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Abstract
Ras proteins (HRas, KRas and NRas) are common oncogenes that require membrane association
for activation. Previous approaches to block/inhibit Ras membrane association were unsuccessful
for cancer treatment in human clinical studies. In the present study we utilized a new approach to
decrease Ras membrane association in hepatocellular carcinoma (HCC) cell lines via inhibition of an
enzyme aminoacylase 3 (AA3; EC 3.5.1.114). AA3 expression was significantly elevated in the livers
of HCC patients and HCC cell lines. Treatment of HepG2 cells with AA3 inhibitors, and HepG2 and
HuH7 with AA3 siRNA significantly decreased Ras membrane association and was toxic to these
HCC cell lines. AA3 inhibitors also increased the levels of N-acetylfarnesylcysteine (NAFC) and
N-acetylgeranylgeranylcysteine (NAGGC) in HepG2 and Huh7 cell lines. We hypothesized that
AA3 deacetylates NAFC and NAGGC, and generated farnesylcysteine (FC) and
geranylgeranylcysteine (GGC) that are used in HCC cells for the regeneration of
farnesylpyrophosphate and geranylgeranylpyrophosphate providing the prenyl (farnesyl or
geranylgeranyl) group for Ras prenylation required for Ras membrane association. This was
confirmed experimentally where purified human AA3 was capable of efficiently deacetylating NAFC
and NAGGC. Our findings suggest that AA3 inhibition may be an effective approach in the therapy
of HCC and that elevated AA3 expression in HCC is potentially an important diagnostic marker.
Key words: hepatocellular carcinoma; Ras prenylation; aminoacylase 3.

Introduction
Ras proteins are small GTPases and key
regulators of diverse signal transduction pathways
controlling cell growth, differentiation and apoptosis.
They are also common oncogenes mutated in ~20% of
all cancers [1-16]. Upregulation of Ras via its
overexpression
and
the
downregulation
of
physiological inhibitors of Ras have been observed in

various cancers including hepatocellular carcinoma
(HCC), the third leading cause of cancer-related death
worldwide and the primary cause of death in patients
with liver cirrhosis [17-21]. Ras proteins become active
after their membrane association initiated by transfer
of a prenyl, farnesyl (F) or geranylgeranyl (GG),
group
from
F-pyrophosphate
(F-PP)
or
http://www.jcancer.org
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GG-pyrophosphate
(GG-PP)
mediated
by
F-transferase (FTase) or GG-transferase (GGTase)
respectively [9, 11, 22-24]. Carboxymethylation of the
C-terminal prenylcysteine residue mediated by
isoprenylcysteine carboxymethyltransferase (ICMT)
completes the membrane association process of KRas,
whereas HRas and NRas are further palmytoylated
prior to membrane association. Ras proteins bind GTP
with picomolar affinity that makes it difficult to block
this process with inhibitors. Targeting Ras activity or
Ras downstream effector signaling cascades in cancer
therapy has been largely unsuccessful [6, 13, 14]. In
addition, inhibition of the Ras prenylation enzymes
(FTase or GGTase) individually was ineffective, while
the simultaneous inhibition of both enzymes was
toxic [6, 13, 14].
Given the lack of success of FTase and GGTase
inhibition in blocking Ras membrane association, we
chose a different approach to decrease Ras
prenylation mediated by FTase and GGTase by
decreasing the intracellular level of F-PP and GG-PP.
Both F-PP and GG-PP are known to be synthesized in
the mevalonate pathway [25-27]. Suppression of this
pathway via inhibition of a key enzyme,
3-hydroxy-3-methyl-glutaryl-coenzyme A reductase,
demonstrated
antitumor
activity
although
paradoxical stimulation of tumor activity was also
reported [28]. The latter is not surprising given that
Ras prenylation is normally required for apoptosis
signaling that plays a role in tumor cell elimination
[2-6]. A number of functionally important proteins
also require prenylation for their activation [25,26].
We hypothesized that in addition to the mevalonate
pathway, another pathway functions that may
generate F-PP and GG-PP from FC and GGC released
during catabolism of the prenylated Ras and other
prenylated proteins. We propose that this pathway is
controlled by N-acetyltransferases that acetylate
excessive amounts FC and GGC generating
N-acetyl-FC (NAFC) and N-acetyl-GGC (NAGGC)
which cannot be used for the F-PP and GG-PP
synthesis. In addition, NAFC and NAGGC can
decrease Ras membrane association via inhibition of
ICMT [29].
Our experiments demonstrated that the enzyme
aminoacylase 3 (AA3; EC 3.5.1.114) is upregulated in
livers of HCC patients and HCC cell lines. AA3
deacetylates NAFC and NAGGC thereby recovering
FC and GGC for F-PP and GG-PP formation in the
proposed pathway. Increased AA3 expression in HCC
represents a new potentially important adjunct in
diagnosis. Moreover, the finding that AA3 inhibition
is toxic to HCC cell lines but not normal hepatocytes
confirms the importance of its enzymatic role in HCC
survival.
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Materials and Methods
Cell lines
Human HCC cell lines HuH1, HuH7, JHH5,
JHH7, HLE, HLF, and HepG2 were obtained from
ATCC (Manassas, VA). The well-characterized
HepG2 cell line was used in all experiments. The
HuH7 cell line was also used in experiments to ensure
the data was not specific only to the HepG2 cells.
Plated primary hepatocytes were obtained from
Corning Life Sciences (Woburn, MA). HCC cell lines
were cultured in DMEM medium containing 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin
(Life Technologies, Grand Island, NY) at 37°C and 5%
CO2. Primary hepatocytes were maintained in
Williams Medium E with supplements (Corning Life
Sciences) at 37°C and 5% CO2.

Measurement of AA3 and prenylated Ras
expression in HCC cell lines
Cultured HCC cells and primary hepatocytes
were washed with PBS buffer, treated with 0.25%
Trypsin-EDTA solution (Corning) and precipitated at
1,000 rpm for 5 min. For protein extraction, HCC cells
were lysed on ice by vortexing every 5 min for 30 min
in RIPA buffer containing 20 mM Tris-HCl (pH 7.5),
150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, and 1x Halt protease
inhibitor cocktail (Thermo Scientific, Waltham, MA).
Prenylated Ras and other membrane associated
proteins were extracted from HCC cells using a
Mem-PER Plus Kit (Thermo Scientific) according to
the manufacturer’s protocol. Protein extracts were
resolved on 4-15% SDS-polyacrilamide gels (Bio-Rad,
Hercules, CA), and proteins were electrotransferred to
Hybond PVDF membranes (GE Healthcare Life
Sciences, Piscataway, NJ). Membranes were blocked
with 5% non-fat dry milk (Bio-Rad) in PBST buffer (1x
PBS with 0.05% Tween-20) followed by incubation
with the primary antibody (1:1,000) for 1 h at room
temperature. Our affinity purified polyclonal rabbit
anti-human AA3 antibody HR-C1 [30] was used for
detection of human AA3. The antibody, pre-incubated
for 1 h at 37°C with 10 mg/ml purified recombinant
human AA3, was used as a negative control. Rabbit
polyclonal anti-Ras antibody 05-516, clone RAS10
(EMD Millipore, Gibbstown, NJ) was used for
detection of human Ras. After incubation with
primary antibodies, membranes were washed with
PBST buffer and incubated 30 min with horseradish
peroxidase (HRP) conjugated goat anti-rabbit IgG
(Jackson ImmunoResearch, West Grove, PA) at 1:5,000
dilution, washed with PBST, and developed with an
ECL Western Blotting Detection Reagent (GE
Healthcare).
http://www.jcancer.org
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Protein concentration in the samples was
determined using a Micro-BCA Protein Assay Kit
(Thermo Scientific).

Immunohistochemistry
Normal human and HCC liver samples were
obtained under an Institutional Review Board
approved protocol (#12-000647). Samples were fixed
in 10% buffered formalin and embedded in paraffin
blocks from which 4 µm liver sections were
transferred to slides. Slides were baked at 40°C
overnight in incubator, dewaxed in xylene and
hydrated through an alcohol gradient (100%, 95%,
90%, 70%) and double distilled H2O. For antigen
retrieval, slides were incubated at ~95°C in 10 mM
sodium citrate buffer, pH 6.0, for 20 min. The slides
were then soaked in PBST and blocked with 1% goat
serum (Vector labs, Burlingame, CA) in PBS for 1 h.
The slides were next incubated for 1 h at 37°C with
HR-C1 antibody diluted 1:100 in PBS. After washing
in PBS, the slides were incubated at room temperature
with a HRP conjugated secondary goat anti-rabbit
antibody (Jackson Immunoresearch) diluted 1:100 in
PBS. After rinsing in PBS, the slides were incubated
with DAB peroxidase substrate solution (Vector Labs,
Burlingame, CA) for 45 s. The slides were
counterstained in hematoxylin for 5 min and washed
in running tap water. Finally, the slides were dried
overnight, soaked in xylene and mounted in
Permount. Slides without primary antibody
incubation were used as negative controls. AA3
labeling was evaluated in a semi-quantitative manner,
wherein the relative staining intensity was defined as
negative (–), minimal (+), moderate (++) and high
(+++).

Expression and purification of human AA3
Human N-terminally 6His-tagged AA3 was
expressed in E. coli and purified to homogeneity as
described previously [31]. Purified human AA3 on
denaturing SDS-PAGE showed a single band of ~35
kDa and was ~99% homogeneous.

Rat aminoacylase 1 (AA1)
Purified rat AA1 (EC 3.5.1.14) was purchased
from (Sigma-Aldrich, St. Louis, MO).

Immunoaffinity purification of AA3 from
HepG2 and HuH7 cells, and normal
hepatocytes
Because extracts from HepG2 and HuH7 cells
and hepatocytes contained compounds that interfered
with AA3 activity measurement in the fluorescent
assay [32], we performed partial purification of AA3.
HepG2 and HuH7 cells collected from two 10-cm
plates (2·107 cells) or equal number of normal
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hepatocytes were lysed on ice for 20 min in 0.5 ml of
50 mM Na-phosphate buffer, pH 7.5, containing 0.1%
Triton X-100, and 1x Halt protease inhibitor cocktail
(Thermo Scientific). After centrifugation at 18,000 g
for 20 min, the supernatant was incubated at 4°C and
constant rotation (5 rpm) for 1 h with our HR-C1
antibody immobilized on 10 µl protein A Sepharose
4B-CL beads (GE HealthCare). To immobilize the
anti-AA3 antibody, 2.0 ml protein A Sepharose 4B-Cl
beads were incubated at 4°C and rotated of 5 rpm for
1 h with 8 ml HR-C1 antibody (1 mg/ml) and washed
3 times with 50 mM sodium phosphate buffer.

AA3 activity fluorescent assay
AA3 activity was measured using a previously
described fluorescence assay [32]. Human purified
AA3 (1 µg), rat AA1 (1 µg) or immunoaffinity purified
AA3 from HepG2 and HuH7 cells were assayed for 30
min at 37° in 300 µl of 50 mM sodium phosphate
buffer, pH 7.5, containing 1 mM NAFC or NAGGC
both from Cayman Chemical (Ann Arbor, MI). A 100
µl of the reaction mixture was then added to 1 ml of 50
mM sodium phosphate buffer containing 1 mM
fluorescamine, and fluorescence was measured (390
nm excitation, 475 nm emission). In the control
experiments, boiled human AA3 and rat AA1 were
used. In other control experiments, immunoaffinity
beads not incubated with HCC cell or hepatocyte
extracts were used.

Mass spectrometry study of the AA3 mediated
deacetylation of NAFC and NAGGC
To study the deacetylation of NAFC and
NAGGC mediated by AA3, 50 µl aliquots from the
reaction assays were injected onto an Agilent Eclipse
Plus C18 reverse phase HPLC column equilibrated
with 0.1% formic acid, and eluted with
acetonitrile/0.1% formic acid gradient (0-90%, 20
min). The effluent from the column was passed to an
Ionspray ion source connected to a triple quadrupole
mass-spectrometer (MS) API III+ (PerkinElmer,
Boston, MA). NAFC and NAGGC (Cayman
Chemical) were used for MS calibration.

AA3 inhibitors
Our AA3 inhibitors [33] (Ki~1 µM) were used in
HCC cell and normal hepatocyte assays, namely
inhibitor 10: 2-phenyl-4H-1,3-benzothiazin-4-one
(Specs,
Hopkinton,
RI)
and
inhibitor
11:
2-[(3-fluoro-4-methoxybenzyl)sulfanyl]-1-methyl-1Hbenzimidazole-5-sulfonamide (Enamine, Monmouth
Jct., NJ).

Generation of FC and GGC
To generate authentic FC and GGC for
chromatographic and MS calibration, 1 mM NAFC
http://www.jcancer.org
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and NAGGC purchased from Cayman Chemical were
hydrolyzed with purified recombinant human AA3
(0.03 mg/ml) in 50 mM Tris-HCl, pH 7.5 for 3 h at
37°C. Then FC and GGC were purified by reverse
phase HPLC, dried and their identity was confirmed
by MS and MS/MS.

Levels of FC and NAFC in HUH-7 and HepG2
cells
HUH7 and HepG2 cells were seeded in 6-well
plates at a density 250,000 cells per well in complete
medium. The next day the medium was changed to 2
ml DMEM with 1% FBS containing a 10-20 µM AA3
inhibitor. After 24 h incubation, the medium was
collected, concentrated 10 times on a vacuum
concentrator; 10 µl aliquots were used for quantitation
by LC/MS and LC/MS/MS-MRM. The cells were
trypsinized, washed in PBS and centrifuged at 2,000 g
for 10 min. The cell pellet was then lysed on ice in 50
µl of 20 mM Tris-HCl, pH 7.5, containing 1% dodecyl
maltoside (DDM) and 1x protease inhibitor cocktail
(Sigma/Aldrich). After centrifugation (14,000 g, 10
min) the supernatants were diluted 4 times with
methanol and centrifuged (14,000 g,10 min), then the
supernatants were diluted 10 times with water, and 10
µl aliquots were used for quantitation by LC/MS and
LC/MS/MS-MRM as described above expect
electrospray ionization was used with an Agilent 6460
triple quadrupole mass spectrometer.

Effect of AA3 inhibitors and siRNA on the
membrane associated Ras in HCC cells
HepG2 cells were seeded in 6-well plates at a
density 250,000 cells per well. Next day the cell
medium was changed to DMEM, containing 1% FBS
without or with AA3 inhibitors 10 and 11 (IC50 ~1
µM). 24 h later cells were collected, washed with PBS
and the membrane associated Ras proteins were
extracted as described above, resolved on SDS-PAGE,
and detected with the anti-Ras antibody (EMD
Millipore).
To study the effect of AA3 suppression on Ras
membrane association, HepG2 and HuH7 cells seeded
onto 6-well plates at the same density, were
transfected with 50 pmol ACY3 (AA3) Silencer Select
Pre-designed siRNA (Invitrogen, Grand Island, NY)
using the Lipofectamine RNAiMAX reagent
(Invitrogen) following the manufacturer protocol.
Universal scrambled siRNA duplex (OriGene,
Rockville, MD) was used as a negative control. After
48 h incubation, membrane associated proteins were
extracted and membrane associated Ras was
determined by immunoblotting as described above.
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Toxicity of AA3 inhibitors and siRNA to HCC
cell lines and primary hepatocytes
HepG2, HuH7, and primary hepatocytes were
seeded in 96-well plates at a density 10,000 cells per
well in complete medium. Next day medium was
changed to DMEM containing 1% FBS and an AA3
inhibitor (3-50 µM). 24 h later cell viability was
determined using the MTT (3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide) cell viability
assay [34]. The cells were incubated during 4 h at 37°C
with 150 µl fresh media containing 0.5 mg/ml MTT.
Then 50 µl of 20% SDS in 25 mM HCl was added to
each well, incubated for 4 h and the optical density at
570 nm was measured on a VMax Kinetic Microplate
Reader (Molecular Devices, Sunnyvale, CA).
To study the effect of AA3 silencing, HepG2 and
HUH7 cells seeded in 96-well plates were transfected
with 2 pmol AA3 siRNA using the Lipofectamine
RNAiMAX reagent as per the manufacturer protocol.
Cell viability was measured in the MTT assay 48 h
later as described.

Statistics
Experimental data are depicted as mean ± SEM.
3-8 studies were performed in each experimental
protocol.

Results
Expression of AA3 in primary hepatocytes,
HCC cell lines, normal and HCC livers
All studied HCC cell lines (HuH1, HuH7, JHH5,
JHH7, HLE, HCF and HepG2) expressed AA3 (Figure
1). AA3 expression in the HCC cell lines was 5 to 20
times greater than in normal primary hepatocytes
(Figure 1A). There were two AA3 bands of ~35 and
90-100 kDa (Figure 1B). The immunostaining was
blocked by pre-incubation of HR-C1 antibody with
purified human AA3. The higher mobility band
corresponded to the AA3 monomer (~35 kDa) that has
been reported to be expressed in normal mammalian
kidney and liver [32, 35-38]. The ~90-100 kDa band
was detected in most HCC cell lines but not in normal
hepatocytes (Figure 1). We next studied the protein
expression level of AA3 in normal liver and HCC
livers. As shown in Figure 2, AA3 protein is expressed
mostly in hepatocytes with weak expression in biliary
epithelial cells (Figure 2). AA3 expression in normal
liver was negative (-) to minimal (+), and was
moderate (++) to high (+++) in HCC livers (Figure 3).

http://www.jcancer.org

Journal of Cancer 2018, Vol. 9

5

Figure 1. AA3 expression in normal hepatocytes and HCC cells lines. (A) AA3 relative expression levels in HCC cell lines in comparison with
normal hepatocytes. Combined AA3 monomer and oligomer levels were used for calculations obtained in 3 independent experiments. (B) A representative
AA3 immunoblot of normal hepatocytes and HCC cell lines. The HR-C1 antibody was used for human AA3 immunoblotting. Loading: 10 μg per lane.

Figure 2. AA3 expression in normal livers. The HR-C1 antibody was used for AA3 immunodetection.

http://www.jcancer.org

Journal of Cancer 2018, Vol. 9

6

Figure 3. AA3 expression in liver tumors of HCC patients. The HR-C1 antibody was used for AA3 immunodetection.

AA3 deacetylates NAFC and NAGGC
Human AA3 efficiently deacetylates NAFC
(Figure 4A-D) and NAGGC (Figure 4E-H) generating
FC and GGC respectively. Kinetic parameters for
these substrates (Km: 0.025 and 0.14 mM; kcat: 2 and
7.2 s-1 for NAFC and NAGGC, respectively) are
similar to the other AA3 substrates, N-acetylated
aromatic amino acids and mercapturic acids [30-33,
38, 39].
AA1 (EC 3.5.1.14), in addition to AA3, has been
reported to deacetylate certain mercapturic acids [36],

although the substrate specificity of AA1 differed
from AA3 [30-33, 39]. Therefore, we determined
whether AA1 deacetylates NAFC and NAGGC. In our
experiments rat AA1 that has high sequence identity
with human AA1 did not significantly deacetylate
these mercapturates: the specific activity was less than
0.1% of the corresponding value of AA3 and therefore
the exact activity value could not be estimated (Figure
5A).
Since HCC cell lines express the ~90-100 kDa
form that may change the ability of AA3 to
deacetylate NAFC and NAGGC, we assayed (in the
http://www.jcancer.org
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fluorescence assay) each of the mercapturates with
AA3 immunoaffinity purified from HepG2 and HuH7
cells, and normal hepatocytes. AA3 from both cell
lines
deacetylated
both
mercapturates
and
N-acetyl-L-tyrosine with near similar specific activity
(Figure 5B) whereas the deacetylation rate of the
substrates by the sample from normal hepatocytes
was significantly lower. The amount of ~35 kDa AA3
form was very similar and small in all samples
whereas the amount of ~90-100 kDa AA3 form in both
HepG2 and HuH7 cells was ~50 times greater than of
~35 kDa form and this form was not expressed in
normal hepatocytes. The finding and the significantly
greater AA3 activity of HCC samples indicates that
the ~90-100 kDa AA3 form is catalytically active and
deacetylates NAFC and NAGGS. Therefore, AA3 is
likely responsible for the NAFC and NAGGC
deacetylation in normal hepatocytes, and in HCC cell
lines.

Effect of AA3 inhibitors on FC and NAFC
levels in HCC cell lines
Our data suggest that AA3 deacetylates and
therefore decreases the level of NAFC and NAGGC in
HCC cells, and conversely AA3 inhibition should

7
increase these levels. Accordingly, we measured
NAFC and FC levels in HCC cells before and after
treatment with AA3 inhibitors [33]. In untreated
HepG2 and HuH7 cell lines, both FC and NAFC were
detected. The FC level in both cell lines was
significantly higher than NAFC (Figure 6). The FC
level in HepG2 cells was higher than in HuH7 cells
whereas the NAFC level in both cell lines was similar.
Correspondingly the [FC]/[NAFC] ratio in HepG2
cells was slightly smaller (~2.6) then HepG2 cells
(~3.7). Treatment with AA3 inhibitors 10 and 11
significantly increased the level of NAFC in both cell
lines. The FC level was not significantly changed in
HepG2 cell line, and in HuH7 cell lines decreased by
approximately 50%. In the HepG2 cell line, the
[FC]/[NAFC] ratio decreased from ~8.4 in untreated
cells to ~1.6 and ~2.8 in cells treated with inhibitors 10
and 11 respectively. In HuH7 cells, the [FC]/[NAFC]
ratio decreased from ~2.8 in untreated cells to ~0.85
and ~0.9 in cells treated with inhibitors 10 and 11
respectively. Therefore, the magnitude of changes in
this ratio induced by inhibitors 10 and 11 in both cell
lines was quite similar: 3.0-5.3 in HepG2 and 3.1-3.3 in
HuH7 cells.

Figure 4. Deacetylation of NAFC (A-D) and NAGCC (E-H) by human AA3. The reconstructed ion traces are the (M+H)+ ions from FC (m/z 326), NAFC
(m/z 368), GGC (m/z 394) and NAGGC (m/z 436). Reconstructed ion chromatograms for m/z 326 (A, C), m/z 368 (B, D), m/z 394 (E, G) and m/z 436 (F, H). NAFC
(A, B), NAFC + AA3 (C, D), NAGGC (E, F), and NAGGC + AA3 (G, H).

http://www.jcancer.org
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Figure 5. (A) Human AA3 and rat AA1 deacelylation activities with NAFC and NAGGC as substrates. The activities were measured in the fluorescent
assay (see methods). (B) Deacetylation activity with NAFC and NAGGC as substrates of immunoaffinity purified AA3 from HuH7 and HepG2
cells, and normal primary hepatocytes (Hep).

Figure 6. (A) FC and NAFC levels in HUH7 and HepG2 cells untreated (C: control) and treated with inhibitors (Inh) 10 and 11. (B) The effect of
inhibitors 10 and 11 on the [FC]/[NAFC] ratio in HepG2 and HuH7 cell lines.
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Figure 7. (A) Levels of the membrane associated Ras in HepG2 and HuH7 cells treated with AA3 inhibitors 10 (Inh 10) and 11 (Inh 11), and AA3
siRNA. Control: untreated HepG2 cells (in study effect of inhibitors) or HepG2 and HuH7 cells treated with universal scrambled siRNA duplex (in study effect of
AA3 siRNA). (B) Levels of the membrane associated Ras in HepG2 cells treated with inhibitors 10 and 11. Loading: 20 μg per lane. (C) HepG2 and
HUH7 cells treated with universal scrambled siRNA duplex (control) and AA3 siRNA. Loading: 20 μg per lane.

Figure 8. Effect of AA3 inhibitors 10 and 11 on the HepG2 and HuH7 cell viability.

AA3 inhibitors and siRNA decrease
membrane associated Ras in HepG2 cells
We next tested our prediction that AA3
inhibition as well as decreased AA3 synthesis should
reduce Ras membrane association in HCC cells.
Treatment of HepG2 cells with inhibitors 10 and 11
decreased levels of membrane associated Ras (Figure
7A, B). The level of the membrane associated Ras with
inhibitors 10 and 11 was decreased to ~50% of control.
Human AA3 siRNA also decreased levels of the
membrane associated Ras in HepG2 and HUH7 cell
lines (Figure 7A, B). The reduction was greater in
HUH7 than HepG2 cells. The data indicated that AA3
inhibition or suppression of synthesis via RNA
interference decreases the level of membrane
associated Ras and therefore these treatments are
toxic to HCC cells.

Effect of AA3 inhibitors and siRNA on the
viability of HCC cell lines
The viability of HCC cells in the presence of AA3

inhibitors was further studied. Inhibitors 10 and 11
were toxic to both HepG2 and HuH7 cell lines within
the micromolar range (Figure 8). Importantly
inhibitor 10 was not toxic to normal primary
hepatocytes in 0-50 μM range, and inhibitor 11 was
significantly less toxic to normal cells in comparison
with HCC cell lines. Suppression of AA3 with siRNA
was also toxic to both HepG2 and HuH7 cell lines and
not toxic to normal hepatocytes (Figure 9)
complementing the AA3 inhibition data (Figure 7). In
total, our findings suggest that AA3 activity is more
important for HCC cell survival than normal
hepatocytes.

Discussion
Ras proteins are important mediators of signal
transduction and potent oncogenes that have been
long targets of anticancer therapy studies. Despite
numerous efforts to generate approaches that block
Ras activation in cancer, clinical studies using these
approaches have failed.

http://www.jcancer.org
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Figure 9. Effect of AA3 siRNA on the viability of normal hepatocytes, HepG2 and HuH7 cells.

Figure 10. Hypothetical mechanism of the AA3 initiated regeneration of prenyl-PP in HCC cells.

We report here a new method to suppress HCC
cell growth via inhibition of Ras membrane
association, the step critically required for their
activation from inactive precursors. Contrary to the
previous clinically unsuccessful efforts to directly
inhibit FTase and GGTase [3-6, 12-15], our method
decreases generation of the substrates of FTase and
GGTase, F-PP and GG-PP, thereby impeding Ras
membrane association (Figure 10). F-PP and GG-PP
are normally synthesized in the mevalonate pathway
[25-27]. Previous studies suggested that F-PP and
GG-PP might be also generated from FC and GGC by
an alternate pathway [40, 41]. Our data are compatible
with the presence of an alternate pathway involved in
the formation of prenylpyrophosphates from FC and
GGC generated during catabolism of prenylated

proteins. This pathway likely functions in normal
cells, but is expected to play a significantly larger role
in cancer cells in comparison with normal cells given
the highly enhanced metabolism and catabolism of
scavenging proteins (e.g. FC and GGC) formed in the
catabolism of prenylated proteins to support their
enhanced biosynthesis and growth rates [26, 27].
Based on the inhibition rate of Ras membrane
association by AA3 siRNA (Figure 7), this route may
provide as much as 50% of the total F-PP and GG-PP
amounts used for Ras prenylation in HCC cells. Given
that the efficacy of siRNA transfection is below 100%,
the route may contribute even for more F-PP and
GG-PP generation than the mevalonate pathway.
An important finding of our study is the
significantly elevated expression level of AA3 in HCC
http://www.jcancer.org
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cell lines and tumors that may also be of diagnostic
value in other the Ras dependent cancers. This finding
together with what appears to be a cancer specific
high molecular mass form of AA3 may be of
diagnostic value. Currently it is not known at which
step in hepatocyte tumor transformation AA3
expression is stimulated and what are the
mechanisms involved in this process.
An additional interesting finding in our study is
the ~90-100 kDa AA3 form that is significantly larger
than the typical ~35 kDa AA3 form expressed in
normal tissues [27, 30, 32, 33, 35-37, 39]. The larger
form may be specific for tumors given that a similar
size AA3 form has been reported in neuroblastoma
[42]. Our data indicate that ~90-100 kDa AA3 form is
functionally active and together with the normal ~35
kDa AA3 form mediates the deacetylation of NAFC
and NAGGC. Although the functional significance of
the ~90-100 kDa over the typical ~35 kDa AA3 form is
currently unknown, it is possible that ~90-100 kDa
AA3 form has more favorable kinetic characteristics,
half-life or other properties to that support tumor cell
growth in comparison with the normal AA3 form.
Future studies are needed to determine at which stage
of hepatocyte tumor transformation the larger AA3
form is expressed.
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obtained under an Institutional Review Board
approved protocol (#12-000647) in accordance with
the ethical standards of the Institutional Review
Board and the 1964 Helsinki Declaration and its later
amendments.
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