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14-3-3g is a novel growth-promoting and angiogenic factor
in hepatocellular carcinoma
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Background & Aims: Hepatocellular carcinoma (HCC) is one of tissue microarray analyses showed that overexpression of 14-3-

the most common malignancies worldwide. The continued 3g, either in tumors or intratumoral vessels, contributed to the

search for novel therapeutic strategies for HCC is urgently
required. In this study, we aimed to investigate the functions
and clinical significance of 14-3-3g protein in HCC.
Methods: Expressions of genes and proteins were determined by
quantitative reverse transcription polymerase chain reaction,
Western blot, and immunohistochemistry. Their functions were
assessed by endothelial cell recruitment, tube formation, wound
healing, flow cytometry, immunostaining, immunoprecipitation,
and xenograft assay. A tissue microarray followed by univariate
and multivariate analyses was performed to indicate the clinical
significance.
Results: In HCC specimens, overexpression of 14-3-3g was
observed not only in tumors but also in intratumoral vessels. In
HCC and vascular endothelial cells, 14-3-3g stimulated prolifer-
ation and angiogenesis, but attenuated the functions of sorafenib.
Briefly, 14-3-3g facilitated the phosphorylation of extracellular
signal-regulated kinase1/2 (ERK1/2). Then, by binding to the
phosphorylated-ERK1/2 (p-ERK1/2), formed a functional positive
feed-back loop. A xenograft model showed that, blockage of
either 14-3-3g or ERK1/2 inhibited the tumor growth. Finally,
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poor survival.
Conclusions: The 14-3-3g-ERK1/2 feedback loop played a char-
acteristic growth-promoting role in HCC, not only in tumors but
also in intratumoral vessels. Further, 14-3-3g could be a poten-
tial therapeutic target for HCC and a biomarker for predicting sor-
afenib treatment response.
Lay summary: Here we found that, 14-3-3g protein exhibited a
characteristic growth-promoting effect in both tumor and intra-
tumoral vessels of hepatocellular carcinoma by interacting with
ERK1/2 signaling.
� 2016 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.
Introduction

Hepatocellular carcinoma is one of the most common solid
tumors and the second leading cause of cancer-related mortality
worldwide [1,2]. Current standard curative practices for treat-
ment of HCC are the liver resection or liver transplantation, how-
ever, the long-term outcome after these therapies is less than
satisfactory because of the high post-surgical recurrence [3]. Con-
sequently, the continued search for novel therapeutic strategies
for HCC is urgently needed.

The 14-3-3 proteins are a family of approximate 28 to 33 kDa
acidic polypeptides; there are seven mammalian isoforms of the
14-3-3 protein (a/b, c,r, e, f, g, and h/s), which regulate multiple
cellular functions via interactions with intracellular proteins by
phosphoserine and phosphothreonine bindings [4,5]. Studies
indicate that 14-3-3 proteins can regulate cancer cell prolifera-
tion, survival, migration/invasion, and function as potential ther-
apeutic targets [6,7]. Up to date, five members of 14-3-3 family
proteins (a/b, c, r, e, and f) have been identified to be involved
in the HCC progression, including tumor growth, metastasis,
and resistance to sorafenib [8–13], however, the functions and
clinical significances of 14-3-3h/s and g in HCC are still largely
uninvestigated.
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Here we identified that overexpression of 14-3-3g was

observed both in HCC tumors and intratumoral vessels, and that,
overexpression of 14-3-3g prognosticated poor overall/
recurrence-free survival. In the context of the molecular mecha-
nisms involved, 14-3-3g and phosphorylated extracellular
signal-regulated kinase (p-ERK)1/2 formed a functional positive
feed-back loop, which enhanced cellular proliferative and angio-
genic abilities, but attenuated the functions of sorafenib. Collec-
tively, our findings have provided the underlying mechanisms
of 14-3-3g in the growth and angiogenesis of HCC, and impli-
cated 14-3-3g as a potential prognostic biomarker and therapeu-
tic target for HCC.
Materials and methods

Patients and tissue microarray

This study was approved by Medical Ethics Committee of Nanjing Medical
University, and the participants’ written informed consents were obtained from
each patient for the study of tissue excised from surgical specimens. A cohort
of 256 Chinese HCC patients was enrolled in this study, the clinic-pathologic data
was listed in Supplementary Table 1. To validate the clinical significance of 14-3-
3g in HCC, we performed a tissue microarray constructed by Shanghai Zhuoli
Biotechnology Co., Ltd (Zhuoli Biotechnology Co, Shanghai, China). In each case,
1–2 lm thick sections from paraffin tissue blocks were cut, dewaxed, pre-
treated and transferred to glass slides used with an adhesive tape transfer system,
in order to carry out ultraviolet cross linkage. All reactions were performed on an
automated staining device. The quantitation of immunostaining for 14-3-3g was
completed by two independent researchers who were blinded regarding patient
details. The immunostaining score of 14-3-3g in tumor parenchyma was semi-
quantified by Quick-score (Q-score) based on intensity and heterogeneity [13].
The positive rates were scored as 0 point (0%), 1 point (1–25%), 2 points (26–
50%), 3 points (51–75%), and 4 points (76–100%). The score of the staining inten-
sity was presented as 0 point (none), 1 point (low), 2 points (medium), and 3
points (high). The Q-score was the sum of heterogeneity and intensity. The
expression was defined as positive/high when the combination scores were
P2/4. The immunostaining in intratumoral vessels was merely scored intensity
(none, low, medium, and high to 0, 1, 2, 3) and the expression was defined low
when the score 61.

Cell culture and transfection

HepG2, HuH7, and human umbilical vein endothelial cell line (HUVECs), were
obtained from Institute of Biochemistry and Cell Biology, Shanghai Institutes
for Biological Sciences, Chinese Academy of Sciences. The MHCC97H cells were
obtained from the Liver Cancer Institute, Zhongshan Hospital, Fudan University
(Shanghai, China). These cells were identified by China Center for Type Culture
Collection (Wuhan, China). Cells were maintained in a 37 �C humidified incubator
with 5% CO2. HepG2, HuH7, and MHCC97H cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Life Technologies/Gibco, Grand Island, NY),
while HUVECs were cultured in extracellular matrix (ECM) medium (Invitrogen,
Carlsbad, USA). The mediums were supplemented with 10% fetal bovine serum,
100 U/ml penicillin, 100 lg/ml streptomycin (Gibco), 100 lg/ml heparin, and
30 lg/ml ECs growth supplement (for HUVECs, Sigma-Aldrich, MO, USA). Phenol
red was added into the medium to reflect the pH. A mycoplasma stain assay kit
(Beyotime Co. Ltd, Haimeng, China) was used for mycoplasma testing. For cell
transfection, the pcDNA-3.1-14-3-3g-FLAG plasmid that overexpressed both
14-3-3g and FLAG was created by inserting the coding sequences of 14-3-3g
(YWHAH, 741 bp) into pcDNA3.1 plasmid, followed by adding a FLAG-tag at its
N-terminal (Generay Biotech Co. Ltd, Shanghai, China). The commercial specific
14-3-3g small interfering (si)RNA was purchased from Santa Cruz Biotechnology
(http://datasheets.scbt.com/sc-43581.pdf). Cells were transiently transfected
using the Lipofectamine 2000 reagent (Invitrogen), according to the manufac-
turer’s protocol. Briefly, cells were seeded in 6-well plates at a density of
1 � 105 per well. After 24 h, these cells were transfected with 5 ng/ml vector-
Con or 14-3-3g-FLAG, or 20 nM si-Con or si-14-3-3g for 12 h. After transfection,
such cells were cultured in fresh medium supplemented with 10% FBS for another
24 h before being used for other experiments.
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Animals and xenografts

This study was approved by Nanjing Medical University Institutional Animal Care
and Use Committee, and animals were treated humanely and with regard for alle-
viation of suffering. Briefly, the BALB/c nude mice were obtained from SLRC lab-
oratory animal center (Shanghai, China), and kept in a specific pathogen-free and
temperature-controlled environment (20–22 �C) with a 12 h light dark cycle and
with free access to drinking water and chow. For xenograft study, 2 � 106 cells in
100 ll matrigel were injected subcutaneously into the right armpit of the mice (5
mice per group) for 3 weeks. To determine the effects of 14-3-3g or ERK1/2 on
the in vivo growth of HCC, we performed the intratumoral injection assay. Briefly,
100 ll of siRNA (si-Con or si-14-3-3g, 100 nM) or 100 ll of ERK1/2 inhibitor,
U0126 (20 lM, Beyotime) were intratumoral injections every 3 days. Tumors
were measured every 3 days and their volumes were calculated using the for-
mula: V = ½ (width2 � length). After 21 days, the mice were sacrificed, and tumor
tissues were removed for further investigation.

Please see the Supplementary materials and methods section for additional
procedures.
Results

Identification of 14-3-3g as a characteristic cancer-promoting factor
in HCC

We initially evaluated the expression of 14-3-3g in HCC patients.
As shown in Fig. 1A, compared with adjacent non-tumor liver tis-
sues, a considerable elevation of 14-3-3g mRNA was observed in
HCC tissues (Fig. 1A). Moreover, overexpression of 14-3-3g pro-
tein was also demonstrated in HCC tissues by immunohistochem-
istry (IHC) (Fig. 1B; Supplementary Fig. 1). Interestingly, in
addition to the well-defined location in tumor cells, 14-3-3g
showed a continuously capillary endothelial staining, which
exhibited a different characteristics compared to the other six
family members (Supplementary Fig. 2). As HCC is a highly vascu-
larized tumor [14], we hypothesized that the higher expression of
14-3-3g might be associated with more aggressive types of
tumors. To confirm this hypothesis, we then divided these HCC
specimens into two groups (‘‘14-3-3g low” vs. ‘‘14-3-3g high”,
Supplementary Fig. 3). As shown in Fig. 1C, the transverse diam-
eters of tumors in 14-3-3g high group were significantly larger
than those in 14-3-3g low group. Moreover, compared with well
differentiated HCC tissues, overexpression of 14-3-3g was
observed in poorly differentiated HCC tissues (Fig. 1D, E; Supple-
mentary Fig. 4). A stronger staining for 14-3-3g was also
observed with increasing TNM Classification of Malignant
Tumors stage (Fig. 1F, G, and Supplementary Fig. 5). Collectively,
these results suggested that 14-3-3g had a characteristic role in
leading HCC progression at least in part through promoting the
growth and neovascularization both in carcinoma and vascular
ECs.

Effects of 14-3-3g on the proliferative, anti-apoptotic, and
angiogenic abilities in HCC cells

We analyzed the expression of 14-3-3g in a panel of well-
established human HCC cell lines [15]. As shown in Supplemen-
tary Fig. 6, the expressions of 14-3-3g were increased in six
HCC cell lines compared to the non-transformed hepatic cell line,
L02. Interestingly, in HepG2 cells (relative lower expression of
14-3-3g), forced expression of 14-3-3g shortened the doubling
time and promoted the cell cycle transition (Fig. 2A and B). More-
over, these cells exhibited increased expressions of proliferating
6 vol. 65 j 953–962
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Fig. 1. Identification of 14-3-3g as a characteristic cancer-promoting factor in
HCC. (A) qRT-PCR analyses in triplicate and (B) IHC staining of 14-3-3g in HCC and
adjacent tissues (NT). (C) The transverse diameters of tumors in 14-3-3g high and
low groups. (D) IHC staining and (E) qRT-PCR analyses in triplicate of the 14-3-3g
in HCC with different differentiated degrees. (F) IHC staining and (G) qRT-PCR
analyses in triplicate of the 14-3-3g in HCC tissues with different TNM stage. (This
figure appears in colour on the web.)
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cell nuclear antigen (PCNA), cyclinD1, and survivin (Supplemen-
tary Fig. 7A). In contrast, knockdown of 14-3-3g in HuH7 and
MHCC97H cells (relative higher expressions of 14-3-3g) showed
the opposite effects and enhanced the apoptosis induced by dox-
orubicin (Fig. 2A and C; Supplementary Fig. 7B–C, Supplementary
Fig. 8). Angiogenesis is a prerequisite for cancer growth, during
which, cancer cells secrete several proinflammatory and proan-
giogenic chemokines, such as C-X-C motif-ligand (Cxcl)1, Cxcl2,
vascular endothelial growth factor (VEGF)-A, and VEGF-C, pro-
moting the proliferation and migration in vascular endothelial
cells [16,17]. Here, overexpression of 14-3-3g in HepG2 cells ele-
vated the expressions of Cxcl1, Cxcl2, VEGF-A, and VEGF-C mRNAs;
conversely, knockdown of 14-3-3g in HuH7 and MHCC97H cells
showed the opposite effects (Supplementary Fig. 9). Moreover,
the 14-3-3g-overexpressed HepG2 cells recruited more HUVECs
in comparison with vector control group (Fig. 2D). Further,
compared with conditioned medium collected from si-Con-
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transfected HuH7 or MHCC97H cells, tube formation was reduced
dramatically in HUVECs grown in conditioned medium collected
from si-14-3-3g-transfected cells (Fig. 2E; Supplementary
Fig. 10). Finally, the in vivo HuH7 xenografts assay showed that
knockdown of 14-3-3g inhibited the tumor growth and the
expressions of Ki67 and CD34 (Fig. 2F and G), but increased the
apoptosis (as determined by TUNEL staining, Fig. 2H). Collec-
tively, these results indicated that 14-3-3g could improve the
proliferative and angiogenic abilities in HCC cells.

Effects of 14-3-3g on the proliferative and migrated abilities in
vascular ECs

Studies have indicated that, compared with HCC-derived vascular
ECs, the immortalized HUVECs have almost the same prolifera-
tive and migrated abilities [18]. Here, overexpression of 14-3-
3g shortened the doubling time in HUVECs, and these cells
expressed increased levels of PCNA and survivin; however,
knockdown of 14-3-3g showed the opposite effects (Fig. 3A; Sup-
plementary Fig. 11). Furthermore, compared with si-Con-
transfected HUVECs, the mobility and the tube formation ability
of 14-3-3g-knockdown cells were significantly decreased
(Fig. 3B-C). Similar results were observed in another vascular
endothelial cell line, HMEC-1 (Supplementary Fig. 12). Collec-
tively, these results indicated that 14-3-3g enhanced the prolif-
erative and migrated abilities in vascular ECs.

Effects of 14-3-3g on the tumor growth and angiogenesis in an
MHCC97H/HUVECs xenografts model

To mimic the crosstalk between HCC cells and ECs, and to further
determined the effects of 14-3-3g on the in vivo tumor growth
and angiogenesis, we conducted an MHCC97H/HUVECs xeno-
grafts model (Supplementary Fig. 13). Similar to Fig. 2F, knock-
down of 14-3-3g also significantly inhibited the growth of this
co-injected xenografts tumor (Fig. 3D). Moreover, IHC assays
showed that 14-3-3g protein was mainly located in tumor cells,
vascular ECs, as well as the vasculogenic mimicry established by
MHCC97H cells. Further, compared with xenografts tumor tissues
injected with con-siRNA, the 14-3-3g-siRNA-injected group
showed decreased formation of intratumoral capillary tubes,
and the lower expressions of PCNA and VEGF-A (Fig. 3E and F).
Collectively, these results indicated that, via regulating the prolif-
erative/angiogenic abilities and the crosstalk between carcinoma
and vascular ECs, 14-3-3g stimulated the in vivo growth of HCC.

14-3-3g activated ERK1/2 by forming a functional complex with
phosphorylated ERK1/2

Accumulating studies highlight an important role for ERK1/2 in
the development of HCC [9,19]; moreover, several family mem-
bers of 14-3-3 proteins (a/b, e, and d/f isoforms) promote the
progression of HCC via the activation of ERK1/2 [20]. So we firstly
determined the expressions/activations of 14-3-3g and ERK1/2
protein in HCC tissues and analyzed the relationship between
these two molecules. Intriguingly, with the increased expression
of 14-3-3g, there was more enhanced activation of ERK1/2 (as
determined by the phosphorylation on Thr202/Tyr204, Supple-
mentary Fig. 14). Next, we investigated the effects of 14-3-3g
on the phosphorylation of ERK1/2. In both HCC and vascular
ECs, overexpression of 14-3-3g enhanced the phosphorylation
6 vol. 65 j 953–962 955
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Fig. 2. Effects of 14-3-3g on the proliferative, anti-apoptotic, and angiogenic abilities in HCC cells. (A) Growth kinetics analyses in triplicate in HepG2 and HuH7 cells
with different 14-3-3g levels. (B) Flow cytometry analysis in triplicate of cell cycle in vector- or 14-3-3g-transfected HepG2 cells. (C) Flow cytometry analysis in triplicate
of apoptosis in si-Con- or si-14-3-3g-transfected HuH7 cells in the presence of doxorubicin. The percent of apoptosis was the sum of early apoptosis (%) and late apoptosis
(%). (D) ECs recruitment assay analyses of the effects of 14-3-3g on HepG2-induced recruitment of HUVECs. (E) Capillary tube formation assay analyses of the effects of 14-
3-3g on angiogenic ability in HuH7 cells. (F) The volumes of xenografts tumors injected with con-siRNA or 14-3-3g-siRNA. (G, left) IHC and TUNEL staining; (G, right) The
Q-scores of 14-3-3g, the Ki67- or TUNEL-positive cells, and the number of microvessel. Note: Each point represented the mean of one xenografts tumor section calculating
in 10 high-power fields; The Q-scores of 14-3-3g were the sum of Q-score (tumor) and Q-score (vessel); The number of microvessel was quantitated based on the CD34
staining. (This figure appears in colour on the web.)
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of ERK1/2; in contrast, knockdown of 14-3-3g showed the oppo-
site effects (Fig. 4A). As 14-3-3 proteins are the well-known
phosphothreonine-binding factors [20], we speculated that there
might be a protein-protein binding between 14-3-3g and phos-
phorylated ERK1/2 (p-ERK1/2) in HCC. We therefore performed
a Co-IP assay and found that, in 14-3-3g-transfected HepG2
956 Journal of Hepatology 201
and HUVECs cells, the 14-3-3g-FLAG was immunoprecipitated
with the specific FLAG antibody, and its p-ERK1/2-binding status
was confirmed with p-ERK1/2 antibody; in contrast, knockdown
of 14-3-3g attenuated this binding effect (Fig. 4B and Supple-
mentary Fig. 15). Then we performed an immunofluorescence
staining assay to further confirm our findings. As shown in
6 vol. 65 j 953–962
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Fig. 4C, the 14-3-3g and p-ERK1/2 were well co-located in the
cytosol and partly co-located in the nuclear; furthermore, overex-
pression of 14-3-3g enhanced the fluorescence intensity of p-
ERK1/2. Studies indicate that the translocation of activated
ERK1/2 into nuclei can upregulate its well-established substrate,
FRA1, in a series of human cancer cell lines, including HCC [9,21].
Here, the up or downregulation of 14-3-3g expression in HCC
and ECs resulted in a corresponding increase or decrease in the
expression of FRA1, respectively (Fig. 4A). Collectively, these
results indicate that, in HCC and ECs, 14-3-3g stimulates the
phosphorylation of ERK1/2, and then, by forming a functional
complex with p-ERK1/2, 14-3-3g enhances the activity of
ERK1/2.

Inhibition of ERK1/2 attenuated the 14-3-3g expression and HCC
growth

As 14-3-3g could form a functional complex with p-ERK1/2, we
further hypothesized that the activation of ERK1/2 influenced the
14-3-3g expression. Here, in MHCC97H and HUVECs, inhibition
of ERK1/2 attenuated the 14-3-3g mRNA and protein level
(Fig. 4D and Supplementary Fig. 16). Then we used the
MHCC97H/HUVECs xenografts model to further determine the
Journal of Hepatology 201
effects of ERK1/2 on the in vivo 14-3-3g expression and HCC
growth. Similarly to Fig. 3E, blockage of ERK1/2 significantly
inhibited the tumor growth (Fig. 4E) and the expressions of 14-
3-3g, PCNA and VEGF-A (Fig. 4F and G). Based on our aforemen-
tioned findings, we considered that the ERK1/2 cascade might be
a potential up-stream regulator, which enhanced the expression
of 14-3-3g in HCC and ECs.

14-3-3g attenuated the repressive effect of sorafenib on ERK1/2 and
cell viability in HCC and ECs

Studies indicate that by inhibiting the ERK1/2 cascade and block-
ing the receptor tyrosine kinases, sorafenib functions as the only
approve systemic therapy for HCC [9,22]. As 14-3-3g and p-
ERK1/2 formed a functional positive feed-back loop, we further
tried to assess whether the sorafenib-inhibited ERK1/2 phospho-
rylation and cell viability could be antagonized by 14-3-3g. As
shown in Fig. 5A–C, after the treatment with 10 lM sorafenib,
ERK1/2 phosphorylation and cell viability were obviously
decreased in vector-transfected HepG2 and HUVECs cells, but
only slightly decreased in the 14-3-3g-transfected cells. In con-
trast, knockdown of 14-3-3g in HuH7 and HMEC-1 cells showed
the opposite effects. To further determine the relationship
6 vol. 65 j 953–962 957
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between 14-3-3g expression and sorafenib response, another
retrospective data from 34 advanced recurrent HCC patients
receiving combined sorafenib treatment and transarterial
chemoembolization therapy were analyzed (the clinic-
pathologic data was listed in Supplementary Table 2). We divided
these tissue samples into ‘‘tumor high and vessel high (both
high)”, ‘‘tumor high or vessel high (either high)”, and ‘‘tumor
low and vessel low (both low)” groups (Fig. 5D). Kaplan-Meier
survival analysis showed that the overall survival of the ‘‘14-3-
3g both high” group was much lower than that of ‘‘14-3-3g both
low” group (Fig. 5E). Collectively, these data indicated that a high
level of 14-3-3g could lead to a sorafenib resistance in HCC and
958 Journal of Hepatology 201
ECs, and that 14-3-3gmight be a potential biomarker for predict-
ing sorafenib treatment response in advanced recurrent HCC
patients.

The clinical significance of 14-3-3g in HCC

As a characteristic cancer-promoting factor, 14-3-3g promoted
the in vivo growth and neovascularization in both carcinoma
and vascular endothelial cells. So we finally validated the clinical
significance of 14-3-3g in HCC. The cohort of 256 HCC patients
was divided into ‘‘14-3-3g both high”, ‘‘14-3-3g either high”,
and ‘‘14-3-3g both low” groups (Fig. 6A) as described in
6 vol. 65 j 953–962
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Table 1. Univariate and multivariate analyses of factors associated with overall survival and recurrence-free survival of HCC patients (n = 256).

Clinical variables
Overall survival Recurrence-free survival

HR (95% CI) p value HR (95% CI) p value
Univariate analysis
Age (≤50 vs. >50) 1.599 (0.8486 to 3.038) 0.1474 2.029 (1.123 to 3.826) 0.0206
Gender (male vs. female) 1.486 (0.6792 to 3.652) 0.2930 1.114 (0.4821 to 2.606) 0.7999
HBsAg (negative vs. positive) 0.5104 (0.2030 to 1.721) 0.3402 0.4184 (0.2004 to 1.415) 0.2104
Hepatic fibrosis (S1/S2 vs. S3/S4) 0.8189 (0.4293 to 1.560) 0.5472 0.6867 (0.3770 to 1.250) 0.2247
Serum AFP (≤20 ng/ml vs. >20 ng/ml) 0.7323 (0.3621 to 1.537) 0.43 0.6693 (0.3514 to 1.334) 0.2739
Tumor size (≤5 cm vs. >5 cm) 0.3996 (0.2168 to 0.7759) 0.0063 0.3653 (0.1975 to 0.6604) 0.0011
Multinodular tumor (no vs. yes) 0.551 (0.2385 to 1.050) 0.0695 0.6612 (0.3123 to 1.261) 0.1956
Tumor differentiation [well (Edmondson grade I/II) 
vs. poorly (III/IV)]

0.7129 (0.4223 to 1.567) 0.461 0.7414 (0.5944 to 1.4893) 0.3072

Vascular invasion (no vs. yes) 0.3876 (0.1965 to 0.7199) 0.0033 0.443 (0.2192 to 0.7622) 0.0056
TNM stage (I/II vs. III/IV) 0.3534 (0.1872 to 0.6924) 0.0028 0.3954 (0.2259 to 0.7189) 0.0024
14-3-3η

Both high vs. both low 5.269 (2.784 to 6.147) <0.0001 3.529 (2.588 to 5.847) <0.0001
Either high vs. both low 2.725 (1.573 to 5.733) 0.0007 2.35 (1.569 to 4.834) 0.0007

Multivariate analysis
Tumor size (≤5 cm vs. >5 cm) 0.532 (0.261 to 0.984) 0.042 0.395 (0.202 to 0.775) 0.007
Vascular invasion (no vs. yes) 0.44 (0.223 to 0.87) 0.018 0.457 (0.241 to 0.865) 0.016
14-3-3η

Both high vs. both low 4.799 (2.095 to 9.529) 0.0037 2.717 (1.23 to 3.143) 0.005
Either high vs. both low 3.38 (1.202 to 8.150) 0.026 1.966 (1.28 to 5.747) 0.009
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Fig. 5D. Kaplan-Meier survival analysis also showed that HCC
patients in ‘‘14-3-3g both high” group had the worst overall sur-
vival and recurrence-free survival than those in ‘‘14-3-3g both
low” group (Fig. 6B). Furthermore, multivariate analysis identi-
fied that, 14-3-3g was an independent predictor for postopera-
tive recurrence and overall survival (Table 1).
Discussion

It has been well known that HCC is a highly vascularized tumor,
and that the cancer-related angiogenesis has been proposed as
the major hallmark of malignancy in HCC [14,23]. So, the molec-
ular mechanisms underlying the regulation of angiogenesis have
been extensively studied to discover both new therapeutic tar-
gets and predictive markers. In our present study, we identified
a novel characteristic HCC-promoting factor, 14-3-3g, which
facilitated the growth and angiogenesis in both tumor and ECs.
On one hand, overexpression of 14-3-3g in HCC cells not only
enhanced the proliferation but also stimulated these cells auto-
secreted chemotactic factors (Cxcl1, Cxcl2, VEGF-A, and VEGF-
C), which in turn recruited the vascular endothelial cells to form
intratumoral capillaries. On the other hand, the 14-3-3g-
mediated proliferation and tube formation in vascular ECs could
play a critical role in providing oxygen and nutrients, which is
necessary for tumor growth, intra-hepatic and extra-hepatic
metastasis and, post-surgical recurrence [14,16,24]. So these
two processes synergistically promoted the tumor progression,
with the core factor, 14-3-3g. Furthermore, our tissue microarray
analysis showed that either high level of 14-3-3g in tumors or
high level of 14-3-3g in intratumoral vessels predicts the poor
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overall/recurrence-free survival, and that the combined analysis
of 14-3-3g in tumor and vessels showed the strongest prognostic
value. Collectively, these data suggested that 14-3-3g could be a
competent prognostic marker for HCC.

Several studies have shown that, isoform-specific expressions
of 14-3-3 family members are associated with various biological
behaviors of HCC [20]. For example, increased expressions of 14-
3-3a/b and c are associated with cancer progression, extra-
hepatic metastasis, and worse survival rates [11,12]. In addition,
as a potent epithelial to mesenchymal transition (EMT) inducer,
14-3-3e promotes HCC growth and metastasis via elevating the
expressions/activations of snail, zinc finger E-box-binding
protein-1 (Zeb-1), focal adhesion kinase (FAK), and nuclear factor
kappa B (NF-jB) [25–27]. Moreover, overexpression of 14-3-3r
facilitates the HCC cell proliferation and migration via up-
regulating the b-catenin/heat shock factor-1alpha (HSF-1a)/
HSP70 signal pathway [8,28]. Further, 14-3-3f has been consid-
ered as a potential tumor-associated antigen in immunodiagnosis
of HCC [29]; meanwhile, as an important HCC promoter, it facil-
itates the EMT, autocrine transforming growth factor beta (TGF-
b), metastasis and vessel invasion, and resistance to sorafenib
via interacting with AXL and/or aB-Crystallin [9,10]. Collectively,
these findings indicate that, selective 14-3-3 isoforms contribute
to HCC progression by regulating distinct targets and signal path-
ways. Particularly, in these studies, only the well-defined cyto-
plasmic (HCC cells) immunostaining for 14-3-3a/b, c, r, e, and
f are found via IHC in tissue specimens. In our present study,
14-3-3g also showed a continuously intratumoral capillary
endothelial staining in HCC patients and xenografts model. In
addition, 14-3-3g effectively antagonized the sorafenib-
inhibited ERK1/2 phosphorylation and cell viability in both HCC
and vascular ECs. Furthermore, HCC patients in ‘‘14-3-3g both
6 vol. 65 j 953–962
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high” group had the worst survival than those in ‘‘14-3-3g both
low” group. So we considered that 14-3-3gmight be a promising
biomarker for predicting sorafenib response, and that 14-3-3g
could be a competent therapeutic target for HCC, especially for
anti-angiogenesis therapy.

The activation of RAS/RAF/MEK/ERK1/2 signal pathway plays
a key role in the progression of HCC by promoting the tumor
growth and angiogenesis. On one hand, a progressive and aber-
rant ERK1/2 activation, in the presence or absence of RAS muta-
tions, promotes the HCC progression and causes a pronounced
increase in patients with poor prognosis [30,31]. On the other
hand, inhibition of ERK1/2 attenuated the viability of vascular
endothelial cells effectively [32]. In HCC, several proinflamma-
tory/proangiogenic chemokines, like interleukin (IL)-6, and VEGF,
can activate ERK1/2 [33,34]. In our present study, overexpression
of 14-3-3g elevated the expressions of Cxcl1, Cxcl2, VEGF-A,
VEGF-C, and p-ERK1/2; on the contrary, knockdown of 14-3-3g
showed the opposed effects. These results suggested that, the
14-3-3g-mediated phosphorylation of ERK1/2 might be attribu-
ted to the 14-3-3g-stimulated auto-secretion of proinflamma-
tory/proangiogenic chemokines. It has been shown that 14-3-3b
can bind to and maintain the activity of RAF-1, which in turn
enhances the RAF/MEK/ERK1/2 signaling [35]. Here we found
that, by binding to the phosphorylated ERK1/2 (p-ERK1/2), 14-
3-3g and p-ERK1/2 formed a functional positive feed-back loop.
Further, inhibition of either 14-3-3g or ERK1/2 broke the feed-
back loop and decreased the tumor growth. So our study
expanded our understanding in the activation of ERK1/2 by 14-
3-3 family in HCC.
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