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Metabolic activation is a common feature of many cancer cells and is frequently associated with
the clinical outcomes of various cancers, including hepatocellular carcinoma (HCC). Thus,
aberrantly activated metabolic pathways in cancer cells are attractive targets for cancer therapy.
YAP1 and TAZ are oncogenic downstream effectors of the Hippo tumor suppressor pathway,
which is frequently inactivated in many cancers. Our study revealed that YAPI/ TAZ regulates
amino acid metabolism by up-regulating expression of the amino acid transporters SL.C38A1 and
SLC7A5. Subsequently, increased uptake of amino acids by the transporters activates mMTORC1, a
master regulator of cell growth, and stimulates cell proliferation. We also show that high
expression of SLC38A1 and SLC7AS is significantly associated with shorter survival in HCC
patients. Furthermore, inhibition of the transporters and mTORCL1 significantly block YAP1/TAZ-
mediated tumorigenesis in the liver. These findings elucidate regulatory networks connecting the
Hippo pathway to mTORCL1 through amino acid metabolism and the mechanism’s potential
clinical implications for treating HCC.

Conclusion—YAP1 and TAZ regulate cancer metabolism and mTOCR1 through regulation of
amino acid transportation and two amino acid transporters, SLC38A1 and SLC7A5, might be
important therapeutic targets.
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INTRODUCTION

The Hippo pathway is a key regulator of tissue growth and cell fate and frequently
deregulated in many human cancers including hepatocellular carcinoma.1=# When Hippo
signaling is deregulated, its downstream regulators YAPZand TAZenter the nucleus and
increase transcriptional activation of genes involved in cell proliferation and survival.
Activation of YapZin mouse livers leads to the development of hepatocellular carcinoma
(HCC).3: 5 6 Knockout of Sav and Mst1/2, upstream inhibitors of YapZand 7az, in the
mouse liver also leads to the development of HCC.7-10

YAP1 and TAZ are best known for their involvement in promoting limitless cell growth and
proliferation during tumor development.1! This process involves activation of cellular
metabolism to support the high demand for the energy and building blocks needed for
continuous cell growth and proliferation. Activating metabolism increases uptake of
extracellular nutrients, accelerates aerobic glycolysis, increases biosynthesis of building
blocks, and enhances anaplerosis and is principally regulated by the same oncogenes that
stimulate cell proliferation signaling.12-14 However, the roles of YAP1 and TAZ in
metabolic activation remain to be elucidated.

HCC is the sixth most prevalent and the second-most common cause of cancer-related death
in the world.15> HCC carries a dismal prognosis and is the second-most lethal cancer type in
the US, where its 5-year overall survival rate is around 11%.16 Surgical resection, potentially
curative treatment, is only applicable to the small subset of patients diagnosed at the early
stages. Unfortunately, conventional or targeted chemotherapies have not been fully
developed to have significant impact on overall survival.17 Therefore, it will be important to
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have better understanding of the underlying biology involved in HCC development for
improvement of therapeutic strategies for this deadly malignant disease.

In the current study, we uncovered unexpected new roles for the Hippo pathway in the
regulation of cancer metabolism and the activation of mammalian target of rapamycin
complex 1 (mTORC1) through the up-regulation of amino acid transporters. Our findings
provide therapeutically relevant insights into molecular mechanisms of HCC development
that are mediated by YAP1 and TAZ, key downstream effectors of the Hippo pathway.

MATERIALS AND METHODS

A comprehensive description of methods is found in Supporting Information.

Cell Culture and western blots

ChIP Assay

The HCC cell lines SK-Hepl and SNU-449 were purchased from ATCC. Normal hepatocyte
cell line HepaRG was purchased from ThermoFisher Scientific (HPRGC10). Cells were
grown in Dulbecco’s modified essential medium supplemented with 10% fetal bovine
serum. Western blot analysis performed as described previously.® Liver tissues from 4-
week-old Mst1/27/~ mutant and wild-type mice were used for Western blots. Antibody list is
available in Supporting Information.

ChIP experiments were performed as described previously.18 Antibodies and primer
sequences are available in Supporting Information.

Expression of YAP1-S127A, SLC7A5 and SLC38A1 in HCC Cells

Wild-type human YAP1 and constitutively active mutant human YAPL (YAP1-S127A) were
previously described!® and obtained from Addgene. Coding sequences of wild-type YAP1
and YAP1-S127A were cloned into a lentiviral vector ()CDH-EF1-MCS-T2A-Puro) at the
BamH1 and Not1 sites. HCC cells were infected with purified lentiviral particles from HEK
293 cells and selected with puromycin for overexpression of YAP1-S127A. Myc-tag
SLC7A5 and SLC38A1 cDNA clones were purchased from OriGene (RC207604 and
RC203903; TrueORF Gold clone). The ORF region of SLC7A1 and SLC38A1 cDNA was
cloned into a pCMV6 vector containing a MY C tag at the Sgf/and M/ul cloning sites.

Reporter Assay

To generate pGL3-SLC38A1 and SLC7A5, the promoter regions from —2,998 to +1
(SLC7A5) and —2,973 to +1 (SLC38A1) were cloned by RT-PCR from human genomic
DNA. Sequences were verified by an automatic sequencer. For luciferase-based reporter
assays, cells were transfected with the indicated reporter genes and plasmids (YAP1, TAZ,
and TEAD1; Addgene) using FUGENE 6 (Roche) according to the manufacturer’s
instructions. After 48 hours, cells were harvested for measuring luciferase activity.

Hepatology. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al. Page 4

Xenograft Experiments

Female athymic nude mice were purchased from the National Cancer Institute’s Frederick
National Laboratory for Cancer Research and maintained according to guidelines set forth
by the Association for Assessment and Accreditation of Laboratory Animal Care
International and the United States Public Health Service policy on Humane Care and Use
of Laboratory Animals. All mouse studies were approved and supervised by The University
of Texas MD Anderson Cancer Center Institutional Animal Care and Use Committee. All
mice used in the xenograft experiments were between 8 and 12 weeks of age at the time of
injection. Xenograft experiments were carried out as described in Supporting Information.

Gene Expression Data

Gene expression data from cell lines and patient tissues are described in Supporting
Information.

Mst1/2-Deficient Mouse Models and Rapamycin Treatment

Generation and breeding of Mst2™f and Mst2" mice were done as described in a previous
report.” The mice were subsequently bred to albumin-Cre mice and then backcrossed to
homozygous floxed mice. Rapamycin (LC Laboratories) was dissolved in ethanol at 50
mg/ml and aliquots stored at —80°C. A working solution was made by further dilution into
an aqueous solution of 5% Tween 80 and 5% polyethylene glycol 400 to a concentration of 1
mg/ml immediately before use. Rapamycin or an equal volume of vehicle was injected
intraperitoneally into Mst1/27~ or Mst1/2"f mice at a dose of 6 mg/kg of body weight. The
treatment was started when the mice were 3 months of age and continued on a schedule of
one injection per mouse every other day for 62 days.

Statistical Analysis

We identified genes that were differentially expressed between the two subtypes using a
random-variance t-test. Differences in gene expression were considered statistically
significant if p < 0.001. Receiver operating characteristic curve analyses were carried out to
estimate the discriminatory power of the two amino acid transporters. We calculated the area
under the curve, which ranges from 0.5 (for a noninformative predictive marker) to 1 (for a
perfect predictive marker), and a bootstrap method (1000 resampling) was used to calculate
the 95% CI for the area under the curve. We used multivariate Cox proportional hazards
regression analysis to evaluate independent prognostic factors associated with overall
survival time, using tumor stage, vascular invasion, tumor grade, and number of liver tumors
as covariates.20 A p-value of <0.05 indicated statistical significance, and all statistical tests
in this analysis were two-tailed.

RESULTS
Regulation of amino acid transporters by YAP1 and TAZ in HCC cells

Because recent data suggest that cancer cells have a remarkably active metabolism that
allows them to sustain fast proliferation,2!: 22 we sought to examine how YAPIand 7AZ
regulate cancer metabolism in HCC. We first selected HCC cell lines with activated YAP1
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by determining YAP1 phosphorylation status. SK-Hepl and SNU-449 cells showed higher
YAP1 activity than cells from the normal hepatocyte lines HepaRG, as evidenced by the
absence of phosphorylation of the S127 residue, a critical negative regulatory site for YAP1
(Fig. 1A). In SK-Hep1l (a YAP1-active cell line), YAP1 was expressed in the nucleus but not
in the cytoplasm (Supporting Fig. 1A,B). In addition, expression of CTGF, the best-known
downstream target of YAPZ,23 was significantly higher in SK-Hep1 and SNU-449 than in
HepaRG (Fig. 1B), supporting the idea that YAPL1 is highly activated in HCC cell lines.
Furthermore, when expression of YAPI was silenced by small interfering RNAs (SiRNAs),
growth of SK-Hepl and SNU-449 was significantly attenuated (Fig. 1C and Supporting Fig.
2), suggesting that YAP1 is necessary for maintaining the growth of SK-Hep1 and SNU-449
HCC cells. Silencing TEAD1, a key partnering transcription factor of YAPZand 7AZ! had
a similar effect on the growth of these cells (Fig. 1C), further supporting that proliferation of
SK-Hepl and SNU-449 is largely mediated by YAPZand TAZ.

Because uptake of extracellular nutrients into cells is the first rate-limiting step for all
metabolic pathways and a critical step in metabolic activation, we examined expression of
metabolite transporters (solute carrier [SLC] family members) before and after silencing
YAPIand TAZin SK-Hepl cells. To do this, we carried out microarray experiments,
extracted expression data of all SLC family members, and identified genes that were
differentially expressed upon silencing of YAPZand 7AZusing a stringent cut-off (p <
0.001). Most interestingly, amino acid transporters were the most down-regulated functional
group among the SLC members (Fig. 2A). In particular, expression levels of SLC7A5 and
SLC38A1 were significantly down-regulated after silencing of YAPZand 7AZ (P = 0.0001
and P=0.0002, respectively). SLC38A1 and SLC7AS5 transport glutamine and essential
amino acids, respectively,24 suggesting that YAP1 and TAZ regulate the first rate-limiting
step of amino acid metabolism in HCC cells. Down-regulation of both SL.C3841 and
SLC7A5 was confirmed by quantitative reverse transcription—polymerase chain reaction
(RT-PCR) after silencing YAPI in SK-Hepl cells (Fig. 2B,C, and Supporting Fig. 2).
Moreover, the expression of these transporters was also down-regulated by silencing of
TEAD1. Silencing of YAPI, TAZ and TEADI expression in another YAP1-active HCC cell
line, SNU-449, further validated the tight regulation of SLC38A1 and SLC7A5 expression
by YAPIand TAZ (Fig. 2D,E). Of note, while expression of SLC38A1 was strongly affected
by both YAP1 and TAZ, expression of SLC7A5 was significantly affected only by YAP1,
supporting the notion that YAPZ and 7AZ share similar functional roles but with slightly
different specificities.2®

To validate the regulation of SLC38A1 and SLC7A5by YAPIand TAZin vivo, we
measured the expression of the transporters in livers from conditional MstZ/2~ mice. In
these mice, YapIand 7azare constitutively activated owing to the inactivation of MstZ and
Mst2, upstream regulators of YapZand 7az.’: 9 10 Consistent with the data from cell lines,
expression levels of both S/c38a1 and Slc7a5 were significantly higher in Mst1/27~ mice
than in wild-type mice (Fig. 2F). Taken together, our data strongly demonstrated that YAPI
and 7AZregulate expression of two amino acid transporters.
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YAP1 and TAZ regulate glutamine metabolism through a glutamine transporter in HCC

Because SLC38A1 is a glutamine transporter and glutamine is an important amino acid for
both ATP generation and biosynthesis of building blocks,26: 27 we sought to test the
relationship between YAP1 activation and glutamine dependency in HCC cells. Depletion of
glutamine from culture media significantly reduced the growth of SK-Hepl and SNU-449
cells (Fig. 3A), supporting the notion that glutamine is an important metabolite for
proliferation of YAP1-active HCC cells.

We next tested whether glutamine consumption is regulated by YAPI and 7AZin SK-Hepl
and SNU-449 cells. The rate at which glutamine was consumed from the medium was
significantly reduced by silencing of YAPI, TAZ, or TEADI expression (Fig. 3B). When
expression of SL.C38A1 was silenced by specific siRNA, consumption of glutamine was
significantly reduced, as seen when YAPIand TAZ were silenced (Fig. 3C), indicating that
glutamine uptake in YAP1-active HCC cells is largely mediated by SLC38AL. Furthermore,
glutamine consumption in YAP1/TAZ-depleted SK-Hepl HCC cells was rescued by re-
expression of exogenous SLC38A1 (Fig. 3D). Collectively, these data indicate that
glutamine is necessary for the proliferation of YAP1-active HCC cells and that YAP1
actively regulates uptake of glutamine by controlling expression of the glutamine transporter
SLC38A1.

SLC7AS5 and SLC38AL1 are necessary for YAP1/TAZ-mediated proliferation of HCC cells

Our findings suggested that YAP1/TAZ-mediated uptake of amino acids is necessary for the
proliferation of HCC cells. Thus, we tested whether expression of SLC38A1and SLC7A5is
necessary for YAPI-mediated cell proliferation. As with silencing of YAPI, TAZ and
TEADI, which significantly reduced the growth of SK-Hepl and SNU-449 cells (Fig. 1C),
silencing of either SLC38A1 or SLC7A5 expression significantly inhibited cell growth (Fig.
4A-D and Supporting Fig. 3). Furthermore, when exogenous SLC38A1 and SLC7A5 were
introduced by expression vectors to YAP1/TAZ-depleted SK-Hep1 cells, cell growth was
significantly recovered (Fig. 4E), suggesting that YAP1/TAZ-mediated cell proliferation is,
in part, dependent on both uptake of glutamine by SLC38A1 and uptake of essential amino
acids by SLC7Ab5.

We next tested the in vivo effects of silencing SLC38A1 and SLC7A5 in mouse xenograft
models. SK-Hepl cells were subcutaneously transplanted into athymic nude mice, and
tumor growth was monitored. Once palpable tumors were detected, mice were randomized
to receive either SLC38A1-specific SiRNA mixed with neutral nanoliposomes or an
SLC7A5specific SiRNA mixture (n = 10 per group). In parallel, control mice were treated
with unrelated siRNA. Consistent with our /in vitro observations, tumor weight was
significantly reduced by the silencing of SLC38A1 or SLC7A5 expression in subcutaneous
xenograft models (Fig. 4F and Supporting Fig. 4A). Moreover, significant reduction of
tumor growth by silencing of SLC38A1 or SLC7A5 was further demonstrated in an
orthotopic liver xenograft mouse model, which is clinically more relevant to human HCC
(Fig. 4G and Supporting Fig. 4B). Taken together, these results clearly demonstrated that
SLC38A1and SLC7A5play critical roles in the growth and progression of HCC tumors.
Importantly, we silenced expression of SLC38A1 and SLC7A5 by using specific sSiRNAs to
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inhibit their transporter activities even though chemical inhibitors for SLC38A1 and
SLC7AG5 are available because the inhibitors lack specificity for SLC38A1 and SLC7A5.
For instance, a-(methylamino)isobutyric acid (MeAlIB) is a competitive inhibitor of all
members of the system A transporter family, including SLC38A1,28 and 2-aminobicyclo-
(2,2,1)-heptane-2-carboxylic acid (BCH) is an inhibitor of all members of the system L
transporter family, including SLC7A5.29

YAP1 and TAZ directly regulate expression of SLC38A1 and SLC7A5

Because our data clearly demonstrated that SLC38A1 and SLC7ADS are necessary for YAP1/
TAZ-mediated cell proliferation, we next sought to determine whether YAP1 and TAZ
directly bind to promoter regions of SLC38A1 and SLC7A5 and thereby regulate their
expression. To do this, we carried out chromatin immunoprecipitation (ChIP) assays using
antibodies against YAP1, TAZ, and TEAD1. TEAD binding sites and upstream non-TEAD
binding sites of SLC38A1 and SLC7A5 were measured and quantified from the
immunoprecipitates (Fig. 5A-D). The results revealed that all three antibodies could enrich
the TEAD binding promoters, suggesting that YAP1, TAZ, and TEAD1 directly bind to the
promoters of SLC38A1and SLC7A5 genes.

To validate this result, we next carried out luciferase assays using a reporter carrying a DNA
fragment with the SLC38A1 and SLC7A5 promoters. Consistent with the ChIP assays, the
luciferase assays revealed that YAP1, TAZ, and TEAD1 activated transcription activity from
both the promoters (Fig. 5E,F). Taken together, these data strongly demonstrated that YAP1
and TAZ directly regulate expression of SLC38A1 and SLC7A5by binding to their
promoters.

SLC38Al and SLC7A5 regulate mTORCL1 activity in HCC tumors

Amino acids are essential for the master growth regulator mTORC1 signaling pathway.
Leucine (preferred substrate of SLC7A5) and glutamine (preferred substrate of SLC38A1)
are the two most important amino acids for mTORC1 activity.30-33 Thus, we tested whether
silencing of SLC38A1 and SLC7A5 expression would reduce mTORCL activity in HCC
cells. Direct silencing of SLC38A1 and SLC7A5 expression reduced mTORCL activity in
SK-Hepl and SNU-449 cells, as evidenced by reduced phosphorylation of the T389 residue
of S6K1, the best-known substrate of mMTORC1 (Fig. 6A). This result agrees very well with
a previous study’s finding that amino acid transporters are upstream regulators of
mTORC1.32 We further tested whether mTORC1 inactivation by silencing of SLC38A1 is a
direct result of reduced glutamine transporter activity in HCC cells. We treated SLC38A1-
depleted SK-Hepl cells with membrane-permeable esterified glutamine and found that
phosphorylation of the T389 residue of S6K1 and S240/244 residues of S6 was recovered
after the treatment (Fig. 6B), clearly indicating that uptake of glutamine is a mechanism for
MTORC1 activation by SLC38A1,whose expression is regulated by YAP1/TAZ in HCC
cells.

We next sought to examine mTORCL activity in vivo after silencing of SLC38A1 or
SLC7A5in mouse xenograft models. Consistent with the cell line experiments, silencing of
SLC38A1or SLC7A5by specific siRNAs attenuated mTORC1 activity, as evidenced by
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reduced phosphorylation of S6K1 and S6 in a subcutaneous xenograft model (Fig. 6C).
Furthermore, reduced mTORC1 activity by silencing of SLC38A1 or SLC7A5 was further
demonstrated in an orthotopic liver xenograft mouse model (Fig. 6D). Taken together, these
results clearly demonstrated that SLC38A1 and SLC7A5 play critical roles in the regulation
of mMTORC1 activity in HCC tumors.

YAP1/TAZ regulates mTORCL1 activity via SLC38A1 and SLC7A5

Because our data demonstrated that YAP1/TAZ regulates expression of SL.C38A1 and
SLC7A5, which are necessary for maintaining mTORCL activity in HCC cells, we
hypothesized that YAP1/TAZ regulates mTORC1 activity by regulating SLC38A1 and
SLC7A5. When expression of both YAP1 and TAZ were silenced by specific sSiRNAs in SK-
Hepl cells, phosphorylation of S6K1 and S6 was substantially reduced (Fig. 7A), suggesting
that YAPL1/TAZ is necessary for maintaining mTORC1 activity in HCC cells. Similar
reduction of mMTORC1 activity upon silencing of YAPZ and TAZexpression was also
observed in SNU-449 cells (Fig. 7B), further supporting the idea that YAP1/TAZ regulates
mMTORC1 in HCC cells.

To determine whether regulation of mMTORC1 by YAPL1/TAZ is mediated by SLC38A1 and
SLC7A5whose expression is regulated by YAPZ and TAZ we next attempted to rescue
mMTORC1 activity by expressing exogenous SLC38A1 and SLC7A5 in YAP1/TAZ-depleted
HCC cells. Introduction of exogenous SLC38A1 and SLC7A5 successfully recovered
phosphorylation of S6K1 and S6 (Fig. 7C), suggesting that mTORC1 activation by
YAP1/TAZ is mediated by the uptake of essential amino acids (including leucine and
glutamine) through increased expression of SLC38A1 and SLC7AS.

To validate functional correlation of mMTORC1 activation by YAPI/ TAZin vivo, we assessed
the phosphorylation status of S6K1 and S6 in liver tissues from Mst1/2”/~ mutant mice, in
which Yapl and Taz are constitutively activated. Consistent with the data from cell lines,
mTORCL activity in liver tissue was substantially greater in Mst1/27~ mice than in wild-
type mice, as evidenced by the increased phosphorylation of S6k1 and S6 in Mst1/27/~ mice
(Fig. 7D).

Clinical Relevance and Significance of YAP1/TAZ-Mediated mTORC1 Activation in HCC

We next investigated the clinical significance of SLC38A1and SLC7A5in HCC patients
using gene expression profile data generated from our laboratory (Cohort 1, n = 100). When
patients were dichotomized according to expression of SLC38A1 using median expression
value as a cut-off, we found that high expression of SLC38A1 was significantly associated
with shorter overall survival (Fig. 8A). Likewise, high expression of SLC7A5 was
significantly associated with shorter overall survival (Fig. 8B), suggesting that these
transporters contribute to HCC development and progression. Likewise, in receiver operating
characteristic analysis, which measures area under a curve to assess the prognostic power of
potential markers, expression of both SLC38A1 and SLC7A5was a significant predictor for
overall survival of HCC patients. Areas under the curves plotting SLC38A1 and SLC7A5
expression levels as they relate to 5-year overall survival were 66.6% (95% confidence
interval [CI], 54.6%-78.5%, P = 0.003) and 65% (95% Cl, 55.7%-76.5%, P = 0.007),
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respectively (Supporting Fig. 5A,B). Importantly, combining data on the expression patterns
of SLC38A1 and SLC7ADS substantially improved prognostication of patients, as evidenced
by the facts that patients with high expression of both transporters had the worst prognosis
while patients with low expression of both transporters had the best prognosis compared
with those with high expression of one transporter and low expression of the other
(Supporting Fig. 5C).

Furthermore, the expression of the two transporters was significantly associated with
prognostic subgroup as stratified by 65-gene prognostic risk scores.34 Expression levels of
SLC38A1and SLC7A5 were significantly higher in the high-risk prognostic subgroup than
in the low-risk prognostic subgroup (P= 1.2 x 10711 for SL.C38A1and P= 3.1 x 1076 for
SLC7A5; Supporting Fig. 6A,B). Cox proportional hazards regression analysis also
indicated that high expression of SLC38A1 or SLC7A5 s an independent predictor for
shorter survival in HCC patients (Supporting Table 1). For further validation of the
prognostic significance of these transporters, we used publicly available gene expression
data from HCC patients. Consistent with the data from the first cohort, expression of the two
transporters remained significantly associated with prognosis in two additional cohorts of
HCC patients (Supporting Fig. 5D,E, and Supporting Fig. 6C—F). Taken together with the
up-regulation of S/c38al and Slc7a5in the livers of Mst1/2”~ mice and the indispensability
of SLC38A1and SLC7A5 for tumor formation in xenograft models, these data strongly
suggested that SLC38A1/SLC7A5-mediated activation of mMTORCL1 by YAP1/TAZ is a key
regulatory pathway for HCC development and progression. Furthermore, our data is in good
agreement with previous observation showing that higher expression of YAP1 and TAZ is
significantly associated with poor prognosis in HCC.35-39

Because our data strongly suggested that mTORCL1 is a major downstream effector of
oncogenic activation of YAP1/TAZ during HCC development, we next tested whether
inhibition of MTORCL1 is sufficient to block or delay Yapl/Taz-mediated tumor development
in Mst1/2”"~ mice. We treated Mst1/2/~ mice with the mTORC1 inhibitor rapamycin or
with a control to assess the potential therapeutic benefit of mMTORCL1 inhibition in Yapl/Taz-
driven HCC. Mst1/27/~ mice treated with rapamycin had significantly fewer tumors than the
control-treated mice (P= 0.02; Fig. 8C-E). Of note, five of the 14 rapamycin-treated mice
had no tumors, suggesting that tumor development was completely blocked in some mice.
These data strongly suggest that mTORC1 activity is necessary for the development of
YAP1/TAZ-driven HCC, as we predicted from our cell culture experiments.

DISCUSSION

Regulation of cell cycle genes and uptake of extracellular nutrients are essential for the
proliferation of cancer cells. Therefore, oncogenic signals that stimulate cell proliferation
must also participate in the activation of cellular metabolism. While the roles of YAPZ and
TAZin regulation of the cell cycle have been well documented, ! 2 4 regulation of cellular
metabolism by YAPIand 7AZhas remained elusive. The present study demonstrated that
YAPI and TAZregulate the uptake of amino acids and thereby activate mTORCL1 by up-
regulating expression of the amino acid transporters SLC38A1 and SLC7A5 (Fig. 8F).
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Because amino acids are essential for cell proliferation, both as the building blocks of new
proteins and as metabolic precursors, regulation of the activity of mTORCL, master regulator
of cell growth, by amino acids is necessary for its integration of nutrients into extracellular
growth signals. The two-step process for activation of mMTORC1 by amino acids3? comprises
first an increase in the intracellular concentration of glutamine by a Na*-dependent amino
acid transporter and then use of the intracellular glutamine as an efflux substrate by a
bidirectional transporter, such as SLC7AD5, to stimulate uptake of extracellular essential
amino acids, such as leucine. This uptake activates mTORC1, demonstrating that these
amino acid transporters are upstream regulators of mMTORC1. However, the molecular basis
for the regulation of amino acid transporters and the clinical significance of dysregulating
their expression are currently unknown. Our findings strongly suggest that YAPZand 7AZ
regulate expression of the Na*-dependent amino acid transporter SLC38A1 and the
bidirectional transporter SLC7AD5 to regulate uptake of glutamine and leucine, the two most
important amino acids for activation of mMTORC1.30-33 Silencing of YAPZand 7AZas well
as SLC38A1and SLC7A5 consistently and substantially reduced mTORCL activity in HCC
cells. High expression of these transporters in the YAPZ-active HCC cells strongly supports
the suggestion that up-regulation of transporter expression by YAP1 and TAZ in HCC
activates mTORCL. The significantly higher phosphorylation of S6, reflecting mTORC1
activity, in Yapl/Taz-active mouse liver tissues further supports this suggestion.
Furthermore, the significant association of both amino acid transporters with poor prognosis
in patients with HCC agrees well with the findings of previous studies demonstrating a
significant association of mMTORC1 activation with poor prognosis in patients with

HCC40. 41 and also supports the notion that mTORC1 activation in human HCC is mediated
by SLC38A1and SLC7A5that are up-regulated by YAP1/TAZ.

Expression of YAPIand SLC7AS5 s also increased in regenerating liver after partial
hepatectomy and intoxication with carbon tetrachloride,*2 43 further supporting the
importance of YAPI-mediated SLC7A5 expression and subsequent activation of mTORC1
for cell proliferation in the liver. Our data also in good agreement with previous study
demonstrating higher expression of SLC38A1 in HCC tissues than normal liver.44
Interestingly, expression of SLC7A5 was more tightly regulated by YAPZ than by 7AZ,
suggesting that YAPZ directly regulates mMTORC1 by orchestrating uptake of extracellular
leucine, whereas YAPIand TAZ were equally important for the uptake of glutamine, which
acts as an efflux substrate as well as a key anaplerotic metabolite for fast proliferation of
cancer cells.2” Our data strongly support the current model postulating activation of
mTORC1 by amino acid transporters32 and, furthermore, suggest that the model be updated
to recognize that YAP1 and TAZ orchestrate cell proliferation by regulating both cell cycle
and uptake of amino acids.

Silencing of YAPIand TAZsignificantly reduced mTORC1 activity and growth of HCC
cells, and more importantly, mMTORC1 inactivation and growth inhibition by depletion of
YAP1/TAZ were rescued by exogenous SLC38A1 and SLC7A5 and by membrane-
permeable esterified glutamine, clearly indicating that SLC38A1 and SLC7AD5 are key
downstream effectors of YAPL/TAZ-mediated activation of mMTORCL1 and cell growth. It is
also important to note that growth of YAP1/TAZ-depleted cells was not fully rescued by
exogenous SLC38A1 and SLC7ADb, suggesting that amino acid transporters are not the only
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mediators of mMTORC1 activation and cell growth stimulation by YAP/TAZ. Indeed, an
independent study indicated cross-talk between YAPL1/TAZ and the PTEN-PI3K-AKT
pathway,*® suggesting that PI3K-AKT is another regulatory route for YAP1/TAZ-mediated
MTORC1 activation and cell growth in HCC. However, the indispensability of SLC38A1
and SLC7AD5 in tumor formation and growth in our mouse xenograft experiments clearly
demonstrated that these amino acid transporters are necessary for YAP1/TAZ-driven HCC
development even though they are not the sole downstream mediators of YAP1/TAZ-driven
tumorigenesis. Because SLC38A1 and SLC7A5 may have additional molecular activities, it
is also important to note that their non-transporter activities might be important for
regulation of cell proliferation.

Because of its roles in the development of many cancers, the Hippo-YAP1/TAZ pathway has
been actively pursued as a target for cancer treatment. A screening of a drug library
identified the porphyrin family, including verteporfin, hematoporphyrin, and protoporphyrin
IX, as inhibitors of YAP1.46 These compounds inhibit the interaction between YAP1 and
TEAD. However, it remains to be elucidated whether these porphyrins are effective in the
treatment of established cancers because they have relatively low affinity for YAP1. A recent
study identified VGLL4as a new negative regulator of YAPZ and proposed that peptides
mimicking VGLL4 can suppress YAP1-mediated tumor growth.4” Our present study
broadens the set of potential therapeutic targets of the Hippo-YAP1/TAZ pathway to include
amino acid transporters, such as SLC38A1 and SLC7A5, and mTORC1 and sheds light on
strategies for inhibiting this pathway for therapeutic benefit. Importantly, all of the newly
identified therapeutic targets are currently druggable. The application of mMTORC1
inhibitors, including rapamycin, for treatment of cancer patients is currently an area of
intense clinical study.48 MeAlIB, a competitive inhibitor of SLC38A1, has been used to
inhibit liver regeneration in a mouse model.#® SLC7AS5, another proposed target, is up-
regulated in many cancers, and BCH, an inhibitor of SLC7Ab5, effectively inhibited the
growth of many cancer cells.5% However, further studies will be necessary to determine the
therapeutic potential of this approach in vivo and their safety when used for treating cancer
patients because of lack of specificity of these inhibitors.

In conclusion, our data show that SLC38A1 and SLC7Ab5 are required for YAPL/TAZ-
mediated mTORCL activation and critical for tumor formation, growth, and progression in
HCC, as evidenced by their indispensability in tumor formation and growth in mouse
models and the significant association between their expression and HCC patients’ survival.
Furthermore, our data suggested that SLC38A1, SLC7A5, and mTORCL1 are potential
therapeutic targets in HCC with activated YAP1/TAZ. However, more specific inhibitors of
SLC38Al and SLC7AS5 or of antibodies that can neutralize these transporters’ activity will
need to be developed to ascertain the efficacy and safety of targeting these amino acid
transporters in clinical settings.
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Figure 1. YAP1 and TAZ are necessary for proliferation of HCC cells
(A) Expression of YAPL, TAZ, and TEAD1 and phosphorylation of YAP1 were assessed in

HCC (SK-Hepl and SNU-449) and normal hepatocyte cell line (HepaRG) by Western
blotting with indicated antibodies.

(B) CTGF mRNA expression was measured by quantitative RT-PCR.

(C) SK-Hepl and SNU-449 HCC cells were transiently transfected with indicated siRNAs,
and cell proliferation rates were measured by MTT assay at the indicated time points. Values
shown were normalized to luciferase-specific SIRNA (siLuc)-treated cells and represent
mean + standard deviation.
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Figure 2. YAP1 and TAZ regulate expression of SLC38A1 and SLC7A5in HCC cells
(A) Expression pattern of SLC family genes from microarray data. Amino acid transporters

are shown in red.

(B-E) Indicated cells were transfected with indicated siRNAs. The cells were used for
guantitative RT-PCR to measure SLC38A1 and SLC7A5. Expression level was normalized

with silL.uc samples.

(F) Quantitative RT-PCR was done with Mst1/2 knockout samples to measure CTGF,
SLC38A1, and SLC7A5 mRNA expression level. *p < 0.05, **p < 0.01, ***p < 0.005 by

Student t-test.
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Figure 3. Glutamineis necessary for growth of YAPL/TAZ-active HCC cells
(A) Growth of HCC cells under conditions of glutamine abundance or deprivation. Data are

the mean + standard deviations of three independent cell cultures grown in the presence or
absence of glutamine for 48 hours. *** £< 0.001 by Student t-test.

(B) SK-Hepl and SNU-449 cells were transiently transfected with indicated siRNA for 72
hours. The medium was assayed for glutamine level. The data were normalized to cell
number. *p < 0.05, **p < 0.01, ***p < 0.005 by Student t-test. ns: not significant.

(C,D) Consumed glutamine level from the medium after transfection of indicated SiRNAs
(C) or after expression of exogenous SLC38AL1 in YAP1/TAZ-depleted SK-Hepl cells (D).
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Cells were transfected with indicated siRNAs or expression vectors for 48 hours. The data
were normalized to number of cells. *P< 0.05, **P < 0.01, ***P < 0.005 by Student t-test.
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Figure 4. Amino acid transportersareimportant for proliferation of HCC cells
(A-D) SK-Hepl and SNU-449 HCC cells were transiently transfected with indicated

siRNAs, and cell proliferation rates were measured by MTT assay at the indicated time
points. Values shown were normalized to siLuc-treated cells and represent mean + standard
deviation. *P< 0.05, **P< 0.01, ***P < 0.005 by Student t-test.

(E) Recovered cell growth by exogenous SLC38A1 and SLC7A5 in YAP1/TAZ-depleted
SK-Hepl cells. Myc-tagged exogenous SLC38A1 and SLC7A5 were expressed in SK-Hepl
cells. Empty expression vector pCMV6 was used as a control. Cell proliferation rates were
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measured by MTT assay at 72 hours after transfection of expression vectors. *P < 0.05, **P
<0.01, ***P < 0.005 by Student t-test.

(F,G) Tumor weight after treatment with siRNA-DOPC in a subcutaneous xenograft model
(F) or orthotopic xenograft model (G) with SK-Hepl HCC cells. At 6 weeks after sSiRNA-
DOPC injection, mice were killed and tumor weights measured (n = 10 per group) Data are
presented as mean xstandard error of the mean (SEM). *P< 0.05, **£< 0.01, ***F< 0.005
by Student t-test.

Hepatology. Author manuscript; available in PMC 2017 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Park et al.

A

C

10

rat

o
=

u

a
=

m

SLC38A1 Promoter

-2951 -2701 -2301 -2001
Primer | Primer I

@ TEAD Binding Site

N

> S

Q\} (<) AV f'\é\/;\@v
S OR R

Primer |
Primer || e

Il SLC38A1 TBS
[1SLC38A1 Distal #x

*kk

1.0+ 1.0
0.8 0.8
0.6 S 0.6
0.4+ ek 0.4
0.2 - 0.2+
0.0l= 0.0 C =
O N A D O N A N
O R P\ Y O R s O
X\ &((/Y‘ o\ «Q/?‘
SK-Hep1 SNU-449
SLC38A1
= *kk kK sonewe XX
S 5 T 51 :
>
§ 4_ 4- *kk
* %
E 3 2 3
S 2 24
|
211 g 11
-
x O & Q\ Y/X/ Q'\ 0- > Q'\ v/y Q'\
§ £
ISEE\SENI) & FX¥ ST
g & ® A &
i SNU-449

B

D

Input/IP ratio

Page 22

SLC7A5 Promoter
x|
-2951 -2801 -1401 -1201
Primer | Primer Il
D TEAD Binding Site
N
N QO
S o T
ORI
Primer | _
Primer |1 [ ——
Il SLC7A5 TBS
[JSLC7A5 Distal
*%
1.0 1.0+
0.84 0.8
L
0.6+ o 0.6
0.4+ Kook 0.4
0.2 0.24
0.0 0.0
ON A N O N A N
SR <O S R <Y O
g A &Q/?‘ AR\ ol &((/?‘
SK-Hep1 SNU-449
SLC7A5
=
=
£ 5y 5
<
@ 44 44
wn
o©
3.0':> 34 31 dkx KRk
5 _ ¢
3 21 2 * %k
® ,
5 4
Q
kg Y 9’ N
L R Q
S X N
S - K
SNU-449

Figure5. YAP1 and TAZ Directly Bind to the Promoters of Amino Acid Transporters
(A) Schematic representation of SLC38A1 promoter regions for ChlP assay (top) and ChIP

assay results (bottom). (B) Schematic representation of SLC7A5 promoter regions for ChlP
assay (top) and ChlIP assay results (bottom). ChIP assay was done in SK-Hep1 cells with
indicated antibodies. Recruitment of YAP1, TAZ, and TEAD1 proteins to the SLC38A1 or
SLC7A5 promoter was analyzed using primers specific to the SLC38A1 or SLC7A5
promoter. Immunoglobulin G (1gG) was used as an internal control.
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(C,D) ChIP samples were used for quantitative RT-PCR for quantification of binding in
indicated cell lines. Data are presented as mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.005
by Student t-test.

(E,F) SK-Hepl and SNU-449 cells were transiently transfected with indicated cDNA and
reporter plasmids, and luciferase activity was measured by Luminometer (Promega). Data
are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.005 by Student t-test. TBS:
TEAD binding site. IP: immunoprecipitation.
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Figure6. mTORC1 isregulated by SLC38A1 and SLC7A5in HCC cells
(A) SK-Hepl and SNU-449 HCC cells were transiently transfected with indicated siRNAs

for 96 hours. Phosphorylation of S6K1 was assessed by Western blotting with indicated
antibodies.

(B) SK-Hep1 cells were treated with esterified glutamine (GIn) (4 mM) for 30 minutes after
silencing of SLC38A1 with specific siRNA. Expression and phosphorylation of S6K1 and
S6 were assessed in cell lysates by Western blotting with indicated antibodies.

(C,D) Xenografted HCC tissues treated with indicated siRNAs were used for Western blot
analysis with indicated antibodies.
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Figure 7. YAP1 and TAZ activate mTORC1 through regulation of SLC38A1 and SLC7A5
(A-B) SK-Hepl (A) and SNU-449 (B) HCC cells were transiently transfected with

indicated siRNA for 96 hours. Expression of YAP1 and TAZ and phosphorylation of S6K1
and S6 were assessed by Western blotting with indicated antibodies.

(C) SK-Hep1 cells were transfected with SLC38A1 and SLC7A5 cDNA after silencing
YAP1 and TAZ with specific SiRNAs. Expression and phosphorylation of S6K1 and S6 were
assessed in cell lysates by Western blotting with indicated antibodies.
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(D) Expression of Mst1, Mst2, S6K1, and S6 and phosphorylation of S6K1 and S6 were
assessed in liver tissues from wild-type (Wt) and Mst1/27/~ mice (4 weeks old) by Western
blotting with indicated antibodies.
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Figure 8. Significance of YAPL/TAZ-mediated regulation of mTORC1 in human HCC and mouse

HCC models

(A-B) Kaplan-Meier plots of overall survival (OS) of HCC patients in Cohort 1. Patients
were stratified according to expression level of SLC38AL1 (a) or SLC7A5 (b). P-values were

calculated with the log-rank test.

(C) Liver tumor numbers after rapamycin treatment in A/stZ/27~ mice. At 62 days after
rapamycin treatment, mice were killed and tumors counted. Data are presented as mean

+SEM.

(D) Representative images of liver tissue treated with rapamycin or vehicle.
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(E) Expression and phosphorylation of mTOR1 downstream targets in HCC tissues assessed
by Western blotting with indicated antibodies after rapamycin or vehicle treatment in
Mst1/27I~ mice.

(F) Schematic diagram of direct regulation of amino acid uptake and indirect regulation of
mTORC1 by YAP1 and TAZ. EAA: essential amino acids
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