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ORIGINAL ARTICLE

Network-Based Analysis of Nutraceuticals in Human
Hepatocellular Carcinomas Reveals Mechanisms of
Chemopreventive Action

M Michailidou', IN Melas?, DE Messinis®, S Klamt*, LG Alexopoulos?, FN Kolisis® and H Loutrari™

Chronic inflammation is associated with the development of human hepatocellular carcinoma (HCC), an essentially incurable
cancer. Anti-inflammatory nutraceuticals have emerged as promising candidates against HCC, yet the mechanisms through
which they influence the cell signaling machinery to impose phenotypic changes remain unresolved. Herein we implemented
a systems biology approach in HCC cells, based on the integration of cytokine release and phospoproteomic data from high-
throughput xMAP Luminex assays to elucidate the action mode of prominent nutraceuticals in terms of topology alterations of
HCC-specific signaling networks. An optimization algorithm based on SigNetTrainer, an Integer Linear Programming
formulation, was applied to construct networks linking signal transduction to cytokine secretion by combining prior
knowledge of protein connectivity with proteomic data. Our analysis identified the most probable target phosphoproteins of
interrogated compounds and predicted translational control as a new mechanism underlying their anticytokine action.

Induced alterations corroborated with inhibition of HCC-driven angiogenesis and metastasis.
CPT Pharmacometrics Syst. Pharmacol. (2015) 4, 350-361; doi:10.1002/psp4.40; published online on 1 June 2015.

Study Highlights

e WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? ¥ HCC is an inflammation-related cancer with no effective
curative options. Nutraceuticals with established anti-inflammatory properties and low toxicity are considered an attractive
alternative to develop new strategies against HCC. ¢« WHAT QUESTION DID THIS STUDY ADDRESS? M The question
addressed is whether the applied network-based analysis connecting the inflammatory to phosphoproteomic response
data from nutraceutical-treated HCC cells is a valuable systems strategy to assess the mode of action of most promising
preclinical candidates. ¢ WHAT THIS STUDY ADDS TO OUR KNOWLEDGE M This study advances the mechanistic
knowledge for HCC chemoprevention by the most efficient nutraceuticals (EGCG, FIS, and ERI), as it provides innovative
data on mediated functional alterations (cytokine reduction), targeted phosphoproteins (signaling pathway nodes and
effectors), and mode of anti-inflammatory action (negative translational control of cytokine expression). ¢ HOW THIS
MIGHT CHANGE CLINICAL PHARMACOLOGY AND THERAPEUTICS ™ Providing a systems analysis of mechanisms
underlying the actions of selected efficient anti-inflammatory nutraceuticals may open new perspectives for development
of novel clinical chemopreventive/therapeutic modalities for human HCC.

Hepatocellular carcinoma (HCC) is the fifth most common
malignancy worldwide, with a high rate of metastasis.
Despite major improvements in HCC management (resec-
tion, transplantation, radiofrequency ablation, chemoemboli-
zation, sorafenib therapy), long-term survival remains
poor.'? Therefore, there is an urgent need to identify novel
HCC chemopreventive and/or therapeutic agents able to
protect populations at high risk and/or improve prognosis of
patients following curative treatment.®

Compelling evidence has established that inflammation
plays a critical role in tumor progression.*® HCC, a typical
example of inflammation-related cancer, slowly progresses
on a background of chronic inflammation mainly triggered
by exposure to infectious agents (hepatotropic viruses),
toxic compounds (ethanol), or dietary carcinogens (aflato-
xins, nitrosamines). Inflammatory cytokines have been

shown to play a prominent role in mediating changes within
the tumor or tumor microenvironment through abnormal
regulation of signaling pathways that influence crucial
cancer-promoting processes such as cell proliferation, sur-
vival, angiogenesis, and metastasis.® On the other hand,
the neoplastic cell itself can advance the development of
local inflammation, as many of the most frequently acti-
vated oncogenes (RAS, MYC) could elicit a transcriptional
program leading to the expression of various inflammatory
mediators that lead to tumor immune escape and
expansion.*

At the genome level, HCC is characterized by several
aberrations which underlie dysregulation of multiple steps in
cell signaling pathways.” Therefore, modulation of a single
gene product or signaling cascade is unlikely to mediate an
efficient therapeutic outcome. Hence, current research
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efforts have been focused on developing multitargeted
therapies using novel high-throughput technologies.® Nutra-
ceuticals (a term coined from ‘"nutrition" and
"pharmaceutical’) i.e., compounds in dietary sources with
disease  chemopreventive/chemotherapeutic  activities,®
have been proved to possess such multitargeting properties
and reduced side effects, thus providing a suitable alterna-
tive in achieving alleviation of various cancers.'®'" Despite
the emerging social and economic interest in nutraceuti-
cals,® there is not yet a global mechanistic understanding
of their action mode to provide a scientifically solid support
for their clinical use.

Identifying the detailed mode of action of active com-
pounds is a major endeavor today, as is evident by the
large number of publications on off-target effects of drugs
that made it to the market even decades ago and whose
off-target effects remained unknown.'®'® Typically, the iden-
tification of a drug mode of action is carried out either via
bioactivity assays, which screen the effect of the compound
on key cellular processes (proliferation/viability, etc.) or via
kinase assays, which screen the binding of the interrogated
compound on a kinase panel.'™'® However, even if the
drug interactions are easy to obtain, the chain effects hap-
pening in the cells because of the inhibition of a certain
kinase is not trivial to predict, as it is orchestrated to a
great extent by the properties and robustness of the
signaling mechanisms of the specific cell type. Herein, we
developed a novel methodology that leverages multicombi-
natorial proteomic data from multiplex antibody assays and
screens the effects of selected nutraceuticals on three
human HCC model cell lines both on the basal level of
cytokines release and phosphoproteins activity, but also on
perturbation with prototypical cell growth and inflammation
signaling stimuli, in an attempt to capture alterations
induced by each interrogated compound on key signaling
pathways. To this end, we employ an optimization algorithm
based on the SigNetTrainer software that combines the pro-
teomic data with prior knowledge of protein interactions
(e.g., from online pathway databases), identifies the signal-
ing reactions that are functional based on the data at hand,
thus deconvoluting compound effects, and facilitates their
mechanistic interpretation as topology alterations of cell-
type-specific signaling pathways.'” Furthermore, we use
experimental models of cancer metastasis and angiogene-
sis to ensure the biological importance of compound-
imposed alterations. Our integrated analysis presents new
mechanistic insights into the targeted anti-inflammatory
actions of three promising nutraceuticals, (-)-epigallocate-
chin gallate (EGCG), fisetin (FIS), and eriodictyol (ERI),
thus setting the basis for innovative HCC chemopreventive
and/or therapeutic interventions.

METHODS

Plant-derived nutraceuticals

Nutraceuticals (Supplementary Table S1) were purchased
from Carl Roth (Karlsruhe, Germany), or Sigma (St. Louis,
MO). Stocks were prepared in dimethyl sulfoxide (DMSO;
Sigma) and stored at —20°C. Working dilutions contained
up to 0.1% v/v DMSO.
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Cell cultures
HEP3B, HEPG2 (ATCC, Manassas, VA), and HUH7 (pro-
vided by J. Wands, Brown University) cells were maintained
as described before.'® To obtain HCC conditioned medium
(HCC-CM), confluent cultures were treated with test com-
pound or DMSO for 24 hours, thoroughly washed twice
with phosphate-buffered saline (PBS) and incubated for 24
hours in starvation medium, i.e., serum-free medium con-
taining 0.25% bovine serum albumin (BSA). Supernatant
was then collected and stored at —80 °C. Human umbilical
vein endothelial cells (HUVEC) were isolated and main-
tained up to passage four as previously described.'®

To assess the potential cytotoxicity of test compounds,
cells were treated as specified for each of the following
biological assays and the number of viable cells was
measured by the MTT method as described before.2°

xMAP assays

HCC cells, seeded the day before at 3 x 10 cells/well into
a 96-well plate, were serum-starved for 4 hours and then
treated with selected nutraceuticals or DMSO at the indi-
cated concentration (Table 1) for 2 hours. Cells were then
exposed to stimuli (PeproTech, Rocky Hill, NJ) at saturated
levels'®: interleukin (IL)-6 (0.1 pg/ml), tumor necrosis factor
A (TNFA) (0.1 pg/ml), IL1A (0.02 pg/ml), IL1B (0.01 pg/ml),
tumor growth factor A (TGFA) (0.2 pg/ml), or insulin (INS)
(1.72 pg/ml), for either 22 hours (cytokine measurements)
or 15 minutes (phosphoprotein measurements) as indicated
by previous studies'® and pilot experiments (Supplemen-
tary Figure S1). Cell supernatants and lysates were then
collected and stored at —80°C until use. Total protein con-
centrations were quantified using the BioRad Dc Protein
Assay kit (Hercules, CA).

XMAP assays were performed on a Luminex-200 plat-
form (Luminex, Austin, TX) '® using custom cytokine/
phosphoprotein antibody-coupled beads (ProtATonce, Ath-
ens, Greece). A custom 28-plex was used to detect the
levels of selected cytokines in cell supernatant (see
Supplementary Table S2 for full name, classification, and
biological role). A custom 15-plex was used to determine in
cell lysates the levels of test phosphoproteins: ribosomal
protein S6 kinase alpha-1 (RSK1), heat shock protein beta-
1 (HSPB1, alternate name HSP27), cAMP-responsive ele-
ment-binding protein-1 (CREB1), protein kinase B (AKT1),
p38 mitogen-activated protein kinase (P38MAPK), mamma-
lian target of rapamycin (TOR), glycogen synthase kinase-
3 beta (GSK3B), dual specificity mitogen-activated protein
kinase kinase-1 (MEK1), extracellular signal-regulated
kinase-1 (ERK1), Src homology 2 domain-containing pro-
tein-tyrosine phosphatase-2 (SHP2), c-Jun N-terminal
kinase-2 (JNK2), dual specificity mitogen-activated protein
kinase kinase 6 (MP2K6), ribosomal protein S6 (RPS6),
p70 ribosomal S6 kinase (P70S6K), and nuclear factor-
kappa B (NFKB). Custom antibody-coupled beads were
technically validated as described before®® (Supplemen-
tary Figures S2-S5, Supplementary Table S3).

xMAP data processing
Signaling datasets were analyzed and plotted using Data-
rail, an opensource MATLAB (MathWorks, Natick, MA)
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Table 1 Selected nutraceuticals tested against HCC cells*

Nutraceutical Major functions

Reference

HCC-effective
concentrations

XMAP assay selected
concentrations

QUE (flavonol) e antioxidant

e antiproliferative

e anti-inflammatory
e antimetastatic
POH (monoterpene) o antiproliferative

e anti-inflammatory
e proapoptotic

e antiangiogenic
FIS (flavonol) o antiproliferative

e anti-inflammatory
o antioxidant

e antiangiogenic
CUR (polyphenol) e anti-inflammatory
e antioxidant
EGCG (polyphenol) e anti-inflammatory
e antioxidant

e antiproliferative

e antiangiogenic
ERI (flavonone) e anti-inflammatory
o antioxidant

e antiproliferative
NAR (flavonone) e antiproliferative

e anti-inflammatory

e proapoptotic

10, 21

23, 24

10-50 uM 25 M

0.25-1 mM 500 uM

10-50 uM 10 uM

10-25 uM 15 uM
50-200 uM

50-200 pM

10-50 uM 25 UM

10-200 uM 100 uM

*A complete list of tested nutraceuticals is shown in Supplementary Table S1.

toolbox.?” For modeling, the fold change of the signals
relatively to the unstimulated state, i.e., DMSO-MEM, was
computed and then data were discretized to [0, —1,1],
where 1 denotes signal increase >1.5 or 2-fold, —1
denotes signal decrease >1.5 or 2-fold, and 0 denotes
any signal activation in between. The thresholds were
selected based on the platforms sensitivity (see Supple-
mentary Material) and previous studies.?®° Data discre-
tization is vital before proceeding with the construction of
compound-specific signaling networks, since the applied
SigNetTrainer methodology implements a qualitative
approach in the modeling of signal transduction and can
only handle the above-mentioned values for protein acti-
vation [—1, 0, 1].

Construction of compound-specific signaling networks
A canonical pathway was constructed downstream of the
five stimuli and in the neighborhood of 15 measured
phosphoproteins. First, the stimuli receptors were identi-
fied, and then canonical pathways downstream of these
receptors were extracted from several online databases
including Pathway Commons, KEGG, and Ingenuity, with
most of the interactions obtained from Ingenuity. Subse-
quently, the receptor-specific pathways were merged
together into a signaling network, and the Floyd-Warshall
algorithm was used to identify the observable-controllable
part of this network.2” Observables are defined as all net-
work nodes that are upstream of the measured phospho-
proteins (thus, their activation value can be inferred based
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on the value of the signals downstream). Controllables
are defined as all network nodes that are downstream of
stimuli used (thus, their activation value can be controlled
by the stimuli upstream). All nodes and corresponding
reactions that are either nonobservable or noncontrollable
were removed from the network, because the Integer
Linear Programming (ILP) algorithm cannot handle them
properly.

Subsequently, the canonical pathway was augmented with
compound—target interactions obtained from PubChem
(Supplementary Table S5) and with hypothetical phospho-
protein—cytokine release interactions to result in an inte-
grated network that describes both levels (intracellular and
extracellular) of signal transduction. Finally, the signaling net-
work was trained to compound-specific data via an adapted
variant of SigNetTrainer,'”” an ILP formulation that detects
and removes inconsistencies between network predictions
and data at hand. Details of the formulation, model code,
and datasets are provided as Supplementary Material.

Migration, invasion, and tube-like formation assays

Cell invasion and migration were evaluated as described
before?® using an 8 um-pore size membrane BioCoat
Matrigel Invasion (BD Biocoat, BD Biosciences, Franklin
Lakes, NJ) and migration (ThinCerts, Greiner Bio-One
International, Kremsmuenster, Austria) chambers, respec-
tively. Serum-starved cells (3 —5 X 10%cells/well) migrated
towards HCC-CM or starvation medium for 24 hours
(HCC) or 6 hours (HUVEC). Migrating/invading cells were



photographed and manually counted. Formation of
HUVEC tube-like structures in the presence of HCC-CM
or starvation medium was assessed on growth factor-
reduced Matrigel and quantified as previously.*°

Statistical analysis

Data were analyzed by Mann-Whitney test with signifi-
cance levels of P < 0.05, using GraphPad Prism 5.00 for
Windows (GraphPad Software, San Diego, CA). Data are
presented as means = SEM of the indicated number of
observations.

RESULTS

Collection of released cytokine data

Since HCC cells have been shown to express a number of
proinflammatory cytokines and growth factors,'® we examined
whether nutraceuticals with known anti-inflammatory prop-
erties’® might be able to modulate their secretion pattern.
HCC-effective compounds were chosen from a library of 23
nutraceuticals based initially on preliminary HCC cell prolif-
eration/viability experiments determining the range of effec-
tive noncytotoxic concentrations (Supplementary Table
S1) and next on pilot XMAP assays evaluating the effect of
14 chosen compounds (selected as potent HCC cell prolif-
eration inhibitors that represented major structural classes
of nutraceuticals), on the levels of 13 cytokines upon induc-
tion with a stimuli mixture (Supplementary Figure S6).
Finally, nutraceuticals found to be active in at least one cell
line were included in a more extensive xXMAP analysis at
selected concentrations (Table 1), which although high in
some cases (POH, NAR, EGCG) did not affect normal
endothelial cell proliferation (unpublished observations).
Multiplex cytokine assays concomitantly determined the
release of 28 cytokines (Supplementary Table S2), consti-
tutively or upon stimulation with IL6, TNFA, IL1B, TGFA, or
INS. As shown in Figure 1, some cytokines (CXCL16, IL8,
GROA, CCL20, NGAL, HAVR1) were highly expressed by
HCC cells, whereas administration of stimuli, especially
IL1B and TNFA, further enhanced their basal levels or trig-
gered the secretion of numerous other cytokines. EGCG
treatment proved to be the most effective in reducing the
expression (basal and/or induced) of 13 out of 28 test cyto-
kines, without affecting others (e.g., CCL20, PLGF, HAVR1,
MIA2, NGAL, PDGF), thus excluding nonspecific cytotoxi-
city. FIS, ERI, QUE, CUR, POH, and NAR displayed (in
order of efficacy) a less broad inhibitory action. Overall, we
noticed that HEP3B were the most sensitive cells to com-
pound treatment (see Supplementary Table S4 for a sum-
mary of data).

Collection of signaling phosphoprotein data

Next, we analyzed the impact of EGCG, FIS, and ERI
(selected based on their cytokine-reducing activities; Sup-
plementary Table S4) on the levels of 15 phosphopro-
teins. As shown in Figure 2, (a) HEP3B, (b) HEPG2, and
() HUH7 cells generally displayed a remarkable diver-
gence regarding their response to both compounds and
stimuli. In HEP3B cells, which were again found to be the
most responsive, EGCG, FIS, and to a lesser extent ERI
downregulated the basal levels of phosphorylated AKT1,
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TOR, GSK3B, P70S6K, RPS6, P38MAPK, JNK2, MP2K®,
and NFKB. Furthermore, EGCG decreased both the con-
stitutive and stimulated phosphorylation of SHP2, whereas
it increased the basal and induced expression of phospho-
rylated CREB1 and HSPB1. In HEPG2, FIS was found to
attenuate most of the phosphoproteins (SHP2, AKT1,
GSK3B, TOR, P70S6K, RPS6, MP2K6, P38MAPK, JNK2,
NFKB). Finally, in HUH7 only a weak inhibition in certain
phosphoproteins was observed in response to FIS and
ERI, whereas, unexpectedly, EGCG upregulated the levels
of phospho-AKT1, GSK3B, RPS6, P38MAPK, and NFKB.
Immunoblotting performed in cell lysates from EGCG-
treated HCC cells for phospho-AKT1 confirmed these mul-
tiplex data (Supplementary Figure S7a). Furthermore, as
the active nonphosphorylated GSK3B is a known negative
regulator of beta-catenin stability,>' we predicted and
experimentally confirmed that the levels of the stable
active form of beta-catenin were altered by EGCG
according to the phospho-AKT1/GSK3B modification
pattern (Supplementary Figure S7b) in each HCC cell
line, thus indicating a differential targeting of the WNT/
beta-catenin signaling.®?

Integrated data analysis to decipher compound action
mechanisms

Since HEP3B cells provided the broadest datasets due to
their high sensitivity to imposed perturbations, we subse-
quently constructed compound-specific signaling networks
that combined existing knowledge with HEP3B phosphopro-
teomic and cytokine-release data employing an adapted
version of our SigNetTrainer methodology and a sensitivity
analysis for a range of thresholds (see Methods and Sup-
plementary Material).

As a result, we visualized how EGCG (Figure 3), FIS (Fig-
ure 4), and ERI (Figure 5), modulated signal transduction
and cytokine secretion in interrogated cells under basal con-
ditions (Figures 3a, 4a, and 5a) or following subsequent
exposure to stimuli (Figures 3b, 4b, and 5b). Our network-
based analysis confirmed or rejected existing information
(black and gray-colored edges, respectively) and furthermore
enriched the canonical pathway with new interactions (blue-
colored edges), thus predicting potential nutraceutical-
targeted pathways. A major mechanism designated for
EGCG and FIS is through inhibition of the PI3K/PIP3/PDK1/
P70S6K/RPS6 pathway with potential involvement of AKT1/
TOR signaling blockade (Figures 3, 4, solid and dashed
black edges, respectively), in accordance with existing litera-
ture (Supplementary Table S5) and current data showing
attenuation of AKT1, TOR, P70S6K, and RPS6 activation by
these compounds. Regarding ERI, the inhibition of the same
pathway downstream of PDK1 (blue edge, Figure 5a)
emerged for the first time in HEP3B cells. Most important,
the fact that the blockade of this particular signaling cascade
by all test compounds is well correlated with their inhibitory
effects on the release of a number of cytokines (EGCG:
CXCL7, CXCL16, CXCL10, IL17A, FIS: CXCL7, CXCL10,
CXCL11, ERI: CXCL10) pointed to the prediction of a com-
mon cytokine downregulating mechanism through eventual
inhibition of the translation factor RSP6 (blue edges, Figures
3, 4, 5). This major network prediction was further validated
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Figure 1 Cytokine xMAP datasets from (a) HEP3B, (b) HEPG2, and (c) HUH7 cells. Rows represent measurements (mean values) of
secreted cytokines 24 hours posttreatment. Columns correspond to treatment with indicated stimulus or minimum essential medium
(MEM). Column blocks designate treatment with indicated compound or DMSO vehicle. Black color highlights signals that exceeded a
2-fold threshold alteration compared to DMSO-MEM. Mean values = SEM (2-3 experiments) and data transformation of fluorescence
units to pg/ml are provided in Appendices | and Il of the Supplementary Material, respectively.

by independent real-time quantitative reverse transcription- as this cytokine was connected with RPS6 in the networks of
polymerase chain reaction (RT-PCR) and western blot analy- all three compounds. We found that nutraceutical treatment:
ses (Supplementary Figure S7c,d) focusing on CXCL10, (a) did not reduce CXCL10 mRNAs levels, (b) did not further

CPT: Pharmacometrics & Systems Pharmacology



A Systems Approach to Liver Cancer Chemoprevention
Michailidou et al.

355
(a) EGCG FIS ERI DMSO
o ASK1 =] — 490
o] HSPB1 2500
o CREB1 7800
™ AKT1 8400
& P38MAPK — 960
T TOR 3 300
] GSK3B 710
2 MEK1 7000
‘© ERK1 [y 2500
2
=4 SHP2 -+ 1300
8’ JNK2 260
= MP2K6 B3 540
B RPS6 560
o —— —
e P70S6K 850 =
a NFKB PSR | 3000 @
x
o (b) RSK1 I J# = 1200 ;l:_l
c
2 HSPB1|—— : 1 1o G
o CREB1 13600 q
(O] AKT1 = —t 1220 &
& P38MAPK |— 1000 =4
I TOR —s40 i
' GSK3B I =970 8
2] MEK1 g0 3
i= ju— Q
© ERK1 2700 @
° SHP2 w0
2 3,
8. JINK2 - &
£ MP2K6 0 3
2 RPS6 mwo 9
E P70S6K 1 — —Ja00 L
E K el ww  Q
o
@
® (€) msks o e —— = wo I
= HSPB1|_| L L 2000
o CREB1 20200
~ AKT1 20000
L paswark T — | 1200
T TOR = - 990
' GSK3B! f——1 1700
‘g MEK1 21100
‘© ERK1 2600
3
o sHP2 gl t 5100
8. JNK2 = == 950
= MP2K6: I - 1300
% RPS6 3700
o Prosex I == = 14700
o NFKB — 2800
©o << [++] < w = © < [++] << [2] = o < 2] < W = ©o < @ < 0 =
4 & = uw Z i 4 L = wu Z @O 4 o = uw Z i 2 & = w Z @
g2 ¢ =% g2 g =% £ 28 =% g2 ¢ =%

Figure 2 Phosphosignaling xMAP datasets from (a) HEP3B, (b) HEPG2, and (¢) HUH7 cells. Rows represent measurements (mean
values) of phosphoproteins at 15 minutes following stimulation. Columns correspond to treatment with indicated stimulus or minimum
essential medium (MEM). Column blocks designate treatment with indicated compound or DMSO vehicle. Black color highlights signals
that exceeded a 1.5-fold threshold alteration compared to DMSO-MEM. Mean values = SEM (2-3 experiments) are provided in Appen-

dix Il of Supplementary Material.

decrease compared to vehicle control the total CXCL10 pro-
tein levels under conditions of protein synthesis blockade,
hence indicating no effect on protein degradation machinery,
while (c) reduced the total CXCL10 levels under conditions of
proteasome-mediated protein degradation blockade, thus
indicating an effect on new protein synthesis. Overall, these
results supported the conclusion that the observed reduction
in CXCL10 protein levels is not attributed to either a
decrease in gene transcription or protein degradation but is
rather causally linked to a translational downregulation of
cytokine expression via RPS6 inhibition, as predicted by our
network analysis.

On the other hand, only signaling alterations specific for
the examined cancer cell type were maintained in the net-
work. For instance, the PAK/RAF1/MEK1/ERK1 pathway

was removed from the relevant network (Figure 3b) as not
being involved in the action mode of EGCG in HEP3B cells
because prior knowledge (Supplementary Table S5) was
not confirmed by our data for MEK1 and ERK1 in the case
of EGCG (gray edges, Figure 3a).

Prevention of HCC-induced metastasis and
angiogenesis

To assess the biological significance of changes imposed by
EGCG, FIS, and ERI on HCC-secreted factors (including cyto-
kines shown in Figure 1, Supplementary Table S4), we next
applied a chemotaxis model of metastasis, where naive HCC
cells were allowed to migrate and/or invade Matrigel-coated
membranes towards HCC-CM collected from compound pre-
treated cultures. As shown in Figure 6a,b, HCC-CM from
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Figure 3 Compound-specific signaling networks in HEP3B cells treated with EGCG under (a) basal and (b) stimulated conditions.
Compound—phosphoprotein expression—cytokine release pathways were constructed from xMAP data and a reference network with
canonical pathways using an adapted SigNetTrainer method. Black, opaque edges correspond to interactions that were found to be
functional based on the data at hand and were conserved in the solution. Gray edges correspond to interactions that were found to
contradict with the data and were thus removed from the solution. Black dashed edges correspond to interactions that may be func-
tional or not, depending on the data discretization threshold used. The thickness of the dashed lines corresponds to the number of
solutions (for different thresholds) that support the respective interaction. Blue edges correspond to interactions that were added by the
algorithm for explaining patterns in the data that could not be fitted with solely removing interactions from the canonical pathway.

Abbreviations are explained in Appendix 1V of the Supplementary Material.
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Figure 4 Compound-specific signaling networks in HEP3B treated with FIS under (a) basal and (b) stimulated conditions (see legend

to Figure 3 for details).

vehicle-treated cells (CTL) significantly induced cancer cell
migration and Matrigel invasion, respectively, compared to
basal starvation medium, thus confirming that factors
released from HCC cells act as strong stimulators of the
metastatic process. However, this effect was reversed in
HCC-CM collected from cells preexposed to compounds.
Likewise, we examined the responsiveness of HUVEC to
HCC-secreted signaling mediators. We found that HCC-CM
from vehicle-treated cells (CTL) strongly induced HUVEC

motility (Figure 6c), invasiveness (Figure 6d) and differen-
tiation into tube-like structures (Figure 6e), compared to
basal starvation medium. However, these proangiogenic
attributes were significantly abrogated when HUVEC were
challenged with HCC-CM from compound pretreated cul-
tures. Overall, the cytokine-reducing activity of EGCG, FIS,
and ERI (Figure 1, Supplementary Table S4) correlated
with their capability to inhibit tumor-driven prometastatic and
proangiogenic phenotypes (Figure 6).
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Figure 5 Compound-specific signaling networks in HEP3B treated with ERI under (a) basal and (b) stimulated conditions (see legend

to Figure 3 for details).

DISCUSSION

Plant-derived compounds have always been an important
source for the development of new drugs in pharmaceutical
research.>® However, their clinical use is limited by the fact
that, in the majority, these compounds do not have a known
set of target proteins but they act on many different levels,
thus making the identification of their detailed action

CPT: Pharmacometrics & Systems Pharmacology

mechanism very difficult if at all possible. In this work by using
the Luminex xMAP system as a drug-discovery platform, we
screened several anti-inflammatory nutraceuticals for their
ability to modulate the cytokine release and phosphoproteo-
mic response of HCC cells, constitutively or upon perturbation
with signaling stimulators that are actively involved in human
hepatocarcinogenesis.>* Then, by applying an integrated mul-
ticombinatorial analysis of the high-throughput proteomic data
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we provided novel mechanistic insights into the mode of action
of most promising compounds.

Like the majority of neoplastic cells, HCC secrete an array
of inflammatory cytokines that exert their multiple, partially
overlapping functions (mitogenic, motogenic, angiogenic) in
a para-/autocrine manner via binding to their appropriate
receptors.® Our results demonstrated EGCG as the most
effective modulator of inflammatory cytokine secretion (fol-
lowed by FIS and ERI) and HEP3B cells as the best respond-
ers. Despite previous extensive literature, %22 this is the first
study to our knowledge showing the outstanding capability of
this compound to concurrently reduce a wide range of HCC-
secreted cytokines, including a group of C-X-C motif ELR-
positive (CXCL7, CXL16, GROA, IL8) as well as ELR-
negative (CXL10, CXCL11) chemokines and interleukins
(IL4 and IL17A), all known to be critical modulators of tumor
microenvironment. In fact, CXCL7, GROA, and IL8, identified
as CXCR2 ligands, have been shown to strongly promote
tumor growth and angiogenesis,*® whereas soluble CXCL16
acting through the CXCL16/CXCR6 axis has been proved to
induce cancer invasion and metastasis.*® Overexpression of
CXL10 by malignant cells has been reported to desensitize
CXCRS in lymphocytes from HCC patients resulting in tumor
escaping from host defense mechanisms,®” while activation
of the CXCL11/CXCR7 pathway has been related to HCC
progression.®® Concerning IL4 and IL17A, they have been
connected with suppression of cancer immunosurveillance
and promotion of metastasis.3%~*1

At the phosphoproteomic level, xXMAP measurements in
treated cells, besides confirming previous knowledge, thus
supporting the validity of the applied method, uncovered
some new interesting molecular targets such as SHP2,
CREB, and HSPB1. Particularly, SHP2 tyrosine phosphatase
has emerged as a key nodal point in cytokine and growth
factor-induced signaling; therefore, its inhibition by EGCG
and FIS in HEP3B and HEPG2 cells is expected to drasti-
cally influence the activation state of several downstream
effectors, including JAK, STAT, and PI3K.*? In consistency,
EGCG and FIS were found capable of inhibiting the phos-
phorylation of important components of PI3K axis (AKT1,
GSK3B, TOR, P70S6K, RPS6), which is known to be abnor-
mally activated in various cancers, including HCC, promoting
cell survival, invasion and angiogenesis.*®* Regarding
phospho-CREB and HSPB1 upregulation, although data
interpretation merits further experimental investigation, the
available literature supports that phosphorylated CREB can
competitively inhibit NFKB activation, thereby restricting
proinflammatory  responses,** whereas phosphorylated
HSPB1 can mediate growth suppression in human HCC.*5%¢

At the computational front, we adapted our previously
described  SigNetTrainer ~ formulation'” to  construct
compound-specific signaling networks in HEP3B cells that
linked intracellular activity (phosphosignaling) to cellular func-
tion (cytokine release), thus revealing mechanisms of com-
pound actions on the basis of topology alterations of
key signaling pathways. In contrast to previous mechanistic
studies using kinase assays,'*"'® the proposed methodology
is able to capture not only the compound effects on specific
target kinases but also how the signaling machinery in its
entirety is affected by this compound. A novel outcome of our
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computational analysis, which we further validated experi-
mentally, is the prediction of a common negative control
mechanism underlying the downregulation of several of the
aforementioned cytokines, through ultimate inhibition of the
translational factor RPS6 via PI3K/PIP3/PDK1/P70S6K and/
or AKT1/TOR signaling obstruction. Since aberrant mRNA
translation plays a pivotal role in cancer progression, modu-
lating the activation status of essential components of the
protein synthetic machinery, such as RPS6, is expected to
have a more general impact on cancer homeostasis.*’
Because the construction of networks was based on data
restricted in the neighborhood of five receptors and 15
measured phosphoproteins, some potential nutraceutical
targets with importance for cancer growth, such as, for exam-
ple, the AMP-dependent protein kinase,*® were omitted.
Despite this limitation, our proposed systems methodology is
the first effort to obtain, on a systems scale, mechanistic
cues into the mode of action of HCC inhibitory nutraceuticals.

At the phenotypic level, changes in HCC-secreted factors
mediated by EGCG, FIS, and HES (including the above-
mentioned reduction of crucial prometastatic and proangio-
genic cytokines), were found eventually to be essential, as
they restricted in vitro the capability of treated cancer cells to
transmit prometastatic and proangiogenic signals to other can-
cer cells, as well as to their context tumor vasculature, respec-
tively. These results further support the potential effectiveness
of these compounds to prevent HCC expansion through
restriction of tumor neovascularization and metastasis.*®

In conclusion, in this study by combining high-throughput
protein profiling and network-based analysis of inflamma-
tory and phosphoproteomic HCC responses, we were able
to provide important preclinical evidence and molecular
insight for use of most promising nutraceuticals in novel
chemopreventive and/or therapeutic interventions for HCC.
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