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Abstract. Arginine is a critical amino acid in specific cancer
types including hepatocellular carcinoma (HCC) and melanoma. Novel molecular mechanisms and therapeutic targets in
arginine metabolism-mediated cancer formation await further
identification. Our laboratory has previously demonstrated
that arginine metabolic enzyme argininosuccinate lyase (ASL)
promoted HCC formation in part via maintenance of cyclin A2
protein expression and arginine production for channeling to
nitric oxide synthase. In this study, we investigated the mechanism by which ASL regulates cyclin A2 expression. We found
that ASL interacted with cyclin A2 in HCC cells and the localization of their interaction was in the cytoplasm. Mutation of
essential residues for enzymatic activity of ASL did not affect
the binding of ASL to cyclin A2. Moreover, the mutant ASL
retained the ability to restore the decreased tumorigenicity
caused by ASL shRNA. Furthermore, overexpression of ASL
conferred resistance to arginine deprivation therapy. Finally,
the important pathways and potential therapeutic targets in
ASL-regulated HCC were identified by bioinformatics analyses
with Metacore database and Connectivity Map database. Our
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analyses suggested that bisoprolol, celecoxib, and ipratropium
bromide, are potential therapeutics for ASL-regulated HCC
formation. Thus, ASL interacts with cyclin A2 in cytoplasm,
and may promote HCC formation through this non-enzymatic
function. Overexpression of ASL may be a contributing factor
in drug resistance for arginine deprivation therapy.
Introduction
HCC is the fifth leading cause of cancer-related deaths in the
world (1,2). The high recurrence rate and poor prognosis of
HCC are responsible for the high mortality resulted from this
cancer. Surgery, loco-regional therapy, transcatheter arterial chemoembolization (3), and chemotherapy are available
for HCC treatment, however, they provide limited success
in reducing cancer-related mortality. Targeted therapy with
multiple tyrosine kinase inhibitor sorafenib has improved
HCC treatment (4), but it is of major concern to identify critical
targets and underlying mechanisms involved in HCC development to further optimize therapeutic efficiency.
Among hallmarks in cancer formation, dependence on
glycolysis is one of the important features in various kinds of
cancer including HCC (5-9). In addition to glucose, cancer cells
remodel the metabolism of other macromolecules, including
amino acids (5,10) and fatty acids (11,12), to support neoplasia
growth. Our laboratory has demonstrated that dysregulated
lipid metabolism by long-chain acyl-CoA synthetase (ACSL)
expression (13) and dysregulated amino acid metabolism by
argininosuccinate lyase (ASL) expression (14) play important
roles in cancer formation.
Among dysregulated amino acid metabolism, glutamine,
serine, and glycine are reported to regulate cancer formation and are potential therapeutic targets (10,15). In addition,
decreased arginine production is frequently observed in
HCC and melanoma. Therefore, these tumors are susceptible to arginine deprivation therapy (15,16). Arginase or
arginine deiminase has been reported to display effective
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anticancer potential in HCC and melanoma in vitro (17-24),
in vivo (17-19,21,24), and in clinical trials (25-28).
However, arginine deprivation therapy may also, like
other cancer chemotherapies and targeted therapies (29,30),
confront the problem of drug resistance (15,16). To this
end, molecular mechanisms in arginine metabolic enzymemediated cancer formation and arginine deprivation therapy
deserve further elucidation.
Our laboratory previously identified that knockdown of
the arginine metabolic enzyme ASL inhibits HCC formation
in part through reduction of cyclin A2 (14). In this study,
we further studied the mechanism by which ASL regulates
cyclin A2 protein level. We found that ASL directly interacted
with cyclin A2 in the cytoplasm of HCC cells. Mutant ASL
which is devoid of arginine metabolic activity retained the
ability to interact with cyclin A2 and promoted anchorageindependent growth, suggesting ASL/cyclin A2 interaction
may be important for tumor growth. Furthermore, ASL
overexpression modulated liver cancer progression regarding
drug resistance especially to arginine deprivation therapy,
with potential therapeutics counteracting above phenomenon being identified with bioinformatics analysis, which
may provide an opportunity for improvement of treatment
efficiency.
Materials and methods
Cell lines. Human HCC cell line Huh7 was kindly provided
by I.J. Su at National Health Research Institute. Huh7 and
another human HCC cell line HepG2 were cultured in
DMEM media containing 10% FBS (Biological Industries,
Beit Haemek, Israel) and 1% penicillin-streptomycin. Cells
were kept in incubator at 37˚C and 5% CO2. shASL-Huh7 and
shASL-HepG2 were established as previously described (14).
Chemicals, reagents, plasmids, and antibodies. Gelatin,
bovine serum albumin (BSA), 5-FU, cisplatin, and sorafenib
were purchased from Sigma (St. Louis, MO, USA). MicroBCA™ protein assay reagent kit was purchased from Pierce
(Woburn, MA, USA). DMEM and antibiotic mixture were
purchased from Invitrogen (Carlsbad, CA, USA). Turbofect
transfection reagent was purchased from Fermentas (Glen
Burnie, MD, USA). Plasmids of ASL-Myc and cyclin A2-HA
were as described previously (14). Antibodies against ASL
(GTX113629; polyclonal; rabbit anti-human; GeneTex, Hsinchu,
Taiwan), Myc (51-1485GR; monoclonal; mouse anti-Myc; BD
Biosciences, Franklin Lakes, NJ, USA), Cyclin A2 (sc-596;
polyclonal; rabbit anti-human; Santa Cruz Biotechnology,
Dallas, TX, USA), HA (11867431001; monoclonal; rat anti-HA;
Roche, Basel, Switzerland), HA (MMS-101P; monoclonal;
mouse anti-HA; Covance, Princeton, NJ, USA), GAPDH
(GTX100118; polyclonal; rabbit anti-human; GeneTex),
Lamin A/C (ab108595; monoclonal; rabbit anti-human;
Abcam, Cambridge, UK), GFP (GTX628528; monoclonal;
mouse anti-GFP; GeneTex), and HALO (G9211; monoclonal;
mouse anti-HALO; Promega, Sunnyvale, CA, USA) were
used in western blotting (all 1:2000 except 1:1000 for ASL
and 1:5000 for GAPDH), immunofluorescence (all 1:100), or
co-immunoprecipitation. ADI-PEG was kindly provided by
Polaris Pharmaceuticals (San Diego, CA, USA).

Immunofluorescence and confocal microscopy. Cancer cells
(5x10 4) were seeded onto 6-well plates containing cover
glasses pre-coated with 0.1% gelatin and cultured overnight.
Cells were then washed with PBS and fixed with 3.7% paraformaldehyde. Following wash with 0.1 M glycine, cells were
treated with permeabilization/blocking buffer (2% FBS, 0.4%
Triton X-100 in PBS). After washing with wash/staining buffer
(0.2% BSA, 0.2% Triton X-100 in PBS), cells were probed with
primary antibodies overnight at 4˚C. Following washing, cells
were probed with secondary antibodies at room temperature
for 1 h in the dark. Cells were then stained with DAPI after
washing. Subcellular localization and co-localization of ASL
and/or cyclin A2 were then analyzed by confocal microscope
Olympus FV1000MPE (Olympus, Tokyo, Japan) with 63X
oil immersion objective. Fluorescent images were taken in
sequential scanning mode (instead of simultaneous one) to
avoid non-specific fluorescent signal during image acquisition.
IgG was used as a negative control.
Nuclear-cytosolic fractionation. Cells were subjected to
nuclear-cytosolic fractionation according to the manufacturer's
instructions (Thermo Fisher Scientific, Waltham, MA, USA).
Western blotting. Cells were lysed in modified RIPA buffer
with protease inhibitors and let stand on ice for 20 min. After
centrifugation at 15,000 x g at 4˚C for 10 min, supernatant was
harvested and protein concentration was assayed by micro-BCA
protein assay reagent kit (Thermo Fisher Scientific). Samples
with same amount of protein and 4X sample buffer were mixed,
heated at 95˚C for 5 min, and subjected to electrophoresis. The
protein was then transferred onto PVDF membrane (Millipore,
Bedford, MA, USA) by Hoefer Semiphor Semi-Dry transfer unit
(Amersham Pharmacia Biotech, Inc., San Francisco, CA, USA),
and blocked in 5% non-fat milk at room temperature for 1 h.
Membrane was then probed with primary antibody overnight
at 4˚C. Following washing with 0.1% TBS-T, membrane was
probed with secondary antibody at room temperature for 1 h.
After washing, the quantity of targets were identified by adding
chemiluminescence reagent ECL (Millipore) onto membrane
and luminescent intensity was recorded by BioSpectrum AC
imaging system (UVP Inc., Upland, CA, USA).
Co-immunoprecipitation. Cells were lysed in immunoprecipitation buffer containing NP-40 or Triton X-100 with protease
inhibitors and harvested as in western blotting or in nuclearcytosolic fractionation, and protein was quantified. Samples
(5%) were loaded in input lane. Remaining samples were
added with 2 µg primary antibody for immunoprecipitation at
4˚C overnight with agitation. 30 µl protein G magnetic beads
(Millipore) or 100 µl protein G agarose beads (Millipore)
were then washed, mixed gently with samples, and incubated
at 4˚C for 2 h with agitation. Following washing, samples were
eluted from beads by 4X sample buffer with heating at 95˚C
for 5 min, and subjected to electrophoresis.
Site-directed mutagenesis and polymerase chain reaction
(PCR). Plasmids of ASL-Myc and cyclin A2-HA were subjected
to site-directed mutagenesis using QuikChange Site-Directed
Mutagenesis kit (Agilent Technologies, Inc., Santa Clara, CA,
USA), HiFi HotStart PCR kit (Kapa Biosystems, Wilmington,
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Figure 1. ASL interacted and colocalized with cyclin A2 in the cytosol of HCC cells. Huh7 was cotransfected with ASL-Myc and cyclin A2-HA, and (A) the
interaction between ASL-Myc and cyclin A2-HA was determined by immunoprecipitation of HA and subsequent detection of Myc expression by western
blotting, with anti-rat antibody MAPRE1 serving as negative control; (B) the subcellular localization and colocalization of ASL-Myc and cyclin A2-HA were
determined by immunofluorescence and confocal microscope analysis, scale bar 10 µm; (C) 293 cells were cotransfected with vectors or ASL-HALO and
cyclin A2-GFP, and the interaction between ASL-HALO and cyclin A2-GFP was determined by immunoprecipitation of GFP and subsequent detection of
HALO expression by western blotting, with anti-mouse antibody SGK1 serving as negative control. Results are from three independent experiments; (D) 293
cells were cotransfected with ASL-Myc and cyclin A2-HA or its vector control, and the interaction between ASL-Myc and cyclin A2-HA was determined
by immunoprecipitation of Myc and subsequent detection of HA expression by western blotting; (E) the nuclear-cytosolic distribution of ASL-Myc and
cyclin A2-HA was determined by nuclear-cytosolic fractionation followed by western blotting; (F) the subcellular localization of ASL/cyclin A2 interaction
was determined by nuclear-cytosolic fractionation followed by immunoprecipitation of HA and subsequent detection of Myc expression by western blotting.
Results are from three independent experiments.

MA, USA), and Applied Biosystems 2720 Thermal Cycler
(Applied Biosystems, Foster City, CA, USA) according to the
manufacturer's instructions to establish loss-of-enzymatic
activity mutant ASL-Myc and cyclin A2-HA. Primers for sitedirected mutagenesis were purchase from MDBio, Inc. (Taipei,
Taiwan) and listed below: ASL G532A: (forward) 5'-ATTCT
GAGCCACGCCATGGCACTGACCCGAG-3', (reverse)
5'-CTCGGGTCAGTGCCATGGCGTGGCTCAGAAT-3';
ASL A857G: (forward) 5'-GCAGCCTGATGCCCCGGAAG
AAAAACCCCG A-3', (reverse) 5'-TCGGGGTTTTTCTTC
CGGGGCATCAGGCTGC-3'; CCNA2 M210A: (forward)
5'-AGCCAGACATCACTAACAGTGCGAGAGCTATCCTC
GTGGACT-3', (reverse) 5'-AGTCCACGAGGATAGCTCTC
GCACTGTTAGTGATGTCTGGCT-3'; CCNA2 L214A:
(forward) 5'-ACTAACAGTGCGAGAGCTATCGCCG
TGGACTGGTTAGTTGAAGTA-3', (reverse) 5'-TACTT
CAACTAACCAGTCCACGGCGATAGCTCTCGCACTG
TAGCTCTCAT-3'. Final concentration for reagents for sitedirected mutagenesis were described as below: 1X KAPA
HiFi buffer (GC), 0.3 mM KAPA dNTP Mix, 0.3 µM forward/
reverse primer, 50 ng cDNA, 1 U/µl KAPA HiFi HotStart DNA

polymerase in 50 µl reaction. PCR for site-directed mutagenesis is described below: at 95˚C for 30 sec, 1 cycle; 95˚C for
30 sec, 55˚C for 1 min, 68˚C for 1 min 30 sec, 18 cycles.
RNA interference. The shASL plasmid-carrying bacterial clones and corresponding pseudo lentivirus were
obtained from RNAi core facility (Academia Sinica,
Taipei, Taiwan) and the shRNA targets 3' UTR sequences:
5'-AGGAGGCTGCTGTGTGTTT-3'. Cells were infected
with pseudo lentivirus against ASL or luciferase vector
control, selected by 2 µg/ml puromycin for 2 days, and
subjected to further experiments.
Anchorage-dependent growth by colony formation assay.
Cancer cells (1x103) were seeded onto 6-well plates and
cultured for 9 days to assay the anchorage-dependent growth
ability of cancer cells. The number of colonies was identified
by 2% methyl blue staining, counted and analyzed.
Anchorage-independent growth by soft agar growth assay.
Cells (5x103) were seeded into 1 ml 0.3% agar-containing
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Figure 2. Mutant ASL or mutant cyclin A2 retain the ASL/cyclin A2 interaction ability in HCC cells. Huh7 was cotransfected with wild-type, G532A mutant
or A857G mutant ASL and wild-type cyclin A2. The colocalization (A and B) as well as interaction (C) were determined by confocal microscope analysis or
immunoprecipitation of HA and subsequent detection of Myc expression by western blotting, respectively. Huh7 was cotransfected with wild-type ASL and
mutant cyclin A2 containing M210A, L214A, W217A triple mutation (∆T). The colocalization (D) as well as interaction (E) were determined similarly. Scale
bar, 10 µm. Results are from three independent experiments.

medium and then onto the 0.6% agar-covered 6-well plates
and cultured for 14 days to assay the anchorage-independent
growth ability of cancer cells. The number of colonies was
identified by 0.05% crystal violet staining, counted and
analyzed.
Microarray analysis. Total RNA of Huh7 and shASL-Huh7
stable transfectants were extracted using TRIzol reagent
(MDBio, Inc., Taiwan). The microarray analysis was
performed using Whole Human Genome Oligo Microarray kit
(4x44 K) (Agilent Technologies, Inc.) by Welgene Biotech, Co.,
Ltd. (Taipei, Taiwan).
Metacore bioinformatics analysis. The pathway analysis database Metacore (https://portal.genego.com/cgi/data_manager.
cgi#) (31) was applied with default setting. The analyses with
false discovery rate (FDR) <0.05 were displayed as pathway
maps (pathways from literature consensus).
Connectivity Map bioinformatics analysis. The gene-drug
interaction database Connectivity Map (https://www.broad
institute.org/cmap/) (32,33) was applied with default setting.
The differentially expressed genes in shASL-Huh7 were
divided into top 500 upregulated and downregulated groups
and uploaded to Connectivity Map database for analysis
of potential therapeutics with gene expression signature
mimicking ASL knockdown in Huh7.

Statistical analysis. All statistical analyses were performed
with the GraphPad Prism version 5 (GraphPad Software, San
Diego, CA, USA). All error bars of the figures represent SEM.
Student's t-test and two-way ANOVA followed by Bonferroni
post-test were used for analysis of difference between each
experimental group. P-value of <0.05 was considered to be
significant.
Results
ASL colocalizes and interacts with cyclin A2 in the cytoplasm
of HCC cells. We have demonstrated that downregulation
of ASL by shRNA inhibits tumor growth which is in part
mediated through downregulating cyclin A2 expression. The
reduction of cyclin A2 is probably regulated at the protein
level because cyclin A2 mRNA was not altered (14). Based on
this information, we hypothesized that ASL might directly
interact with cyclin A2 and regulate its protein expression.
We cotransfected ASL-Myc and cyclin A2-HA into Huh7
and investigated their colocalization and interaction by
immunofluorescence and immunoprecipitation, respectively. ASL interacted (Fig. 1A) and colocalized (Fig. 1B)
with cyclin A2 in Huh7 liver cancer cells. Double-band
was observed in immunoprecipitation of HA-cyclin A2, but
not in the input of HA-cyclin A2. As cyclin A2 is easily
degraded, we speculated that the double bands may be
resulted from the degradation of cyclin A2 during immuno-
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Figure 3. Mutant ASL or cyclin A2 retained the ability to restore cell growth repressed by shASL in hepatocarcinoma cells. shASL-Huh7 (A, C and E) or
shASL-HepG2 (B, D and F) was transfected with wild-type or mutant of ASL or cyclin A2, and the expression of the above molecules was determined by
western blotting (A and B) from the same set of experiments on the same gel. Their effects on anchorage-dependent and -independent growth were determined
by colony formation assay (C and D) and soft agar growth assay (E and F), respectively. Results were from three independent experiments, and error bars
represent SEM, with the statistical difference between the anchorage-dependent and -independent growth ability of above mentioned overexpression clones
and control clone was examined with Student's t-test (*P<0.05; **P<0.01, ***P<0.001).

precipitation. To avoid IgG heavy chain interruption during
co-immunoprecipitation, we applied EasyBlot IgG HRP
secondary antibody and observed no obvious signal resulting
from IgG heavy chain. This interaction is also observed by
coexpression of exogenous ASL-HALO and cyclin A2-GFP
in 293 cells (Fig. 1C). In addition, we have performed
the experiments with ASL-Myc and cyclin A2-HA or
HA-vector control and we observed no interaction between
ASL-Myc and vector control, supporting that the specific
interaction between ASL and cyclin A2 indeed occurred
under co-overexpression (Fig. 1D). Altogether, the arginine
metabolic enzyme ASL co-localized and interacted with
cell cycle regulator cyclin A2.
To further identify the subcellular localization of
ASL/cyclin A2 interaction, ASL-Myc and cyclin A2-HA
were cotransfected into Huh7 and nuclear-cytosolic
fractionation without or with subsequent immunoprecipitation. ASL is mainly localized in the cytosol of Huh7,
and cyclin A2 is located in both cytosol and the nucleus
(Fig. 1E), suggesting the subcellular localization for
ASL/cyclin A2 interaction was in the cytosol. Furthermore,
the interaction between ASL and cyclin A2 was detected
in the cytosolic fraction of Huh7 with immunoprecipitation
(Fig. 1F). This result indicated that the interaction between
ASL and cyclin A2 mainly occurs in the cytosol of liver
cancer cells.

Loss-of-enzymatic activity mutant ASL retains the ability to
interact with cyclin A2 and promotes cell growth. In order
to determine whether the metabolic enzymatic activity of
ASL is required for the interaction, we constructed mutant
ASL-Myc without enzymatic activity. Previous results indicated that genomic mutations in ASL leading to G532A or
A857G amino acid substitution were observed in patients with
ASL function deficiency (34). On the other hand, cyclin A2
containing M210A, L214A, W217A triple mutation (∆Triple)
is unable to influence cyclin-dependent kinase activity in
human (35,36). We then investigated the interaction between
wild-type ASL and mutant cyclin A2 or mutant ASL and
wild-type cyclin A2. Immunofluorescence and immunoprecipitation analysis revealed that mutant ASL or cyclin A2
still retained the ability to colocalize (Fig. 2A, B and D) and
interact (Fig. 2C and E) with wild-type interaction partner.
This result revealed that ASL enzymatic activity is not essential for the interaction with cyclin A2.
To elucidate the importance of the interaction between
ASL and cyclin A2 in liver cancer promotion, we delivered
mutant ASL or mutant cyclin A2 into Huh7 ASL shRNA stable
transfectants, and observed whether they could restore the
growth inhibition by ASL shRNA. Both wild-type and lossof-enzymatic activity ASL or cyclin A2 were able to restore
the growth of shASL-Huh7 stable transfectants in colony
formation assay and soft agar growth assay in vitro (Fig. 3).
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Figure 4. ASL overexpression promotes drug resistance against arginine deprivation therapy. Huh7 (A, C, D, E, F and K) or HepG2 (B, G, H, I, J and L)
was transfected with ASL-Myc or vector control, and the expression was determined by western blotting (A and B). The growth of cells in the presence of
anticancer drugs including the chemotherapies with 5-FU (C and G) and cisplatin (D and H), targeted therapy sorafenib (E and I), and arginine deprivation
therapy ADI-PEG (F, J, K and L) was determined by colony formation assay (C-J) and soft agar growth assay (K and L). Results are from three independent
experiments, and error bars represent SEM, the statistical difference between the anchorage-dependent and -independent growth ability of above mentioned
overexpression clones and control clone was examined with two-way ANOVA followed by Bonferroni post-test (*P<0.05; **P<0.01, ****P<0.001).

Therefore, loss-of-enzymatic activity ASL or cyclin A2 still
maintained the ability to promote anchorage-dependent growth
and anchorage-independent growth in liver cancer cells. Since
these mutants retained the ability to form the ASL/cyclin A2
complex, these results imply that the novel ASL/cyclin A2
interaction may play a role in mediating cell growth (Figs. 2
and 3).
ASL overexpression promotes drug resistance to arginine
deprivation therapy. To identify the impact of ASL on tumor
progression in terms of drug resistance, we transfected
ASL-Myc or vector control into Huh7 and HepG2 and investigated their resistance toward chemotherapies with 5-FU,
cisplatin, multiple tyrosine kinase sorafenib (4), and arginine
deprivation therapy ADI-PEG (Fig. 4A and B). Overall, ectopic
expression of ASL resulted in an increased tendency of resistance toward these anticancer drugs in colony formation assay
although the difference did not reach statistical significance
(Fig. 4C, D, E, G, H and I). Importantly, ASL overexpression
conferred drug resistance to arginine deprivation therapy

ADI-PEG with anchorage-dependent growth (Fig. 4F and J)
and anchorage-independent growth (Fig. 4K and L).
Bioinformatics analyses reveal potential therapeutics in
ASL-regulated HCC formation. Since ASL played an important role in liver tumor formation, we performed microarray
gene expression analysis on the comparison of Huh7 cells and
ASL shRNA stable transfectants. The downregulated genes
by ASL shRNA in Huh7 cells were selected, and uploaded
to Metacore bioinformatics database for identification of
important pathways with its default setting. The analyses were
displayed as pathway maps. The gene expression signature
resulted from ASL knockdown in Huh7 was associated with
cell cycle progression, cytoskeleton remodeling, apoptosis, and
immune responses (Table I).
To further identify therapeutic options for ASL-regulated
HCC formation, we applied the gene expression signature
of ASL-knockdown in Huh7 cells in Connectivity Map
bioinformatics database (32,33) with default setting. The
gene expression signature was associated with the treatment
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Table I. Bioinformatics analysis with Metacore database revealed important pathways in ASL-regulated HCC formation.
Rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Maps

FDR

Transport_Clathrin-coated vesicle cycle
Cytoskeleton remodeling_TGF, WNT and cytoskeletal remodeling
Cell cycle_Start of DNA replication in early S phase
DNA damage_ATM/ATR regulation of G1/S checkpoint
Cell cycle_Influence of Ras and Rho proteins on G1/S Transition
Cytoskeleton remodeling_Cytoskeleton remodeling
DNA damage_Role of Brca1 and Brca2 in DNA repair
Apoptosis and survival_Endoplasmic reticulum stress response pathway
Development_Differentiation of white adipocytes
Immune response_Role of PKR in stress-induced antiviral cell response
Transcription_Epigenetic regulation of gene expression
Immune response_IL-1 signaling pathway
Development_Regulation of telomere length and cellular immortalization
Transcription_Sirtuin6 regulation and functions
Apoptosis and survival_TNFR1 signaling pathway
G-protein signaling_RhoA regulation pathway
Apoptosis and survival_Role of PKR in stress-induced apoptosis
Translation_Regulation of EIF4F activity
Apoptosis and survival_Role of IAP-proteins in apoptosis
Oxidative phosphorylation
Apoptosis and survival_FAS signaling cascades
IGF family signaling in colorectal cancer
Cell cycle_Transition and termination of DNA replication
Regulation of degradation of deltaF508-CFTR in CF
DNA damage_Brca1 as a transcription regulator
Signal transduction_Additional pathways of NF-κB activation (in the nucleus)
Transcription_Transcription regulation of aminoacid metabolism
Signal transduction_AKT signaling
Development_WNT signaling pathway. Part 2
Development_NOTCH1-mediated pathway for NF-κB activity modulation
Cell cycle_The metaphase checkpoint
Role of Tissue factor-induced Thrombin signaling in cancerogenesis
Cell cycle_Role of SCF complex in cell cycle regulation
Proteolysis_Putative SUMO-1 pathway
Apoptosis and survival_Apoptotic TNF-family pathways
Development_IGF-1 receptor signaling
Development_TGF-β receptor signaling
Cell cycle_ESR1 regulation of G1/S transition
Cell cycle_Cell cycle (generic schema)
Cell cycle_Chromosome condensation in prometaphase
DNA damage_ATM/ATR regulation of G2/M checkpoint
Cell cycle_Regulation of G1/S transition (part 2)
Apoptosis and survival_DNA-damage-induced apoptosis
Transport_RAN regulation pathway
Signal transduction_Additional pathways of NF-κB activation (in the cytoplasm)
IL-6 signaling in multiple myeloma
Signal transduction_NF-κB activation pathways
Oxidative stress_Role of Sirtuin1 and PGC1-α in activation of antioxidant defense system
Apoptosis and survival_Caspase cascade
Cell cycle_Initiation of mitosis

4.287E-15
4.287E-15
3.031E-11
5.234E-10
6.190E-10
8.999E-10
2.617E-09
3.117E-09
1.489E-08
1.489E-08
1.489E-08
1.843E-08
1.843E-08
2.722E-08
4.026E-08
4.062E-08
4.952E-08
4.952E-08
6.565E-08
7.756E-08
8.099E-08
9.132E-08
9.906E-08
1.317E-07
1.317E-07
1.317E-07
1.433E-07
1.495E-07
1.687E-07
2.002E-07
2.346E-07
2.416E-07
2.746E-07
2.746E-07
2.920E-07
3.075E-07
3.075E-07
4.112E-07
4.236E-07
4.236E-07
4.236E-07
4.236E-07
4.314E-07
5.083E-07
5.433E-07
5.433E-07
5.433E-07
8.745E-07
9.568E-07
9.751E-07

The genes with downregulated expression in shASL-Huh7 were previously subjected to microarray analysis and the result together with the
signal intensity was uploaded to Metacore database and analyzed for pathway maps (pathways from literature consensus) in shASL-reduced
HCC formation, ranked according to statistical significance and exported as table. FDR, false discovery rate.
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Figure 5. Flow chart of bioinformatics analysis with Connectivity Map database revealing potential therapeutics for ASL-regulated HCC formation. The
gene expression signature of ASL knockdown in Huh7 was reorganized as gene lists of top 500 upregulated and downregulated groups and uploaded to
Connectivity Map database, and 755 potential therapeutics with such signature were identified, which were further narrowed down by overlapping to the
FDA drug library and exclusion of known indication in neural and cardiovascular diseases, with the final potential therapeutics being bisoprolol, celecoxib,
and ipratropium bromide.

on cancer cells of 755 drugs in Connectivity Map analysis,
in which 60 drugs overlapped with the FDA drug library
available for testing the drug repurposing. Since drugs used
in neural and cardiovascular diseases may confer stronger
side effects to patients, we further excluded drugs with indications in these two fields. The potential novel therapeutics
were narrowed down to i) bisoprolol, a β1-adrenergic receptor
blocker, ii) celecoxib, a COX-2 selective non-steroidal antiinflammatory drug (NSAID), and iii) ipratropium bromide, an
anticholinergic function regulator (Fig. 5). This result pointed
out the potential therapeutics for ASL-regulated HCC formation. These FDA-approved drugs deserve further elucidation
on the combination with current cancer therapy for HCC.
Discussion
In the present study, we demonstrated that ASL interacted with
cyclin A2 in the cytosol of HCC cells and the interaction might
be important for tumor growth. We further found that ASL
overexpression conferred drug resistance especially against
arginine deprivation therapy. Bioinformatics analysis revealed
that several drugs might be used to target ASL-overexpressing
liver tumors.
The interaction was detected by the exogenous expression
of ASL and cyclin A2. We have tried to determine the inter
action between endogenous proteins, but was unable to detect
the interaction between endogenous ASL and cyclin A2. This
could be due to limited expression of ASL and cyclin A2
or the antibody binding site may interfere with the binding
between ASL and cyclin A2. Therefore, we have used two
different types of tagged exogenous ASL and cyclin A2 for
IP in two different cell lines to sustain our conclusion (Fig. 1).
It is interesting to note that the interaction between ASL and
cyclin A2 is mainly localized in the cytosolic fraction. We
further examined whether cytosolic cyclin A2 is attenuated
by ASL shRNA. Nuclear/cytosolic fraction clearly demonstrated that cytosolic cyclin A2 is downregulated specifically.
In contrast, nuclear cyclin A2 remained constant (data
not shown). This result supports the notion that cytosolic
ASL/cyclin A2 interaction influences its protein level. It
should be noted that cyclin A2 may shuttle between nucleus
and cytosol (37). The distribution of cyclin A2 is dependent
on the cell cycle, and may be variable between different
experiments. Jackman and coworkers (37) applied nuclear
export assay to specifically address whether cyclin A could

export from nucleus to cytosol spontaneously since it does
not have nuclear localization signal (NLS), and found out that
cyclin A indeed shuttled between nucleus and cytosol. This
suggests that it is the interaction with other proteins, such as
other cell cycle regulators containing NLS, that determines
the subcellular localization of cyclin A. This phenomenon
may also occur in the present study since upregulated ASL
expression during HCC formation may interact, protect, and
retain cyclin A2 in cytosol to execute biological functions in
addition to the cell cycle regulator.
The interaction between wild-type and mutant forms
of ASL and cyclin A2 is similar in co-immunoprecipitation
(Fig. 2). The results indicate that the functional enzymatic
mutation does not influence the interaction between ASL
and cyclin A2. This observation supports our hypothesis
that non-enzymatic function of ASL may influence cell
cycle progression and tumor formation. Non-enzymatic
functions of metabolic gene products have been reported to
participate in cancer promotion and progression. For example,
non-enzymatic function of heparanase promotes glioblastoma growth in vivo via activation of Akt signaling (38,39).
Non-enzymatic function of metabolic enzyme methylenetetrahydrofolate dehydrogenase/cyclohydrolase (MTHFD2)
promotes colon cancer growth in vitro via association with
DNA synthesis (40); non-enzymatic function of ATP-citrate
lyase also enhances colon cancer growth in vitro by inhibiting
AMPK signaling (41); non-enzymatic function of pyruvate
kinase M2 (PKM2) promotes glioblastoma growth in vivo via
activation of β-catenin signaling (42); non-enzymatic function
of fructose-1,6-bisphosphatase 1 (FBP1) inhibits clear cell
renal cell carcinoma progression in patients by reducing HIF
function (43). The present study on ASL adds the importance
of non-enzymatic functions of enzymes in regulating cancer
formation (40,44).
Based on the critical roles of ASL in drug resistance and
cancer progression, the therapeutic potential targeting ASL
overexpression deserves further attention. From the bioinformatics analysis with Connectivity Map database in the
present study, bisoprolol, celecoxib, and ipratropium bromide
were identified to be capable of counteracting ASL-regulated
HCC formation. Our bioinformatics predictions are in accordance with a previous study on the targets of these drugs.
These targets, including β1-adrenergic receptor, COX-2,
and cholinergic receptor, are involved in various kinds of
cancer (45-48).
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In summary, we identified the cytosolic interaction
between ASL and cyclin A2. This interaction may be important for liver cancer growth. Overexpression of ASL may be
related with drug resistance especially for arginine deprivation therapy.
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