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Phosphoproteomic analysis of the antitumor effects
of ginsenoside Rg3 in human breast cancer cells
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Abstract. The incidence of breast cancer has been increasing
in China and the age of breast cancer onset is earlier compared
with Western countries. Compounds commonly used in
Traditional Chinese Medicine (TCM) are an important source
of anticancer drugs. Ginseng is one of the most common
medicines used in TCM. Ginsenosides, which are saponins
found in the ginseng plant, are the major active components
responsible for the chemopreventive effects of ginseng in cancer.
However, the mechanisms by which ginsenosides exert their
anticancer effects remain elusive. The current study combined
tandem mass tag (TMT)-based quantification with titanium
dioxide-based phosphopeptide enrichment to quantitatively
analyze the changes in phosphoproteomes in breast cancer
MDA-MB-231 cells that occur following treatment with the
ginsenoside Rg3. A total of 5,140 phosphorylation sites on
2,041 phosphoproteins were quantified and it was demonstrated
that the phosphorylation status of 13 sites were altered in
MDA-MB-231 cells following treatment with Rg3. The
perturbed phosphoproteins were: Cleavage and polyadenylation
specificity factor subunit 7, elongation factor 2 (EEF2),
HIR A-interacting protein 3, melanoma-associated antigen D2,
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myosin phosphatase Rho-interacting protein, probable E3
ubiquitin-protein ligase MYCBP2, PRKC apoptosis WT1
regulator protein, protein phosphatase 1 regulatory subunit 12A,
E3 SUMO-protein ligase RanBP2, Septin-9, thymopoietin,
and E3 UFMI-protein ligase 1. Western blotting confirmed
that Rg3 increased the phosphorylation of EEF2 on Thr57 but
did not alter the protein expression of EEF2 in MDA-MB-231
and HCC1143 cells. These ginsenoside Rg3-regulated proteins
are involved in various biological processes, including protein
synthesis, cell division and the inhibition of nuclear factor-xB
signaling. The results of the present study revealed that Rg3
exerts its anticancer effects via a combination of different
signaling pathways.

Introduction

Breast cancer is the most common cancer and the sixth leading
cause of cancer-associated mortality in Chinese women (1).
The overall incidence of breast cancer has been increasing in
China and the age of onset is earlier compared with Western
countries; in China, breast cancer incidence peaks at the age of
50 (2). Plant-derived active constituents, which are frequently
used in Traditional Chinese Medicine (TCM), as well as
their semi-synthetic or synthetic analogs, are a major source
of anticancer drugs. Ginseng, including American ginseng
(Panax quinquefolius L.) and Asian ginseng (Panax ginseng
C.A. Meyer) is the root of Panax plant (which belongs to the
Araliaceae family) and is one of the most common compounds
used in TCM (3-5). Ginsenosides, which are saponins found in
ginseng, are the major active components responsible for their
chemopreventive effects against cancer (6).

Ginsenoside Rg3, which is extracted from the steamed
Panax ginseng C.A. Meyer, exhibits anticancer properties.
Chen et al (7) demonstrated that Rg3 decreases the metastasis
of breast cancer cells and the expression of C-X-C chemokine
receptor type 4, which serves an important role in metas-
tasis. Kim ef al (8) determined that Rg3 induces apoptosis
in MDA-MB-231 cells via classical mitochondria-dependent
caspase activation. Furthermore, it was indicated that Rg3
induces apoptosis by blocking nuclear factor (NF)-«B signaling
via inactivation of extracellular regulated kinase (ERK) and
protein kinase B (Akt) and destabilization of mutant p53 (9).
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Improving understanding of the mechanisms by which Rg3
executes its anticancer functions may aid the development of
novel therapies to treat breast cancer.

Multiplexed quantification has been used to analyze
complex signaling pathways. This is performed with the
use of isobaric labeling reagents, including tandem mass
tags (TMT) (10) and isobaric tags for relative and absolute
quantification (iTRAQ) (11), combined with phosphopeptide
enrichment and mass spectrometry (MS). Nirujogi et al (12)
used an 8-plex TMT labeling strategy with titanium dioxide
(TiO,)-based phosphopeptide enrichment to assess changes of
the phosphoproteome in the brains of rats following exposure
to the nerve agent VX. Roitinger et al (13) combined a 4-plex
iTRAQ labeling strategy with a phosphopeptide enrichment
pipeline (immobilized metal affinity chromatography
coupled with metal oxide affinity chromatography) to
characterize the DNA damage response signaling pathway
in Arabidopsis thaliana. Furthermore, a previous study by
the current authors combined a 6-plex TMT labeling method
with TiO,-based phosphopeptide enrichment to evaluate the
short-term effects of genistein on the phosphorylation-mediated
signal transduction pathway in MDA-MB-231 cells. The
results revealed that genistein modulated the cell cycle and
the DNA damage response pathway (14). In the current study,
a TMT-based quantitative phosphoproteomics approach was
used to identify Rg3-regulated proteins in breast cancer
MDA-MB-231 cells following short-term treatment. A total
of 5,907 phosphorylation sites on 2,143 phosphoproteins were
identified out of 3,597 proteins. Out of these phosphorylation
sites, 5,140 were quantified. The results demonstrated that 13
were altered in MDA-MB-231 cells following Rg3 treatment.
The phosphoproteins regulated by Rg3 are involved in protein
synthesis, cell division and NF-«kB signaling inhibition. The
results of the current study therefore suggest that the anticancer
effects of Rg3 are dependent on various mechanisms in breast
cancer cells.

Materials and methods

Cell lines and reagents. The breast cancer cell line
MDA-MB-231 was maintained in Dulbecco's Modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 29.2 ug/ml L-glutamine, 100 units/ml of penicillin and
100 pg/ml of streptomycin (all Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) at 37°C in 5% CO,. The breast cancer cell
line HCC1143 was maintained in RPMI-1640 supplemented
with 10% FBS, 29.2 ug/ml of L-glutamine, 100 units/ml of
penicillin and 100 pug/ml of streptomycin at 37°C in 5% CO,.
The cell lines were purchased from the American Type
Culture Collection (Manassas, VA, USA). Ginsenoside Rg3
and antibodies against GAPDH (G8795, mouse monoclonal),
elongation factor 2 (EEF2) (SAB5300110, mouse monoclonal)
and phosphorylated (p)-EEF2 (Thr57) (SAB4503817, rabbit
polyclonal) were purchased from Sigma-Aldrich; Merck
KGaA (Darmstadt, Germany). The secondary Amersham
ECL HRP conjugated antibodies against rabbit IgG (NA934V)
and mouse IgG (NA931V), nitrocellulose membrane and
Amersham ECL Western Blotting Detection Reagents were
purchased from GE Healthcare Life Sciences (Pittsburgh,
PA, USA). TiO, nanobeads (5 um beads) were purchased
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from GL Sciences Inc. (Torrance, CA, USA). Trypsin (Tosyl
phenylalanyl chloromethyl ketone-treated) was purchased
from Worthington Biochemical Corp. (Lakewood, NJ, USA).
DMEM, RPMI-1640, Penicillin-Streptomycin-Glutamine
(100X), the halt™ Protease and Phosphatase Inhibitor
Cocktail (100X), TMTsixplex™ Isobaric Label Reagent Set
and all other chemicals were purchased from Thermo Fisher
Scientific, Inc. (Waltham, MA, USA).

Cell lysis, protein digestion and TMT labeling. Exponentially
growing MDA-MB-231 cells were plated at 3x10° cells per
150 mm plate overnight. Three populations of cells were treated
with 40 uM ginsenoside Rg3 for 0, 3 or 24 h. Experiments
were performed in duplicate. Cell lysis and protein extraction
were performed as previously described (14). Briefly, following
treatment, cells were washed with PBS and lysed in lysis buffer
[4% SDS, 50 mM triethylammonium bicarbonate (TEABC),
10 mM sodium fluoride, 1 mM sodium orthovanadate, | mM
B-glycerophosphate and 2.5 mM sodium pyrophosphate] via
sonication at 4°C for 4 min at 10 sec/pulse and a frequency of
0.05 Hz. Following centrifugation at 16,000 x g at 20°C for
15 min, the supernatant was collected and protein concentra-
tion was determined using a Pierce™ Bicinchoninic acid assay
(Thermo Scientific, Inc.). An equal amount of protein (400 pg)
from each group of cells was reduced by dithiothreitol at a
final concentration of 5 mM at 60°C for 20 min and alkylated
using 10 mM iodoacetamide for 10 min at 25°C in the dark.

Samples were then subjected to the filter-assisted sample
preparation (FASP) protocol (15) with minor modifica-
tions (14). Processed samples were subsequently transferred
to a fresh tube and subjected to tryptic digestion overnight
at 37°C. The resulting peptides were dried completely in
a vacuum concentrator and stored at -80°C. TMT labeling
was performed following the manufacturer's protocol in the
TMTsixplex™ Isobaric Label Reagent Set. Briefly, tryptic
peptides from each sample was reconstituted in 100 ul of
50 mM TEABC buffer and mixed with the TMT reagent recon-
stituted in 41 yl anhydrous acetonitrile (ACN) and incubated
at 25°C for 1 h. All labeled peptides from each sample were
mixed, completely dried in a vacuum concentrator and stored
at -80°C.

Fractionation of peptides by basic reversed phase
high-performance liquid chromatography (bRP-HPLC). The
peptide mixture was fractionated on an Agilent 1100 Series
HPLC system (Agilent Technologies, Inc., Santa Clara, CA,
USA) using basic reversed-phase chromatography at a flow
rate of 400 pl/min. The TMT-labeled peptide mixture was
resuspended in 1 ml of 10 mM TEABC (pH 8.0) and loaded
on an XBridge BEH C18 Column (130 A, 5 um, 4.6x250 mm,;
Waters, Milford, MA). The mobile phase consisted of 10 mM
TEABC, pH 8.0 (buffer A) and 10 mM TEABC, 90% aceto-
nitrile, pH 8.0 (buffer B). The sample was loaded was onto
the column and peptides were subsequently separated
using the following gradient: 2 min isocratic hold at 0% B,
0-15% solvent B in 8 min; 15-28.5% solvent B in 33 min;
28.5-34% solvent B in 5.5 min; 34-60% solvent B in 13 min,
for a total gradient time of 64.5 min. Fractions were collected
on a 96-well plate through the elution profile of the separation.
A total of 5% of the collections from each well were merged
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into 6 fractions and dried using vacuum centrifugation prior
to proteomic analysis by liquid chromatography tandem
mass spectrometry (LC-MS/MS). The remaining fractions
from each well were merged into 12 fractions and dried
using vacuum centrifugation for TiO,-based phosphopeptide
enrichment.

TiO,-based phosphopeptide enrichment. The 12 fractions
from bRP-HPLC were subjected to TiO,-based phosphopep-
tide enrichment as described by Larsen et al (16), with minor
modifications (14). Briefly, TiO, nanobeads were incubated
with 2,5-dihydroxybenzoic acid (DHB) solution [80% v/v
ACN, 3% v/v trifluoroacetic acid (TFA), 5% w/v DHB] for
20 min at 25°C. Each fraction was resuspended in DHB
solution and incubated with DHB-bound TiO, nanobeads
[Peptides (mg): TiO, (mg)=1:1]. Phosphopeptide-bound TiO,
nanobeads were washed twice with 400 xl washing solution
(80% v/v ACN, 3% v/v TFA). Phosphopeptides were eluted
three times with 20 ul 4% v/v ammonia into 20 pl 20% v/v
TFA and dried completely using vacuum centrifugation. Dried
phosphopeptides were resuspended in 50 pl 0.15% TFA and
desalted using C18 Stage-Tips, made according to the protocol
outlined by Rappsilber et al (17), prior to LC-MS/MS.

LC-MS/MS. LC-MS/MS analysis of peptides and
phosphopeptides was performed using a reversed phase liquid
chromatography Dionex chromatography system interfaced
with a linear trap quadrupole-Orbitrap Velos mass spectrometer
(Thermo Fisher Scientific, Inc.). Mass spectra of precursor
and product ions were acquired in a high-resolution Orbitrap
analyzer (Thermo Fisher Scientific, Inc.). Peptides were loaded
onto an analytical column (10 cmx75 pm, Magic C18 AQ 5 ym,
120 10\; Thermo Fisher Scientific,Inc) by 0.1% v/v formic acid and
eluted using an ACN gradient (0-60% v/v) containing 0.1% v/v
formic acid. The settings were: i) Precursor scans (fourier
transform mass spectrometry, FTMS) from 350-1,800 m/z at
30,000 resolution; and ii) MS2 scan (FTMS) of higher-energy
collisional dissociation (HCD) fragmentation of the 10 most
intense ions (isolation width, 1.20 m/z; normalized collision
energy, 40.0; activation time, 0.1 ms; fourier transform (FT)
first mass value, 110.00 (fixed) at a resolution of 15,000.

MS data analysis. Tandem mass spectra were searched using
the Andromeda algorithm (18) against a human UniProt
database (launched in February 2014, www.uniprot.org)
using the MaxQuant platform (version 1.4.1.2, developed
by Computational Systems Biochemistry; The Max Planck
Institute, Munich, Germany). The search parameters included:
6-plex TMT, <2 missed cleavages, fixed modification
(carbamidomethylation of cysteine residues), variable
modification, (protein N-term acetylation), oxidation of
methionine residues and phosphorylation of serine, threonine
and tyrosine residues. The first and primary searches for
monoisotopic peptide tolerance were set to 20 and 4.5 ppm,
respectively. The MS/MS tolerance was set to 50 ppm.
The maximum modifications per peptide were set to 5 and
the maximum charge was set at 7. The reward type of the
target-decoy analysis was selected. The peptide-spectrum
match (PSM) false discovery rate (FDR), protein FDR and
the site decoy fraction were set to 0.01. The minimum peptide
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length was set to 7. The minimal scores for unmodified and
modified peptides were 0 and 40, respectively. The minimal
9 scores for unmodified and modified peptides were 0 and 17,
respectively. The minimum of unique and razor peptides for
identification was set to 1. The reporter ion intensities for each
PSM with a precursor ion fraction (PIF) >0.75 were calculated
using MaxQuant. The quantification of identified proteins
was determined by normalized reporter ion intensities using
=1 razor/unique non-phosphopeptide. The quantification of
each identified phosphosite was determined using the least
modified peptide and normalized to produce normalized
reporter ion intensities. The probability of phosphorylation
of each Ser/Thr/Tyr site on each peptide was calculated using
Andromeda software (also developed by Computational
Systems Biochemistry, The Max Planck Institute, Munich,
Germany) incorporated into the MaxQuant platform. MS
proteomics data were deposited to the ProteomeXchange
Consortium (19) via the proteomics identifications (PRIDE)
partner repository and have the dataset identifier PXD003092.

Bioinformatics analysis. The molecular function and cellular
localization of phosphoproteins were obtained using the protein
annotation through evolutionary relationship (PANTHER)
classification system (20,21). A literature search was carried
out by searching the gene names of the Rg-3-regulated proteins
against the PubMed database (http://www.pubmed.gov). The
search results from the PubMed database were reviewed to
identify the potential roles of these proteins in cancer-related
signaling pathways.

Western blotting. MDA-MB-231 and HCC1143 cells were
treated with ginsenoside Rg3 for 0, 3 and 24 h. The expression
of the proteins EEF2 and p-EEF2 (Thr57) from each sample
were analyzed by Western blotting to validate the signifi-
cance of the proteomic results. Cells were lysed in modified
radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Nonidet
P-40,0.25% sodium deoxycholate and 1X Halt™ Protease and
Phosphatase Inhibitor Cocktail) followed by centrifugation at
16,000 x g at 4°C for 20 min. The protein concentration of
the supernatant was measured using a Pierce™ BCA Protein
Assay kit (Thermo Fisher Scientific, Inc.), 50 ug was loaded
into NuPAGE 4-12% Bis-Tris Protein Gels (Thermo Fisher
Scientific, Inc.). Proteins were transferred onto nitrocellulose
membranes (GE Healthcare Life Sciences). After blocking
with 5% non-fat dry milk in PBS-T buffer at 4°C for 4 h, the
membranes were incubated in PBS-T buffer with the antibody
against GAPDH (dilution, 1:10,000) as the loading control or
the phosphospecific antibody against p-EEF2 (Thr57; dilu-
tion, 1:1,000) or anti-EEF2 antibody (dilution, 1:500) at 4°C
for overnight. Following 3 washes in PBS-T, the membranes
were incubated with the corresponding HRP-conjugated
secondary antibodies against mouse IgG (1:5,000) or rabbit
IgG (1:10,000) at room temperature for 1 h. All films were
developed with ECL reagents.

Results and Discussion

MS analysis of ginsenoside Rg3-treated MDA-MB-231 cells.
Kim et al previously demonstrated that ginsenoside Rg3
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Figure 1. Schematic illustration of the TMT-based quantitative whole
proteomic/phosphoproteomic pipeline. Cells treated with ginsenoside Rg3
for different time were subjected to filter-assisted sample preparation-based
sample preparation. 6-plex TMT labeling and bRP-HPLC were performed
and collected fractions were concatenated. A proportion of these fractions
were subjected to TiO, enrichment. Enriched phosphopeptides, along with
unprocessed peptides were analyzed using an Orbitrap-equipped mass spec-
trometer. TMT, tandem mass tag; LC-MS/MS, liquid chromatography tandem
mass spectrometry; bRP-HPLC, basic reversed phase high-performance
liquid chromatography; TiO,, titanium dioxide.

induces apoptosis in MDA-MB-231 cells (8) and inhibits
activation of the NF-kB signaling pathway (9). Furthermore, it
has been demonstrated that Rg3 exhibits different anticancer
effects in different cancer cell lines (22-28). To identify other
changes in the signaling network induced by Rg3 in breast
cancer cells, TMT-based quantitative analysis of phospho-
proteomic changes in MDA-MB-231 cells was performed
following treatment with Rg3. Kim et al (9) suggested that Rg3
inhibits the phosphorylation of Akt and ERK following 24 h
treatment in MDA-MB-231 cells. Therefore, the current study
examined phosphoproteomic changes in MDA-MB-231 cells 3
and 24 h following Rg3 treatment. Cells were treated with Rg3
at the indicated times and harvested for TMT-labeling (Fig. 1).
Labeled peptides from 6 samples were mixed, fractionated and
subjected to LC-MS/MS analysis.

MS data generated through 18 LC-MS/MS runs were
analyzed on the MaxQuant proteomics data analysis
platform (Version 1.4.1.2) (18,29). Using an FDR cut-off
of 1% at the peptide and protein levels and excluding
reverse and contaminating matchers, 3,597 proteins were
identified, of which 2,143 were phosphoproteins. From these
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Figure 2. Molecular function and cellular localization distribution of proteins
and phosphoproteins identified in the current study. The numbers of identified
phosphoproteins with (A) different molecular functions and (B) cellular loca-
tions were calculated based on the information obtained from the PANTHER
classification system.

phosphoproteins, a total of 5,907 phosphorylation sites were
detected. Files describing the identification of these proteins
and their phosphorylation sites may be downloaded from the
PRIDE partner repository using the following link (http:/www.
ebi.ac.uk/pride/archive/projects/PXD003092/files). These files
include information about sequence coverage information,
protein/peptide identification score and peptide sequences.
These proteins and phosphoproteins were categorized
according to molecular function (Fig. 2A) or cellular component
(Fig. 2B) using the PANTHER classification system.

Reporter ion intensities were calculated using MaxQuant to
quantify changes in the expression and phosphorylation levels
of these proteins. A total of 2,118 proteins and 5,140 phos-
phorylation sites on 2,041 phosphoproteins were quantified. In
several proteomics studies that also used TMT-based quantita-
tive methods, a 1.5 fold change was selected as the cut-off for
significant changes (12,14,30). Therefore, a 1.5 fold-cutoff for
increases and a 0.67 fold-cutoff for decreases at the protein
and phosphorylation levels were selected in the current study.
Observed changes that were consistent in the biological
replicate experiments were considered to be reliable observa-
tions. Following the aforementioned criteria, changes in the
expression and phosphorylation of proteins in ginsenoside
Rg3-treated MDA-MB-231 cells was analyzed (Fig. 3). The
results of the current study indicated that the expression of
2,117 quantified proteins in MDA-MB-231 cells remained
unchanged following 3 and 24 h treatment with Rg3 (Fig. 3A
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Figure 3. Quantitative analysis of fold changes of proteins and phosphorylation in ginsenoside Rg3-treated MDA-MB-231 cells. Density scatter plot of fold
changes of (A and B) protein expression and (C and D) level of protein phosphorylation at (A and C) 3 h and (B and D) 24 h in ginsenoside Rg3-treated

MDA-MB-231 cells. All the data have been logl0-transformed.

and B) and that Rg3 increased the expression of one protein,
40S ribosomal protein S27 (Fig. 4), suggesting that Rg3
may have little effect on the total protein expression in
MDA-MB-231 cells following 24 h treatment. Furthermore,
the results of the present study demonstrated that the phos-
phorylation level on 5,127 quantified sites of 2,038 proteins
in MDA-MB-231 cells remained unchanged following treat-
ment for 3 and 24 h (Fig. 3C and D) and that Rg3 was able to
regulate the phosphorylation level of 12 proteins on the 13 sites
(Table I). Among these 12 Rg3-regulated phosphoproteins, the
results demonstrated that the expression of 9 Rg3-regulated
phosphoproteins remained unchanged. Furthermore, there
were no quantitative data evaluating changes in the expres-
sion of HIRA-interacting protein 3 (HIRIP3), MYC binding
protein 2 (MYCBP2) and PRKC apoptosis WT1 regulator
protein (PAWR), suggesting that Rg3 changes the phosphory-
lation level of these proteins but does not affect their overall
expression. Overall, 13 Rg3-regulated signaling molecules
were identified in breast cancer cells.

Rg3-regulated signaling molecules in MDA-MB-231 cells.
Rg3 affects various signaling pathways in cancer cells. To
understand the potential impacts of these newly identified
Rg3-regulated signaling molecules on the effects of Rg3 in
MDA-MB-231 cells, a literature search was performed to
review the functions of these signaling molecules identified in
previous studies.

Ribosomal protein S27 (RPS27, previously known as
metallopastimulin), a multifunctional protein, is a component

of the ribosome 40S subunit and belongs to the S27E family
of ribosomal proteins. RPS27 is highly expressed in a
wide variety of malignant tumor tissues (31-36). RPS27
knockdown induces spontaneous apoptosis and inhibits the
proliferation of human gastric cancer cells by inhibiting NF-xB
signaling (37,38). However, the ectopic expression of RPS27
may also inhibit cell proliferation in head and neck squamous
cell carcinoma cells (39). To the best of our knowledge, the
current study is the first to indicate that RPS27 expression is
increased in MDA-MB-231 cells following 24 h treatment
with Rg3. Interestingly, the results of the current study did not
identify increased phosphorylation at the Serl1 and Ser27 sites
of RPS27 (Fig. 4B), suggesting that phosphorylation of RPS27
may not serve a role in the anti-proliferative role of Rg3 in
MDA-MB-231 cells.

Cleavage and polyadenylation specificity factor
subunit 7 (CPSF7) is a subunit of CPSF, which is respon-
sible for the splicing and processing of the 3'-end during
mRNA maturation (40,41). It has been demonstrated that
the expression of CPSF7 mRNA in cancer stroma is associ-
ated with the recurrence of breast cancer (42). In the current
study, Rg-induced phosphorylation on CPSF7 was observed
in MDA-MB-231 cells, indicating that CPSF7 may be
involved in the development of breast cancer (Fig. 5A and
Table I).

Myosin phosphatase is critical in the regulation of myosin
light chain phosphorylation (43,44). Myosin light chain phos-
phorylation serves a critical role in the contraction of smooth
muscles, as well as during cell division and cell migration (45).
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Table I. A list of Rg3-regulated phosphoproteins.

Fold
change
Gene symbol Protein Uniprot ID Phosphosite Identified peptides 3-h  24-h
CPSF7 Cleavage and polyadenylation Q8N684 S191 AHpSRDSSDSADGR 1.52 2.08
specificity factor subunit 7
EEF2 Elongation factor 2 P13639 T57 AGETRFpTDTR 1.78 2.21
HIRIP3 HIRA-interacting protein 3 Q9BW71 S372 EVSDpSEAGGGPQGER 0.72 0.60
MAGED?2 Melanoma-associated antigen D2 Q9UNF1 S173 HLDGEEDGpSpSDQSQASGTTGGR 0.92 0.63
MPRIP Myosin phosphatase Q6WCQI1 S218 TKDQPDGSpSLpSPAQSPS 1.58 1.21
Rho-interacting protein S5220 QSQPPAASSLR 1.58 1.21
MYCBP2 Probable E3 ubiquitin-protein 075592 S2751  SLpSPNHNTLQTLK 1.11 1.52
ligase MYCBP2
PAWR PRKC apoptosis WT1 regulator  Q961Z0 S231 STTpSVSEEDVSSR 1.38 1.82
protein
PPPIRI2A  Protein phosphatase 1 regulatory 014974 S695 RpSTQGVTLTDLQEAEK 144 232
subunit 12A
RANBP2 E3 SUMO-protein ligase P49792 S1456  SGSSFVHQApSFK 1.19 1.85
RanBP2
SEPT9 Septin-9 Q9UHDS S85 HVDSLSQRpSPK 1.39 1.68
TMPO Thymopoietin P42167 S156 EQGTEpSR 1.00 1.65
UFLI E3 UFM1-protein ligase 1 094874 5458 KDDDpSDDESQSSHTGK 1.18 1.66
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Figure 4. Ginsenoside Rg3 increases the expression of ribosomal protein S27 but does not affect its phosphorylation. (A) The MS/MS spectrum of the peptide
DLLHPSPEEEK is annotated (above) and the relative intensities of the TMT reporter ions present the changes in its expression (below) in biological duplicates.
(B) The MS/MS spectrum of the phosphopeptide DLLHPpSPEEEK is annotated (above) and the relative intensities of the TMT reporter ions present the
unchanged phosphorylation level of RPS27 at Ser 11 (bottom). TMT, tandem mass tag; MS, mass spectrometry.
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Figure 5. Representative MS/MS spectra of the identified phosphopeptides from (A) cleavage and polyadenylation specificity factor subunit 7,
(B) HIR A-interacting protein 3, (C) potassium/sodium PRKC apoptosis WT1 regulator protein, and (D) E3 UFMI1-protein ligase 1. Inset shows the relative
intensities of the tandem mass tag reporter tags of ginsenoside Rg3 treatment at different time points. MS, mass spectrometry.
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Figure 6. Ginsenoside Rg3 increases the phosphorylation level of EEF2 on Thr57. (A) Representative MS/MS spectra of the identified phosphopeptide
AGETRFpTDTR (left) and the non-phosphopeptide DLEEDHACIPIKK (right) from EEF2. Inset presents the relative intensities of the TMT reporter tags
following treatment with Rg3 at different time points in biological duplicates. (B) Time course of Rg3-induced EEF2 phosphorylation in MDA-MB-231 and
HCC1143 cells. Following treatment with Rg3 for the indicated times, cells were subjected to lysis and resolved by SDS-PAGE. Threonine phosphorylation of
EEF2 was probed by Western blotting with antibodies against phospho-EEF2 (Thr57). The amount of total EEF2 was determined by Western blotting with
anti-EEF2 antibodies. The amount of total GAPDH was determined by Western blotting with antibodies against GAPDH as the loading control. TMT, tandem
mass tag; EEF2, elongation factor 2; MS, mass spectrum; phospho, phosphorylated.
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Two components of the myosin phosphatase complex, myosin
phosphatase Rho-interacting protein (MPRIP) and myosin
phosphatase target subunit 1 (PPP1IR12A), were identified in
the current study. MPRIP regulates myosin light chain phos-
phorylation and maintains actin stress fibers (46,47) whereas
PPPIR12A serves roles in various actin-involved biological
processes, including chromatid segregation (48) and cell
migration (49). The results of the current study demonstrated
that Rg3 increased phosphorylation on MPRIP and PPP1R12A.
Septin-9 (SEPT9) belongs to a family of guanosine triphosphate
(GTP)-binding proteins, septins that have been implicated in
mammalian cell division. SEPT9 is critical for the final separa-
tion of daughter cells but is not required during the early stages
of cell division (50). This gene is the only gene in which muta-
tions are known to cause hereditary neuralgic amyotrophy (51).
The results of the current study indicate that the phosphoryla-
tion of SEPT-9 is increased following treatment with Rg3 in
MDA-MB-231 cells. Taken together, these results indicate that
Rg3 may serve a role in regulating cell division.

MYCBP2, also known as PAM, is known as one of the most
potent inhibitors of adenylyl cyclase and mediates the inhibi-
tion of cyclic adenosine monophosphate signaling (52). PAWR
is well known by the name of prostate apoptosis response-4
(Par-4) due to its unique ability to induce apoptosis in cancer
cells but not in healthy cells (53). RANBP2 is a giant scaf-
fold and mosaic cyclophilin-related nucleoporin and has been
implicated in transportin-dependent nuclear import (54,55).
The results of the current study indicated that Rg3 treatment
increased the phosphorylation of these three proteins (Fig. 5B
and Table I).

E3 ubiquitin fold modifier 1 (UFMI)-protein ligase 1
(UFL1) is a ligase specifically responsible for the UFMI, a
ubiquitin-like modifier covalently conjugated to its target
proteins (56). UFLI1-mediated UFM1 modification serves
an important role in various signaling pathways, including
inhibition of NF-«kB signaling (57) and regulation of the
cell cycle (58). It has been demonstrated that Rg inhibits
NF-«B signaling in various types of human cancer (9,59,60).
The results of the current study indicate that Rg3 may
increase the phosphorylation of UFL1 in MDA-MB-231
cells (Fig. 5C and Table I), suggesting that Rg3 may inhibit
NF-«B signaling by regulating UFLI1-mediated UFM1
modification.

Rg3 also decreased the phosphorylation of HIRIP3 and
MGED?2 (Fig. 5D and Table I). HIRIP3 is an interacting
protein of the HIRA protein, a histone chaperon and its
function remains largely unknown (61). MGED?2 is a poten-
tial negative regulator of p53, a tumor suppressor gene (62)
and may protect against tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL)-induced apoptosis in
human melanoma cells (63).

Elongation factor 2 (EEF2) is a member of the GTP-binding
translation elongation factor family and is an essential factor
for protein synthesis. Phosphorylation of EEF2 on Thr57
impairs protein synthesis (64,65). As presented in Fig. 6A,
Rg3 increases the phosphorylation of EEF2 on the Thr57 site
(Table 1), suggesting that Rg3 may suppress protein synthesis
in MDA-MB-231 cells.

The majority of Rg3-regulated phosphorylation events have
not been previously investigated. Among the 13 phosphorylation
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sites listed in Table I, only phosphorylation-specific antibodies
against pThr57 of EEF2 is commercially available. Western
blotting was performed to determine whether the expression
of EEF2 and p-EEF2 were altered by Rg3 in MDA-MB-231
and HCC1143 TNBC cells. The results demonstrated that
Rg3 increased the phosphorylation of EEF2 on Thr57 but
did not affect the total expression of EEF2 in MDA-MB-231
and HCC1143 cells (Fig. 6B). These results were consistent with
those of quantitative phosphoproteomics, validating these results.

In conclusion, the results of the current study demonstrated
that during short term treatment with Rg3, MDA-MB-231 cells
werenotdramaticallyalteredatthe proteomiclevel.Rg3-induced
changes in the phosphorylation of proteins involved in protein
synthesis, cell division and inhibition of NF-kB signaling were
detected. The present study suggests that Rg3 exerts its effects
on cellular proliferation in diverse ways; however, further
studies are required to improve understanding of the anticancer
effects of Rg3.
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