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ABSTRACT

Multitasking Proteins or Moonlighting Proteins (MLP) play a major role in human disease and many are drug
targets. MLPs have a single polypeptide with two different biochemical functions and often have different cellular
localizations. Analysis of MultitaskProtDB-II and comparative toxicogenomics databases and Gene Ontology (GO)
and STRING analysis, showed that curcumin and resveratrol regulate 3 groups of MLPs. Group 1 MLPs drive
Epithelial Mesenchymal Transition (EMT), whereas MLPs in groups 2 and 3 regulate tumor growth and suppression,
respectively. The 3 groups of MLPs form a complex self-regulating network due to regulatory interactions between
MLPs and the presence of transcription factors (CTNNBI1, p53, NRF2) with their regulators and targets. Curcumin
and/or resveratrol downregulate MLPs which drive EMT (CTNNBI1, FASN, SMADs 2,3,4, MECP2, MMP2,
TGFBR1, HES1) and promote growth and inflammation (MMP2, EGFR, FGF2, MDR1). Second, curcumin and/or
resveratrol modulate pleiotropic, regulatory ‘hub’ MLPs (GSK3p, NOTCH 1, HMGB1). Third, both phytochemicals
upregulate tumor suppressor CDH1 and CYCS, which triggers apoptosis. Fourth, both phytochemicals modulate
p53 expression, activity, and independently downregulate tumorigenic gene targets of p53 in groups 1 and 2. This
dual mechanism can permit regulation of p53 activity in cells with wild type or mutant p53. Fifth, moonlighting
functions of specific MLPs can cause unpredictable effects. These results add insights into synergistic and pleiotropic
anti-cancer mechanisms of curcumin and resveratrol. It has clinical relevance because both phytochemicals are
chemo-preventive agents and chemo sensitizers in clinical trials.
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INTRODUCTION

potential of curcumin on localized cancers. Curcumin is also

being tested as adjuvant with different chemotherapy agents, for
Curcumin from turmeric and resveratrol from red wine are

considered safe and beneficial food ingredients. Numerous

therapeutic efficacy in adenocarcinomas and advanced cancers
of the breast, colon and rectum [2,3]. Various types of curcumin

preclinical studies show that curcumin can block carcinogenesis
and inhibit tumor formation and progression in mouse models
of colon, breast, and lung cancers. These anti-cancer properties
of curcumin require induction of growth arrest or apoptosis
of premalignant and malignant cells. Accordingly, curcumin
modulates key signalling molecules which regulate cell growth,
survival, malignancy and death [1,2]. Curcumin in combination
with other phytonutrients is being evaluated as a food supplement
for its chemo-preventive and immunomodulatory properties in
lung and cervical cancer. Clinical trials are testing therapeutic

complexes and nano-curcumin formulations are also being tested
for synergism with different chemotherapy agents in certain
cancers [1-3]. Resveratrol targets many of the same molecules as
curcumin and has anti proliferative and anti metastatic activity in
several cancer cell lines. Resveratrol also targets breast cancer stem
like cells and glioma stem cells from patient tissues [3]. Several
derivatives and nano-formulations of curcumin and resveratrol
have been developed since both phytochemicals have poor bio-
availability [3,4]. Notably, curcumin formulations show improved
delivery and anti-cancer activity in colon, breast, lung and liver
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cancer lines and mouse models of colon and breast cancer [4].

Moonlighting Proteins (MLPs) have a single polypeptide which
performs two distinct biochemical functions in the same/
different cellular locations. Moonlighting functions are often
independent of the main function of a given MLP. Notably, almost
45% of MLPs are drug targets [5]. Curcumin and resveratrol have
significant clinical potential and their mechanisms of action have
been extensively studied in cancerous tissues [2,3]. However,
there are no reports of MLPs regulated by both phytochemicals.
Therefore, we identified all human MLPs regulated by curcumin
and resveratrol. Gene Ontology (GO) and STRING analysis
identified their functions and Protein-Protein Interactions (PPI)
respectively. Our results show that a subset of MLPs regulated by
curcumin and resveratrol form a complex network of signaling
molecules, transcription factors, oncogenes, tumor suppressors
and their regulators and targets. This MLP network regulates
cell growth, death, malignancy, chemo resistance and immune
resistance. We examined main and moonlighting functions of
each MLP and its mode of regulation by curcumin and resveratrol.
Our results provide novel insights into the tumorigenic impact of
this MLP network, and the synergistic and pleiotropic anti-cancer
mechanisms of these two phytochemicals.

MATERIALS AND METHODS

Identifying human moonlighting proteins regulated by
curcumin and resveratrol

The Comparative Toxicogenomics Database (CTD) (https://
ctdbase.org/) curate’s relationships between thousands of
chemicals, genes, phenotypes and human diseases from the
literature and other databases (Updated June 30, 2023. Revision
17133M). The “Chemical-Gene Interaction” option in CTD
identified 966 and 7254 curated proteins related to curcumin
and resveratrol respectively. Venn analysis of these data identified
691 curated proteins related to both curcumin and resveratrol.
A total of 684 curated moonlighting proteins were listed in the
MultitaskProtDB-II database of moonlighting proteins and 186 of
these are human MLPs [5]. Venn analysis of 691 proteins related
to curcumin and resveratrol with 186 human MLPs, identified
46 MLPs regulated by both curcumin and resveratrol. Figure 1
summarizes this workflow. Raw data from CTD and MultiProtDB
are available [ Biorxiv Preprint: Venil N. Sumantran, Anand Babu

Kannadasan. doi: https://doi.org/10.1101,/2023.08.28.555039].

Functions of human moonlighting proteins regulated by
curcumin and resveratrol

The Gene cards database (https://www.genecards.org/ version
5.15) provided information on cellular localization and main
molecular functions of the 46 moonlighting proteins regulated by
curcumin and resveratrol. Moonlighting functions of MLPs were
obtained from the Gene cards database or the literature. Tables 2
and 3 summarize main and moonlighting functions of MLPs and
their regulation by curcumin and resveratrol.

Interactions of moonlighting proteins regulated by
curcumin and resveratrol

Interactions between the 46 MLPs regulated by curcumin and
resveratrol were visualized by STRING database which provides
functional protein association networks (https://string-db.
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org/, STRING version 12.0). STRING analysis was done with
highest stringency (Confidence 0.90 and False Discovery Rate
(FDR) of 1%). Protein-Protein Interactions (PPI) with high scores
from experimental evidence were used. Signalling Network
Open Resource (SIGNOR) (http://signor.uniroma2.it/about/)
confirmed these interactions between MLPs and provides scores
for PPI based on causal interactions between human proteins,
stimuli, phenotypes, enzyme inhibitors, complexes and protein
families [6]. We focused on 28 of the 46 MLPs with highest PPI
scores from STRING and SIGNOR databases.

Regulation of moonlighting proteins by curcumin and
resveratrol

Drug-gene interaction data from CTD listed how the 28 MLPs
were regulated by curcumin and resveratrol. These data were
verified with the cancer literature and are in Tables 2 and 3.

RESULTS

Gene ontology and string analysis of moonlighting
proteins regulated by curcumin and resveratrol

The flowchart in Figure 1 summarizes how the 46 MLPs regulated
by curcumin and resveratrol were identified. GO analysis showed
that the 3 GO terms most significantly correlated with these 46
MLPs are; Regulation of apoptotic process, negative regulation
of signal transduction and negative regulation of cell population
proliferation (Table 1). These data are consistent with reports
showing that anti-cancer mechanisms of curcumin and resveratrol
primarily involve inhibition of cell growth and induction of
growth arrest or cell death [1,2]. STRING analysis showed that
28 of the 46 MLPs regulated by Curcumin and Resveratrol have
highest connectivity and PPI scores from both STRING and
SIGNOR databases (Figure 2). Analysis of the STRING and GO
terms showed that these 28 MLPs are in three functional groups.
Group 1 contains sixteen MLPs which drive and modulate the
process of Epithelial Mesenchymal Transition (EMT). Four of
these 16 MLPs (TGFBR1, SMAD3, NOTCH1, CTNNBI1) are
in all three GO terms of Table 1. These 4 MLPs regulate EMT
and metastasis of tumor cells (GO:0010718: Positive regulation
of epithelial to mesenchymal transition P=2.40e-07). Group
2 includes four heat shock proteins/chaperones, (CRYAB,
HSP90AA1, HSP90AB1, HSPDI1) and five pro-tumorigenic
MLPs. CRYAB and HSPD1 can regulate apoptosis and are
therefore in Table 1 (GO:0042981). Thus, group 2 has nine MLPs
which regulate cellular stress and growth. Group 3 has five MLPs
including tumor suppressors, chemo-preventive MLPs, and their
regulators and targets. Notably, all five MLPs in group 3 regulate
cell survival and death (P53, MDM2, PLK1, NRF2, NQO1) and
are therefore in Table 1 (GO:0042981).

In summary, GO and STRING analysis show that the 46
MLPs regulated by curcumin and resveratrol mainly regulate
cell death, signaling and cell growth (Table 1). STRING data
show statistically significant interactions between these MLPs
(Figure 2). Interestingly, 28 of the 46 MLPs form a complex
self-regulating network. These 28 MLPs are in 3 groups which
regulate the EMT process, cellular stress and tumor growth and
tumor suppression, respectively (Figure 3). The following sections
explain tumorigenic functions and interactions of each group of
MLPs and the pro or anti-tumorigenic effects of regulation of
these MLPs by curcumin and resveratrol.
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Identifying Human MLPs Regulated By Curcumin and Resveratrol

691 Proteins
Related To

Curcumin and
Resveratrol.

7254 Proteins Related To
Resveratrol

186 Human
Moonlighting
Proteins [MLPs]

and resveratrol.

46 MLPs Related To
Curcumin and Resveratrol

STRING Database Finds High
Connectivity For 28 MLPs

Figure 1: Identifying human MLPs regulated by curcumin and resveratrol. Comprehensive toxicogenomic database identified curated proteins
related to curcumin and resveratrol. MultitaskProtDB-II identified human MLPs. Venn analysis identified 46 MLPs regulated by both curcumin

Table 1: Gene ontology terms correlated with 46 MLPs regulated by curcumin and resveratrol. Three GO terms most significantly correlated with

curcumin and resveratrol are for cell death, signalling and growth. Four MLPs (CTNNB1, TGFBR1, SMAD3, NOTCH1) are common to all 3 GO

terms.

GO term number GO term No. genes P-value Gene symbols
Reetlation of abontor CTNNBI, GSK3B, TGFBR1, SMAD3, NOTCH1, ATF2, HMGBI,
GO: 0042981 cguiation OTApoprotic 94 1550 4.99E-12 MECP2, TIMP1, NME1, CRYAB, 90AB1, HSPD1, EGFR, CYCS,
process NOS3, P53, MDM2, PLK1, NRF2, NQO1, ENO1, XDH, GSN
. Negative regulation of CTNNB, GSK3B, TGFBR1, SMAD2, SMAD3, SMAD4, NOTCH1,
GO: 0009968 signal transduction 15 of 1271 3.56E06 FGF2, EGFR, NOS3, NRF2, P53, MDM2, ENO1, XDH
GO: 0008285 Negative regulation of cell 12 of 696 225606 CTNNBI1, ATF2, TGFBR1, SMADs 2, SMAD3, SMAD 4,

population proliferation

NOTCH, HES1, NME1, NOS3, P53, XDH

NFE2L2 NGO

Figure 2: STRING analysis of 46 MLPs regulated by curcumin and resveratrol. Note: There are significant Protein-Protein Interactions (PPI)
between the 46 MLPs (Confidence 0.90, FDR (False Discovery Rate)=1% and PPI Enrichment P-value=4.44 e-16).
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Figure 3: MLP network regulated by curcumin and resveratrol. Note: Network contains 16 Group 1 MLPs (i), 7 Group 2 MLPs (M), and
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Group 1 moonlighting proteins regulate epithelial to
mesenchymal transition

The EMT process regulates wound healingand organ development
in normal cells. However, EMT can become irreversible and drive
tumor progression by converting epithelial cells into invasive,
metastatic, mesenchymal cancer cells [7]. EMT also promotes
increased resistance to chemo and radiotherapy agents and
cancer stem cell development [8]. The 16 MLPs in group 1 which
regulate the EMT process are primarily in the Wnt, TGFB1 and
NOTCHI1 pathways. Functions and interactions of each MLP
and their regulation by curcumin and resveratrol is explained.

Group 1 moonlighting proteins in Wnt pathway

Catenin Beta 1 (CTNNB1), CDHI, and GSK3p are important
MLPs in Wnt signalling. In the absence of Wnt ligands, the
main function of CTNNB1 (B-catenin) is maintenance of cell
adhesion and contact inhibition. However, in presence of Wnt
ligands, CTNNB1 moonlights to activate transcription factors
for canonical, B-catenin-dependent, Wnt signalling. P-catenin
is regulated by the moonlighting proteins CDH1 and GSK3p.
E-cadherin (CDHI1) and CTNNBI1 form complexes which
maintain epithelial cell adhesion and survival and block Wnt
signalling by sequestering CTNNB1 in the membrane (Figure 3).
Accordingly, CDH1 is a major tumor suppressor whose expression
significantly correlates with improved survival of cancer patients
[9]. CDHI can moonlight to regulate Wnt signalling within
nuclei (Table 2) [10]. The main function of GSK3p (glycogen
synthase kinase 3f) is to regulate glucose levels and activity of
other proteins, but it moonlights to promote anti-apoptotic
activity, independent of its kinase activity (Table 2). Active GSK3[3
can inhibit Wnt signalling by two mechanisms. During absence
of Wnt ligands, GSK3p can phosphorylate CTNNB1 and trigger
its degradation. GSK3B can also phosphorylate CDH1 and
promote its binding with CTNNBI, thus indirectly inhibiting
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Wnt signalling (Figure 3).

Increased chemo resistance and immune resistance are promoted
by canonical Wnt signalling and are mediated by Fatty Acid
Synthase (FASN) and High Mobility Group Bl (HMGBI1)
respectively (Figure 3). FASN is a multifunctional enzyme which
moonlights to promote tumor cell growth and chemo resistance
(Table 2). FASN can activate P-catenin/CTNNBI1 and FASN
inhibitors caused selective cell death in vivo xenograft tumor
models by inhibiting f-catenin signalling and other pathways [11].
Table 2 shows that the main function of HMGBI is to regulate
organization, repair and transcription of DNA. Notably, HMGB1
moonlights as an immunomodulatory to protect normal cells, but
it can enhance immune resistance in tumors [12]. Interestingly,
HMGBI1 and P53 form complexes which affect chemo resistance
by regulating autophagy and apoptosis (Figure 3). The main
functions of Activating Transcription Factor2 (ATF2) are pro
or anti tumorigenic, but it can induce non-canonical, B-catenin
independent, Wnt signalling in colon cancer [13]. Interestingly,
ATF2 has an anti-cancer moonlighting function because it can
promote apoptosis by altering mitochondrial permeability (Table
2).

In terms of regulation, P-catenin/CTNNBI is the crucial
transcription factor for driving canonical Wnt signalling.
Curcumin and resveratrol can inhibit expression and/or nuclear
translocation of CTNNBI in cancer cell lines, and resveratrol
also downregulated CTNNB1 in colon cancer xenografts.
GSK3B and CDHI1 are negative regulators of CTNNBI. Both
phytochemicals modulate (up/down regulate) GSK3[ expression
to cause apoptosis in cancer cell lines. The tumor suppressor
CDHJ1, is upregulated by curcumin and resveratrol in cancer cell
lines. Notably, curcumin could upregulate CDH1 in cancer stem
cells and mouse colorectal tumors. FASN and HMGB1 mediate
Wnt-dependent chemo resistance and FASN was downregulated
by curcumin and resveratrol in drug resistant and metastatic
cancer cell lines. HMGBI is novel because its upregulation
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and downregulation can be anti-tumorigenic. Thus, both
phytochemicals can induce pyroptosis (immunogenic death) of
tumor cells by stimulating HMGBI1 secretion. However, curcumin
and resveratrol also downregulate intracellular HMGB1 to induce
apoptosis and decreases immune resistance of certain tumors.
Little is known about effects of curcumin on ATF2 in cancers.
However, resveratrol’s anti-carcinogenic effects are mediated by

modulation of ATF2 (Table 2).
Group 1 moonlighting proteins in TGFp1 pathway

While Wnt ligands are expressed in epithelial and mesenchymal
cells, Transforming Growth Factor B1 (TGF1) is produced by
many cell types and infiltrating immune cells after wounding
or inflammation. TGFB1 signalling is initiated by TGFBR1
which is pro or anti-tumorigenic because it regulates growth
arrest, extracellular matrix production, immunosuppression
and carcinogenesis. Signals initiated by TGFBR1 are mediated

OPEN aACCESS Freely available online

by regulatory Sma-And Mad-Related transducer proteins 2,3,4
(SMADs 2-4), which translocate into the nucleus to induce
expression of transcription factors required for EMT (Figure
3) [7]. In early tumors, TGFB1 is tumor suppressive because
of its SMAD dependent, anti-proliferative, and pro-apoptotic
effects. As tumors progress, SMAD independent effects cause
TGFp1 resistance and tumor promotion [14]. Interestingly, a
nuclear fragment of TGFBR1 moonlights to promote mitosis
and coregulate transcription of SNAILI, for the EMT process
[15]. Therefore, TGFBR1 has a pro-tumorigenic moonlighting
function. Independent of TGFB1 ligand, SMADs 2,3,4
moonlight to stimulate Pyruvate Dehydrogenase Kinase 1
(PDK1), which can inhibit aerobic respiration, protect cells
during hypoxia and oxidative stress, and inhibit TGFp signalling
[16]. Accordingly, moonlighting functions of SMADs 2,3,4 are
pro or anti-tumorigenic. Notably, SMAD 4 can moonlight as
tumor suppressor in certain cancers (Table 2).

Table 2: Regulation of group 1 MLPs by curcumin and resveratrol (C and R).

MLP Main function Moonlighting function Regulation by C and R
CTNNBI Promotes adhesion contact inhibition (many) Activates canonical wnt signalling (N) C: Down
pro or anti-tumorigenic pro or anti-tumorigenic R: Down
CDHI Tumor suppressor (many) Regulates Wnt (N) C: Up
anti-tumorigenic pro-tumorigenic R: Up
GSK3b Glucose homeostasis, Wnt signaling (many) Anti-apoptotic C: Modulation
pro or anti-tumorigenic pro or anti-tumorigenic R: Modulation
FASN Fatty acid synthesis (M,C,EC) Promotes growth and chemoresistance C: Down
pro or anti tumorigenic pro-tumorigenic R: Down
HMGB1* DNA chaperone, transcription (N) Immune modulation (M, EC) C: Modulation
pro or anti-tumorigenic pro or anti-tumorigenic R: Modulation
ATE2* Transcription, non-canonical Wnt Signaling (N) Induces cell death (M) C: 1D
pro or anti-tumorigenic anti-tumorigenic R: Modulation
TGEbRI TGEFB1 signalling (M). Nuclear mitogen (N). C: Down
pro or anti-tumorigenic pro-tumorigenic R: ID
SMAD2 TGFB1 signalling (C,N) Stimulates PDK1 C: Down
pro or anti-tumorigenic pro or anti-tumorigenic R: Down
SMAD3 TGF-B1 signalling (C,N) Same as SMAD2 C: Down
‘ pro or anti-tumorigenic pro or Anti-Tumorigenic R: Down
SMAD4* TGFB1 signalling (C,N) Same as SMAD?2 and 3, and a Tumor Suppressor C: Down
pro or anti-tumorigenic pro or anti-tumorigenic R: Down
NOTCHI1* NOTCH s1gnallmg.(ma.ny) Unclear C: Dowg
pro or anti tumorigenic R: Modulation
T iption f: N : D
HES1 pzirlj:r;i?iiznifﬁzeiic) Can be tumor suppressor. anti-tumorigenic CR' I%NH
MECP2 Epigenetic regulator (N) Causes drug resistance C: Down
pro or anti-tumorigenic pro-tumorigenic R: Down
MMP2* Cell invasion (N, EC) aﬁgtiid:)e:z‘iic C: Down
pro or anti tumorigenic o g g ) R: Down
anti-tumorigenic
NME1 Nucleotide synthesis. suppresses me.tastasw (many) InQ{&ﬁ?&g ONA C: Up
pro or anti-tumorigenic o R: ID
pro-tumorigenic
TIMP1 Inactivates MMP2 (EC). Growth factor (EC) C:Up
anti -tumorigenic pro-tumorigenic R: Up

Note: (*): Four MLPs are Drug targets; Up: Upregulation; Down: Downregulation; Up or Down: Modulation; ID: Insufficient Data for Some MLPs
in Cancers; Localization of MLP: (N): Nucleus; (C): Cytoplasm; M: Plasma Membrane; MT: Mitochondria; EC: Extracellular. In 3 or more cellular

compartments (many).
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Regarding interactions, SMADs 3 and 4 crosstalk with GSK3f
and ATF-2 in the Wnt pathway. Thus, GSK3p can phosphorylate
and trigger degradation of SMAD3, which causes reduced
sensitivity to TGFB1. SMADs 3 and 4 can also activate ATF-2,
which can activate non-canonical Wnt signalling (Figure 3) [13].
In terms of regulation, curcumin decreases TGFPR1 expression
and activity, whereas curcumin and resveratrol can decrease
expression and phosphorylation of SMADs 2 and 3 in rats.
Notably, resveratrol downregulated SMADs2 and 3 in human
breast cancer xenografts, and both phytochemicals downregulated

SMAD4 in cancer cell lines (Table 2).
Group 1 moonlighting proteins in NOTCH pathway

Group 1 MLPs regulated by curcumin and resveratrol also include
NOTCH 1 receptor and the Hairy and Enhancer of Split 1 (HES1)
transcription factor in the NOTCH signalling pathway. NOTCH
signalling regulates growth, death, differentiation, and can
stimulate expression of proteins linked with the EMT process and
development of colon cancer stem cells [7,17]. HES1 can mediate
NOTCH 1 induced EMT and moonlight as a tumor suppressor
in acute myeloid leukemia (Table 2) [18,19]. Figure 3 shows that
NOTCHI1 can interact with SMAD3, CTNNBI and MDM2.
Thus, NOTCH1 and SMAD3 stabilize each other and activate
expression of TGFB1 dependent genes for EMT. Interactions
between NOTCH1 and CTNNBI1 modulate canonical Wnt
signalling and NOTCH1 activity. Mouse Double Minute 2
(MDM2) usually degrades other proteins with its ubiquitin ligase
activity, but MDM2 activates NOTCH 1. Therefore, NOTCH 1
receptor can activate the EMT process via HES1 or by activating
TGFB1 or Wnt signalling. Studies in cancer cell lines show that
curcumin inhibits NOTCH 1 expression and activity, whereas
resveratrol modulates (up/down regulates) it. Curcumin also
inhibits HES1 expression in various cancer cell lines.

Other group 1 moonlighting proteins

In addition to MLPs in the Wnt, TGFB1, and NOTCH 1
pathways, group 1 has four other MLPs which regulate the EMT
process (MECP2, MMP2, TIMP1, NME1). Methyl-CpG-binding
Protein 2 (MECP2) is an epigenetic regulator of development
which can promote EMT and metastasis, and it moonlights to
increase multidrug resistance in some cancers (Table 2) [20,21].
The second MLP is Matrix Metalloproteinase 2 (MMP2), with
main functions of regulating normal vascular development
and wound healing. However, MMP2 can promote EMT by
stimulating inflammation, angiogenesis and cell invasion.
Interestingly, MMP2 has an anti-tumorigenic moonlighting
function because its C-terminus has a non-catalytic fragment
with anti-adhesive and anti-angiogenic properties (Table 2).
Notably, MMP2 can be regulated by the Wnt pathway and p53,
in group 3. The third MLP which regulates the EMT process is
Nucleoside diphosphate kinase 1 (NME1/NM23), with a main
function in pyrimidine synthesis, but NMET1 also inhibits MMP2
and suppresses metastasis [22]. Interestingly, NME1 moonlights
as an exonuclease to increase DNA damage. Thus, NME1 has
pro or anti-tumorigenic main functions and pro-tumorigenic
moonlighting functions. The fourth MLP which regulates EMT
is Tissue Inhibitor of Metalloproteinase 1 (TIMP1). TIMP1 has
anti-tumorigenic main functions because it irreversibly inactivates
MMP2, and pro-tumorigenic moonlighting functions because it
is mitogenic. Overall, NME1 and TIMP1 can inhibit the EMT
process by inhibiting Matrix Metallopeptidase 2 (MMP2) activity
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(Figure 3). With respect to regulation, curcumin and resveratrol
downregulate Methyl-CpG Binding Protein 2 (MECP2) in cell
lines and tissues of human breast cancer. Both phytochemicals
inhibit expression and/or activity of MMP2 and upregulate
TIMP1. Notably, curcumin inhibited tumor metastasis and
upregulated both MMP2 inhibitors (NME1 and TIMP1) in

mouse tumor models (Table 2).

To summarize, the 16 MLPs of group 1 drive the EMT process
and are in the Wnt, TGFB1 and NOTCH signalling pathways
(Figure 3). Most of these MLPs have pro/anti-tumorigenic
main functions. However, 8 MLPs (CTNNB1, FASN, TGFpR1,
SMADs 2,3,4, MECP2 and MMP2) are pro-tumorigenic when
overexpressed. Furthermore, FASN, TGFBR1 and MECP2,
also have pro-tumorigenic moonlighting functions. Therefore,
downregulation of these 8 group 1 MLPs by curcumin and
resveratrol can have potent anti-cancer effects. GSK3p and
NOTCHI1 are important regulatory hubs in group 1 and HMGB1
has pro or anti-tumorigenic effects in different cellular locations.
Notably, both phytochemicals modulate GSK3B and HMGB1
expression, and resveratrol modulates NOTCH1. Curcumin
and resveratrol upregulate tumor suppressor CDH1, in vitro and
in mouse colorectal tumors. Thus, curcumin and resveratrol
downregulate, modulate, or upregulate specific group 1 MLPs to
inhibit EMT in cancer cells and mouse models (Table 2).

Group 2 moonlighting proteins regulate cellular stress
responses

Group 2 MLPs regulated by curcumin and resveratrol include
four heat shock proteins/chaperones which promote cell survival
(CRYAB, HSPD1/HSP 60, HSP90AA1 and HSP90AB1). The
main function of Crystallin Alpha B (CRYAB) is to prevent
tissue damage. HSPD1 regulates mitochondrial proteins, whereas
the main function of Heat Shock Protein 90 Family A, Class
A, Member 1 (HSP90AAI) is to stabilize transcription factors
and signalling proteins. Interestingly, these four chaperones can
moonlightasimmunomodulatory [12]. HSP9OAAT1 has important
interactions with 5 MLPs in the network (GSK3p, EGFR, P53,
TGFBR1 and NOS3). Thus, HSP90AAT1 can bind and modulate
GSK3p from group 1 and stabilize EGFR and p53 of groups 2
and 3 respectively [23,24]. HSP9OAA1 can also activate TGFPR1
and Nitric Oxide Synthase (NOS3) in groups 1 and 2 respectively
(Figure 3). There is insufficient data on regulation for HSPDI,
but curcumin was cytoprotective by preventing downregulation
of CRYAB in rats. Notably, HSP9OAA1 which moonlights
to increase immune resistance, was inhibited by curcumin in
xenograft models of pancreatic cancer [25]. Studies show that
NOS3 is upregulated and activated by resveratrol (Table 3).

Group 2 moonlighting proteins regulate growth

angiogenesis

Group 2 MLPs also include Cyclooxygenase-1 (COX1/PTGS1),
Epidermal Growth Factor Receptor (EGFR) and Fibroblast
Growth Factor 2 (FGF2), which promote inflammation, cell
growth and angiogenesis in normal cells, respectively (Figure 3
and Table 3). However, COX1, EGFR, FGF2 are oncogenic when
overexpressed. In terms of moonlighting functions, COX1 may
promote tumor cell proliferation and nuclear forms of EGFR and
FGF2 moonlight to promote chemo resistance. Thus, resistance
to the EGFR inhibitor gefitinib correlated with increased
expression of nuclear EGFR and nuclear FGF2 regulates breast
cancer chemo resistance [26,27]. Another important group
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2 MLP is ATP binding cassette sub-family B Member 1 or
MDR1/P-Glycoprotein. MDR1 is a membrane transporter with
efflux activity that causes chemoresistance, but it moonlights as
a lipid translocase and regulates several membrane functions
(Table 3) [28]. Group 2 also includes Cytochrome C-Somatic
(CYCS), which is essential for aerobic respiration, but CYCS
moonlights to trigger apoptosis. In terms of regulation, curcumin
and/or resveratrol can downregulate expression or inhibit
activity of COX1/PTGS1, EGFR, FGF2 in tumor models. Both
phytochemicals inhibited MDR1 expression and/or activity in
drug resistant human cancer cell lines, and induced apoptosis
by upregulating or stimulating release of CYCS in human cancer

cell lines (Table 3).

To summarize, the MLPs in group 2 include four chaperones
(CRYAB, HSPD1, HSP90AA1 and HSP90AB1) and four growth-
promoting MLPs (COX1, EGFR, FGF2, MDR1), which have pro
or antitumorigenic main functions, but are pro-tumorigenic
when overexpressed. Furthermore, COX1, EGFR and FGF2
also have pro-tumorigenic moonlighting functions. Therefore,
downregulation of these MLPs by curcumin and resveratrol
can have potent anti-cancer effects. Curcumin can also be anti-
tumorigenic by upregulating the cytoprotective CRYAB and
downregulating  HSP9OAA1, which moonlights to increase
immune resistance. CYCS which triggers apoptosis is upregulated
by both phytochemicals (Table 3). Notably, many group 2 MLPs
are transcriptional targets of p53, an MLP of group 3. Thus,
CRYAB, COX1/PTGS1, EGFR, and CYCS are transcriptionally
activated by p53, whereas FGF2 and MDR1 are suppressed by
p53 (Figure 3).

Group 3 moonlighting proteins are tumor suppressors

Group 3 MLPs regulated by curcumin and resveratrol includes
the tumor suppressor p53 and its regulators. The P53 tumor
suppressor protein activates transcription in response to stress,
DNA damage, oncogene activation and accordingly induces
growth arrest or cell death. Independent of its transcriptional
activity, P53 moonlights to alter mitochondrial permeability and
induce apoptosis [29]. The GSK3pB kinase can phosphorylate
and activate P53 protein, but MDM2 and PLKI1 inhibit P53
(Figure 3). Thus, MDM2 ubiquitin ligase degrades P53 protein
and accordingly has pro-tumorigenic main functions (Table 3).
Independent of its enzyme activity, MDM2 moonlights to regulate
NDUFS1, decrease mitochondrial respiration, and increase
apoptosis. Thus, MDM2 has anti-tumorigenic moonlighting
functions. Polo Like Kinase-1 (PLK1) regulates mitosis as its
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main function, and may moonlight to regulate vimentin and
breast cancer cell invasion [30]. PLK1 inhibits P53 protein via
two mechanisms. PLK1 can phosphorylate P53 and inhibit its
transcriptional activity. PLK1 can also phosphorylate and activate

MDM2, which then degrades P53 (Figure 3).

In terms of regulation, several reports show that curcumin and
resveratrol upregulate expression of p53 and its target genes,
which then induce growth arrest or apoptosis in cancer cells and
some mouse models of cancer. However, curcumin and resveratrol
can also downregulate p53 expression to prevent cell death and
organ damage (Table 3). Accordingly, both phytochemicals can
modulate (up/down regulate) p53 levels and cause cell death
and cyto-protection respectively. Curcumin and resveratrol
also modulate GSK3, an activator of p53 and curcumin can
downregulate both inhibitors of p53 (MDM2 and PLK1) and
restore p53 activity. In contrast, resveratrol upregulates MDM?2
and downregulates PLK1, to cause growth inhibition or cell death
in different cancer cell lines (Table 3).

Group 3 moonlighting proteins are chemo-preventive

Group 3 also includes the chemo-preventive transcription factor
NRF2/NFE2L2 (NFE2 Like BZIP transcription factor 2) and
its gene target NAD(P)H Quinone Dehydrogenase 1 (NQO1).
While p53 protects from genotoxic damage, the main function
of the NFE2L2/NRF2 transcription factor is to upregulate
antioxidant and cytoprotective genes such as superoxide
dismutase, glutathione transferase, and NQO1. NRF2 is chemo-
preventive in normal cells but can also increase survival and
chemoresistance of tumor cells. The main detoxification function
of NQOI also supports normal and tumor cells. Accordingly,
both NRF2 and NQO1 can have pro or anti-tumorigenic main
functions. Independent of transactivating cytoprotective genes,
NRF2 moonlights to prevent upregulation of pro-inflammatory
cytokines by macrophages in vitro and in mice. [31]. During
oxidative stress, NQO1 moonlights to prevent degradation of p53
via ubiquitin independent mechanisms. Therefore, both NRF2
and NQO1 have anti-tumorigenic moonlighting functions (Table
3). In terms of regulation, the upregulation of NRF2 by resveratrol
was chemo-preventive in animal models of carcinogenesis.
Activation of NRF2 by curcumin inhibited EMT or prevented
toxicity. However, inhibition of NRF2 nuclear translocation or
activity by curcumin and/or resveratrol, reversed chemoresistance
in different cancers. Therefore, both phytochemicals can have
anti-cancer effects by modulating expression or activity of NRF2.
Curcumin decreased liver toxicity by upregulating NQO1 (Table 3).

Table 3: Regulation of group 2, group 3 MLPs by curcumin and resveratrol (C and R).

MLP Main function Moonlighting function Regulation by C and R
CRYAB Chaperf)ne (C,‘N) ‘ Immune.mﬁltra.tlon. C:Up
pro or anti-tumorigenic pro or anti-tumorigenic R: ID
HSP9OAAL* Chaper(?ne. (me}ny) ' Immuno—reswt'ance' (EC) C: Down
pro or anti-tumorigenic pro-tumorigenic R: ID
NOS3* Nitric oxide s.ynthesié (m‘any) Unclear C: 1D
pro or anti-tumorigenic : Up
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COX1* Prostanoid synthesis (ER,EC) Mitogen C: Down
pro or anti-tumorigenic pro-tumorigenic R: Down
EGER* EGF signalling (M,EC) Chemoresistance (N) C: Down
pro or anti-tumorigenic pro-tumorigenic R: Down
FGE2* Angiogenic mitogen (C,N,EC) Chemoresistance (N) C: Down
Pro or anti-tumorigenic pro-tumorigenic R: Down
MDR1* Transporter (N,M,EC). Regulates membrane functions (M) C: Down
pro or anti-tumorigenic pro or anti-tumorigenic R: Down
Tri apoptosis (MT
R Aerobic respiration (C,N) TIE8ELS ApOPIosis ( ) C: Up
CYCS ; . anti-tumorigenic
pro or anti-tumorigenic R: Up
Induces apoptosis, (MT) C: Modulation
Transcription factor (C,N . 7 ‘
P53* mnscrlP ton a‘c or‘( ) anti-tumorigenic R: Modulation
anti-tumorigenic
MDM2 Degrades p53 (many) Increases apoptosis (M) C: Down
pro-tumorigenic anti-tumorigenic R: Up
PLK1* Regulates mitosis (many) Regulates cell invasion C: Down
pro or anti-tumorigenic pro-tumorigenic R: Down
NRE2 Chemoprevention (many) Anti-inflammatory C: Modulation
pro or anti-tumorigenic anti-tumorigenic (N) R: Modulation
NQO1 Detoxification (C) Stabilizes p53 and p73 C: Up
pro or anti-tumorigenic anti-tumorigenic R: Up

Note: (*): Ten MLPs are drug targets ; Up: Upregulation; Down: Downregulation; Up or Down: Modulation; ID: Insufficient Data for Some MLPs
in Cancers; Localization of MLP: (N): Nucleus; (C): Cytoplasm; M: Plasma Membrane; MT: Mitochondria; EC: Extracellular. In 3 or more cellular

compartments (many).

To summarize, group 3 MLPs include p53 and its regulators.
Curcumin and resveratrol control the expression, stability, and
activity of p53 by regulating expression of the activator (GSK3p),
and inhibitors (MDM2 and PLK1) of p53. In cancer cells, both
phytochemicals often upregulate p53 and its tumor suppressive
function. However, downregulation of p53 can be cytoprotective.
Thus, curcumin and resveratrol modulate (up/down regulate)
expression of wild type p53 in different contexts. When curcumin
and resveratrol upregulate or downregulate wild type p53, its pro-
tumorigenic gene targets (MMP2, EGFR, FGF2, MDR1) can be
indirectly upregulated or downregulated, respectively. However,
both phytochemicals can also directly downregulate these same
pro-tumorigenic gene targets of wild type p53. Thus, curcumin
and resveratrol can directly downregulate MMP2, EGFR, FGF2,
MDRI in a cancer cell with wild type or mutant p53. Similarly,
curcumin and resveratrol can indirectly or directly regulate
expression of CYCS, which is another target of wild type p53.
This dual mechanism of indirect and direct regulation of p53
gene targets is a novel anti-cancer mechanism by which both
phytochemicals could target tumors irrespective of their p53
status. The cytoprotective NRF2 and its target NQO1, are also
in group 3. Curcumin and resveratrol are anti-tumorigenic by
modulating (up/down regulating) NRF2 in different contexts.
Both phytochemicals can protect against drug toxicity by
upregulating NQO1.
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Regulation of the 3 groups of moonlighting proteins by
curcumin and resveratrol

The Venn diagram in Figures 4A-4C summarizes how curcumin
and resveratrol regulate the MLP network shown in Figure 3.
Figure 4A shows that curcumin and resveratrol downregulate
group 1 MLPs which drive EMT (CTNNBI1, FASN, SMADs
2,3,4, MECP2, MMP2). In group 2, curcumin and/or resveratrol
downregulate MLPs which promote growth, inflammation,
and chemoresistance (COX1/PTGS1, EGFR, FGF2, MDRI1).
Interestingly, curcumin downregulates both inhibitors of p53
in group 3 (MDM2 and PLK1). Notably, GSK3p, NOTCH 1
and HMGB1 are important regulatory group 1 MLPs which are
anti-tumorigenic when up/down regulated in different contexts.
Figure 4B shows that these 3 MLPs can be modulated by curcumin
and/or resveratrol. In group 3, p53 is a tumor suppressor and
NRF2 is chemo-preventive, but can promote chemo resistance
when overexpressed. Accordingly, both phytochemicals modulate
p53 and NRF2 to give anti-cancer effects (Figure 4B). Figure
4C shows that curcumin and resveratrol upregulate the anti-
tumorigenic CDH1 and TIMP1 in group 1 and CYCS in group 2.
To summarize, the anti-cancer effects of curcumin and resveratrol
involve very similar modes of regulation of specific MLPs in the 3
groups. Only NOTCH 1 and MDM?2 are differentially regulated

by curcumin versus resveratrol.
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A DOWNREGULATED GENES

CURCUMIN

RESVERATROL

TGFBRL
NOTCH1

HES1
HSP90AAL
MDM2

CURCUMIN

C UPREGULATED GENES

B MODULATED GENES

RESVERATROL

NOTCHL
ATR2

RESVERATROL

Figure 4: MLPs regulated by curcumin and resveratrol. Downregulated MLPs (4A), modulated MLPs (4B) and upregulated MLPs (4C). Note: Group
1 MLPs (Bold), Group 2 MLPs (Italics) and Group 3 MLPs (Underlined).

DISCUSSION

The MLPs we analysed are important in cancer and are known
targets of curcumin and/or resveratrol [1-4,32]. Most studies
focussed on main functions of these MLPs but did not analyse
their moonlighting functions and their role in a complex, self-
regulating network. We explain how curcumin and resveratrol
control this network of human MLPs which drive tumorigenesis
and chemoprevention (Figure 3). Group 1 MLPs in the Wnt,
TGFB1, and NOTCH pathways, drive EMT, metastasis and
chemo resistance. Notably, Group 2 MLPs regulated by curcumin
and resveratrol include oncoproteins which are established
drug targets [5]. Group 3 MLPs include the tumour suppressor
p53 and MLPs which control stability and activity of p53. The
chemo-preventive NRF2 and its target NQOI, are also in group
3. This network of three groups of MLPs is complex and self-
regulated for three reasons. First, many group 1 MLPs regulate
each other at the posttranslational level. Second, many group
2 MLPs are transcriptional targets of p53, from group 3. Third,
the network has activators and inhibitors of important MLPs.
These include, CTNNBI1 and its activators FASN and NOTCHI,
ATF2 and its activator SMAD3, NOTCH 1 and its activator
MDM2 and p53 and its activator GSK3p. The network also has
inhibitors of CTNNB1, SMAD3, MMP2 and p53 (Figure 3).
Regarding regulation, curcumin and resveratrol can modulate
activities of GSK3p, SMADs 2,3 and inhibit COX1 and MDR1
activity. However, both phytochemicals primarily regulate MLPs
at the transcriptional level. Thus, curcumin and/or resveratrol
downregulate MLPs which drive EMT, modulate regulatory
MLPs (GSK3B, HMGB1, NOTCH1) and transcription factors
(p53, NRF2) and upregulate tumor suppressor CDH]1, detoxifier
NQO1 and apoptosis inducer CYCS (Figure 3). These similarities
in their regulation of MLPs provide a novel mechanism for
synergistic anti-cancer effects of curcumin and resveratrol. These
results agree with reports of synergism between curcumin and
resveratrol in rodent models of prostatic and breast cancer

(33,34].
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Limitations of this study include insufficient information on
moonlighting functions for 2 of the 28 MLPs (NOTCH 1, NOS3)
in cancers. There is also insufficient literature on regulation
of ATF2 and NOS3 by curcumin, and regulation of TGFpR1,
HES1, CRYAB and HSP90AAT by resveratrol, in cancers (Tables
2 and 3). However, the remaining data provide five important
insights about the MLPs regulated by curcumin and resveratrol.
First, curcumin and resveratrol have novel, coordinated, anti-
cancer mechanisms of regulating major MLPs such as CTNNB1,
GSK3B, MMP2, p53, their regulators and targets (Figures 3 and
4A-4C). Thus, CTNNBI1 which drives EMT, is downregulated by
curcumin and resveratrol, However, both phytochemicals can also
downregulate FASN, the activator of CTNNBI, and upregulate
CDHI, an inhibitor of CTNNBI. Another example is pro-
tumorigenic MMP2, which is inhibited by both phytochemicals.
However, curcumin also upregulated both MMP2 inhibitors
(TIMP1 and NMEI1) in mouse tumours. The best example is
the dual mechanism by which curcumin and resveratrol regulate
expression of p53, its activator (GSK3p) and inhibitors (MDM?2,
PLK1) but can also directly downregulate pro-tumorigenic
gene targets of p53 in groups 1 and 2 (Figures 3 and 4A-4C).
Examining main wversus moonlighting functions of MLPs also
provides insights. Thus, the second insight relates to MLPs which
moonlight to modulate immune responsiveness (HSP9OAAT
HSP90AB1, CRYAB, HMGB1, NRF2). Moonlighting functions
of these MLPs and their regulation has clinical relevance,
because immune checkpoint inhibitor therapy is a promising
new cancer treatment. Group 1 MLPs in Wnt pathway are also
notable since Wnt signalling can regulate antitumor immunity
and immune evasion [3]. Therefore, inhibition of Wnt signalling
by curcumin and resveratrol may reduce immune resistance in
some cancers. Third, several MLPs regulated by curcumin and
resveratrol moonlight as regulators of cell death (GSK3p, CYCS,
P53, MDM2, NQO1) cell growth (TGFBR1, TIMP1, COX1)
and chemo-resistant growth (FASN, EGFR, FGF2, MECP2,
NRF2). Notably, curcumin and resveratrol can trigger cell death
by regulating moonlighting functions of HMGB1, P53, CYCS
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(Tables 2 and 3). However, studies focusing on the effects of
curcumin and resveratrol on moonlighting functions of the
remaining MLPs, will help us understand their regulation of cell
death, growth and immune resistance in cancers.

Examining the tumorigenic impact of the main wversus
moonlighting functions of MLPs also provides important insights.
Thus, our fourth insight is if both phytochemicals regulate
MLPs with opposing main and moonlighting functions (MMP2,
TIMP1 and CDH1), it can cause pleiotropic or unpredictable
‘off-target’ effects which weaken inhibition of EMT [7]. Thus,
MMP?2 has pro-tumorigenic main functions when overexpressed
and anti-tumorigenic moonlighting functions. Curcumin and
resveratrol downregulate MMP2, which could decrease its
main and moonlighting functions, and weaken the expected
anti-tumorigenic effects (Table 2). Similarly, curcumin and
resveratrol upregulate the main anti-tumorigenic functions of
TIMP1 and CDH, but may also upregulate their pro-tumorigenic
moonlighting functions (Table 2), and weaken the expected anti-
cancer effects. MDM2 also has opposing main and moonlighting
functions, and its regulation by curcumin and resveratrol may
cause pleiotropic effects on cell survival (Table 3). The fifth
insight is that pleiotropic effects can also occur when curcumin
and resveratrol regulate MLPs with main and moonlighting
functions in different cellular locations. Five group 1 and 2 MLPs
(CDH1, COX1, TGFBR1, EGFR, FGF2) have this property. Little
is known on regulation of moonlighting functions CDH1 and
COXI1. However, tumorigenic impact of main and moonlighting
functions of TGFBR1, EGFR and FGF2 is reported [32].
Thus, a fragment of TGFBRI enters nuclei, moonlights as a co-
transcriptional regulator of p300 and upregulates the SNAIL and
MMP?2 genes required for EMT [15]. Nuclear forms of EGFR and
FGF2 moonlight to increase chemoresistance [26,27]. Notably,
EGFR inhibitors for cancer patients only target membrane
bound EGFR which performs the main functions of EGFR.

CONCLUSION
Curcumin and resveratrol regulate critical processes of cell

growth, death, EMT, metastasis,
resistance and immune-resistance in cancers. However, the role

chemoresistance, radio-
of Moonlighting Proteins (MLPs) in these actions of curcumin
and resveratrol are unclear. We explain how curcumin and
resveratrol control a complex self-regulated network of human
MLPs in cancers. Both phytochemicals have similar modes
of regulating oncogenic, regulatory, and tumour suppressive
MLPs and also have coordinated regulation of important MLPs
(CTNNBI1, MMP2, p53) and their activators and inhibitors.
Notably, curcumin and resveratrol tightly control wild type p53
expression and activity by regulating activators, inhibitors, and
gene targets of p53. Accordingly, curcumin and resveratrol can
have anti-cancer effects in cancer cells with wild type or mutant
p53. Overall, these mechanisms add insights into synergistic anti-
cancer mechanisms of curcumin and resveratrol. We also identify
novel mechanisms underlying pleiotropic/off-target effects of
curcumin and resveratrol. Such pleiotropic effects can arise when
both phytochemicals regulate MLPs with opposing main and
moonlighting functions and MLPs with main and moonlighting
functions in different cellular locations.
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