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ABSTRACT: Hepatocellular carcinoma is the second leading cause of cancer death
worldwide. DNA microarray analysis identiﬁed the ornithine aminotransferase (OAT)
gene as a prominent gene overexpressed in hepatocellular carcinoma (HCC) from
Psammomys obesus. In vitro studies demonstrated inactivation of OAT by gabaculine
(1), a neurotoxic natural product, which suppressed in vitro proliferation of two HCC
cell lines. Alpha-fetoprotein (AFP) secretion, a biomarker for HCC, was suppressed by gabaculine in both cell lines, but not
signiﬁcantly. Because of the active site similarity between GABA aminotransferase (GABA-AT) and OAT, a library of 24 GABAAT inhibitors was screened to identify a more selective inhibitor of OAT. (1S,3S)-3-Amino-4-(hexaﬂuoropropan-2ylidene)cyclopentane-1-carboxylic acid (2) was found to be an inactivator of OAT that only weakly inhibits GABA-AT, Laspartate aminotransferase, and L-alanine aminotransferase. In vitro administration of 2 signiﬁcantly suppressed AFP secretion in
both Hep3B and HepG2 HCC cells; in vivo, 2 signiﬁcantly suppressed AFP serum levels and tumor growth in HCC-harboring
mice, even at 0.1 mg/kg. Overexpression of the OAT gene in HCC and the ability to block the growth of HCC by OAT
inhibitors support the role of OAT as a potential therapeutic target to inhibit HCC growth. This is the ﬁrst demonstration of
suppression of HCC by an OAT inactivator.
KEYWORDS: Hepatocellular carcinoma, ornithine aminotransferase, GABA aminotransferase, selective inhibitors, antitumor agent,
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activation of the Wnt pathway plays an important role in tumor
development.12
The OAT gene is a β-catenin target gene that is highly
expressed in hepatocellular carcinoma (HCC). Overexpression
of the OAT gene is associated with activation of β-catenin
signaling in the liver.10,16−19 Regulation of OAT geneassociated glutamine metabolism by β-catenin was suggested
to be a contributing factor to carcinogenesis,10,20 which links
the glutamine pathway to hepatocarcinogenesis.10 The Wnt/βcatenin signaling pathway is activated relatively early during
liver regeneration, mostly through post-translational modiﬁcations.13,21,22 Once activated, β-catenin signaling drives the
expression of target genes that are critical for cell cycle
progression and contributes to the initiation of the regeneration
process.21 Among human cancers tightly linked to abnormal
Wnt/β-catenin signaling, hepatoblastomas, uncommon malignant liver neoplasms occurring in infants and children, occur
with the highest rate of β-catenin mutations.23 Among the
signaling cascades that are deregulated in HCC, the Wnt/β-

epatocellular carcinoma (HCC), the second most
common cause of death from cancer worldwide,1−4 is a
highly chemotherapy- and radiotherapy-resistant cancer with
only mildly eﬀective systemic therapy.4−6 Several treatment
strategies, including surgical resection, liver transplantation,
radiofrequency ablation, trans-arterial chemoembolization,
systematic therapy using the kinase inhibitor sorafenib, and
radiotherapy, are all being used; however, they all have limited
eﬃcacy.5,7,8
Three genes involved in glutamine metabolism, encoding
glutamine synthetase (GS), ornithine aminotransferase (OAT),
and the glutamate transporter GLT-1, are induced by activation
of the β-catenin pathway in the liver.9,10 The Wnt/β-catenin
cascade has emerged as a critical regulator of cancer cells.11,12
This pathway has been reported to be involved in normal
physiological processes and is integrally associated with cancer
cell growth and maintenance. Therefore, it has been a target of
strategies for anticancer therapy. β-Catenin, a major oncogenic
component of the Wnt pathway, is involved in a variety of
cancers.13,14 Aberrant Wnt/β-catenin signaling is widely
implicated in numerous malignancies, including cancers of the
gastrointestinal tract.15 Elevated levels of β-catenin are observed
in common forms of human malignancies, indicating that
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Scheme 1. OAT Catalytic Mechanism

catenin signaling pathway plays a role in hepatic oncogenesis.22
Inhibition of β-catenin signaling in HCC cell lines has an
antitumor eﬀect; however, no molecules targeting any
component of the Wnt/β-catenin pathway are currently being
tested in clinical trials for the treatment of HCC.22
Ornithine aminotransferase7 is a pyridoxal 5′-phosphate
(PLP)-dependent mitochondrial matrix enzyme9,24 that catalyzes the interconversion of ornithine and α-ketoglutarate to Lglutamate semialdehyde, which cyclizes to Δ1-pyrroline-5carboxylate (P5C), and glutamate (Scheme 1).7,9,24 The Lglutamate that is formed from OAT is transported away by
GLT-1 so that it does not accumulate and become toxic to the
cell, and then it is converted by glutamine synthetase to Lglutamine. Glutamine is essential for growth of both normal
and neoplastic cells; however, tumor cells take up glutamine
more eﬃciently than normal cells,25 and tumor growth is
enhanced by glutamine.26 Cancer cells distinguish themselves
from normal cells in that they have an increased requirement
for glutamine to support anabolic processes that stimulate
proliferation.27 Glutamine provides a carbon source to maintain
pools of tricarboxylic acid (TCA) cycle intermediates and a
nitrogen source (for transamination reactions) for nucleotide,
nonessential amino acids, and hexosamine biosynthesis.28,29
Glutamine also plays a critical role in suppressing oxidative
stress because its catabolism can lead to the biosynthesis of
glutathione (GSH), a major intracellular antioxidant.30,31
Cancer cells depend on a continuous supply of glutamine for
survival and proliferation. Increased activity of OAT allows
tumor cells to grow independently of glutamine supply and
may confer a growth advantage to the cell. Reduction of the
level of tissue glutamine concentrations by inhibition of OAT
was suggested to inhibit cell proliferation and tumor
growth.24−26 A suppression subtractive hybridization method
applied to hepatitis C virus-associated HCC and adjacent nonHCC liver tissues identiﬁed OAT to be one of the genes
overexpressed in HCC.32 The OAT content of Morris
hepatoma is 15 times higher than that in a normal liver.33
Studies incorporating radioactive leucine into OAT in rats
bearing hepatoma showed that the rate of synthesis of this
enzyme in tumors was 5-fold higher than in the host liver.33
Here we show that the OAT gene is one of the most
overexpressed genes in the livers of HCC-harboring sand rats.
We also have shown that the neurotoxic agent gabaculine (1)
inactivates OAT and have identiﬁed (1S,3S)-3-amino-4(hexaﬂuoropropan-2-ylidene)cyclopentane-1-carboxylic acid
(2) as a selective OAT inactivator. The eﬀects of 1 and 2 on
alpha-fetal protein (AFP), a biomarker for HCC, and on HCC
growth were determined both in vitro and in vivo; 2 shows

impressive suppression of HCC growth in mice, even at 0.1
mg/kg.
Spontaneous hepatic preneoplastic and hepatoma changes
are known to occur in the majority of 24-month old
Psammomys obesus (desert sand rat), an animal model for
HCC (Figure S1A) as well as for type II diabetes and
nonalcoholic steatohepatitis (NASH);34,35 hepatic nodules
develop at the age of six months, increasing in multiplicity
with advancing age.36 Histologic examination revealed nodules
containing hepatocytes characterized by hyperbasophilia,
accumulation of glycogen, and eosinophilic cytoplasm; HCC
was diagnosed in several animals. Histological malignant
changes included excessive pleomorphism, loss of trabecular
pattern, and tumor penetration across hepatic vein walls
(Figure S1B).
DNA microarray-based gene expression analysis was
performed on normal and spontaneous HCC-developing livers
from Psammomys obesus. Analysis of the microarray data
identiﬁed seven genes whose expression levels were increased
and 143 genes whose expression levels were decreased in the
tumor tissues compared with normal livers (Figure S2A,B). The
OAT gene was one of the most prominent genes upregulated in
the tumors (Figure S2C).
To determine the importance of OAT for HCC growth,
inhibitors were sought. The natural product gabaculine (1) has
been reported to be a potent irreversible inhibitor of OAT that
forms a stable complex with the active site PLP.37 However,
gabaculine is neurotoxic; it also inactivates several other PLPdependent enzymes,38−40 including L-aspartate aminotransferase, L-alanine aminotransferase, and GABA aminotransferase, an
enzyme that degrades the inhibitory neurotransmitter
GABA.41,42 We conﬁrmed that gabaculine is a time- and
concentration-dependent irreversible inhibitor of OAT (Figure
S3A). OAT inactivation constants, KI, and kinact, were 2.1 μM
and 0.05 min−1, respectively. Inhibition was irreversible as no
enzyme activity was restored by dialysis for 48 h against 0.1 M
potassium pyrophosphate buﬀer, pH 8.0, containing 0.1 mM
PLP and 0.1 mM α-ketoglutarate.
As a proof-of-principle test, gabaculine (1) was examined in
vitro as an inhibitor of Hep3b, HepA1−6, and HepG2 HCC
cell lines. Gabaculine signiﬁcantly suppressed the proliferation
of Hep3B and HepA1−6, by 43−57% (Figure S4A). Although
alpha-fetal protein (AFP) secretion, a biomarker for HCC, was
not aﬀected by gabaculine in vitro, administration of a single
dose of gabaculine in HCC-harboring mice resulted in
suppression of AFP levels (Figure S5).
However, because of the lack of selectivity and neurotoxicity
of gabaculine, we screened a library of 24 GABA analogues
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previously studied in the Silverman laboratory (Figure 1) for
compounds that might more selectively inactivate OAT. The

Figure 2. (A) Administration of 2 suppressed serum AFP levels in vivo.
Mice were treated for 27 days, 3 times a week, starting 3 weeks
following HCC transplantation with two doses of 2 (0.1 mg/kg (2 μg),
dark gray bars; 1 mg/kg (20 μg), light gray bars), compared with
untreated controls (black bars). Levels are normalized to the starting
day of therapy. (B) Compound 2 suppressed tumor volume in both
treated groups (0.1 mg/kg [2 μg], dark gray bars; 1.0 mg/kg [20 μg],
light gray bars) compared to untreated controls (black bars).
Figure 1. GABA analogues screened against OAT.

increased 49.8-fold in controls but only 8.2-fold and 14.4-fold
for treatment with 1 and 0.1 mg/kg of 2, respectively.
In addition to AFP suppression, there was a highly signiﬁcant
reduction in tumor volume (normalized to the ﬁrst day of
therapy initiation) in both treated groups (0.1 mg/kg [2 μg]
and 1.0 mg/kg [20 μg]) compared with controls (Figure 2B).
After 28 days of treatment (oral treatment initiated on day 25),
tumor sizes increased 24.2-fold in controls but only 3.1-fold and
4.5-fold with 1 and 0.1 mg/kg, respectively, of 2.
In conclusion, we have demonstrated, for the ﬁrst time, that
two potent irreversible inhibitors of OAT (gabaculine and 2)
suppress AFP levels in hepatoma cells in vivo, and a selective
OAT inhibitor (2), even at 0.1 mg/kg, dramatically reduces the
growth of HCC in mice. Overexpression of the OAT gene in
HCC and the ability to block the growth of HCC by OAT
inhibitors suggest that OAT is an important potential
therapeutic target to inhibit the growth of HCC.

use of GABA analogues against OAT was based on the known
structural similarities of the active sites of OAT and GABAAT.43 Analogues screened against OAT included cyclic
structures, aromatic structures, and ﬂexible structures having a
GABA backbone and a variety of functional groups in an
attempt to identify appropriate binding site diﬀerences between
these two enzymes. The kinetic constants for each analogue
against OAT are shown in Table S1, and the kinetic constants
against GABA-AT are given in Table S2. Gabaculine is the most
potent of the compounds tested; however, 2 has one-third the
binding potency and one-third the inactivation rate of
gabaculine (Figure S3B and Table S1). The third best
compound is 3 (now called CPP-115), also a potent GABAAT inactivator, which is in clinical trials.44 Most importantly,
however, we found that 2 does not inactivate GABA-AT and is
only a very weak inhibitor (Ki 4.2 mM).45 Furthermore, 2 does
not inactivate or inhibit either aspartate aminotransferase or
alanine aminotransferase, even at 4 mM concentration (data
not shown). Therefore, unlike gabaculine, 2 is highly selective
for OAT and is a time- and concentration-dependent
irreversible inhibitor; extensive dialysis of 2-inactivated OAT
resulted in no return of enzyme activity.
Because of its potency and selectivity, 2 was investigated for
its ability to suppress the growth of HCC in vitro and in vivo. A
signiﬁcant decrease (p < 0.01) in AFP secretion in two
hepatoma cell lines, Hep3B and HepG2, was observed (Figure
S4B). Administration of 2 to HCC-harboring mice at 0.1 mg/
kg (2 μg) and 1.0 mg/kg (20 μg) resulted in a signiﬁcant
suppression of AFP secretion in vivo (Figure 2A). Following 14
days of treatment (oral treatment was initiated on day 25),
serum AFP levels increased 3.4-fold compared with a 10.9-fold
increase in controls (7224 to 24857 vs 2671 to 29155 pg/mL,
respectively). Following 21 days of treatment, serum AFP levels
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