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Abstract The 14-3-3 proteins regulate diverse biological
processes that are implicated in cancer development, and
seven 14-3-3 isoforms were identified with isoform-spe-
cific roles in different human tumors. In our previous work,
we dissected the interactome of 14-3-3¢ formed during the
DNA damage response in a hepatocellular carcinoma
(HCC) cell using an AACT/SILAC-based quantitative
proteomic approach. In this study, we used a similar pro-
teomic approach to profile/identify the 14-3-3¢ interactome
formed in native HCC cells. Functional categorization and
data-dependent network analysis of the native HCC-spe-
cific 14-3-3¢ interactome revealed that 14-3-3¢ is involved
in the regulation of multiple biological processes (BPs)/
pathways, including cell cycle control, apoptosis, signal
transduction, transport, cell adhesion, carbohydrate
metabolism, and nucleic acid metabolism. Biological
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validation further supports that 14-3-3¢, via association
with multiple BP/pathway-specific proteins, coordinates
the regulation of proliferation, survival, and metastasis of
HCC. The findings in this study, together with those of our
previous study, provide an extensive profile of the 14-3-3¢
interaction network in HCC cells, which should be valuable
for understanding the pathology of HCC and HCC therapy.
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Abbreviations
LC-MS/MS Liquid chromatography coupled to tandem
mass spectrometry

Amino acid-coded mass tagging

Stable isotope labeling with amino acids in
cell culture

Leu Leucine

Leu-d; Deuterium-labeled leucine (5,5,5-d3)

AACT
SILAC

Introduction

Hepatocellular carcinoma (HCC) is the fifth most common
cancer and the third most common cause of cancer-related
death worldwide (Parkin et al. 2000). Because of the
uncharacterized mechanisms of hepatocellular carcino-
genesis, as well as the lack of effective strategies for HCC-
specific therapeutic intervention, the 5-year survival rate of
HCC patients is extremely low (Bosch et al. 2004).
14-3-3 proteins, the abundant, 28-33 kDa acidic poly-
peptides, belong to a family of conserved regulatory mol-
ecules found in all eukaryotic organisms (Aitken 2006). In
mammals, seven isoforms encoded by seven distinct genes
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have been identified (B, vy, € m, o, T, and (). Through
interaction with close to 200 target proteins identified so
far, those 14-3-3 isoforms are known to be involved in the
regulation of the central BPs/pathways, including intra-
cellular signaling, cell cycle control, apoptosis, stress
response, proliferation, gene expression, and cytoskeletal
integrity (Fu et al. 2000; Coblitz et al. 2006; van Heusden
2005; van Hemert et al. 2001). The diverse 14-3-3 inter-
actors include protein kinases, transcription factors, bio-
synthetic enzymes, signaling molecules, apoptosis factors,
tumor suppressors, and cytoskeletal proteins (van Heusden
2005; Morrison 2009). 14-3-3 proteins binding to the target
protein can variably modify the function of their targets,
such as alteration of their catalytic activity, DNA-binding
activity, subcellular localization, protein—protein interac-
tions, and their susceptibility to proteases and phosphatases
(Hermeking 2003).

Many of the 14-3-3 binding partners are involved in cell
cycle control, signaling, and apoptosis, suggesting the role
of 14-3-3 proteins in carcinogenesis and tumor growth. The
alteration of the level of 14-3-3 proteins has been associ-
ated with several human cancers. For example, the down-
regulation of 14-3-3c, primarily by CpG methylation, has
been associated with a multitude of human epithelial can-
cers, indicating that 14-3-3c acts as a tumor suppressor
(Wilker and Yaffe 2004; Hermeking 2003). In HCC, the
up-regulation of 14-3-3¢ has been observed to be correlated
with the high risk of tumor metastasis and poor survival of
HCC patients (Ko et al. 2011). However, the detailed
actions of 14-3-3¢ in HCC are largely unknown.

Protein—protein interactions (PPIs) are the basic opera-
tors in biological processes. The systematic dissection of
the protein—protein interaction network is not only essential
for the understanding of HCC pathology, but also for
screening the potential targets for cancer therapy. In our
previous work, we dissected the 14-3-3¢ interactome
formed during the DNA damage response in HCC cells
using amino acid-coded mass tagging [AACT, known by
others as SILAC (Ong et al. 2003)]-based quantitative
proteomic approach (Tang et al. 2013b). In this study, we
employed a similar proteomic approach to profile/identify
the 14-3-3¢ interactome formed in native HCC cells.
Twenty-nine proteins were identified as native 14-3-3¢
interactors. Functional categorization and data-dependent
network analysis revealed that 14-3-3g, via association
with these interactors, is involved in the regulation of
diverse BPs/pathways, including cell cycle and apoptosis,
signal transduction, cell adhesion, carbohydrate metabo-
lism, nucleic acid metabolism, and intracellular transport,
indicating that 14-3-3¢ coordinates the cross-talk among
these BPs/pathways to affect the survival, proliferation,
and metastasis of HCC. The following biological validation
demonstrated that 14-3-3¢ indeed interacts with the key
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modules (TAK1, PRPS1, YWHAQ, ACTN4) in each BP/
pathway, further supporting the role of 14-3-3¢ in the
tumorigenesis of HCC. This study, together with our pre-
vious findings, contributes to the body of knowledge
regarding the 14-3-3¢ interaction network in HCC cells,
which would be valuable in providing the potential targets
for HCC therapy.

Materials and methods
Chemicals and reagents

Dialyzed FBS (26400-044) and Lipofectamine 2000
(11668-019) were obtained from Invitrogen; Deuterium-
labeled leucine (5,5,5-d3 (Leu-d;), DLM-1259) was
obtained from Cambridge Isotope Laboratories (CIL);
Leucine-deficient RPMI 1640 medium was obtained from
US Biological (R8999-03); Sequencing-grade trypsin
(V5113) was purchased from Promega; and G418 sulfate
(345810) was purchased from Calbiochem.

FLAG antibody (SG4130-29) was purchased from
Shanghai Genomics, Shanghai, China; anti-FLAG beads
(A2220) and 1x FLAG peptide (F3290) were obtained
from Sigma-Aldrich; and antibodies against PRPSI1
(15549-1-AP), YWHAQ (14-3-30, 14503-1-AP), ACTN4
(19096-1-AP), B-actin (60008-2-Ig), and MAP3K7 (TAKI,
12330-2-AP) were obtained from Proteintech.

Cell culture, selection of stable HCC cell line

The HCC cell line QGY-7703 was purchased from the Cell
Bank of Chinese Academy of Science and grown in RPMI
1640 medium supplemented with 10 % FBS (PAA Labo-
ratories, A15-151).

The empty vector pcDNA 3.1 was transfected into
QGY-7703 cells using Lipofectamine 2000 according to
the manufacturer’s protocol. The stable cell line was
obtained by selecting the transfected cells using 400 pg/ml
G418. Stable HCC cells-expressing FLAG-14-3-3¢ were
used as described previously (Tang et al. 2013b).

Stable isotope labeling (AACT/SILAC), isolation/
purification of 14-3-3¢ interacting complexes
assembled in native HCC cells

The control cells (vector only) were labeled with RPMI
1640 medium containing Leu-d;. The procedure of using
Leu-d; to label the cellular proteome has been described
previously (Yang et al. 2010; Wang et al. 2005; Zuo et al.
2010; Tang et al. 2013b).

Stable FLAG-14-3-3¢g-expressing HCC cells were
grown in regular RPMI 1640 medium (light), whereas
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control cells were maintained in the medium containing
Leu-d; (heavy). Each cell pool was lysed with lysis buffer
(Beyotime, P0O013) supplemented with protease inhibitor
cocktail (Roche, 04693132001) and phosphatase inhibitor
cocktail (Sigma-Aldrich, P0044), respectively. The protein
concentration was quantified using Bradford assay (Beyo-
time, PO006) and mixed with 1:1 based on the total protein
mass. Then, 400 pl of anti-FLAG beads (Sigma-Aldrich,
A2220) was added and incubated at 4 °C for 4 h to
immunoprecipitate the FLAG-14-3-3¢ interacting proteins.
After immunoprecipitation, anti-FLAG beads were washed
five times with TBS buffer (50 mM Tris—HCI, pH 7.4,
150 mM NaCl) to eliminate the non-specific binding. The
immunoprecipitates were eluted by 100 pg/ml of FLAG
peptide, and the eluates were concentrated to the appro-
priate volume for the following SDS-PAGE separation and
Coomassie brilliant blue (CBB) staining.

Band excision, in-gel trypsin digestion, and peptide
extraction

Following the protocol described previously (Shevchenko
et al. 2006), the visible bands on the SDS-PAGE gel were
excised. The gel slices were washed with Milli-Q water,
and CBB dye was removed with 50 % acetonitrile (ACN)/
50 mM ammonium bicarbonate for 15 min. The gel slices
were dehydrated twice in 100 % ACN for 30 min and
reconstituted overnight at 37 °C with an in-gel digestion
reagent containing 12.5 ng/ul sequencing-grade trypsin
(Promega, V5113). The tryptic peptides were extracted
from the gel pieces with 50 % ACN/0.1 % TFA and
lyophilized.

LC-MS/MS analysis

LC-MS analysis was performed on a nano-acquity UPLC
system (Waters Corporation, Milford, USA) connected to
an LTQ Orbitrap mass spectrometer (Thermo Scientific,
Bremen, Germany) equipped with an online nano-electro-
spray ion source (Michrom Bioresources, Auburn, USA).
Peptides were resuspended with 12 pl of solvent A (5 %
ACN, 0.1 % formic acid in water). 10 pl of peptide solu-
tion was loaded onto the Captrap Peptide column
(2 x 0.5 mm, Michrom Bioresources, Auburn, USA) with
a 20 pl/min flow rate of solvent A for 5 min and then was
separated on a Magic CI8AQ reverse phase column
(100 pm id x 15 cm, Michrom Bioresources, Auburn,
USA) with a three-step linear gradient. The gradient started
from 5 % B (90 % ACN, 0.1 % formic acid in water) to
45 % B over 100 min, increased to 80 % B over 3 min, and
then to 5 % B over 2 min. The column was re-equilibrated
at initial conditions for 15 min. The column flow rate was
maintained at 500 nl/min and the column temperature was

maintained at 35 °C. The electrospray voltage of 1.8 kV
versus the inlet of the mass spectrometer was used.

The LTQ Orbitrap mass spectrometer was operated in
the data-dependent mode to switch automatically between
MS and MS/MS acquisition. Survey full-scan MS spectra
with one microscan (m/z 400-2,000) were acquired in the
Obitrap with a mass resolution of 60,000 at m/z 400, fol-
lowed by MS/MS of the eight most-intense peptide ions in
the LTQ analyzer. The automatic gain control (AGC) was
set to 1,000,000 ions, with a maximum accumulation time
of 500 ms. For MS/MS, we used an isolation window of
2 m/z and the automatic gain control (AGC) of LTQ was
set to 20,000 ions, with a maximum accumulation time of
120 ms. Single charge state was rejected and dynamic
exclusion was used with two microscans in 10 and 90 s
exclusion duration. For MS/MS, precursor ions were acti-
vated using 35 % normalized collision energy at the default
activation g of 0.25 and an activation time of 30 ms. The
spectra were recorded with Xcalibur (version 2.2.0)
software.

The MS raw data and the related files can be found at
PeptideAtlas (http://www.peptideatlas.org/PASS/PASS
00373).

Protein identification and quantification

The raw mass spectra files were processed using MaxQuant
software (version 1.4.0.8, http://www.maxquant.org/) (Cox
and Mann 2008). Data were searched using the Andromeda
search engine (Cox et al. 2011) against the IPI human
database (v3.68, 87,061 entries). The parameters for data-
base search were set as follows: (1) The minimum required
peptide length was 7 amino acids. (2) Trypsin cleavage
specificity was applied with up to two missed cleavages
allowed. (3) Various modifications included methionine
oxidation (15.9994 Da), N-acetylation of protein N-termini
(42.0106 Da), and leu-d; (3.0188 Da). (4) Initial mass
deviation of the precursor ion and fragment ions were up to
10 ppm and 0.5 Da, respectively. (5) The false discovery
rate (FDR) was set to 1 % at both the peptide and protein
levels. (6) Only proteins sequenced with at least two pep-
tides were considered as reliable identification.
Quantification of proteins (L/H ratio) was performed
using MaxQuant (version 1.4.0.8). Briefly, (1) Leu and
Leu-d; were selected as light (L) and heavy (H) labels,
respectively. (2) Methionine oxidations and acetylation of
protein N-termini were specified as variable modifications.
(3) Peptide and protein FDRs were set to 0.01 and seven
amino acids were required as minimum peptide length. (4)
Unique and razor peptides were used for protein quantifi-
cation. (5) The protein ratios (L/H) were automatically
calculated and normalized by MaxQuant. (6) Specific
interaction partners were determined by the significance

@ Springer


http://www.peptideatlas.org/PASS/PASS00373
http://www.peptideatlas.org/PASS/PASS00373
http://www.maxquant.org/

844

C. Bai et al.

B value (<0.05), which is the p value for detection of
significant outlier protein ratios calculated on the protein
subsets obtained by intensity binning (Cox and Mann
2008). Significance B can be calculated using the freely
available Perseus analysis software (http://www.perseus-
framework.org/).

Functional categorization and network analysis

The MS-identified 14-3-3¢ interactors were submitted to
Gene Ontology (http://www.geneontology.org/) and
DAVID (http://www.david.abcc.ncifcrf.gov) for categori-
zation according to their previously known associations
with different functions. Signaling pathways were classi-
fied using PANTHER (http://www.pantherdb.org/). Net-
work analysis was performed using STRING mapping tool
(http://string-db.org/). The 14-3-3¢ interacting network
scheme was constructed using Cytoscape 2.8.3 (http:/
www.cytoscape.org/).

Co-immunoprecipitation and immunoblotting

The control cells and FLAG-14-3-3¢-expressing cells
(~1 x 107 cells/each group) were lysed, and 40 ul of anti-
FLAG beads was added to perform immunoprecipitation at
4 °C for 3 h with gentle shaking. After immunoprecipita-
tion, anti-FLAG beads were washed four times with TBS
buffer (50 mM Tris—HCIl, pH 7.4, 150 mM NaCl), and
immunoprecipitates were eluted by directly boiling the
beads.

Protein samples were separated using SDS-PAGE and
transferred to PVDF membrane (Immobilon-P5? Mem-
brane, 0.2 um). The membranes were blocked with 5 %
nonfat milk and probed with the specified primary anti-
bodies followed by incubation with secondary antibody
conjugated with horseradish peroxidase, and ECL substrate
(Pierce, 34095) was subsequently added to the membrane
and exposed using an ECL system.

Results

Dissection of 14-3-3¢ interactome formed in native
HCC cells

In our previous work, we generated a HCC cell line that
stably expressed the FLAG-tagged 14-3-3¢, and we dis-
sected the HCC-specific 14-3-3¢ interactome formed dur-
ing the DNA damage response using an AACT/SILAC-
based quantitative proteomic approach (Tang et al. 2013b).
In this study, using the similar method, we designed an
experiment to profile/identify the 14-3-3¢ interactome
formed in native HCC cells. Briefly (Fig. 1a), the FLAG-
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14-3-3¢-expressing HCC cells were grown in the “light”
(L) medium, whereas the control cells (vector only) were
maintained in “heavy” (H) medium containing Leu-d;.
The proteins extracted from each group were mixed in a
ratio of 1:1 based on the total protein mass, and anti-FLAG
beads were added to immunoprecipitate the 14-3-3¢ inter-
acting complex for the following SDS-PAGE separation
(Fig. 1b), in-gel trypsin digestion, and LC-MS/MS
analysis.

Based on the fact that leu-ds is 3 Da heavier than leu, in
MS analysis, for each leu-containing peptide, a paired
isotope signals with a mass split of 3 n/z (n stands for the
number of leu in the peptide and z is the charge number of
the peptide) could be observed. The “light” isotope peak is
from the FLAG-14-3-3¢-expressing cells, and the “heavy”
peak is from the control cells. The ratio of paired light
versus heavy isotope signals (L/H) reflects the changes of
the binding strength of a protein to 14-3-3¢. For most non-
specific contaminants, their L/H ratios should be close to
1.0. The proteins quantified with L/H ratios greater than 1.0
should be considered to be the specific 14-3-3¢ interactors.

According to the stringent criteria for protein identifi-
cation and quantification (see Materials and methods),
among a total of 743 protein identifications, 584 proteins
were quantified with L/H ratios (Table S1). Using signifi-
cance B value (p < 0.05) as the threshold to distinguish the
specific 14-3-3¢ interactors (Cox and Mann 2008), initially,
55 proteins were demonstrated as having significant
abundance changes (L/H ratios >1.70) (Fig. 2 and Table
S2). However, we noted that certain highly abundant pro-
teins, such as cytoskeletal/structural proteins, histones,
hnRNP proteins, and ribosomal proteins, were included in
this list. Based on the previous report (Trinkle-Mulcahy
et al. 2008), they are in the class of “beads proteome”, i.e.,
proteins that often stick to the agarose beads where the
FLAG antibody is conjugated to, therefore, co-purify with
the “true” protein interacting partners during the process of
immunoprecipitation. Thus, after excluding these proteins,
29 proteins were considered to be 14-3-3¢ interactors
formed in native HCC cells (Table 1 and Table S2).

Functional categories of the identified 14-3-3¢
interacting proteins in native HCC cells

To clarify the BPs of the identified HCC-specific 14-3-3¢
interactors, we utilized Gene Ontology (http://www.gen
eontology.org/) and DAVID (http://david.abcc.nciferf.gov/)
to classify these proteins on the basis of their known
functions. As shown in Fig. 3a and Table 1, these 14-3-3¢
interactors were found in multiple functional categories/
BPs, such as cell cycle and apoptosis, signal transduction,
cell adhesion, carbohydrate metabolism, nucleic acid
metabolism, and intracellular transport.
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Fig. 1 Isolation of native HCC-specific 14-3-3¢-interacting complex
by immunoprecipitation. a Strategy to identify 14-3-3¢-interacting
partners in native HCC cells. HCC cells stably expressing FLAG-14-
3-3¢ were maintained in “light” medium (Leu). In parallel, control
cells were grown in “heavy” medium (Leu-d;). The whole cell
lysates (WCL) derived from each cell pool were mixed 1:1 based on
the total protein mass. The FLAG-14-3-3¢-interacting complex was
purified using anti-FLAG beads followed by SDS-PAGE separation,

The distribution of the identified 14-3-3¢ interactors in
these functional categories is given in Fig. 3a. One portion
of the 14-3-3¢ interactor was 14-3-3 isoform (B, v, , 1, 0),
which plays a key role in the regulation of cell cycle pro-
gression and apoptosis. For instance, 14-3-3 proteins
interact with CDC25 to suppress G2/M cell cycle pro-
gression (Forrest and Gabrielli 2001; Peng et al. 1997), and
interact with BAD (Zha et al. 1996; Datta et al. 2000) and
BAX (Nomura et al. 2003; Samuel et al. 2001) to inhibit
cellular apoptosis. Furthermore, the levels of 14-3-3¢ and
were found to be up-regulated in HCC, and the up-regu-
lation of these isoforms was correlated to the tumorigenesis
of HCC (Ko et al. 2011; Niemantsverdriet et al. 2008).
Together, these findings indicate the important role of
14-3-3 isoforms in carcinogenesis. In addition, 14-3-3
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in-gel trypsin digestion, and LC-MS/MS analysis. b Isolation of the
14-3-3g complex by immunoprecipitation. Purification of the 14-3-3¢
complex was carried out via the procedure described in “Materials
and methods”. Proteins were separated on SDS-PAGE and stained
with Coomassie brilliant blue (CBB). WCL whole cell lysates, IP
immunoprecipitates, MK protein marker. Bait protein FLAG-tagged
14-3-3¢ is indicated by arrow on the SDS-PAGE gel

proteins often form homo- or hetero-dimers for function
(Fu et al. 2000). In our MS-identified 14-3-3¢ interactome,
five 14-3-3 isoforms were identified (B, vy, {, n, 6), indi-
cating that the FLAG-tagged 14-3-3¢ protein is functional,
and also demonstrating the accuracy of our quantitative
proteomic approach.

MAP3K7 (TAK1) is an evolutionarily conserved
member of the MAPKKK family that plays key roles in the
regulation of MAPKs and NF-xB signaling pathways to
promote cell survival (Ninomiya-Tsuji et al. 1999; Sakurai
et al. 1999; Lee et al. 2000; Yamaguchi et al. 1995). TAK1
requires a protein activator, MAP3K7IP1 (TAB1),
induce full activation (Shibuya et al. 1996). Our previous
work demonstrated that both TAK1 and TAB1 are 14-3-3¢
interactors formed in HCC cells in response to DNA
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Fig. 2 Proteome-wide accurate quantification and significance. Nor-
malized protein ratios are plotted against protein intensities. The
data points are colored by their “significance B”, with blue filled circles
(526 proteins) having values >0.05, the ratios of these proteins are
centered around 1.0, which are considered to be the non-specific binding.
With red filled diamonds (56 proteins) having values <0.05, the ratios of
these proteins are >1.70, which are considered as the specific 14-3-3¢
interactors. Some known 14-3-3¢ interactors (YWHAG, YWHAQ,
YWHAB, YWHAZ, and YWHAH) are indicated (color figure online)

damage, and 14-3-3¢ negatively regulates the anti-apop-
totic activity of TAK1 (Tang et al. 2013b). Our findings are
consistent with the observations, clearly indicating that
14-3-3¢ integrates with TAKI1 signaling pathways to
determine the HCC cell fate.

Alpha-actinins (ACTN1 and ACTN4) are cytoskeletal
proteins that bind actin filaments to maintain cytoskeletal
structure and cell morphology (Djinovic-Carugo et al.
2002). Recently, some work demonstrated that alpha-acti-
nins act as nuclear receptor coactivators that promote cell
proliferation (Khurana et al. 2011; Babakov et al. 2008).
ACTNI1 and ACTN4 were identified as 14-3-3¢ interactors,
indicating that 14-3-3¢ via associations with these proteins
regulates the proliferation and motility (metastasis) of
HCC.

The largest portion of the 14-3-3¢ interactome in HCC
cells was represented by proteins involved in nucleic acid
metabolism. The highlighted one is ribose-phosphate py-
rophosphokinase (PRPS). Human PRPS exists as com-
plexes containing PRPS1, PRPS2 and two associated
proteins (PRPSAP1 and PRPSAP2) (Kita et al. 1989, 1994;
Sonoda et al. 1997). PRPS controls purine metabolism and
nucleotide biosynthesis, which affects cell growth and
proliferation (Tatibana et al. 1995). A prior study indicated
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that PRPS1 associates with p300 to regulate DNA synthesis
(Kaida et al. 2005). Components of the PRPS complex
have been identified as 14-3-3¢ interactors in different cell
lines as indicated by our previous work (Zuo et al. 2010;
Tang et al. 2013b). These previous results, along with the
identification in the present study, indicate that 14-3-3¢
may coordinate with PRPS to modulate DNA synthesis and
the subsequent cell growth and proliferation of HCC.

Elevated glucose catabolism is important for the pro-
duction of energy and required anabolic precursors in
rapidly growing tumor (Shaw 2006). The up-regulation of
glucose-6-phosphate dehydrogenase (G6PD) has been
observed to be correlated with the progression of HCC and
other tumors (Premalatha et al. 1997; Sivanesan and
Begum 2007). G6PD, identified as 14-3-3¢ interactor, may
indicate that 14-3-3¢ integrates into glucose metabolism
pathways to regulate the growth of HCC.

Data-dependent network analysis of 14-3-3¢ interacting
proteins reveals that 14-3-3¢ coordinates the cross-talk
among diverse pathway modules

To elucidate how 14-3-3¢ coordinates multiple functional
pathways in the tumor environment and the possible
functional role of the 14-3-3¢ interactome in HCC, we
utilized the STRING interaction network mapping tool
(http://string-db.org/) and PANTHER pathway mapping
tool (http://www.pantherdb.org/) to explore the intercon-
nected relationships among the 14-3-3¢ interactors and
further identified each different pathway module. As shown
in Fig. 3b, 14-3-3¢ was determined to be the critical net-
work node inter-connecting multiple BPs/pathways asso-
ciated with tumor growth, proliferation, and metastasis,
including EGF receptor/PI3K signaling pathway, MAPKs/
inflammatory signaling pathways, integrin pathway,
nucleotide metabolism, and protein transport.

In HCC, the disorder of multiple signaling pathways
associated with cell proliferation and survival has been
elucidated. The up-regulation of epidermal growth factor
(EGF), transforming growth factor (TGF), fibroblast
growth factor (FGF), as well as EGF receptor (EGFR) and
platelet-derived growth factor receptor (PDGFR) has been
observed in HCC cell lines and tissues (Thomas and
Abbruzzese 2005). Furthermore, downstream of these
receptors, the imbalance of Ras/Raf/MEK/ERK and PI3K/
AKT signaling cascades were also characterized in HCC
(Thomas and Abbruzzese 2005; Mendez-Sanchez et al.
2008). 14-3-3¢ and its isoforms have been well character-
ized in association with the key modules [e.g., RAF, PI3K,
AKT, MAP3K7, and BAD (Morrison 2009; van Hemert
et al. 2001; Wilker and Yaffe 2004; Tang et al. 2013b)]
involved in these pathways. In the network, 14-3-3¢ clearly
integrates into these pathways, indicating that 14-3-3¢


http://string-db.org/
http://www.pantherdb.org/

Dissection of the native HCC-specific 14-3-3¢ interactome

847

Table 1 The native HCC-specific 14-3-3¢ interactors and their associations with different biological processes

IPI no. Gene name  Protein name Pep® L/H ratio” Variability (%)°
IPI00000816 ~ YWHAE 14-3-3 protein epsilon (bait) 16 10.89 119.6
Cell cycle and apoptosis
IP1I00018146 YWHAQ 14-3-3 protein theta 8 12.31 40.69
IP100021263 YWHAZ 14-3-3 protein zeta 14 24.38 98.07
1P100216319 YWHAH 14-3-3 protein eta 7 27.10 84.83
IPI00759832 YWHAB 14-3-3 protein beta 7 17.74 68.87
IPI00910779 YWHAG 14-3-3 protein gamma 6 5.75 34.28
Signal transduction
IPI00218566 MAP3K7 Isoform 1A of Mitogen-activated protein kinase kinase kinase 7 5 2.16 14.25
IPI00019459 MAP3K7IP1 Mitogen-activated protein kinase kinase kinase 7-interacting protein 1 8 1.76 40.01
Cell adhesion
IPI00013508 ACTN1 Alpha-actinin-1 39 2.88 30.81
IPI00013808 ACTN4 Alpha-actinin-4 48 472 48.33
1P100291175 VCL Isoform 1 of vinculin 10 1.87 43.48
IPI00854700 KIAA1598 Isoform 1 of shootin-1 3 2.02 29.48
IPI00005087 TMOD3 Tropomodulin-3 14 2.71 28.21
Carbohydrate metabolic process
IPI00006682  PPP1R3D Protein phosphatase 1 regulatory subunit 3D 4 12.54 49.28
1P100220808 PFKFB2 6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 5 1.94 29.31
IP100645745 G6PD Glucose-6-phosphate dehydrogenase 4 232 79.47
1P1I00909143 DLD Dihydrolipoyl dehydrogenase 5 2.69 125.37
Nucleic acid metabolic process
IPI00003168 PRPSAP2 Phosphoribosyl pyrophosphate synthetase-associated protein 2 16 5.82 48.30
IPI00797603 PRPSAPI1 Phosphoribosyl pyrophosphate synthetase-associated protein 1 15 5.42 42.39
IP100219616 PRPS1 Ribose-phosphate pyrophosphokinase 1 10 3.75 29.88
IP1I00219617 PRPS2 Isoform 1 of Ribose-phosphate pyrophosphokinase 2 12 4.33 56.37
IP1I00029054 NT5C2 Cytosolic purine 5-nucleotidase 7 6.04 54.58
IPI00014319 IVNSIABP  Influenza virus NS1A-binding protein 11 3.24 24.18
IPI00161600  C170rf79 Cooperator of PRMTS5 3 1.96 20.22
Intracellular transport
IPI00001639 KPNB1 Importin subunit beta-1 2.80 55.98
1IPI00411426  VPS26A Vacuolar protein sorting-associated protein 26A 3 1.94 19.32
IPI00908710  SQSTM1 Sequestosome-1 2.34 19.09
Others
IPI00910095  Clorf27 Odorant response abnormal 4 isoform 3 2.48 20.22
IPI00465370 RNF219 RING finger protein 219 1.85 3.94
IP1I00479893  C10orf18 Isoform 2 of uncharacterized protein C10orf18 2 2.01 90.78

 Peptide number matched to the protein

" Protein abundance changes enriched by 14-3-3¢ from FLAG-14-3-3¢-expressing cells vs. control cells

¢ Variability was calculated by the isotope intensity ratio from multiple leucine-containing peptides

plays a critical role in the regulation of proliferation,
differentiation, and survival of HCC.

Another subnetwork that 14-3-3¢ participated in is the
integrin pathway. Invasion and metastasis are important
determinants in the progression of HCC (Quaranta 2002).
Integrin protein family plays principal roles in the pro-
cesses of growth, differentiation, and invasion and

metastasis of malignant cells (Dedhar and Hannigan 1996).
The alteration of the level of integrins has been demon-
strated in HCC with an aggressive phenotype (Jaskiewicz
and Chasen 1995; Yao et al. 1997). Prior studies revealed
that 14-3-3 proteins interact with several integrin isoforms
to enhance cell spreading and mobility (Han et al. 2001;
Santoro et al. 2003). In addition, o-actinin-4 (ACTN4) was
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Fig. 3 Functional categorization and network analysis of the native
HCC-specific 14-3-3¢ interactome. a Functional categories and the
corresponding percentage of the native 14-3-3g-interacting partners
identified by quantitative proteomic approach. The 14-3-3¢ interactors
were categorized according to their known involvements in various
biological processes (BPs) using online bioinformatics analysis tools
such as gene ontology (http://www.geneontology.org/) and DAVID
(http://www.david.abcc.nciferf.gov), and then the corresponding

demonstrated to be recruited to the integrin complex to
regulate cell migration (Byron et al. 2012). These clues
indicate that 14-3-3¢, via association with integrin and
actinin, is involved in the regulation of invasion and
metastasis of HCC.

In the network, 14-3-3¢ was also demonstrated to be
integrated into the processes of nucleotide metabolism and
carbohydrate metabolism, suggesting that 14-3-3¢ coordi-
nates the processes of DNA synthesis and energy genera-
tion to regulate the growth of HCC.

In summary, this data-dependent network analysis pro-
vided further support that 14-3-3¢ coordinates multiple
pathways to regulate cell growth, differentiation, cell cycle
progression, and invasion and metastasis in HCC.

Validation of the HCC-specific 14-3-3¢ interactome
dataset using immunoprecipitation/immunoblotting

We used co-immunoprecipitation (co-IP) and concurrent
immunoblotting to evaluate the physiologically relevant
accuracy of our proteomics dataset of the HCC-specific
14-3-3¢ interacting complex. As shown in Fig. 4 and Fig.
S1, consistent with MS quantification (Fig. S1), 14-3-36
(YWHAQ), ACTN4, PRPS1, and MAP3K7 (TAK1) were
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EGF receptor/FGF/PI3K signaling pathways

percentage of those interactors involved in different BPs were plotted.
b Data-dependent network analysis of 14-3-3¢ interactors. The gene
symbol of 14-3-3¢ is YWHAE. Signaling pathways were classified
using PANTHER (http://www.pantherdb.org/); the network was
constructed by the bioinformatics analysis tool: STRING (http:/
string.embl.de/). The links in the network were edited using Cyto-
scape 2.8.3 (http://www.cytoscape.org/). Some known 14-3-3¢ inter-
actors were marked in yellow circles (color figure online)

confirmed as 14-3-3¢ interactors. These results clearly
support the accuracy of the MS-identified 14-3-3¢ inter-
actome dataset. The biological validation data, together
with data-dependent network analysis (Fig. 3), indeed
demonstrated that 14-3-3¢ associates with these modules
involved in each BPs/pathways to regulate the prolifera-
tion, survival, and metastasis of HCC.

Statistical analysis of HCC-specific 14-3-3¢
interactomes formed under different conditions

In our previous work, we obtained 65 HCC-specific 14-3-
3¢ interactors formed during the DNA damage response
(Tang et al. 2013b). In the present study, we identified 29
14-3-3¢ interactors formed in native HCC cells. In the
comparison of these two datasets, 10 proteins were iden-
tified in both, indicating that these proteins may be the
constitutive 14-3-3¢ interactors in HCC cells (Fig. 5a, b).
Excluding the redundant proteins, in total, 84 proteins were
identified as 14-3-3¢ interacting partners in HCC cells,
which is in agreement with the nature of 14-3-3 proteins
via associations with hundreds of proteins regulating
diverse cellular processes as previously reported (Thomas
et al. 2005; Coblitz et al. 2006).


http://www.geneontology.org/
http://www.david.abcc.ncifcrf.gov
http://www.pantherdb.org/
http://string.embl.de/
http://string.embl.de/
http://www.cytoscape.org/
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IPI Number Gene Symbol
IP100001639 KPNB1
IP100003168 PRPSAP2
IP100797603 PRPSAP1
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IP100005087 TMOD3
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IP100014319 IVNS1ABP
IP100218566 MAP3K7
IP100019459 MAP3K71P1
IP100029054 NT5C2

Fig. 5 Statistical analysis of condition-based 14-3-3¢ interactome
formed in HCC. a-b Analysis of HCC-specific 14-3-3¢ interactome
formed in native condition and DNA damage-induced condition. Our
prior study identified sixty-five 14-3-3¢ interacting partners (DNA
damage-induced 14-3-3¢ interactome) (Tang et al. 2013b). In the
present study, twenty-nine 14-3-3¢ interactors were identified in

native HCC cells (native 14-3-3¢ interactome). Ten proteins were
identified in both datasets (a) and listed (b). ¢ The summary of HCC-
specific 14-3-3¢ interactors with biological validation. a MAP3K7
(TAKI1) were both identified and validated in two datasets. b See in
reference (Tang et al. 2013a)
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In terms of biological validation, in total, 11 proteins
were confirmed as 14-3-3¢ interactors using immunopre-
cipitation/immunoblotting (Fig. 5c). Notably, most of these
validated proteins are new 14-3-3¢ interactors in compar-
ison with the known protein—protein interaction database
(Biogrid, http://thebiogrid.org/; HPRD, http://hprd.org/,
and other such tools). More importantly, some of them
[TAKI1 (Tang et al. 2013b), MVP (Tang et al. 2013a)] were
conducted in depth to explore the detailed interaction
mechanisms with 14-3-3¢. Taken together, these findings
provide extensive evidence of the 14-3-3¢ interactome in
HCC so far, which should be the critical reference for
understanding the pathology of HCC and therapeutic
intervention of HCC through interfering with specific
protein—protein interactions.

Discussion

14-3-3 proteins, the evolutionarily conserved regulatory
molecules, have been found in all eukaryotic organisms
(Aitken 2006). In mammals, seven 14-3-3 isoforms that are
encoded by distinct genes were identified. Although there
is relatively high sequence homology that all 14-3-3 iso-
forms share, the proteomic screening using various 14-3-3
isoforms as bait proteins revealed the isomer-specific
composition of the interactome of different 14-3-3 family
members (Pozuelo Rubio et al. 2004; Meek et al. 2004; Jin
et al. 2004; Benzinger et al. 2005), indicating that indi-
vidual 14-3-3 isoforms may play specific biological roles.

Given that 14-3-3 proteins regulate diverse biological
processes, accumulating evidence from cell and animal
models, as well as patient samples, has established a strong
link between 14-3-3 proteins and many types of cancer
(Morrison 2009; Hermeking 2003; Tzivion et al. 2006). The
14-3-3c is directly connected to human cancer. Gene silenc-
ing of /4-3-30, mainly by CpG methylation, occurs in
numerous solid tumor types and even in hematologic malig-
nancies (Lodygin and Hermeking 2005), suggesting that
14-3-3c has tumor suppressing activity. In support of a pro-
oncogenic role of 14-3-3, the up-regulation of 14-3-3C and € is
associated with poor prognosis of breast cancer and HCC
patients, respectively (Neal et al. 2009; Ko et al. 2011). Other
isoforms, including B, v, and t, have also been observed to be
up-regulated in cancer specimens (Qi et al. 2005, 2007;
Pereira-Faca et al. 2007). Although the connection between
14-3-3 and cancer development has been established, further
studies to elucidate the mechanisms by which each isoform of
14-3-3 contributes to tumorigenesis are required.

Given that 14-3-3¢ plays an important role in HCC
carcinogenesis, in this study, we employed AACT/SILAC-
based quantitative proteomic approach to profile/identify
the 14-3-3¢ interactome formed in native HCC cells in a

@ Springer

systems view. Functional categorization and data-depen-
dent network analysis of the 14-3-3¢ interactors revealed
that 14-3-3¢ is not only involved in the regulation of the
known BPs/pathways such as cell cycle and apoptosis,
signal transduction, and intracellular transport, but also in
the regulation of carbohydrate metabolic process, cell
adhesion, and nucleic acid metabolic process in HCC cells.
The subsequent biological validation further supports that
14-3-3¢, by interacting with the key modules involved in
the specific BPs/pathways, coordinates their cross-talk,
therefore regulating the proliferation, survival, and metas-
tasis of HCC cells.

Our previous work used the similar proteomic approach
to profile/identify the 14-3-3¢ interactome of HCC in
response to DNA damage (Tang et al. 2013b). Together
with the findings obtained in the present study, we dis-
sected the 14-3-3¢ interactome in HCC cells in depth, and
our findings should be useful in providing potential targets
for HCC intervention.
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