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Targeted therapy is currently limited for patients with hepatocellular carcinoma (HCC)
due to the lack of suitable targets. Kinases play pivotal roles in many cellular
biological processes, whereas dysregulation of kinases may lead to various diseases,
particularly cancer. However, the role of kinases in HCC malignancy remains unclear.
In this study, we employed a kinome small interfering RNA (siRNA) library, comprising
710 kinase-related genes, to screen whether any kinases were essential for cell
proliferation in various HCC cell lines. Through a kinome siRNA library screening, we
found that MAP3K7 was a crucial gene for HCC cell proliferation. Pharmacological or
genetic ablation of MAP3K7 diminished the growth, migration, and invasion of HCC
cells, including primary HCC cells. Stable knockdown of MAP3K7 attenuated tumor
formation in a spheroid cell culture model and tumor xenograft mouse model. In addition,
silencing MAP3KY7 reduced the phosphorylation and expression of mammalian target
of rapamycin (MTOR) in HCC cells. MAP3KY7 expression was positively correlated with
mTOR expression in tumors of patients with HCC. Higher co-expression of MAP3K7
and mTOR was significantly associated with poor prognosis of HCC. Taken together,
our results revealed that the MAP3K7-mTOR axis might promote tumorigenesis and
malignancy, which provides a potential marker or therapeutic target for HCC patients.

Keywords: kinome siRNA library screening, MAP3K?7, proliferation, migration, invasion, mTOR, prognosis

INTRODUCTION

Hepatocellular carcinoma (HCC) is the one of the most prevalent malignant tumors and
major causes of cancer-related death worldwide. Curative treatments for patients with HCC
include surgical resection, liver transplantation, and radiofrequency ablation-percutaneous ethanol
injection (1, 2); however, only patients with early-stage HCC are eligible for curative treatments.
Systemic chemotherapy is challenging for patients with compromised liver function, which is
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present in most HCC patients (3). Sorafenib was the first
targeted drug to be clinically approved for use in patients
with advanced HCC (4-6). The major target of sorafenib
is the serine-threonine kinase Raf-1, which is involved in
the Ras/Raf/MEK/mitogen-activated protein kinase signaling
(MAPK) cascade (7). Although sorafenib efficiently inhibits the
activity of Raf-1 at a very low dose (half maximal inhibitory
concentration value of 6 nM) (8, 9), an increasing number of
reports have shown that sorafenib also inhibits several receptor
tyrosine kinases, such as vascular endothelial growth factor
receptor (VEGFR) 1, 2, and 3, platelet-derived growth factor
receptor (PDGFR), and fibroblast growth factor receptor (9-11).
Moreover, sorafenib showed limited survival benefits in large,
randomized phase III studies, with a very low response rate
(2-3%) (12, 13), likely due to molecules involved in epithelial-
mesenchymal transition, cancer stemness, and the tumor
microenvironment for drug resistance (14). Effective therapeutic
targets for HCC are currently unavailable, demonstrating an
urgent need to identify suitable molecules to overcome this
pressing issue.

Kinases are crucial upstream regulators of the signaling
pathways required for homeostasis in normal cells. Dysregulation
of oncogenic kinases by either overexpression or overactivation
is highly associated with tumorigenesis, migration, invasion,
and drug resistance (15-17). In addition to the involvement
of the aforementioned kinases in HCC, many kinases are
reportedly associated with tumor progression in HCC. Aurora
kinase A (AURKA) is associated with cancer metastasis and
stemness in HCC cells, particularly in TP53-mutated HCC
cells (18, 19). Mammalian target of rapamycin (mTOR) is
overexpressed in 50% of HCCs and its expression is correlated
with poor differentiation and prognosis (20). Focal adhesion
kinase upregulates the proto-oncogenes EZH2 and H3K27me3
for HCC cell growth (21). These genes are concomitantly
expressed at a higher level in HCC than in non-tumor
liver. Dnajbl-Prkaca gene fusion activates PRKACA kinase
to promote the tumorigenesis of fibrolamellar HCC in mice
(22). Moreover, annexin A3 activates JNK for the growth of
HCC cells, particularly of CD133% liver cancer stem cells
(23). Although many kinases play pivotal roles in signaling
pathways that are associated with HCC tumorigenesis, no
inhibitor targeting these kinases is largely beneficial for patients
with HCC, indicating that little is known about kinases in
HCC therapy.

In this study, we employed a kinome siRNA library to
identify potential kinases required for the survival of HCC
cells. We found that mitogen-activated protein kinase kinase
kinase 7 (MAP3K7) appears to be essential for the growth
and metastatic characteristics of HCC cells. Genetic and
pharmacological targeting of MAP3K7 attenuated tumor cell
growth in spheroid cell culture and a xenograft mouse model.
Additionally, MAP3K?7 expression was positively correlated with
mTOR expression, and high co-expression of MAP3K7 and

Abbreviations: MAP3K7, mitogen-activated protein kinase kinase kinase 7; HCC,
hepatocellular carcinoma; mTOR, mammalian target of rapamycin; TGF-Bl,
transforming growth factor beta 1.

mTOR was associated with poor survival in patients with HCC.
Taken together, our results suggest that MAP3K7 might be a
potential target for the future development of targeted therapy
for HCC.

MATERIALS AND METHODS

Cell Culture, Transfection, and

Stable Selection

SK-HEP-1, Huh7 (Huh7.5.1), Hep3B, and HA22T HCC cancer
cell lines (American Type Culture Collection, Manassas, VA)
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal bovine serum (FBS), 100 g/mL streptomycin,
100 IU penicillin, and 1% L-glutamine at 37°C in 5% CO, and
95% air. For primary cell culture, HCC 71T and 89T cells were
isolated by Dr. Hung-Wei Pan from surgically resected HCC
patients, which was approved by Kaohsiung Veterans General
Hospital (IRB protocol: VGHKS13-CT3-009). The primary HCC
cells were cultured in DMEM/F12 (1:1) supplemented with basic
fibroblast growth factor (15ng/mL), epidermal growth factor
(20 ng/mL), L-glutamine (2 mM/L), insulin growth factor (4
U/L), and B27 supplement (1:50). For spheroid cell culture,
HCC cells were seeded at a density of 2.0 x 10* cells/well
in 24-well NanoCulture plates (1.9 cm?, SCIVAX Corporation,
Kanagawa, Japan). The cells were cultured for 7 days until
spheroid formation (diameter > 0.1 mm). For gene knockdown
with siRNA, the cells were transfected with 5 nM scramble siRNA
or siRNA against Src kinase (6714, Dhamacon, Lafayette, CO)
for 72 h using Lipofectamine RNAIMAX (13778-150, Invitrogen,
Carlsbad, CA). For lentivirus infection, HEK293T cells were
seeded into 6-well plates and transfected with 2 pg scramble
short hairpin RNA (shRNA) or shRNA against MAP3K7
(TRCN0000195383), AURKA (TRCN0000010533), polo-like
kinase 1 (PLK1) (TRCN0000121325), or phosphoinositide-3-
kinase-catalytic-alpha (PIK3CA) (TRCNO0000196795) using 1
nL Lipofectamine 2000 (11668027, Invitrogen) for 16h. The
transfected cells were washed with medium and incubated for
48h. The cell debris was removed with 0.45pm filter and
the supernatant was used to infect HCC cells with 10 pg/mL
polybrene (TR-1003-G, Sigma-Aldrich, USA) for 24 h. The cells
were then maintained in culture medium with 1 pg puromycin
and the medium was refreshed every 3 days to obtain stable cell
lines. The knockdown efficiency was confirmed by real-time PCR.

Real-Time PCR

The mRNA level of each gene in the cells was amplified
SYBR Green Master Mix (4385612, Applied Biosystems)
and analyzed by a StepPnePlus system (Applied Biosystems,
USA) as described previously (24). The primer sequences
used for gene expression were shown as followings: MAP3K7
forward 5'- CCGGTGAGATGATCGAAGCC-3' and reverse 5'-
GCCGAAGCTCTACAATA AACGC-3'. GAPDH forward
5-TGCACCACCAACTGCTTAGC-3" and  reverse 5'-
GGCATGGACTGTGGTCAT—3" (as a normalized control).
The primer sequences for the other genes will be provided
upon request.
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Cell Proliferation Assay

For cell proliferation assays with siRNA screening, SK-HEP-
1 cells harboring a luciferase plasmid (2.0 x 10° cells/40 pL)
were seeded into each well of a 384-well white plate containing
10nM scramble siRNA or kinome siRNA library (2127 siRNA
for 709 genes, A30079, Thermo Fisher Scientific, Waltham,
MA) and RNAIMAX (13778-150, Invitrogen) for 72 h. The cells
were mixed with Cell-Titer Glo (G7572, Promega, Madison,
WI), and the luminescent signal was monitored to reflect cell
proliferation (as measured by the ATP level). In addition, cells
treated with (5Z)-7-oxozeaenol (499610, Merck, Kenilworth, NJ)
for 24 h were mixed with Cell-Titer Glo (G7572, Promega) and
luminescent signals were read with a Fluoroskan Ascent FL
Reader (Thermo Fisher Scientific). For clonogenic assays, HCC
cells were seeded in 12-well plates at a density of 3.0 x 10°
cells/well, as described previously (25). The culture medium was
replaced every 3 days for 14 days until colony formation. The cell
colonies were fixed in 2% paraformaldehyde, stained with crystal
violet (0.25% w/v), and counted to determine cytotoxicity.

Cell Mobility Assay

For the wound healing assay, 1.5 x 10° silenced cells in
140 wL DMEM were seeded in culture inserts (IBIDI, Inc.,
Planegg, Germany) for 8-16 h. Subsequently, the culture inserts
were removed for 17-18 h and the cells were fixed to measure
migration distance. Transwell invasion assays were performed
using 8-um pore inserts (Greiner Bio-One, Stroud, UK) as
described previously (26). Briefly, the silenced cells were seeded
into the top chamber of 0.5% Matrigel-coated Transwell plates
in 300 pL DMEM containing 1% FBS. After invasion, the cells
were fixed and stained with 0.1% crystal violet. The invaded cells
were observed under a microscope at a magnification of x200
and quantified with Image] software.

Western Blot Analysis

The cells were lysed with RIPA buffer as described previously
(27), and proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred onto
nitrocellulose membranes. The membranes were blocked with
bovine serum albumin and incubated with the following primary
antibodies at 4°C overnight: anti-MAP3K?7 (4505, Cell Signaling
Technology, Danvers, MA), anti-phosphorylated (p)-mTOR
(Ser2448) (5536, Cell Signaling Technology), anti-mTOR (2983,
Cell Signaling Technology), anti-p-AMPK (5536, Cell Signaling
Technology), anti-AMPK (2532, Cell Signaling Technology),
anti-p-Ser792-raptor (2083, Cell Signaling Technology), anti-
raptor (2280, Cell Signaling Technology), and anti-ACTB
(A5441, Sigma-Aldrich, St. Louis, MO). The proteins were
probed with IRDye-800 or—680 secondary antibodies (LI-COR,
Lincoln, NE) at room temperature for 1-2h and scanned
to analyze protein expression with an Odyssey® Imaging
System (LI-COR).

Tumor Xenografts

Five-week-old immunodeficient mice (nu/nu female) were
purchased and acclimated for 5 days prior to tumor implantation.
SK-HEP-1 cells (2.0 x 10°) stably harboring scramble shRNA

or shRNA against MAP3K7 were mixed with Matrigel for
implantation into the mice. Tumor size was measured every 3-
4 days and calculated by the formula 0.5 x (larger diameter) x
(smaller diameter)?. All animal experiments were approved by
the Institutional Animal Care and Use Committee at Kaohsiung
Veterans General Hospital. Tumors were resected from sacrificed
mice, weighed, and fixed in 10% paraformaldehyde for
immunohistochemical analysis.

Immunohistochemistry and Scoring

As the retrospective cohort for this study, tissue microarrays
for HCC patients were purchased from US Biomax for use in
determining the correlation between kinase hits and prognosis.
Colorectal tissues were analyzed by immunohistochemical
staining: the tissue sections were stained with an anti-MAP3K7
antibody (ab109526, Abcam, Cambridge, UK), followed by
a horseradish peroxidase-conjugated secondary antibody to
observe protein levels in both the tumor and adjacent normal
cells. All tumor cells within each microscopic field were counted
for the Allred scoring system, which is based on the sum
of a proportion score and an intensity score. The estimated
average staining intensity was scored as: 0 (all cells negative), 1+
(weak expression), 24 (moderate expression), and 3+ (strong
expression). The proportion was scored as: 0 (negative), 1 (1%),
2 (1-10%), 3 (10-33%), 4 (33-66%), and 5 (66-100%). In the
subsequent data analysis, a kinase expression level score < 5 was
considered “low,” whereas a score >5 was categorized as “high.”

Statistical Analysis

The data are reported as the mean =+ standard error of the
mean (SEM) from three independent experiments. The results of
colony formation, migration and invasion were performed by a
non-parametric 2-tailed Student’s ¢-test. The data were analyzed
using analysis of variance (ANOVA) with Tukey’s post-hoc test to
analyze xenografted tumor size and gene expression in the HCC
patient dataset obtained from The Cancer Genome Atlas (TCGA)
database (https://cancergenome.nih.gov/). The Wilcoxon signed-
rank test was used to evaluate the different levels of kinase
between the tumor and corresponding tumor adjacent normal
tissue. The cutoff for each gene or protein expression level was
according to receiver operating characteristic (ROC) curve to
divide it into high and low group. Cumulative survival curves
were estimated using the Kaplan-Meier method. Univariate and
multivariate Cox proportional hazards models were used for
crude and adjusted hazard ratios, respectively. A p < 0.05 (2-
sided) was considered significant.

RESULTS

Kinome-Wide Screening for Kinases

Required for HCC Cell Proliferation

Although hepatitis B virus (HBV) is one of the major risk factors
for HCC (28), the aim of the present study was to identify a
suitable kinase as a therapeutic target for most types of HCC,
and not certain types of HCC. Thus, to evaluate if any kinases are
required for HCC cell proliferation, two HBV-negative HCC cell
lines (SK-HEP-1 and Huh7) (29) were transfected with a kinome
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siRNA library to determine the effect of each gene on HCC cell
proliferation (Figure 1A). The top 11 ranked hits revealed that
silencing these genes inhibited cell proliferation in SK-HEP-1 and
Huh?7 cells. Pooled siRNAs against these genes were transfected
into HBV-negative (SK-HEP-1 and Huh7) and -positive (HA22T
and Hep3B) HCC cell lines, to validate whether the kinases were
essential for cell proliferation in different types of HCC cells
(Figure 1B). The suppressive effects of siRNA against the top
five genes on cell proliferation were consistent in the various
HCC cell lines examined. Stable knockdown of these genes
effectively diminished gene expression and colony formation in
SK-HEP-1 cells, whereas only gene knockdown of AURKA and
MAP3K?7 inhibited colony formation in Huh7 cells (Figure 1C).
The role of AURKA in HCC has been reported previously
(18, 19). However, MAP3K7 can serve as a tumor promoter or
suppressor in liver cells, which is still controversial (30). Thus,
we selected MAP3K?7 for further validation of its effects on colony
formation using transient transfection with siRNA (Figure 1D).
Transient gene silencing of MAP3K?7 significantly suppressed
colony formation in SK-HEP-1 and Huh7 cells. Furthermore,
knockdown of MAP3K?7 had little effect on Gy phase arrest in
cell cycle of SK-HEP-1 and Huh?7 cells (Figure S1).

MAP3K7 Kinase Is Involved in HCC Cell

Migration and Invasion

To examine if MAP3K7 is involved in the metastatic
characteristics of SK-HEP-1 and Huh?7 cells, these HCC cell lines
were transfected with siRNA against MAP3K7 for migration
and invasion assays. Migration was significantly attenuated in
MAP3K7-silenced HCC cells compared to cells transfected with
scramble siRNA (Figure 2A). Transient knockdown of MAP3K7
inhibited the invasion ability of Huh7 cells (Figure 2B). Similar
to the results of transient knockdown, stable knockdown of
MAP3K?7 significantly inhibited the migration and invasion of
HCC cells (Figures 2D,E). To evaluate further whether kinase
activity is involved in cancer malignancy, HCC cells were treated
with the MAP3K?7 inhibitor (5Z)-7-oxozeaenol to determine its
effects on cell proliferation, colony formation, migration, and
invasion (Figure 3). (5Z)-7-oxozeaenol significantly reduced
the growth and mobility of HCC cells. We further inspected if
MAP3KY is required for migration and invasion in HBV-positive
HCC cells as well. Interestingly, silencing MAP3K7 had no effects
on cell invasion in HBV-positive HA22T and Hep3B cell lines,
while it promoted cell migration in Hep3B cells (Figure S2). In
addition, treatment of (5Z)-7-oxozeaenol reduced migration and
invasion in HA22T, whereas it increased cell invasion in Hep3B
cells (Figure S3). These results suggested that MAP3K7 might
be important for metastatic characteristics in certain types of
HCC cells.

Ablation of MAP3K7 Reduces Tumor
Formation in Spheroid Cell Culture and
xenografted Tumors

To assess precisely the effects of MAP3K7 in tumors, MAP3K7
was transiently or stably knocked down with siRNA and shRNA
in HCC cells, respectively. The cells were seeded in NanoCulture

plates to grow as spheroids to mimic tumor formation in
vivo (Figure 4A). In contrast to cells transfected with scramble
control, sphere volume and cell proliferation were significantly
decreased in MAP3K7-silenced HCC cells (Figures 4B,C). To
inspect further the effects of MAP3K7 in tumor formation
in vivo, SK-HEP-1 cells stably harboring scramble shRNA or
shRNA against MAP3K7 were injected subcutaneously into nude
mice (Figure 4D). The volume of the xenografted tumors was
measured and clearly showed that the growth of MAP3K7-
knockdown HCC cells was much slower than that of control cells
(Figures 4D,E). Likewise, tumor weight was significantly lower
in MAP3K7-silenced HCC tumors (Figure 4F). The knockdown
efficiency of MAP3K7 in xenografted tumors was confirmed
by immunohistochemistry. The level of MAP3K7 protein was
reduced in MAP3K7-silenced tumors (Figure 4G), confirming
that HCC cells lacking MAP3K7 exhibited arrested tumor
growth in vivo.

MAP3K?7 Is Associated With Tumorigenesis

and Poor Prognosis in Patients With HCC
MAP3K7 was found to promote cell growth and metastatic
characteristics in cell culture models. To determine whether
MAP3K7 expression is correlated with tumor development
in patients with HCC, a tissue microarray containing tumor
adjacent normal, tumor, and metastatic tissues was used
to examine MAP3K7 expression with immunohistochemistry
(Figure 5A). The level of MAP3K7 protein was higher in tumor
tissues than in tumor adjacent normal tissues (p < 0.0001), while
the level of MAP3K?7 protein was slightly higher in metastatic
tumor tissues than in primary tumor tissues (Figures 5B,C).
High MAP3K7 protein level in tumor tissues had poor overall
survival (Figure 5D). We further analyzed MAP3K7 expression
levels in the HCC dataset obtained from TCGA. High MAP3K7
expression was associated with shorter overall survival, whereas it
had no effect on disease-free survival (Figures 5E,F). To inspect
the role of MAP3K7 on cancer cell survival, primary HCC
cells were transfected with scramble siRNA or siRNA against
MAP3K?7. Silencing of MAP3K7 and the MAP3K7 inhibitor
reduced the proliferation of primary HCC cells, including 71T
(HBV-negative, HCV-positive) and 89T (HBV-positive, HCV
negative) cells (Figures 5G,H).

MAP3KZ7 Is Correlated With mTOR
Expression and Associated With

Poor Prognosis

MAP3K7 requires TAK1-binding protein 1 (TAB1), TAB2, and
TAB3 to trigger NF-kB activation, which is a key transcription
factor for tumor initiation and malignancy (31). Indeed,
MAP3K7 knockdown attenuated the effects of tumor necrosis
factor (TNF)-a stimulation on the transcriptional activity of
NF-kB in SK-HEP-1 and Huh7 cells (data not shown). The
correlation between MAP3K7 and TABs expression with the
overall survival of patients with HCC was also inspected
(Table S1). High co-expression of MAP3K7 and TAB1 was
associated with shorter survival (Table S1, adjusted hazard ratio
[AHR] = 2.23, p = 0.008). Similar results were observed in
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FIGURE 1 | Kinome siRNA library screening for kinases required for HCC cell proliferation. (A) Hep3B and Huh7 cells were seeded in 384-well plates containing the
kinome siRNA library (5 nM pooled siRNA for each gene) for 72 h. Cell proliferation was determined by a CellTiter Glo assay. (B) siRNAs against the top 11 ranked
kinase hits were transfected into SK-HEP-1, HA22T, Huh7, and Hep3B cells for confirmation with a cell proliferation assay. (C) Stable knockdown with shRNA against
NRBP2, PLK1, AURKA, MAP3K?7, or PIK3CA in SK-HEP-1 and Huh7 cells was performed, and their effects were tested with a colony formation assay. Knockdown
efficiency was examined by real-time PCR as indicated in each bar. (D) Knockdown efficiency in the MAP3K?7 protein level of HCC cells was validated by
immunoblotting. Inhibition of cell proliferation by siRNA against MAP3K7 in HCC cells was verified by a colony formation assay and quantified in the lower panel from
three independent experiments. *p < 0.01; ***p < 0.001.

patients with high co-expression levels of MAP3K7 and TAB2
or TAB3 (TAB2: AHR = 1.79, p = 0.019; TAB3: AHR = 2.15,
p = 0.002). Nevertheless, since these results have been reported
previously in cancer cells (31) and MAP3K7 was selected from
our screen in regular medium without TNF-a stimulation,
we set them aside. Moreover, MAP3K?7 inactivation induces
AMPK activity and diminishes phosphorylation of MTOR in
skeletal muscle cells (32). Thus, we inspected the involvement
of the potential downstream effector mTOR in MAP3K7-
modulated tumor malignancy in HCC cells. Interestingly,
knockdown of MAP3K7 decreased mTOR phosphorylation and
protein level without affecting AMPK phosphorylation in HCC
cells (Figure 6A). The expression of mTOR mRNA was also
decreased in MAP3K7-silenced HCC cells (Figure 6B). TCGA
data analysis showed that MAP3K7 expression was positively
correlated with mTOR levels (Figure 6C). The association of
survival with MAP3K7 expression alone or combined with
mTOR expression was evaluated by univariate and multivariate
Cox proportional hazards models (Table1). High MAP3K7
expression was associated with poor overall survival in patients
with HCC (AHR = 1.78, p = 0.006). Co-expression with either
MAP3K7(High)/mTOR(Low) or MAP3K7(Low)/mTOR(High)
was associated with shorter overall survival (AHR = 1.52, p =
0.036), while co-expression of MAP3K7(High)/mTOR(High) had
much worse overall survival (AHR = 8.26, p < 0.001). However,

neither MAP3K7 expression alone nor in combination with
mTOR expression correlated with disease-free survival. Similarly,
Kaplan-Meier plots showed that high co-expression of MAP3K7
and mTOR was associated with significantly shorter overall
survival (Figure 6D), whereas it had no correlation with disease-
free survival (Figure 6E), suggesting that the MAP3K7/mTOR
axis is involved in tumor malignancy, but not recurrence, in
patients with HCC.

DISCUSSION

Targeted therapy is a type of treatment that blocks specific
oncogenic molecules to diminish cancer growth and
invasiveness, such as, trastuzumab (Herceptin) for human
epidermal growth factor receptor 2 in breast cancer (33), imatinib
(Gleevec) for BCR-AbI in chronic myelogenous leukemia (34),
and bevacizumab (Avastin) for vascular endothelia growth factor
(VEGF) in colorectal and lung cancer (35). These results indicate
that many kinases are associated with tumor development and
malignancy in various cancer types (36). Sorafenib inhibits
multiple kinases, including Raf, VEGFR, and PDGFR, but it
has limited benefit in a few populations of HCC patients (37).
Moreover, no single kinase is reported to be an effective target
for patients with HCC. Herein, we comprehensively screened
two HCC cell lines with a kinome siRNA library for potential
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FIGURE 2 | Effects of MAP3K7 on HCC cell migration and invasion. (A) Scramble siRNA (5nM) or siRNA against MAP3K7 was transfected into SK-HEP-1 and Huh7
cells for 48 h. A cell migration assay was performed using a culture insert for control and MAP3K?7-silenced HCC cells (left panel). The migratory distance of HCC cells
was quantified with ImageJ software in the right panel. (B) The invasion of HCC cells transfected with scramble or siRNA against MAP3K7 was examined with
Matrigel-coated Transwell filters. The cell invasion results were quantified with Imaged software in the right panel. (C) Stable knockdown efficiency of MAP3K7 in
SK-HEP-1 and Huh7 was confirmed by immunoblotting. (D) A cell migration assay and (E) invasion assay for stably knocked down HCC cells were performed. The
quantified results for migration (D) and invasion (E) are showed in the right panel as the mean + SEM from three independent experiments. *p < 0.05; **p < 0.01.

therapeutic targets for HCC. Our study reported the following
findings. First, genetic and pharmacological ablation of MAP3K7
attenuated HCC cell growth in two-dimensional and spheroid
cell culture, as well as in xenografted tumors. Second, deprivation
of MAP3K7 inhibited the migration and invasion of HCC cells.
Third, MAP3K7 expression was higher in tumor tissues, and
high MAP3K7 expression, alone or in combination with its
downstream regulator mTOR, was associated with poor survival
in patients with HCC.

Through kinome-wide screening for potential targets of HCC
with an siRNA library, knockdown of several of the identified
kinases sufficiently blocked cell proliferation in various HCC
cell lines, including HBV-positive and -negative HCC cell lines.
Spheroid cell culture results also showed that silencing MAP3K7

inhibited sphere formation in HBV-negative (SK-HEP1, Huh7,
and 71T) and HBV-positive (89T) cells. Moreover, SK-HEP-1
cells have wild-type TP53, whereas Huh7 cells have mutant TP53
(38). The TP53 gene was deleted in the other two cell lines, Hep3B
and HA22T. Silencing MAP3K7 diminished cell growth in HCC
cell lines without or with wild-type or mutant TP53, implying
that the effect of MAP3K7 on cell proliferation might be in an
HBV- and TP53-independent manner. More interestingly, gene
knockdown of some kinases showed stronger inhibitory effects in
SK-HEP-1 cells than in TP53 mutant (Huh7) and deleted (Hep3B
and HA22T) cells, such as YES, ABL1, and STK17B. The results
suggested that TP53 inactivation might be involved in kinase-
mediated tumorigenesis, which warrants further investigation.
On the other hand, the opposite effects of MAP3K?7 in migration
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FIGURE 3 | Effects of a MAP3K7 inhibitor on the cytotoxicity, migration, and invasion of HCC cells. (A) SK-HEP-1 and Huh7 cells were treated with the MAP3K7
inhibitor (52)-7-oxozeaenol for 48 or 72 h to measure cell proliferation with CellTiter Glo and (B) colony formation. (C) The cells were incubated overnight in a culture
insert, and the insert was removed to assess cell migration in the presence or absence of (52)-7-oxozeaenol. (E) The effects of (52)-7-oxozeaenol on the invasion of
HCC cells were determined by Matrigel-coated Transwell filters. The quantified results for migration (D) and invasion (F) are expressed as the mean + SEM from three
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and invasion were observed in Hep3B cells, but not HA22T
cells. The results suggested that some other factors may interfere
MAP3K?7 signaling on cell migration and invasion, which require
further study to elucidate.

In addition to MAP3K7, nuclear receptor binding protein 2
(NRBP2), PLK1, AURKA, and PIK3CA have been reported to
be important in HCC. AURKA and PLK1 expression levels are
elevated in tumor tissues compared to adjacent normal tissues in
patients with HCC (19, 39). Silencing PLK1 arrests the cell cycle
at the G2/M phase and induces apoptosis (39), while knockdown
of AURKA reduces the post-radiotherapy invasion of HCC (19).
Moreover, PIK3CA is activated by a mutation in 28% of HCC
patients (40). PI-103 (an inhibitor of PI3K and mTOR) inhibits
cell proliferation and enhances the chemosensitivity of HCC
cells to sorafenib (41). These results suggest that our screening
platform could be used to find new therapeutic targets for
HCC when screening other siRNA libraries. In contrast, NRBP2
expression is lower in tumor tissues, and high NRBP2 expression
is associated with better prognosis and chemosensitivity to

sorafenib (42), suggesting that it serves as a tumor suppressor.
Nevertheless, our current data showed that both transient and
stable knockdown of NRBP2 diminished the proliferation of
HCC cells, which requires further study to elucidate its role
in HCC.

MAP3K?7 is a member of the MAP3KKK family and is also
known as transforming growth factor (TGF)-p1-activated kinase
(TAK1), which is modulated by TGF-B and several cytokines,
such as TNF-q, interleukin-1 (IL-1), Toll-like receptors, CD40,
and B cell receptors (31). These cytokines induce the formation
of the activated MAP3K7 complex via TNF receptor association
factor 2 (TRAF2) and TRAF6 (30). TAB1 and TAB2/3 associate
with the N-terminus and C-terminus, respectively, of MAP3K7
for its full activation (43, 44). MAP3K7 interacts with IkB
kinase (45) and MAPK to enhance the transcriptional activity
of NF-kB and AP-1, which are associated with inflammation
and tumorigenesis. Gene silencing of MAP3K7 enhances the
sensitivity of cancer cells, but not normal epithelial cells, to
chemotherapeutic drugs (46). The MAP3K7 inhibitor LYTAK1
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FIGURE 4 | Effects of silencing MAP3K7 on tumor formation of HCC cells in spheroid culture and xenograft mouse models. (A) SK-HEP-1 and Huh7 cells harboring
siRNA or shRNA against MAP3K7 were grown on NanoCulture plates for 7 days to observe spheroid formation under a microscope. (B) Sphere volume was
calculated from at least 100 spheres in each condition and normalized by cells with scramble shRNA. (C) Cell proliferation in the spheres was measured by a 3D
CellTiter Glo assay and is expressed as a percentage compared with control cells. (D) Stably knocked down SK-HEP-1 cells were xenografted into nude mice, and
tumor size was monitored every 3—4 days (n = 5). (E) Representative images of xenograft tumors are shown. (F) The tumors were dissected from sacrificed mice and
weighed. Representative tumors and quantitative results are shown. Scale bar: 20 mm. (G) MAP3K7 expression in xenograft tumors was confirmed by
immunohistochemistry using an anti-MAP3K7 antibody. Scale bar: 50 pum. *p < 0.05; **p < 0.01; **p < 0.001.

TABLE 1 | Co-expression of MAP3K7 and MTOR in overall survival and disease-free survival of HCC patients.

Variable No. (%) CHR (95% CI) p-value AHR (95% CI) p-value
OVERALL SURVIVAL
MAP3K7 Low 267 (75.2) 1.00 1.00

High 88 (24.8) 1.81 (1.24-2.64) 0.002* 1.78 (1.18-2.69) 0.006%
MTOR Low 343 (96.6) 1.00 1.00

High 12 (3.4) 1.93 (0.90-4.13) 0.093* 1.84 (0.76-4.47) 0.177%
MAP3K? (L) MTOR (L) 260 (73.2) 1.00 1.00
Either 90 (25.4) 1.44(0.98-2.12) 0.065* 1.52 (1.03-2.24) 0.036"
MAP3K7 (H) MTOR (H) 5(1.4) 7.37 (2.97-18.27) <0.001* 8.26 (3.31-20.65) <0.001"
DISEASE-FREE SURVIVAL
MAP3K7 Low 65 (21.0) 1.00 1.00

High 245 (79.0) 1.14(0.75-1.74) 0.540* 1.20 (0.77-1.88) 0.428%
MTOR Low 253 (81.6) 1.00 1.00

High 57 (18.4) 1.12 (0.74-1.70) 0.600* 1.33 (0.86-2.05) 0.200%
MAP3K? (L) MTOR (L) 58 (18.7) 1.00 1.00
Either 202 (65.2) 1.03 (0.72-1.46) 0.891* 1.14 (0.72-1.79) 0.576"
MAP3K?7 (H) MTOR (H) 50 (16.1) 1.12(0.73-1.74) 0.599* 1.24 (0.71-2.18) 0.449"

SCC, squamous cell carcinoma; CHR, crude hazard ratio; Cl, confidence interval; AHR, adjusted hazard ratio. "p-values were estimated by Cox’s regression. T p-values were estimated
by multivariate Cox’s regression. *p values were adjusted for cell differentiation (moderate-+poor vs. well) and AJCC pathological stage (stage lll+IV vs. stage I-+ll) by multivariate
Cox’s regression. Significant p-value (< 0.05) was marked as bold.

Frontiers in Oncology | www.frontiersin.org 8 June 2019 | Volume 9 | Article 474


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Cheng et al. MAP3K?7 Promotes Malignancy of HCC

A B ke p-00529
10
[
g ® 2
s 6 =
X * A
S 4
% A
g2 a
0 _:l:— . :
Normal Tumor Metastasis
c D .
1.
N=105 MAP3K7 expression
Negative Low  High(=7) p-value B ]
£ oo
Normal 6(66.7%) 3(33.3%) 0  <0.0001 L
£ o
Tumor 8 (10.3%) 58 (74.3%) 12 (15.4%) e
. 0.2+ i
Metastasis 0 11 (61.1%) 7 (38.9%) Thaw os1)
0.0 T T T T T
1 2 3 4
E F Time(yrs)
1.0 1.0
2
2 s
8 0.87 Log rank p=0.006 4 0.8
g S
E 0.6 a 0.6 Log rank p=0.540
G
E 0.4 'f"-‘ 0.4
:
B 0.2 —Low expression (n=267) g 0.2 —Low expression (n=65)
—High expression (n=88) —High expression (n=245)
0.0 T T T T T 0.0 T T T T T
0 1 2 3 4 5 0 1 2 3 4 5
G Time (yrs) H Time (yrs)
120
12 O sictrl e 0 ctrl
X 100 W siMAP3K7 = Il 0Z10 uM
2 80 £ 80 =
.S 60 ﬁ 60
2 40 = 40
8 20 S 20
0 0
S L A S
N £ AN )

FIGURE 5 | Clinical association of MAP3K7 expression with tumorigenesis and malignancy in patients with HCC. (A) MAP3K?7 protein level in HCC tumor tissues was
determined by immunohistochemistry, and the intensity score was categorized into three grades according to MAP3K7 expression (upper panel). Representative
staining for MAP3K?7 in adjacent normal tissues and tumor tissues is shown (upper panel). Scale bar: 100 um. (B) The Allred score system was used to

evaluate MAP3KY protein levels in each tissue based on the sum of an intensity score and a proportion score ranging from 2 to 8. The quantitative results for MAP3K7
protein level in adjacent normal, tumor, and metastatic tumor tissues are shown. (C) MAP3K?7 protein levels <5 and >5 were considered low and high expression,
respectively. A protein level of O was defined as negative expression. P-values were estimated by the Wilcoxon-signed rank test. (D) Kaplan-Meier plots were used to
analyze the association of MAP3K7 expression with overall survival. (E) The correlation of MAP3K7 gene expression with overall survival or (F) disease-free survival
was analyzed according to an HCC dataset from TCGA. (G) The MAP3K7 gene was silenced in primary HCC cells by siRNA for 72 h, and the effects of silencing on
cytotoxicity were determined with Cell-Titer Glo. (H) Primary HCC cells were treated with the MAP3K7 kinase inhibitor (52)-7-oxozeaenol for 24 h, and its cytotoxic
effects were examined. *p < 0.05; **p < 0.01; **p < 0.001.

blocks NF-«kB activity to increase chemotherapeutic efficacy in  essential for the normal physiological function of hepatocytes,
pancreatic cancer cells (47). Conversely, MAP3K7 conditional ~ but too much MAP3K7 may cause inflammation and promote
knockout in liver parenchymal cells of mice induces hepatocyte ~ HCC, particularly in cytokine-elevated conditions.

dysplasia and early-onset hepatocarcinogenesis (48). In our In addition to cytokines, MAP3K?7 can be activated by various
present study, MAP3K7 expression was much higher in tumor  viruses (49, 50), which are also known as high-risk factors
tissues than in adjacent normal tissues and was associated with  for hepatocarcinogenesis in HCC, including HBV and hepatitis
poor survival of HCC patients. Gene silencing of MAP3K7  C virus (HCV). The X protein of HBV can activate IKK to
blocked HCC cell growth in cell culture and a tumor xenograft  activate mTOR and the downstream effector S6K1 (51). HCV
mouse model, suggesting that low levels of MAP3K7 may be infection increases IKK-a expression for lipogenesis (52), and
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FIGURE 6 | Correlation of MAP3K7 and mTOR in HCC. (A) SK-HEP-1 and Huh7 cells were transfected with scramble siRNA or siRNA against MAP3K?7 for 48 or
72 h. The effects of silencing MAP3K7 on mTOR and p-(S2448)-mTOR were examined by immunoblotting using GAPDH as a control. (B) The gene expression of
mTOR in MAP3K?7 knockdown cells was determined by real-time PCR. (C) TCGA HCC dataset (n = 355) was used to analyze the correlation between MAP3K7 and
mTOR expression in tumor tissues through the Pearson X2 test. (D) Kaplan-Meier analysis was used to evaluate the effect of the co-expression of MAP3K7 and
mTOR on overall survival and (E) disease-free survival. **p < 0.01; **p < 0.001.

its core protein triggers the activation of NF-kB for the gene
expression of the inflammatory cytokine IL-1f through TRAF2/6
(53), which are crucial factors for activated MAP3K7 complex
formation. However, the missing links between HBV/HCV and
MAP3K?7 activation for HCC development need further study
to be elucidated. Moreover, MAP3K7 reportedly phosphorylates
mTOR to regulate mitochondrial function (32). mTOR is
overexpressed in approximately 50% of HCC patients and is
associated with poor differentiation and prognosis (20). mTOR
inhibitors are currently being tested in clinical trials for patients
with HCC (NCT10687673 and NCT01177397). Our present
data showed that silencing MAP3K7 not only reduced the
phosphorylation of mTOR but also diminished its protein and
mRNA levels. High co-expression levels of MAP3K7 and mTOR
were significantly associated with poor overall and disease-free
survivals in patients with HCC compared to those with low
expression levels. Nevertheless, the patients number (n = 5)
with high co-expression levels of MAP3K7 and MTOR in overall
survival is not large enough as shown in Table 1. Our study may
need a larger cohort of HCC to verify the association of these
genes in overall survival.

In addition, MAP3K7 decreases AMPK activity, whereas it
increases phosphorylation of both p38 and MTOR (32). AMPK
can phosphorylate regulatory-associated protein of mTOR
(raptor) at Ser792 to inactivate MTOR. Our current results
showed that silencing MAP3K7 reduced MTOR phosphorylation
without changing phosphorylation of AMPK and raptor. P38
is involved in MTOR activation in cardiomyocyte (54). It
raises a possibility that MAP3K7 may regulate MTOR through

p38 activation. Although the molecular mechanisms by which
MAP3K?7 affects mTOR expression require further study, these
results indicate that MAP3K7 might be a potential diagnostic
marker or therapeutic target for future drug development
in HCC.

ETHICS STATEMENT

This study was carried out and approved by the Institutional
Animal Care and Use Committee at Kaohsiung Veterans
General Hospital.

AUTHOR CONTRIBUTIONS

J-SC, W-LT, P-FL, and C-WL performed most of the experiments,
with the exception of the experiments performed by H-HT
(Figures 2B-D) and Y-GG (Figures 2E,3E-F). Tumor xenograft
mouse experiments were performed by C-HL. C-WS prepared
the figures, performed the statistical analyses, interpreted the
data, and wrote the manuscript.

FUNDING

This work was supported by the Ministry of Science and
Technology (106-2311-B-075B-001 and 107-2311-B-214-003)
and the Kaohsiung Veterans General Hospital (VGHKS105-G01-
3 to C-WS and VGHKS107-G03-1 to J-SC).

Frontiers in Oncology | www.frontiersin.org

10

June 2019 | Volume 9 | Article 474


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Cheng et al.

MAP3K?7 Promotes Malignancy of HCC

ACKNOWLEDGMENTS

We thank The RNAi Consortium in Taiwan for providing the
shRNA required for this work. We also thank C-HL for TCGA
data analysis of HCC patients.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

. Bioulac-Sage P, Laumonier H, Rullier A, Cubel G, Laurent C, Zucman-Rossi

], et al. Over-expression of glutamine synthetase in focal nodular hyperplasia:
a novel easy diagnostic tool in surgical pathology. Liver Int. (2009) 29:459-65.
doi: 10.1111/j.1478-3231.2008.01849.x

. Fransvea E, Paradiso A, Antonaci S, Giannelli G. HCC heterogeneity:

molecular pathogenesis and clinical implications. Cell Oncol. (2009) 31:227-
33. doi: 10.3233/CLO-2009-0473

. Nault JC, Galle PR, Marquardt JU. The role of molecular enrichment on

future therapies in hepatocellular carcinoma. J Hepatol. (2018) 69:237-47.
doi: 10.1016/j.jhep.2018.02.016

. Palmer DH. Sorafenib in advanced hepatocellular carcinoma. N Engl ] Med.

(2008) 359:2498-9. doi: 10.1056/NEJMc081780

. Liu JY, Park SH, Morisseau C, Hwang SH, Hammock BD, Weiss

RH. Sorafenib has soluble epoxide hydrolase inhibitory activity, which
contributes to its effect profile in vivo. Mol Cancer Ther. (2009) 8:2193-203.
doi: 10.1158/1535-7163.MCT-09-0119

. Mancuso A, Mazzarelli C, Perricone G, Zavaglia C. Sorafenib efficacy for

treatment of HCC recurrence after liver transplantation is an open issue. ]
Hepatol. (2014) 60:681. doi: 10.1016/j.jhep.2013.10.030

. Panka DJ, Wang W, Atkins MB, Mier JW. The Raf inhibitor BAY 43-9006

(Sorafenib) induces caspase-independent apoptosis in melanoma cells. Cancer
Res. (2006) 66:1611-9. doi: 10.1158/0008-5472.CAN-05-0808

. Adnane L, Trail PA, Taylor I, Wilhelm SM. Sorafenib (BAY 43-9006, Nexavar),

a dual-action inhibitor that targets RAF/MEK/ERK pathway in tumor cells
and tyrosine kinases VEGFR/PDGEFR in tumor vasculature. Meth Enzymol.
(2006) 407:597-612. doi: 10.1016/S0076-6879(05)07047-3

. Wilhelm S, Carter C, Lynch M, Lowinger T, Dumas J, Smith RA, et al.

Discovery and development of sorafenib: a multikinase inhibitor for treating
cancer. Nat Rev Drug Discov. (2006) 5:835-44. doi: 10.1038/nrd2130

Zhang W, Konopleva M, Ruvolo VR, Mcqueen T, Evans RL, Bornmann
WG, et al. Sorafenib induces apoptosis of AML cells via Bim-mediated
activation of the intrinsic apoptotic pathway. Leukemia. (2008) 22:808-18.
doi: 10.1038/sj.leu.2405098

Zhang W, Konopleva M, Shi YX, Mcqueen T, Harris D, Ling X, et al. Mutant
FLT3: a direct target of sorafenib in acute myelogenous leukemia. ] Natl Cancer
Inst. (2008) 100:184-98. doi: 10.1093/jnci/djm328

Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E, Blanc JE et al. Sorafenib
in advanced hepatocellular carcinoma. N Engl ] Med. (2008) 359:378-90.
doi: 10.1056/NEJM0a0708857

Cheng AL, Kang YK, Chen Z, Tsao CJ, Qin S, Kim JS, et al. Efficacy and safety
of sorafenib in patients in the Asia-Pacific region with advanced hepatocellular
carcinoma: a phase III randomised, double-blind, placebo-controlled trial.
Lancet Oncol. (2009) 10:25-34. doi: 10.1016/S1470-2045(08)70285-7

Chen J, Jin R, Zhao J, Liu ], Ying H, Yan H, et al. Potential molecular, cellular
and microenvironmental mechanism of sorafenib resistance in hepatocellular
carcinoma. Cancer Lett. (2015) 367:1-11. doi: 10.1016/j.canlet.2015.06.019
Xia H, Kong SN, Chen J, Shi M, Sekar K, Seshachalam VP, et al. MELK is
an oncogenic kinase essential for early hepatocellular carcinoma recurrence.
Cancer Lett. (2016) 383:85-93. doi: 10.1016/j.canlet.2016.09.017

Tey SK, Tse EYT, Mao X, Ko FCE Wong AST, Lo RC, et al. Nuclear
Met promotes hepatocellular carcinoma tumorigenesis and metastasis by
upregulation of TAKI and activation of NF-kappaB pathway. Cancer Lett.
(2017) 411:150-61. doi: 10.1016/j.canlet.2017.09.047

Yang B, Liu Y, Zhao ], Hei K, Zhuang H, Li Q, et al. Ectopic overexpression
of filamin C scaffolds MEK1/2 and ERK1/2 to promote the progression
of human hepatocellular carcinoma. Cancer Lett. (2017) 388:167-76.
doi: 10.1016/j.canlet.2016.11.037

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found

online at:

https://www.frontiersin.org/articles/10.3389/fonc.

2019.00474/full#supplementary-material

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Dauch D, Rudalska R, Cossa G, Nault JC, Kang TW, Wuestefeld T, et al. A
MYC-aurora kinase A protein complex represents an actionable drug target
in p53-altered liver cancer. Nat Med. (2016) 22:744-53. doi: 10.1038/nm.4107
Chen C, Song G, Xiang J, Zhang H, Zhao S, Zhan Y. AURKA promotes cancer
metastasis by regulating epithelial-mesenchymal transition and cancer stem
cell properties in hepatocellular carcinoma. Biochem Biophys Res Commun.
(2017) 486:514-20. doi: 10.1016/j.bbrc.2017.03.075

Villanueva A, Chiang DY, Newell P, Peix ], Thung S, Alsinet C, et al. Pivotal
role of mTOR signaling in hepatocellular carcinoma. Gastroenterology. (2008)
135:1972-83, 1983.€1971-e1911. doi: 10.1053/j.gastro.2008.08.008

Gnani D, Romito I, Artuso S, Chierici M, De Stefanis C, Panera N, et al.
Focal adhesion kinase depletion reduces human hepatocellular carcinoma
growth by repressing enhancer of zeste homolog 2. Cell Death Differ. (2017)
24:889-902. doi: 10.1038/cdd.2017.34

Kastenhuber ER, Lalazar G, Houlihan SL, Tschaharganeh DF, Baslan T, Chen
CC, et al. DNAJB1-PRKACA fusion kinase interacts with beta-catenin and the
liver regenerative response to drive fibrolamellar hepatocellular carcinoma.
Proc Natl Acad Sci USA. (2017) 114:13076-84. doi: 10.1073/pnas.1716483114
Pan QZ, Pan K, Weng DS, Zhao JJ, Zhang XE Wang DD, et al. Annexin
A3 promotes tumorigenesis and resistance to chemotherapy in hepatocellular
carcinoma. Mol Carcinog. (2015) 54:598-607. doi: 10.1002/mc.22126

Tzeng YT, Liu PE Li JY, Liu LE Kuo SY, Hsieh CW, et al. Kinome-wide
siRNA screening identifies Src-enhanced resistance of chemotherapeutic
drugs in triple-negative breast cancer cells. Front Pharmacol. (2018) 9:1285.
doi: 10.3389/fphar.2018.01285

Liu PE Hsu CJ, Tsai WL, Cheng JS, Chen JJ, Huang IE et al. Ablation
of ATG4B suppressed autophagy and activated ampk for cell cycle arrest
in cancer cells. Cell Physiol Biochem. (2017) 44:728-40. doi: 10.1159/00048
5286

Liu PE Chang HW, Cheng JS, Lee HP, Yen CY, Tsai WL, et al. Mapllc3b
and Sqstml modulated autophagy for tumorigenesis and prognosis in
certain subsites of oral squamous cell carcinoma. J Clin Med. (2018) 7:478.
doi: 10.3390/jcm7120478

Liu PE Tsai KL, Hsu CJ, Tsai WL, Cheng JS, Chang HW, et al
Drug repurposing screening identifies tioconazole as an ATG4 inhibitor
that suppresses autophagy and sensitizes cancer cells to chemotherapy.
Theranostics. (2018) 8:830-45. doi: 10.7150/thno.22012

Perz JE Armstrong GL, Farrington LA, Hutin YJ, Bell BP. The
contributions of hepatitis B virus and hepatitis C virus infections to
cirrhosis and primary liver cancer worldwide. J Hepatol. (2006) 45:529-38.
doi: 10.1016/j.jhep.2006.05.013

Chang TS, Chen CL, Wu YC, Liu JJ, Kuo YC, Lee KE et al
Inflammation promotes expression of stemness-related properties in
HBV-related hepatocellular carcinoma. PLoS ONE. (2016) 11:e0149897.
doi: 10.1371/journal.pone.0149897
Roh YS, Song J, Seki E.
survival and  carcinogenesis.
doi: 10.1007/s00535-013-0931-x
Sakurai H. Targeting of TAK1 in inflammatory disorders and cancer.
Trends Pharmacol Sci. (2012) 33:522-30. doi: 10.1016/j.tips.2012.0
6.007

Hindi SM, Sato S, Xiong G, Bohnert KR, Gibb AA, Gallot YS, et al. TAK1
regulates skeletal muscle mass and mitochondrial function. JCI Insight. (2018)
3:98441. doi: 10.1172/jci.insight.98441

Hortobagyi GN. Trastuzumab in the treatment of breast cancer. N Engl ] Med.
(2005) 353:1734-6. doi: 10.1056/NEJMe058196

Deininger MW, O’brien SG, Ford JM, Druker BJ. Practical management of
patients with chronic myeloid leukemia receiving imatinib. J Clin Oncol.
(2003) 21:1637-47. doi: 10.1200/JC0O.2003.11.143

TAK1  regulates hepatic  cell
] Gastroenterol. (2014)  49:185-94.

Frontiers in Oncology | www.frontiersin.org

June 2019 | Volume 9 | Article 474


https://www.frontiersin.org/articles/10.3389/fonc.2019.00474/full#supplementary-material
https://doi.org/10.1111/j.1478-3231.2008.01849.x
https://doi.org/10.3233/CLO-2009-0473
https://doi.org/10.1016/j.jhep.2018.02.016
https://doi.org/10.1056/NEJMc081780
https://doi.org/10.1158/1535-7163.MCT-09-0119
https://doi.org/10.1016/j.jhep.2013.10.030
https://doi.org/10.1158/0008-5472.CAN-05-0808
https://doi.org/10.1016/S0076-6879(05)07047-3
https://doi.org/10.1038/nrd2130
https://doi.org/10.1038/sj.leu.2405098
https://doi.org/10.1093/jnci/djm328
https://doi.org/10.1056/NEJMoa0708857
https://doi.org/10.1016/S1470-2045(08)70285-7
https://doi.org/10.1016/j.canlet.2015.06.019
https://doi.org/10.1016/j.canlet.2016.09.017
https://doi.org/10.1016/j.canlet.2017.09.047
https://doi.org/10.1016/j.canlet.2016.11.037
https://doi.org/10.1038/nm.4107
https://doi.org/10.1016/j.bbrc.2017.03.075
https://doi.org/10.1053/j.gastro.2008.08.008
https://doi.org/10.1038/cdd.2017.34
https://doi.org/10.1073/pnas.1716483114
https://doi.org/10.1002/mc.22126
https://doi.org/10.3389/fphar.2018.01285
https://doi.org/10.1159/000485286
https://doi.org/10.3390/jcm7120478
https://doi.org/10.7150/thno.22012
https://doi.org/10.1016/j.jhep.2006.05.013
https://doi.org/10.1371/journal.pone.0149897
https://doi.org/10.1007/s00535-013-0931-x
https://doi.org/10.1016/j.tips.2012.06.007
https://doi.org/10.1172/jci.insight.98441
https://doi.org/10.1056/NEJMe058196
https://doi.org/10.1200/JCO.2003.11.143
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Cheng et al.

MAP3K?7 Promotes Malignancy of HCC

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Ferrara N, Hillan KJ, Novotny W. Bevacizumab (Avastin), a humanized
anti-VEGF monoclonal antibody for cancer therapy. Biochem Biophys Res
Commun. (2005) 333:328-35. doi: 10.1016/j.bbrc.2005.05.132

Min L, He B, Hui L. Mitogen-activated protein kinases in hepatocellular
carcinoma  development. Semin  Cancer Biol. (2011) 21:10-20.
doi: 10.1016/j.semcancer.2010.10.011

Gauthier A, Ho M. Role of sorafenib in the treatment of advanced
hepatocellular carcinoma: an update. Hepatol Res. (2013) 43:147-54.
doi: 10.1111/j.1872-034X.2012.01113.x

Brito AF, Abrantes AM, Pinto-Costa C, Gomes AR, Mamede AC, Casalta-
Lopes J, et al. Hepatocellular carcinoma and chemotherapy: the role of p53.
Chemotherapy. (2012) 58:381-6. doi: 10.1159/000343656

Sun W, Su Q, Cao X, Shang B, Chen A, Yin H, et al. High expression of
polo-like kinase 1 is associated with early development of hepatocellular
carcinoma. Int ] Genomics. (2014) 2014:312130. doi: 10.1155/2014/
312130

Colombino M, Sperlongano P, Izzo F, Tatangelo E Botti G, Lombardi A,
et al. BRAF and PIK3CA genes are somatically mutated in hepatocellular
carcinoma among patients from South Italy. Cell Death Dis. (2012) 3:259.
doi: 10.1038/cddis.2011.136

Gedaly R, Angulo P, Hundley J, Daily ME Chen C, Koch A, et al. PI-
103 and sorafenib inhibit hepatocellular carcinoma cell proliferation by
blocking Ras/Raf/MAPK and PI3K/AKT/mTOR pathways. Anticancer Res.
(2010) 30:4951-8.

Zhang L, Ge C, Zhao E Zhang Y, Wang X, Yao M, et al. NRBP2
overexpression the of  hepatocellular
carcinoma cells via Akt signaling. Cancer Res. (2016) 76:7059-71.
doi: 10.1158/0008-5472.CAN-16-0937

Takaesu G, Kishida S, Hiyama A, Yamaguchi K, Shibuya H, Irie K, et al. TAB2,
a novel adaptor protein, mediates activation of TAK1 MAPKKK by linking
TAK1 to TRAF6 in the IL-1 signal transduction pathway. Mol Cell. (2000)
5:649-58. doi: 10.1016/S1097-2765(00)80244-0

Sakurai H, Nishi A, Sato N, Mizukami J, Miyoshi H, Sugita T. TAKI-
TABI fusion protein: a novel constitutively active mitogen-activated
protein kinase kinase kinase that stimulates AP-1 and NF-kappaB
signaling pathways. Biochem Biophys Res Commun. (2002) 297:1277-81.
doi: 10.1016/50006-291X(02)02379-3

De Wilde AH, Wannee KE Scholte FE, Goeman ]JJ, Ten Dijke P,
Snijder EJ, et al. A kinome-wide small interfering RNA screen identifies
proviral and antiviral host factors in severe acute respiratory syndrome
coronavirus replication, including double-stranded RNA-activated protein
kinase and early secretory pathway proteins. J Virol. (2015) 89:8318-33.
doi: 10.1128/JV1.01029-15

increases chemosensitivity

46.

47.

48.

49.

50.

51.

52.

53.

54.

Martin SE, Wu ZH, Gehlhaus K, Jones TL, Zhang YW, Guha R, et al. RNAi
screening identifies TAK1 as a potential target for the enhanced efficacy
of topoisomerase inhibitors. Curr Cancer Drug Targets. (2011) 11:976-86.
doi: 10.2174/156800911797264734

Melisi D, Xia Q, Paradiso G, Ling J, Moccia T, Carbone C, et al. Modulation of
pancreatic cancer chemoresistance by inhibition of TAK1. J Natl Cancer Inst.
(2011) 103:1190-204. doi: 10.1093/jnci/djr243

Bettermann K, Vucur M, Haybaeck ], Koppe C, Janssen ], Heymann F, et al.
TAKI1 suppresses a NEMO-dependent but NF-kappaB-independent pathway
to liver cancer. Cancer Cell. (2010) 17:481-96. doi: 10.1016/j.ccr.2010.03.021
Uemura N, Kajino T, Sanjo H, Sato S, Akira S, Matsumoto K, et al. TAK1
is a component of the Epstein-Barr virus LMP1 complex and is essential for
activation of JNK but not of NF-kappaB. J Biol Chem. (2006) 281:7863-72.
doi: 10.1074/jbc.M509834200

Postler TS, Desrosiers RC. The cytoplasmic domain of the HIV-1 glycoprotein
gp41 induces NF-kappaB activation through TGF-beta-activated kinase 1. Cell
Host Microbe. (2012) 11:181-93. doi: 10.1016/j.chom.2011.12.005

Yen CJ, Lin Y], Yen CS, Tsai HW, Tsai TF, Chang KY, et al. Hepatitis B
virus X protein upregulates mTOR signaling through IKKbeta to increase cell
proliferation and VEGF production in hepatocellular carcinoma. PLoS ONE.
(2012) 7:¢41931. doi: 10.1371/journal.pone.0041931

Li Q, Pene V, Krishnamurthy S, Cha H, Liang TJ. Hepatitis C virus infection
activates an innate pathway involving IKK-alpha in lipogenesis and viral
assembly. Nat Med. (2013) 19:722-9. doi: 10.1038/nm.3190

Yoshida H, Kato N, Shiratori Y, Otsuka M, Maeda S, Kato J, et al. Hepatitis
C virus core protein activates nuclear factor kappa B-dependent signaling
through tumor necrosis factor receptor-associated factor. J Biol Chem. (2001)
276:16399-405. doi: 10.1074/jbc.M006671200

Hernandez G, Lal H, Fidalgo M, Guerrero A, Zalvide ], Force T, et al.
A novel cardioprotective p38-MAPK/mTOR pathway. Exp Cell Res. (2011)
317:2938-49. doi: 10.1016/j.yexcr.2011.09.011

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Cheng, Tsai, Liu, Goan, Lin, Tseng, Lee and Shu. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Oncology | www.frontiersin.org

12

June 2019 | Volume 9 | Article 474


https://doi.org/10.1016/j.bbrc.2005.05.132
https://doi.org/10.1016/j.semcancer.2010.10.011
https://doi.org/10.1111/j.1872-034X.2012.01113.x
https://doi.org/10.1159/000343656
https://doi.org/10.1155/2014/312130
https://doi.org/10.1038/cddis.2011.136
https://doi.org/10.1158/0008-5472.CAN-16-0937
https://doi.org/10.1016/S1097-2765(00)80244-0
https://doi.org/10.1016/S0006-291X(02)02379-3
https://doi.org/10.1128/JVI.01029-15
https://doi.org/10.2174/156800911797264734
https://doi.org/10.1093/jnci/djr243
https://doi.org/10.1016/j.ccr.2010.03.021
https://doi.org/10.1074/jbc.M509834200
https://doi.org/10.1016/j.chom.2011.12.005
https://doi.org/10.1371/journal.pone.0041931
https://doi.org/10.1038/nm.3190
https://doi.org/10.1074/jbc.M006671200
https://doi.org/10.1016/j.yexcr.2011.09.011
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	The MAP3K7-mTOR Axis Promotes the Proliferation and Malignancy of Hepatocellular Carcinoma Cells
	Introduction
	Materials and Methods
	Cell Culture, Transfection, and Stable Selection
	Real-Time PCR
	Cell Proliferation Assay
	Cell Mobility Assay
	Western Blot Analysis
	Tumor Xenografts
	Immunohistochemistry and Scoring
	Statistical Analysis

	Results
	Kinome-Wide Screening for Kinases Required for HCC Cell Proliferation
	MAP3K7 Kinase Is Involved in HCC Cell Migration and Invasion
	Ablation of MAP3K7 Reduces Tumor Formation in Spheroid Cell Culture and xenografted Tumors
	MAP3K7 Is Associated With Tumorigenesis and Poor Prognosis in Patients With HCC
	MAP3K7 Is Correlated With mTOR Expression and Associated With Poor Prognosis

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


