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Abstract

In spite of rapid advances in understanding of signaling networks associated with the incidence
and therapeutic-sensitivity, breast cancer (BC) still remains the most commonly diagnosed and
prevalent cancer in women. Emergence of resistance to hormonal interventions in estrogen-
receptor (ER) positive BC coupled to loss of ER expression and activation of ER-independent
growth factor, heat-shock, MYC and WNT pathways along with distinct mechanisms of
therapeutic-resistance in HER2 over-expressing and triple-negative subtypes of BC collectively
necessitates deeper profiling of the mechanistic networks regulated by potential lead anticancer
compounds intended for further development to target BC. A significant part of the search for
novel lead anticancer compounds for BC has focused on phytochemicals including flavonoids
found in citrus fruits, which have shown promising anticancer activity. Based on the initial studies
which revealed the anticancer effect of 2HF in BC, we employed an advanced TMT 10plex
labeled proteomic approach to characterize the changes in non-phosphorylated and phosphorylated
proteomic profile of ER* MCF?7, triple-negative MDA-MB231 and HER2* SKBR3 BC cells,

and MCF10A normal breast epithelial cells. 2HF induced significant changes in the proteins
responsible for BC incidence, metastases and therapeutic sensitivity in BC cells.
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Introduction

Breast cancer (BC) is a challenging cancer widely diagnosed in women [1]. The statistics
from World Cancer Report indicate that BC is the most commonly diagnosed cancer in
women throughout the world [2]. In USA, 1 in 8 women have the risk of developing

BC in their life-time [3]. Endogenous estrogens and life-style induced carcinogenic stimuli
like smoking and alcohol influence the incidence, progression and therapeutic response

of breast tumors [4]. The expression of estrogen receptor (ER), progesterone receptor

(PR) and epidermal growth factor receptor 2 (ERBB2/HER?2) are established drivers of
tumor progression and determinants of therapeutic response in BC [5]. Activation of ER
independent downstream cascades like PI3K/AKT/mTOR pathway, activation of MYC
and HSP90, over expression of HER2 and loss of tumor suppressor PTEN have been
implicated in both BC metastases and therapy resistance [6—8]. In spite of rapid advances
in therapy, effective preventive strategies and novel therapeutic interventions to control the
metastatic progression and recurrence risk of BC remain a strong need and hence constitute
a contemporary focus of developmental cancer therapeutics.

Many of the phytochemicals including citrus flavonoids have been studied and evaluated
for their anticancer effects in multiple cancers [9, 10]. Our previous studies revealed that
citrus flavonoid 2’-hydroxyflavanone (2HF) can decrease the survival of both ER* MCF7
and triple-negative MDA-MB231 BC cells [11]. 2HF has also shown promising efficacy in
VHL-mutant renal cell carcinoma [12]. 2HF has been shown to inhibit the progression of
lung cancer by down-regulation of matrix metalloproteinase (MMP)-2 and urokinase-type
plasminogen activator (u-PA) [13]. 2HF has also been shown to inhibit the progression of
castration-resistant prostate cancer by regulating AKT/STAT3 signaling [14]. 2HF targets
osteosarcomas by up regulating tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL) and death receptor 5 (DR5) [15]. In this regard, we further conducted
analyses of the proteomic profile of 2HF treated and control ER* MCF?7, triple-negative
MDA-MB231 and HER2* SKBR3 BC cells, and MCF10A normal breast epithelial cells.
Our study provided a comprehensive and integrated evidence for the potential of 2HF in
targeting all the clinically relevant subtypes of BC.

Material and methods

Reagents:

TMT 10plex™ isobaric label reagent set 1x 5 mg, catalog number: 90406, High-

Select™ TiO2 Phosphopeptide Enrichment Kit, catalog number: A32993, High-Select™
Fe-NTA Phosphopeptide Enrichment Kit, catalog number: A32992 (Thermo Scientific)

and Pierce™ High pH Reversed-Phase Peptide Fractionation Kit (PN: 84868), Pierce™
Quantitative Colorimetric Peptide Assay (PN: 23275), Waters Oasis cartridge HLB 3cc
(60mg) Extraction Cartridges (PN WAT094226), iodoacetamide (IAA, Sigma, 16125), 2,2,2-
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trifluoroethanol (TFE, Fluka-91690), tris(2-carboxyethyl)phosphine (TCEP, Thermo-20490),
Trypsin-LysC, triethylammonium bicarbonate (TEAB, Thermo-90114), Trypsin/LysC mix
MS grade (Promega-V5073), trichloro acetic acid (TCA, Fisher-BP555-250), formic acid
(Fisher-A117-50), trifluoroacetric acid (TFA, Fisher-A116).

Cell lines and cultures:

Human breast untransformed (MCF10a) and cancer (MCF7, SKBR3, and MDA-MB231)
cell lines were purchased from the American Type Culture Collection (ATCC, Manassas,
VA). All cells were cultured at 37 °C in a humidified atmosphere of 5 % CO, in the
appropriate medium: DMEM/F12 with 15 mM Hepes buffer, 5% horse serum, 10 pg/ml
insulin, 20 ng/ml EGF, 100 ng/ml cholera toxin, 0.5 pg/ml hydrocortisone (MCF10a) and
DMEM (MCF7, SKBR3, and MDA-MB231) medium, supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (P/S) solution. A large number of stocks were
cryo-preserved at the time of acquisition and all studies were performed on cell cultures that
are no more than 10 passages from the time of cryopreservation. The authentication of cell
lines was done by analyzing fifteen different human short tandem repeat (STR) at Genomic
Core, Beckman Research Institute of City of Hope, Duarte, CA, to test for interspecies
contamination. All the cells were also tested for Mycoplasma once every 3 months using

a standard commercially available PCR kit or the MycoAlert Mycoplasma Detection Kit
(Lonza).

Cell Lysis, digestion, TMT-labeling and phosphopeptide enrichment:

Cells were treated with 50 uM 2HF for 24 h, washed with PBS, centrifuged and the resulting
cell pellet was lysed in 100 mM TEAB containing lysis buffer supplemented with protease
and phosphatase inhibitor cocktail. The equivalent of 1 mg (350 pL) were precipitated by
adding 20% TCA and the resulting pellets were denatured by suspending in 50 uL of 200
mM TEAB and 50 pL TFE, reduced with TCEP at 56 °C for one hour then alkylated with
IAA for one hour, in the dark. The samples were diluted with 50 mM TEAB to a TFE
concentration below 5%, then digested overnight at 37 °C with trypsin (added in a 1/80
ratio). The digestion was stopped by adding 10 uL of formic acid. The digested samples
were processed according to Waters and Thermo Scientific guidelines for each of the kits
used, as follows: digested samples were SPE purified using Waters Oasis HLB cartridges,
then quantitated by Pierce quantitative colorimetric assay and labeled with TMT 10plex™
isobaric labeling kit [16]. After labeling, the samples were combined (each sample in a
replicate set was labeled with a different label), resulting in three labeled replicate samples.
These were then processed for phosphopeptide enrichment, using sequentially the TiO2
and then Fe-NTA phosphopeptide enrichment kits. The labeled peptides were purified by
Waters Oasis HLB cartridge and quantitated again using the Pierce colorimetric peptide
assay before taking the same amount of each TMT- labeled sample and fractionating the
mixture of peptides in eight fractions, using the High pH Fractionation kit. Each of the
fractions was evaporated to dryness in a SpeedVac then reconstituted in 50 uL 0.1% TFA
and stored at — 80 °C before LCMS analysis.
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LC-MS/MS analysis:

The peptides were loaded for 2 min at 30 uL/min in buffer A (1% formic acid in water)

on a 300 ym x 5 mm Thermo trapping column, then separated on a Thermo EasySpray
column 75 pm x 500 mm at 300 nL/min, maintained at 45 °C, using a Thermo-Dionex
Ultimate 3000 nano UHPLC and a 2h method as follows: 3—-7% buffer B (0.1% formic
acid in 80% acetonitrile) and 97% buffer A (0.1% formic acid in water), 8 min, 7% B to
32% B, at 100 min and 50% B at 105 min, then 95% B from 106 t0107 min, then reverted
to 3% B at 109 min. All solvents and solvent modifiers were Thermo Optima LC/MS
grade. The eluting peptides were analyzed in an Orbitrap Lumos fitted with a EasySpray
nanospray source with the following parameters: Spray voltage: 2300 V, ion transfer tube
temperature: 275 °C, with internal mass calibration (Easy-1C) enabled and a 3s cycle time
during which the following MS experiments were performed: MS! was acquired in positive
ion-mode in orbitrap at 120K resolution, scan range (m/z): 400-1500, max injection time:
50 ms, AGC target: 400000, 1 microscan. RF lens (%): 30, with MIPS, charge states 27,
and Dynamic exclusion + 10 ppm, for 90s after 1 MS? scan. For phosphopeptide enriched
samples, MS?2 was acquired in orbitrap at 30K resolution, filter precursor selection range -
mass range (m/z): 400-1200, maximum injection time (ms): 60, AGC target: 50000, with a
quadrupole isolation window of 0.7 Da, first mass (m/z): 120, activation type: CID, collision
energy (%): 35, activation time (ms):10, activation Q: 0.25 with multistage activation with
a Neutral Loss Mass of 97.9673. For the phosphopeptide depleted samples, MS?2 used
identical parameters except spectra were acquired in the ion trap with rapid scan speed,
multistage activation was not used, and the AGC target was 104 ions. MS3 was acquired

in orbitrap at 60K resolution, scan range (m/z): 100-500, maximum injection time (ms):
118, AGC target 50000, isolation mode: quadrupole, isolation window (Da): 2, multi-notch
isolation: True, MS2 isolation window (Da): 2, number of notches: 10, activation type:
HCD, collision energy (%): 65.

Data analysis:

The MS/MS spectra were extracted and searched using Thermo Proteome Discoverer 2.2/
Protein Metrics - Byonic 2.15.7 against the NCBI Homo Sapiens Reference Sequences
database (55985 sequences 11/2014), with the following parameters: Trypsin (full), two
maximum missed cleavages, 6 < peptide length < 144, precursor mass tolerance: 10

ppm, fragment mass tolerance: 0.02 Da for phosphopeptide enriched and 0.6 Da for
depleted samples, target FDR: 0.01 on both peptide and protein level, based on reverse
sequence decoy database, only spectra scored “high” confidence in Proteome Discoverer
were accepted. Fixed modifications: carbamidomethyl (C), TMT 10plex (K and peptide N-
terminus), variable modifications: methionine oxidation and protein N-terminus acetylation.
The appropriate correction factors for the isotope purity were used for the quantification
method from the TMT batch certificate. For the phosphoprotein analysis, a variable
phosphorylation was also considered (S, T, Y) in addition to the modifications mentioned
above. The TMT reporter ions from MS3 were integrated with a tolerance of 20 ppm,
integration method: most confident centroid, activation type: HCD. The significance of
fold changes in differentially regulated nonphosphorylated proteins was further analyzed
by Ingenuity Pathway Analyses (IPA; Ingenuity Systems, CA). The statistically significant
protein expression fold differences from 2HF and control samples for each of the cell lines
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were thoroughly analyzed using IPA. The differences in canonical pathways, upstream
regulators and networks were analyzed using IPA along with further search for latest
findings on key nodes of signaling regulators.

Immunoblotting:

Supernatant proteins from control and 2HF treated cell lysates were resolved by SDS-PAGE
and transferred onto polyvinylidene fluoride membrane. Change in the level of desired
protein was determined by densitometric scanning of the immuno-reactive bands. Equal
loading of proteins was confirmed by stripping and re-probing the membranes with B-actin
antibodies.

Statistical Analysis:

Results

All data were evaluated with a two-tailed unpaired student’s t test are expressed as the
mean + SD. The statistical significance of differences between control and treatment groups
was determined by ANOVA followed by multiple comparison tests. The p value < 0.05

was considered significant. Activation or inhibition differences were considered statistically
significant when z score was either above 2 or below 2.

The ER* MCF7, triple-negative MDA-MB231 and HER2*" SKBR3 BC cells, and MCF10A
normal breast epithelial cells were treated with 50 uM 2HF for 24 h followed by protein
extraction, TMT labeling and phosphopeptide enrichment. The TMT 10-plex labeling and
phosphopeptide enrichment workflow is presented in Fig.1. The TMT 10plex labeled
samples were grouped into two fractions for nonphosphorylated and phosphorylated
peptide analyses. Following LC-MS/MS analyses, the MS/MS spectra were searched

using Thermo Proteome Discoverer 2.2/Protein Metrics - Byonic 2.15.7 against the NCBI
Homo Sapiens Reference Sequences database as described in the Experimental methods
section . In total, 5384 nonphosphorylated protein groups (67533 peptide groups, 201881
PSMs out of 482725 MSMS spectra) and 3459 phosphorylated protein groups (19248
peptide groups, 51546 PSMs out of 252499 MSMS spectra) were quantified in Proteome
Discoverer 2.2 using TMT 10plex reporter ion intensity. The lists of differentially expressed
nonphosphorylated and phosphorylated proteins are presented in Supplementary Tables 1
and 2 respectively.

Significance of 2HF induced protein changes to BC pathogenesis, progression and

therapy:

The 2HF treatment resulted in a number of proteins in BC cells (Supplementary Tables

1 and 2). We did not observe significant changes in the proteomic profile of MCF10A
normal breast epithelial cells as relevant to BC across all the replicates tested. The ER*
MCF7 BC cells had several significant protein changes following 2HF treatment. The
PCNA-associated factor (PAF) regulates the physiological function of PCNA and promotes
tumor cell proliferation [17]. PAF particularly mediates the switch of replicative DNA
synthesis to translation DNA synthesis (TLS), which enables the tumors to proliferate in
spite of DNA damaging lesions [18]. PAF is over-expressed in multiple cancers including
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breast tumors [17, 19]. Over-expression of PAF mediates hyperplastic changes in breast
epithelium while PAF also acts as a WNT signaling enhancer to promote cancer stem

cell state in breast tumors [20]. 2HF treatment led to down-regulation of PAF1 in all the
treated MCF7, MDA-MB231 and SKBR3 BC cells as identified and quantified by average
reporter ion counts and Western blot analyses (Fig. 2 and Supplemental Fig. S1). The
kruppel-like factor16 (KLF16), which couples histone acetylase and deacetylase mediated
regulation of gene transcription, is over-expressed in tumors where it promotes proliferation
by up-regulating CDK4 and down-regulating p21 expression [21, 22]. We observed a
down-regulation of KLF16 following 2HF treatment in MCF7 and MDA-MB231 BC cells
with no significant changes in MCF10A normal breast epithelial and SKBR3 BC cells
(Supplementary Table 1). The COUP transcription factor 1 (COUP-TF1/NR2F1) mediates
the ERK dependent estrogen receptor alpha (ERa) gene transcription in an estradiol (E2)-
independent manner [23, 24]. The over-expression of COUP-TF1 in MCF7 cells also
mediates BC cell proliferation in an E2-dependent manner thereby denoting a role for
COUP-TF1 in both the presence and absence of E2 [25]. We observed a down-regulation of
COUP-TF1 levels in ER* MCF7 BC cells following 2HF treatment. The study by Svotelis
et al identified that histone H2A.Z promotes the ERa mediated gene transcription and
proliferation by stabilizing the nucleosomes along the DNA axis during translation and by
facilitating estrogen responsive enhancer function during gene transcription [26]. The same
study revealed that the ectopic expression of H2A.Z can also increase BC proliferation even
in the presence of low levels of E2 [26]. We observed that 2HF treatment down-regulates
H2A.Z in ER* MCF7 BC cells.

In addition to being a key metabolic protein involved in nucleotide synthesis and thus
being a critical regulator of tumor proliferation, the ribonucleotide reductase M2 subunit
(RRM2) is increased in a BC [27]. The sequence coverage and a representative RRM2
peptide identified are presented in Supplemental Fig. S2. RRM2 has also been implicated
in NFxB activation and MMP-9 expression that in turn promote tumor cell invasiveness
[28]. A combined metabolic and gene-expression analyses identified RRM2 as a marker

of tumor progression and a critical determinant of good vs. poor survivors in BC [29].
RRMZ2 expression was particularly associated with tamoxifen resistance in BC [30]. 2HF
treatment led to down-regulation of RRM2 in all the treated BC cells without any effect on
MCF10A normal breast epithelial cells. The mitochondrial oxidative phosphorylation is up-
regulated in BC and Cytochrome C Oxidase Copper chaperone (COX17) was characterized
as an up-regulated gene associated with increased oxidative phosphorylation in BC [31].
2HF treatment led to down-regulation of COX17 protein in MDA-MB231 and SKBR3

BC cells with modest effect on MCF7 BC cells. The Ubiquitin-conjugating enzyme E2C
(UBEZ2C) is associated with malignant progression of BC and also serves as a marker of
micro-calcifications seen in early breast tumors [32]. The UBE2C expression is positively
associated with tumor size, histological grade, clinical stage, lymph node metastases, HER2
expression and Ki67 positivity in BC [33]. UBE2C has negative correlation with ER
expression thereby denoting it as a marker for ER™ BC [33]. The 2HF treatment led to
down-regulation of UBE2C in triple-negative MDA-MB231 and HER2* SKBR3 BC cells
without significant effect in ER* MCF7 BC cells (Supplementary Table 1).
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The expression of Hemeoxygenase 1 (HO-1) is known to inhibit the invasion and migration
of BC cells [34]. We observed a striking upregulation of HO-1 following 2HF treatment

in all treated cells with a predominant effect in HER2* SKBR3 BC cells as identified

and quantified by average reporter ion counts and Western blot analyses (Fig. 3 and
Supplemental Fig. S3). The Basal Cell Adhesion Molecule (BCAM) encodes a luthern blood
group glycoprotein that serves as a laminin5 receptor and is involved in cellular adhesion,
cytoskeletal organization and metastases driven by growth factor aberrations, including
EGFR mutations [35]. 2HF led to down-regulation of BCAM in HER2* SKBR3 BC cells.
Glycine decarboxylase (GLDC), a critical enzyme associated with glycine metabolism, is
highly expressed in HER2" BC [36]. GLDC expression is also increased in both primary
and metastatic BC and associated with poor overall survival in particularly patients with
brain metastatic BC [37]. The 2HF treatment led to a significant down-regulation of GLDC
particularly in HER2* SKBR3 BC cells without any significant effect in ER* MCF7,
triple-negative MDA-MB231 BC cells. Inflammatory BC (IBC) represents an aggressive
form of BC with a high degree of local and metastatic progression [38]. HER2 over
expression is associated with increased brain and liver metastases in IBC and addition

of HER2 monoclonal antibody was shown to improve the survival in IBC [39, 40]. The
MARCKS protein, which regulates filopodium and lamellopodium formation and couples
protein kinase C and calmodulin signaling, is over-expressed in BC and positively associated
with HER2 expression and metastases [41, 42]. 2HF treatment led to down-regulation of
MARCKS related protein particularly in HER2* SKBR3 BC cells without much effect in
other tested BC cells. HER2 signaling has been known to positively stimulate the rate of
synthesis of hypoxia inducible factor 1 (HIF1) and further mediate angiogenesis and tumor
progression [43]. The transport of cytosolic HIF1-a in to nucleus for gene-expression effects
is mediated by importin 4 and 7 [44]. 2HF treatment down-regulated importin 4 in HER2*
SKBR3 BC cells (Supplementary Table 1).

The uracil-DNA glycosylase isoform 2 (UNG2) is a critical protein involved in base
excision repair (BER) [45]. The UNG2 phosphorylation by GSK3 leads to resistance

to floxuridine and promotes tumor cell survival [46]. 2HF treatment led to decrease in

the levels of pUNG2 in MCF7 BC cells. The retinoblastoma-like protein 1 (RBL1) is

a protein similar to retinoblastoma (Rb) protein, induces G2/M phase arrest following
radiation in MCF7 cells and is known to be a putative tumor suppressor that is activated by
dephosphorylation [47, 48]. The 2HF treatment decreased the levels of pRBL1 isoform

A in MCF7 BC cells (Supplementary Table 2). Syndecan-1 is an integral membrane
heparin sulphate proteoglycan, activated by phosphorylation on cytoplasmic tyrosine
residues and is known to control cell invasion and migration [49, 50]. Syndecan-1 is
known to regulate the proliferative effects of I1L-6 mediated STAT3 signaling in BC stem
cells [51]. The syndecan-1 status also positively correlates with high histological tumor
grade in BC [52]. 2HF treatment down-regulated the p-syndecan-1 in MCF7 BC cells
without significant effects on MDA-MB231 and SKBR3 BC cells. The transcription factor
AP4 controls epithelial mesenchymal transition (EMT) via SNAIL and induces stem cell
properties [53]. 2HF decreased the levels of pTFAP4 in MCF7 and MDA-MB231 BC
cells without significant effect in SKBR3 BC and MCF10A normal breast epithelial cells.
The DnaJ homolog subfamily member C2 (DNAJC?2) belongs to the family of M-phase
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phosphoproteins (MPP) that act as a molecular chaperone for nascent polypeptide chains
during ribosomal protein synthesis [54, 55]. 2HF treatment caused down regulation of
p-DNAJC2 in MDA-MB231 BC cells. Neural cell adhesion molecule L1 (LLCAM) is a
target gene of Wnt signaling [56]. The expression of LLCAM is associated with lymph node
involvement, high tumor grade, HER2 expression, ER-negative status, shorter disease-free
and overall survival in BC [57]. The phosphorylation of eukaryotic translation initiation
factor 4E-binding protein 2 (4EBP2) is known to be mediated by PI3K/ mTOR signaling,
and dephosphorylation of 4EBP2 can mediate cytotoxicity of kinase inhibitors in tumors
[58, 59]. There was a strong down-regulation of pL1CAM and p4EBP2 following 2HF
treatment in HER2* SKBR3 BC cells. The endoplasmic reticulum stress mediates the
activity of many anticancer drugs [60]. The protein Lunapark interacts with ubiquitin ligase
complex and localized to endoplasmic reticulum following stress [61]. 2HF caused down-
regulation of pLunapark in MCF7 BC cells. The ubiquitin fusion degradation protein 1
(UFD1) mediates endoplasmic reticulum stress response with cell cycle control [62]. The
sequence coverage and representative UFD1 phosphopeptide identified are presented in
Supplemental Fig. S4. 2HF treatment led to strong up regulation of pUFD1 isoform A in
MCF7, MDA-MB231 and SKBR3 BC cells (Supplementary Table 2).

Ingenuity Pathway Analyses (IPA) of differentially regulated pathways and networks:

We conducted the IPA to determine the differential regulation of cellular pathways and
networks. The differentially regulated top canonical pathways are presented in Table 1.

The Supplementary Tables 3-6 provide information on changes in the upstream regulators
following 2HF treatment in MCF10A normal breast epithelial and MCF7, MDA-MB231 and
SKBR3 BC cells. 2HF treatment led to inhibition of estrogen signaling and down-regulation
of estrogen target proteins DNA methyl transferase 1 (DNMT1), RRM2, and topoisomerase
2A (TOP2A) in ER* MCF7 BC cells (Fig 4A, z score: - 2.202) [63, 64]. The activation of
PI3K/AKT/mTOR pathway serves as a major mechanism of resistance to hormonal therapy
in BC [65]. The inhibition of mTOR has been shown to overcome endocrine resistance

even in the presence of low levels of PTEN in BC [66]. 2HF treatment led to inhibition of
mTOR network in BC (Fig 4B). The Ubiquitin-Conjugating Enzyme (UBE2C) and malate
dehydrogenase 2 (MDH2) which are induced by mTOR signaling were down regulated
while PP2CA, a critical sensitizer of endocrine therapy, was up regulated in ER* MCF7

BC cells following 2HF treatment (Fig 4B, z score: - 2.333) [67, 68]. The expression of
retinoic acid receptor (RARA) is increased in ER* BC [69]. The RARA cooperates with and
potentiates the E2 induced gene transcription in ER*™ BC [70]. The mitogen-activated protein
kinase 1 (MAPKZ1) and nuclear receptor co-activator 5(NCOADb) positively regulated by
RARA were downregulated while C180rf25, associated with ubiquitin dependent catabolic
process, was upregulated following 2HF treatment (Fig 4C, z score: - 2.449) [71, 72].

The 2HF treatment also led to inhibition of the network of small molecule biochemistry
focused on ribosomal transcription of proteins in MCF7 BC cells (Supplemental Fig S5). In
addition, the cell cycle network was inhibited following 2HF treatment in MCF7 BC cells
(Supplemental Fig S6).

The loss of expression of phosphatase and tensin homolog deleted from chromosome 10
(PTEN) is associated with larger tumor size, higher TNM stage, lymph node metastasis,
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aggressive triple-negative phenotype, poor overall and disease free survival in BC [73].
The proteins AKT1, CDC20, and CDK4, whose levels are inhibited by PTEN signaling,
were decreased while NDRG2 and IDH2, whose levels are increased by PTEN, were
increased following PTEN network activation in MDA-MB231 BC cells (Fig 5A, z score:

- 2.438) [74, 75]. Though traditionally associated with neuroblastomas, over-expression of
MYCN is also associated with poor prognosis in BC [76]. A study focused on assessing
the MCYN and cMyc overlapping targets revealed that the core transcriptional targets
common to both regulate the basal-type BCs, a group with highest MYC expression among
the BC subtypes [77]. In a study, Bertucci and co-workers characterized that 71% of
triple-negative BCs were basal-like and 77% of basal-like BCs were triple-negative thereby
showing a significant association between the two classes of BC [78]. 2HF treatment led

to inhibition of MYCN signaling in triple-negative MDA-MB231 BC cells (Fig 5B, z
score: - 3.584). The expression of HSP90 is increased and associated with aggressive and
therapeutically refractory progression of breast tumors while HSP90 inhibitors have shown
promising efficacy in triple-negative BC [79-81]. 2HF down-regulated HSP90 network and
targets including AKT1, CDK4 and CDK?2 in triple-negative MDA-MB231 BC cells (Fig
5C, z score: - 2.193) [82, 83]. The 2HF treatment also inhibited the oncoprotein MITF
signaling along with down regulating associated proteins including NCAPD2, RFC5 and
UBEZ2C in triple-negative MDA-MB231 BC cells (Supplemental Fig S7) [84]. FGF7 is

an interleukin-1p induced paracrine growth factor secreted by tumor fibroblasts known

to mediate BC proliferation [85]. FGF7 also induces loss of progesterone receptor (PR)
thereby contributing to triple-negative state in BC [86]. 2HF treatment led to inhibition of
FGF7 signaling along with down regulation of associated proteins including CDK2, CDK4,
LPCAT1 and SDC1 in triple-negative MDA-MB231 BC cells (Supplemental Fig S8) [87,
88].

The p70S6k is a critical downstream effector in HER2/mTOR signaling pathway [89]. We
observed an inhibition of p70S6k network and its targets including CDK4 and EEF2 in
HER2*" SKBR3 BC cells (Fig 6A, z score: - 2.0). The PI3BK-AKT is the major axis of
HER?2 signaling in HER2 over expressing BCs which further activates HSF1 and regulates
the transcription of HSP90 targets [90]. 2HF treatment inhibited the HSP90 network and
associated proteins including CDK4, RPS6 and AKT1 in HER2* SKBR3 BC cells (Fig 6B,
z score: - 2.211) [91]. The tumor suppressor let-7 serves as a marker of poor differentiation
in epithelial cancers with higher levels being observed in the initial epithelial phenotype
stages as compared to advanced, dedifferentiated, and mesenchymal phenotype tumors of
epithelial origin [92]. HER2 expression leads to repression of let-7 in BC cells [93]. 2HF
treatment activated tumor suppressor let-7 signaling along with down-regulating proteins
repressed by let-7 including RRM1/2, PKM and MCK4/6/7 (Fig 6C, z score: - 2.433) [94].

The small molecule 2HF effectively regulated many critical proteins and networks of
importance to BC pathogenesis, progression and therapy. The regulation of estrogen, RARA,
PTEN, MYC, HSP90 and p70S6K signaling by 2HF as revealed by IPA of differentially
expressed proteins that were detected and quantified by TMT 10plex mass spectrometry

was a characteristic finding that underscores the significance of 2HF for BC interventions.
Further Western blot analyses of protein lysates from 2HF treated and control cells revealed
down-regulation of oncoproteins HSP90, DNMT1 and MY C along with upregulation of

J Proteomics. Author manuscript; available in PMC 2022 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nagaprashantha et al.

Page 10

tumor suppressor PTEN in ER* MCF7, triple-negative MDA-MB231 and HER2* SKBR3
BC cells (Fig 7).

2HF regulated a number of cellular pathways in BC cells (Table 1 and Fig. 8). The top
canonical pathways differentially regulated by 2HF were EIF2 signaling in all the tested
BC cells, and protein ubiquitination pathway in ER* MCF7 and HER2* SKBR3 BC cells.
Among the other signaling cascades regulated by 2HF, many were related to cell-matrix
signaling, invasion and inflammation related pathways. Paxillin is a critical mediator of
cell-matrix signaling and in particular, mediates the estrogen signaling via FAK/N-WASP-
ARP2/3 complex thereby contributing to estrogen mediated cell motility and invasion in BC
cells [95]. The hepatocyte growth factor (HGF) is associated with increased invasiveness
via MAPK pathway activation in BC cells [96, 97]. The insulin growth factor 1 (IGF1)

is associated with BC proliferation via Akt and MAPK pathway activation [98]. The
interleukin 3 (IL3) is associated with inflammation and oncogenesis while IL3 blockage
has been associated with mechanisms of anticancer agents like IL3 receptor antibodies
[99]. 2HF treatment led to down-regulation of paxillin, HGF, oncogenic phospholipase C
and p70S6K signaling in MCF7 and SKBR3 BC cells along with inhibiting IGF1 and L3
signaling in SKBR3 cells (Fig. 8).

Discussion

Novel anticancer small molecules capable of inhibiting signaling networks of direct
relevance to BC prevention and therapy have been a focus of research since decades.

The loss of ER in combination with over-expression and/activity of PI3K/AKT/mTOR
signaling is a known factor that contributes to endocrine resistance in hormone positive BC
[100]. In spite of the development of targeted inhibitors for growth factors, combinatorial
therapeutics focused on anthracyclines, taxanes, CDK4/6 inhibitors, and hormonal therapies
including anti-estrogens and aromatase inhibitors, the quest for an ideal molecule capable
of multi-network inhibition, without any significant toxic effects on normal cells, has
gained momentum in developmental cancer therapeutics [4, 7-9]. Based on the promising
anticancer spectrum of 2HF in BC, this study focused on elucidating the changes in
proteomic profile of ER* MCF7, triple-negative MDA-MB231 and HER2* SKBR3 BC cells
using TMT 10plex proteomics method [11, 16].

2HF treatment led to regulation of several critical signaling proteins and nodes of
fundamental relevance BC initiation, progression and therapeutic response. One of the
interesting observations was the ability of 2HF to target multiple signaling nodes that have
mutual cross-talk in regulating survival and therapeutic resistance in each of the respective
subtypes of BC cells. First, the inhibition of estrogen, RARA and mTOR networks which
are known to interact in regulating the BC response to hormonal therapy was one of the
striking findings. Second, the inhibition of MY C signaling in triple-negative MDA-MB231
BC cells along with activation of PTEN tumor suppressor network was a finding of
translational significance given the high degree of expression and activity of MYC in

basal and triple-negative breast tumors [77]. Third, the inhibition of p70S6K and activation
of let-7, a determinant of tumor differentiation and a tumor suppressor that is normally
repressed by HER2, in HER2™ SKBR3 BC cells following 2HF treatment represents another
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significant finding of this study [92, 93]. The regulation of cancer invasion and proliferation
associated pathways mediated by EIF2, paxillin, HGF, IGF-1 and IL3 signaling provides
additional mechanistic basis for the translational potential of 2HF in BC. In addition,
identification of additional targets of 2HF will help us understand the molecular mechanisms
of its anticancer properties. Taken together, the chemotherapeutic and chemopreventive
potential of 2HF, as shown by its ability to specifically target the cancerous cells, represents
a novel strategy to combat BC.

Conclusions

Naturally occurring compounds have grabbed increased attention for the prevention

of early stage of carcinogenesis and neoplastic progression before the occurrence of
invasive malignant diseases; therefore, many of these compounds have been regarded as
chemoprevention agent. Flavonoids, a group of plant metabolites, provide health benefits
through cell signalling pathways and antioxidant effects, are found in a variety of fruits and
vegetables. Out of eight flavanones including flavanone, 2-OH flavanone, 4-OH flavanone,
6-OH flavanone, 7-OH flavanone, naringenin, nargin, and taxifolin used, results of the cell
viability assay indicate that 2-OH flavanone (2HF) showed the most potent cytotoxic effect
towards various tumor cells (101). 2HF causes significant cytotoxicity to the cancer cells
and also inhibits angiogenesis, which is the key survival mechanism for BC growth and
metastasis (11).

Ingenuity Pathway Analyses (IPA) of differentially expressed proteins revealed that 2HF
treatment leads to inhibition of estrogen, mTOR and RARA signaling in ER* MCF7 BC
cells, activation of tumor suppressor PTEN, and inhibition of MYCN and HSP90 signaling
in triple-negative MDA-MB231 BC cells, and activation of let-7 tumor suppressor, and
inhibition of p70S6K and HSP90 signaling in HER2* SKBR3 BC cells. In summary, this
study characterized the changes in the proteomic profile of major subtypes of BC cells along
with characterizing the critical and translationally significant regulation of major upstream
regulators and networks that collectively provide strong rationale for further development
and testing 2HF based interventions for BC prevention and therapy.

Future perspectives

It is now well recognized that bioactive polyphenols present in edible plants can interfere
with cancer initiation, promotion, and progression, acting as chemopreventive agents (102,
103). In this regard, the ability of 2HF to suppress the /n-vitro angiogenesis and VEGF
expression in BC subtypes, without affecting normal cells, represents the much-desired
ability of an ideal chemopreventive drug to specifically guard against the breast carcinoma
(11, 104). Present study warrants further clinical studies that are needed to standardize the
doses, routes of administration, organ specificity and bioavailability in humans. The current
investigations also indicate that the use of these bioactive natural compounds regularly in the
diet can serve as preventive as well as therapeutic strategies for cancers of multiple organs
and origins. Based on these observations, we conclude that cell proliferation and apoptosis
are valid biomarkers to assess 2HF response in future clinical trials, and flavanones explain
the inverse association between fruits and vegetables consumption and BC risk.
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AKT protein kinase B (PKB), also known as Akt
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BCAM basal cell adhesion molecule

CDK cyclin dependent kinase

COUP-TF1 COUP transcription factor 1

COX17 cytochrome C oxidase copper chaperone
DNAJC?2 DnaJ homolog subfamily member C2
DNMT1 DNA methyl transferase 1

E2F1 E2F transcription factor 1

4EBP2 eukaryotic translation initiation factor 4E-binding protein 2
EGF epidermal growth factor

EGFR epidermal growth factor receptor

EMT epithelial mesenchymal transition

ER estrogen receptor

ERBB2 Erb-B2 receptor tyrosine kinase 2 or HER2
ERK extracellular signal-regulated kinase
GLDC Glycine decarboxylase

GSK3 glycogen synthase 3 kinase

H2A.Z histone H2 A.Z
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HER2
2HF
HIF1
HO-1
HSP90
IBC
IPA
KLF16
L1CAM
MAPK1
MARCKS
MMP
mTOR
PAF
PI3K
PR
PTEN
RARA
RBL1
RRM2
SDS-PAGE
T™T
TNF
TOP2A
TRAIL
UBE2C
UFD1

UNG2

receptor tyrosine-protein kinase erbB-2
2’-hydroxyflavanone

hypoxia inducible factor 1

hemeoxygenase 1

heat shock protein 90

inflammatory breast cancer

Ingenuity pathway analyses

kruppel-like factor16

neural cell adhesion molecule L1

mitogen-activated protein kinase 1

myristoylated alanine rich protein kinase C substrate
matrix metallo proteinase

mammalian target of rapamycin

PCNA-associated factor

phosphoinositide-3 kinase

progesterone Receptor

phosphatase and tensin homolog deleted from chromosome 10
retinoic Acid Receptor

retinoblastoma-like protein 1

ribonucleotide reductase M2 subunit
sodium-dodecyl sulfate polyacrylamide gel electrophoresis
tandem mass tag

tumor necrosis factor

topoisomerase 2A

TNF-related apoptosis-inducing ligand
ubiquitin-conjugating enzyme E2C

ubiquitin fusion degradation protein 1

uracil-DNA glycosylase isoform 2
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Significance

Effective management of breast cancer, the most common cancer in the women
worldwide, remains a major clinical-translational challenge. ERa and HER2 status have
long served as the predictors of breast tumor behavior and response to therapy. Novel
anticancer small molecules capable of inhibiting signaling networks of direct relevance
to breast cancer prevention and therapy have been a focus of research since decades.

The loss of ERa in combination with over expression and/activity of PI3K/AKT/mTOR
signaling is a known factor that contributes to endocrine resistance in hormone positive
breast cancer. In spite of the development of targeted inhibitors for growth factors,
combinatorial therapeutics focused on anthracyclines, taxanes, CDK4/6 inhibitors, and
hormonal therapies including anti-estrogens and aromatase inhibitors, the quest for an
ideal molecule capable of multi-network inhibition, without any significant toxic effects
on normal cells, has gained momentum in developmental cancer therapeutics. Based on
the promising anticancer spectrum of 2’-hydroxyflavanone (2HF) in breast cancer, this
study focused on elucidating the changes in proteomic profile of control and 2HF treated
ER* MCF7, triple-negative MDA-MB231 and HER2* SKBR3 breast cancer cells using
TMT 10Plex proteomics method. Our results further revealed that 2HF regulates critical
signaling nodes including estrogen network, mTOR, HSP90, let-7 and p70S6K signaling
which are of direct relevance to breast cancer prevention and therapy. In summary,
present study characterized the regulation of proteomic profile by 2HF in all the three
major subtypes of breast cancer along with elucidating the inhibition of critical upstream
regulators and networks associated with therapeutic response in breast cancer.
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Highlights
. 2HF inhibits estrogen, RARA and mTOR networks in breast cancer
. 2HF inhibits MYC signaling in triple-negative breast cancer
. 2HF inhibits p70S6K and activates let-7

. 2HF regulates critical cellular canonical pathways in breast cancer
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Figure 1.
TMT 10-plex labeling, phosphopeptide enrichment and fractionation workflow.
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Figure 2. Quantification of PCNA Associated Factor 1 (PAF1) by Mass Spectrometry and
Western blot:

(A) Bar diagrams showing the average reporter ion counts for PAF1 following MS/MS

1duosnuepy Joyiny

1duosnuely Joyiny

analyses. (B) Aliquots of crude membrane extracts (40 pg) from control and 2HF (50uM,
24h) treated MCF10a, MCF7, MDA-MB231, and SKBR3 cells were applied to SDS-PAGE
and subjected to Western blot analyses against anti-PAF1 IgG. Numbers below the blots
represent the fold change in the levels of proteins as compared to control as determined by
scanning densitometry. B-actin was used as an internal control. C, control; T, 50 pM 2HF

treated.
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Figure 3. Quantification of Heme Oxygenase 1 (HO1) by Mass Spectrometry and Western blot:
(A) Bar diagrams showing the average reporter ion counts for HO1 following MS/MS

analyses. (B) Aliquots of crude membrane extracts (40 pg) from control and 2HF (50uM,
24h) treated MCF10a, MCF7, MDA-MB231, and SKBR3 cells were applied to SDS-PAGE
and subjected to Western blot analyses against anti-HO1 IgG. Numbers below the blots
represent the fold change in the levels of proteins as compared to control as determined by
scanning densitometry. B-actin was used as an internal control. C, control; T, 50 pM 2HF
treated.
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Figure 4. Effect of 2HF regulated protein expression changes in ER* MCF7 BC cells.
A, Ingenuity Pathway Analyses (IPA) revealing the differentially expressed estrogen network

proteins. B, IPA revealing the differentially expressed mTOR network proteins. C, IPA
revealing the differentially expressed RARA network proteins.
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Figure 5. Effect of 2HF regulated protein expression changes in triple-negative MDA-MB231 BC
cells.

A, Ingenuity Pathway Analyses (IPA) revealing the differentially expressed PTEN network
proteins. B, IPA revealing the differentially expressed MYCN network proteins. C, IPA
revealing the differentially expressed HSP90 network proteins.
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Figure 6. Effect of 2HF regulated protein expression changes in HER2* SKBR3 BC cells.
A, Ingenuity Pathway Analyses (IPA) revealing the differentially expressed p70S6k network

proteins. B, IPA revealing the differentially expressed HSP90 network proteins. C, IPA
revealing the differentially expressed let-7 network proteins.
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Figure 7. Effect of 2HF (50 uM for 24h) on HSP90, DNMT1, PTEN, and cMyc expression in
breast cancer cells:

Aliquots of crude membrane extracts (40 pg) from control and 2HF (50uM, 24h) treated
MCF7, MDA-MB231, and SKBR3 cells were applied to SDS-PAGE and subjected to
Western blot analyses against HSP90, DNMT1, PTEN, and cMyc antibodies. Numbers
below the blots represent the fold change in the levels of proteins as compared to control as
determined by scanning densitometry. f-actin was used as an internal control. C, control; T,
50 uM 2HF treated.
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Figure 8. Heatmap showing the effect of 2HF (50 uM for 24h) on critical cellular canonical
pathways:

The effect of 2HF on cellular canonical pathways was analyzed by IPA. The heatmap shows
the activated (red) and inhibited (blue) canonical pathways following 2HF treatment in
MCF10A normal epithelial and MCF7, MDA-MB231 and SKBRS3 breast cancer cells.

J Proteomics. Author manuscript; available in PMC 2022 February 05.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Nagaprashantha et al.

Top Canonical Pathways Regulated by 2HF Treatment in BC cells

Table 1:

Top Canonical Pathways

Name p-value
MCF7 (2HF vs. Control)
Protein Ubiquitination Pathway 3.34E-14
EIF2 signaling 2.08E-06
tRNA charging 4.69E-06
NRF2-mediated oxidative stress response 4.02E-05
Regulation of cellular mechanics by Calpain Protease | 6.15E-05
MDA-MB231 (2HF vs. Control)
EIF2 signaling 5.82E-11
tRNA charging 1.88E-08
mTOR signaling 5.53E-07
Regulation of elF4 and p70S6K signaling 7.27E-07
Aryl hydrocarbon receptor signaling 1.24E-06
SKBR3 (2HF vs. Control)
Protein Ubiquitination Pathway 1.73E-15
EIF2 signaling 5.68E-10
Regulation of elF4 and p70S6K signaling 6.13E-07
Huntington Disease Signaling 2.10E-06
Sirtuin Signaling Pathway 6.73E-06
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