, Q.; He, J.; Li, H. Curcumin has anti-proliferative and pro-apoptotic effects on tongue cancer in vitro: A
study with bioinformatics analysis and in vitro experiments. Drug Des. Devel. Ther. 2020, 14, 509-518. [CrossRef]

Taverna, S.; Fontana, S.; Monteleone, F.; Pucci, M.; Saieva, L.; De Caro, V.; Cardinale, V.G.; Giallombardo, M.; Vicario, E.; Rolfo, C.;
et al. Curcumin modulates chronic myelogenous leukemia exosomes composition and affects angiogenic phenotype via exosomal
miR-21. Oncotarget 2016, 7, 30420-30439. [CrossRef] [PubMed]

Tu, S.P; Jin, H.; Shi, ].D.; Zhu, L.M.; Suo, Y.; Lu, G.; Liu, A.; Wang, T.C.; Yang, C.S. Curcumin induces the differentiation of
myeloid-derived suppressor cells and inhibits their interaction with cancer cells and related tumor growth. Cancer Prev. Res. 2012,
5,205-215. [CrossRef]

Dudekula, K.; Le Bihan, T. Data from quantitative label free proteomics analysis of rat spleen. Data Brief. 2015, 8, 494-500.
[CrossRef] [PubMed]

Frankel, L.B.; Christoffersen, N.R.; Jacobsen, A.; Lindow, M.; Krogh, A.; Lund, A.H. Programmed cell death 4 (PDCD4) is an
important functional target of the microRNA miR-21 in breast cancer cells. J. Biol. Chem. 2008, 283, 1026-1033. [CrossRef]
O’Connor, K.L.; Chen, M. Dynamic functions of RhoA in tumor cell migration and invasion. Small GTPases 2013, 4, 141-147.
[CrossRef]

Greenstein, ].D.; Peake, PW.; Charlesworth, J.A. The kinetics and distribution of C9 and SC5b-9 in vivo: Effects of complement
activation. Clin. Exp. Immunol. 1995, 100, 40-46. [CrossRef]


http://doi.org/10.1038/s41598-018-32267-8
http://doi.org/10.1038/sj.cdd.4400708
http://doi.org/10.1038/cddis.2010.1
http://doi.org/10.3109/02713680903125329
http://www.ncbi.nlm.nih.gov/pubmed/19895312
http://doi.org/10.1042/BSR20100065
http://doi.org/10.1371/journal.pone.0071130
http://doi.org/10.3978/j.issn.2305-5839.2015.09.20
http://doi.org/10.1016/j.biopha.2017.01.078
http://doi.org/10.1039/C7BM01088E
http://www.ncbi.nlm.nih.gov/pubmed/29340361
http://doi.org/10.1002/ptr.7069
http://www.ncbi.nlm.nih.gov/pubmed/33724576
http://doi.org/10.3892/ijo.2019.4714
http://doi.org/10.1007/s12282-017-0816-6
http://doi.org/10.1016/j.toxlet.2015.02.018
http://doi.org/10.1016/j.biopha.2018.02.091
http://doi.org/10.18632/oncotarget.24208
http://www.ncbi.nlm.nih.gov/pubmed/29581852
http://doi.org/10.3892/ijo.2019.4939
http://doi.org/10.1093/carcin/bgs312
http://doi.org/10.1016/j.bbrc.2012.10.005
http://www.ncbi.nlm.nih.gov/pubmed/23058916
http://doi.org/10.2147/DDDT.S237830
http://doi.org/10.18632/oncotarget.8483
http://www.ncbi.nlm.nih.gov/pubmed/27050372
http://doi.org/10.1158/1940-6207.CAPR-11-0247
http://doi.org/10.1016/j.dib.2016.05.058
http://www.ncbi.nlm.nih.gov/pubmed/27358910
http://doi.org/10.1074/jbc.M707224200
http://doi.org/10.4161/sgtp.25131
http://doi.org/10.1111/j.1365-2249.1995.tb03601.x

Int. J. Mol. Sci. 2021, 22, 8566 25 of 26

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

O’Brien, R.M.; Cannon, A.; Reynolds, ].V.; Lysaght, J.; Lynam-Lennon, N. Complement in tumourigenesis and the response to
cancer therapy. Cancers 2021, 13, 1209. [CrossRef]

Tanaka, T.; Hozumi, Y.; Iino, M.; Goto, K. NAP1L1 regulates NF-«B signaling pathway acting on anti-apoptotic Mcl-1 gene
expression. Biochim. Biophys. Acta Mol. Cell Res. 2017, 1864, 1759-1768. [CrossRef]

Cevik, REE.; Cesarec, M.; Da Silva Filipe, A.; Licastro, D.; McLauchlan, J.; Marcello, A. Hepatitis C virus NS5A targets nucleosome
assembly protein NAP1L1 to control the innate cellular response. J. Virol. 2017, 91, e00880-17. [CrossRef]

Nishihara, H.; Hwang, M.; Kizaba-Kondoh, S.; Eckmann, L.; Insel, P.A. Cyclic AMP promotes cAMP-responsive element-binding
protein-dependent induction of cellular inhibitor of apoptosis protein-2 and suppresses apoptosis of colon cancer cells through
ERK1/2 and p38 MAPK. J. Biol. Chem. 2004, 279, 26176-26183. [CrossRef]

Feng, R.; Ye, ].; Zhou, C.; Qi, L,; Fu, Z,; Yan, B,; Liang, Z.; Li, R.; Zhai, W. Calreticulin down-regulation inhibits the cell growth,
invasion and cell cycle progression of human hepatocellular carcinoma cells. Diagn. Pathol. 2015, 10, 149. [CrossRef] [PubMed]
Fucikova, |.; Kasikova, L.; Truxova, I.; Laco, J.; Skapa, P; Ryska, A.; Spisek, R. Relevance of the chaperone-like protein calreticulin
for the biological behavior and clinical outcome of cancer. Immunol. Lett. 2018, 193, 25-34. [CrossRef]

Scheolnik-Cabrera, A.; Oldak, B.; Judrez, M.; Cruz-Rivera, M.; Flisser, A.; Mendlovic, F. Calreticulin in phagocytosis and cancer:
Opposite roles in immune response outcomes. Apoptosis 2019, 24, 245-255. [CrossRef] [PubMed]

Pouliquen, D.L.; Boissard, A.; Coqueret, O.; Guette, C. Biomarkers of tumor invasiveness in proteomics (Review). Int. J. Oncol.
2020, 57, 409-432. [CrossRef] [PubMed]

Nader, J.S.; Guillon, J.; Petit, C.; Boissard, A.; Franconi, F.; Blandin, S.; Lambot, S.; Grégoire, M.; Verriele, V.; Nawrocki-Raby,
B.; et al. S100A4 is a biomarker of tumorigenesis, EMT, invasion, and colonization of host organs in experimental malignant
mesothelioma. Cancers 2020, 12, 939. [CrossRef]

Shiuan, E.; Chen, J. Eph receptor tyrosine kinases in tumor immunity. Cancer Res. 2016, 76, 6452-6457. [CrossRef]

Iwasaki, K.; Ninomiya, R.; Shin, T.; Nomura, T.; Kajiwara, T.; Hijiya, N.; Moriyama, M.; Mimata, H.; Hamada, F. Chronic
hypoxia-induced slug promotes invasive behavior of prostate cancer cells by activating expression of ephrin-B1. Cancer Sci. 2018,
109, 3159-3170. [CrossRef]

Perrera, C.; Colombo, R.; Valsasina, B.; Carpinelli, P,; Troiani, S.; Modugno, M.; Gianellini, L.; Cappella, P.; Isacchi, A.; Moll, J.;
et al. Identification of Myb-binding protein 1A (MYBBP1A) as a novel substrate for Aurora B kinase. . Biol. Chem. 2010, 285,
11775-11785. [CrossRef]

George, B.; Horn, D.; Bayo, P.; Zaoui, K.; Flechtenmacher, C.; Grabe, N.; Plinkert, P.; Krizhanovsky, V.; Hess, ]. Regulation and
function of Myb-binding protein 1A (MYBBP1A) in cellular senescence and pathogenesis of head and neck cancer. Cancer Lett.
2015, 358, 191-199. [CrossRef]

Weng, X.; Wu, J.; Lv, Z,; Peng, C.; Chen, ].; Zhang, C.; He, B.; Tong, R.; Hu, W,; Ding, C.; et al. Targeting Mybbp1la suppresses HCC
progression via inhibiting IGF1/AKT pathway by CpG islands hypo-methylation dependent promotion of IGFBP5. EBioMedicine
2019, 44, 225-236. [CrossRef]

Nahalkova, J. The molecular mechanisms associated with PIN7, a protein-protein interaction network of seven pleiotropic
proteins. J. Theor. Biol. 2020, 487, 110124. [CrossRef]

Kelm, RJ., Jr; Lamba, G.S.; Levis, J.E.; Holmes, C.E. Characterization of purine-rich element binding protein B as a novel
biomarker in acute myelogenous leukemia prognostication. J. Cell Biochem. 2018, 119, 2073-2083. [CrossRef]

Jang, M.; Park, B.C.; Kang, S.; Chi, S.-W.; Cho, S.; Chung, S.J.; Lee, S.C.; Bae, K.-H.; Park, S.G. Far upstream element-binding
protein-1, a novel caspase substrate, acts as a cross-talker between apoptosis and the c-myc oncogene. Oncogene 2009, 28, 1529-1536.
[CrossRef]

Malz, M.; Weber, A.; Singer, S.; Riehmer, V.; Bissinger, M.; Riener, M.-O.; Longerich, T.; Soll, C.; Vogel, A.; Angel, P; et al.
Overexpression of far upstream element binding proteins: A mechanism regulating proliferation and migration in liver cancer
cells. Hepatology 2009, 50, 1130-1139. [CrossRef]

Debaize, L.; Troadec, M.-B. The master regulator FUBP1: Its emerging role in normal cell function and malignant development.
Cell. Mol. Life Sci. 2019, 76, 259-281. [CrossRef]

Ma, C.; Huang, Z.; Wu, Z; Di, C,; Lin, X.; Huang, M.; Hong, H.; Yin, H. Overexpression of FUBP1 is associated with human
cervical carcinoma development and prognosis. Life Sci. 2021, 269, 119098. [CrossRef]

Garcia, E.; Jones, G.E.; Machesky, L.M.; Antén, LM. WIP: WASP-interacting proteins at invadopodia and podosomes. Eur. |. Cell
Biol. 2012, 91, 869-877. [CrossRef]

Gryaznova, T.; Kropyvko, S.; Burdyniuk, M.; Gubar, O.; Kryklyva, V.; Tsyba, L.; Rynditch, A. Intersectin adaptor proteins are
associated with actin-regulating protein WIP in invadopodia. Cell. Signal. 2015, 27, 1499-1508. [CrossRef]

Pan, Y.; Lu, E; Xiong, P.; Pan, M.; Zhang, Z.; Lin, X.; Pan, M.; Huang, H. WIPF1 antagonizes the tumor suppressive effect of
miR-141/200c and is associated with poor survival in patients with PDAC. . Exp. Clin. Cancer Res. 2018, 37, 167. [CrossRef]
Ramesh, N.; Antén, LM.; Martinez-Quiles, N.; Geha, R.S. Waltzing with WASP. Trends Cell Biol. 1999, 9, 15-19. [CrossRef]
Groot, M.; Lee, H. Sorting mechanisms for microRNAs into extracellular vesicles and their associated diseases. Cells 2020, 9, 1044.
[CrossRef]

Fabbiano, F; Corsi, J.; Gurrieri, E.; Trevisan, C.; Notarangelo, M.; D’Agostino, V.G. RNA packaging into extracellular vesicles: An
orchestra of RNA-binding proteins? J. Extracell. Vesicles 2020, 10, e12043. [CrossRef] [PubMed]


http://doi.org/10.3390/cancers13061209
http://doi.org/10.1016/j.bbamcr.2017.06.021
http://doi.org/10.1128/JVI.00880-17
http://doi.org/10.1074/jbc.M313346200
http://doi.org/10.1186/s13000-015-0382-1
http://www.ncbi.nlm.nih.gov/pubmed/26307067
http://doi.org/10.1016/j.imlet.2017.11.006
http://doi.org/10.1007/s10495-019-01532-0
http://www.ncbi.nlm.nih.gov/pubmed/30929105
http://doi.org/10.3892/ijo.2020.5075
http://www.ncbi.nlm.nih.gov/pubmed/32468071
http://doi.org/10.3390/cancers12040939
http://doi.org/10.1158/0008-5472.CAN-16-1521
http://doi.org/10.1111/cas.13754
http://doi.org/10.1074/jbc.M109.068312
http://doi.org/10.1016/j.canlet.2014.12.042
http://doi.org/10.1016/j.ebiom.2019.05.029
http://doi.org/10.1016/j.jtbi.2019.110124
http://doi.org/10.1002/jcb.26369
http://doi.org/10.1038/onc.2009.11
http://doi.org/10.1002/hep.23051
http://doi.org/10.1007/s00018-018-2933-6
http://doi.org/10.1016/j.lfs.2021.119098
http://doi.org/10.1016/j.ejcb.2012.06.002
http://doi.org/10.1016/j.cellsig.2015.03.006
http://doi.org/10.1186/s13046-018-0848-6
http://doi.org/10.1016/S0962-8924(98)01411-1
http://doi.org/10.3390/cells9041044
http://doi.org/10.1002/jev2.12043
http://www.ncbi.nlm.nih.gov/pubmed/33391635

Int. J. Mol. Sci. 2021, 22, 8566

26 of 26

74.

75.

Yang, X.-W.; Wang, P; Liu, J.-Q.; Zhang, H.; Xi, W.-D.; Jia, X.-H.; Wang, K.-K. Coordinated regulation of the immunoproteasome
subunits by PML/RAR and PU.1 in acute promyelocytic leukemia. Oncogene 2014, 33, 2700-2708. [CrossRef] [PubMed]

Morosov, A.V.; Karpov, V.L. Proteasomes and several aspects of their heterogeneity relevant to cancer. Front. Oncol. 2019, 9, 761.
[CrossRef] [PubMed]


http://doi.org/10.1038/onc.2013.224
http://www.ncbi.nlm.nih.gov/pubmed/23770850
http://doi.org/10.3389/fonc.2019.00761
http://www.ncbi.nlm.nih.gov/pubmed/31456945

	Introduction 
	Results 
	Histological Features of the Immune Response in the Spleen and in Residual Tumors of Curcumin-Treated Rats 
	Spleen Biomarkers of Tumor Progression and Curcumin-Induced Immune Response 
	Common and Specific Biomarkers of Curcumin-Induced Effects in Spleen and Lymph Nodes 
	Tumor Progression and Curcumin-Induced Effects on Plasma Biomarkers 

	Discussion 
	Materials and Methods 
	Experimental Procedures in Rats 
	Histological Analyses 
	Proteomic Analyses 

	Conclusions 
	References

