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Carbamoyl phosphate synthetase 1 (CPS1) is a liver-
specific, intramitochondrial, rate-limiting enzyme in
the urea cycle. A previous study showed that CPS1 is
the antigen for hepatocyte paraffin 1 antibody, a com-
monly used antibody in surgical pathology practice;
and CPS1 expression appears to be down-regulated in
liver cancer tissue and cell lines. The aim of this study
is to understand how the CPSI gene is regulated in
liver carcinogenesis. In this report, we show that hu-
man hepatocellular carcinoma (HCC) cells do not ex-
press CPS1, whereas cultured human primary hepa-
tocytes express abundant levels. In addition, CPS1
was silenced or down-regulated in liver tumor tissues
compared with the matched noncancerous tissues.
The expression of CPS1 in HCC cells was restored
with a demethylation agent, 5-azacytidine. We show
that two CpG dinucleotides, located near the tran-
scription start site, and a CpG-rich region in the first
intron were hypermethylated in HCC cells. The hy-
permethylation of the two CpG dinucleotides was also
detected in HCC tumor tissues compared with non-
cancerous tissues. Further molecular analysis with
mutagenesis indicated that the two CpG dinucleotides
play a role in promoter activity of the CPSI gene. In
conclusion, our study demonstrates that DNA meth-
ylation is a key mechanism of silencing CPS1 expres-
sion in human HCC cells, and CPSI gene hypermeth-
ylation of the two CpG dinucleotides is a potential
biomarker for HCC. (AmJ Pathol 2011, 178:652—661; DOI:
10.1016/j.ajpath.2010.10.023)

One of the major liver functions is to convert toxic ammo-
nium into the less toxic urea. This function is performed by
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the urea cycle, which is highly conserved in all mammalian
species.”? There are five key enzymes in the urea cycle:
carbamoyl phosphate synthetase 1 (CPS1), ornithine trans-
carbamoylase (OTC), argininosuccinate synthetase 1
(ASS1), argininosuccinate lyase (ASL), and arginase 1
(ARG1). In addition, N-acetylglutamic acid (NAG), gen-
erated by, N-acetylglutamate synthetase (NAGS), is an
activator of CPS1. Deficiency in any of these enzymes
leads to high blood ammonium concentration, which
can have detrimental effects and may cause anorexia,
lethargy, central nervous system dysfunction, brain
damage, coma, and even death.®* In addition to taking
responsibility for ammonia metabolism, the biochemi-
cal reactions of the urea cycle also produce three
physiologically important metabolites (ie, ornithine, cit-
rulline, and arginine). Moreover most important, the
urea cycle and the nitric oxide cycle are linked via
ASS1 and ASL. Previous studies®® have shown that a
quantitative change in urea cycle enzyme expression
and function can affect nitric oxide production by lim-
iting substrate availability. Therefore, the abnormalities
within the urea cycle result in urea cycle disorder and
affect other physiological systems.

CPS1 is the first rate-limiting enzyme in the urea
cycle, converting ammonium into carbamoyl phos-
phate. In 2008, we reported that CPS1 was the antigen
for hepatocyte paraffin 1 (Hep Par 1) antibody, a mu-
rine monoclonal antibody that is widely used in surgical
pathology practice to determine the hepatocellular or-
igin of neoplasms.” During that study, we noticed that
the CPS1 protein was not detectable in human hepa-
tocellular carcinoma (HCC) cell lines while the CPS7
gene is intact. Other researchers® have reported that
75% of human HCC tissues express low levels of CPS1.
However, the underlying mechanisms of CPS1 dys-
regulation in HCC are completely unknown. In general,
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dysregulation of gene function could be caused by
either gene mutation or epigenetic regulation. Recent
studies have suggested that aberrant epigenetic pat-
terns exist in many types of cancer cells. DNA methyl-
ation and modifications of the histone tails, including
acetylation, methylation, phosphorylation, ubiquitina-
tion, sumoylation, proline isomerization, and ADP ribo-
sylation, are the two main biochemical pathways in-
volving epigenetic regulation. DNA methylation has
gained importance because of the implication of aber-
rant DNA methylation in many human diseases.® '° Fur-
thermore, modifications of DNA methylation seem to be
the early events in the loss of cellular homeostasis and
may, in some instances, precede genetic mutations
and genomic instability. "

Previous studies'®'® have shown that CPS7 tran-
scription is subject to physiological regulation and that
CPS1 activity can be inhibited by a hepatotoxic dose of
acetaminophen. Studies’®'” have also suggested that
an 80-bp glucocorticoid response unit located 6.3 kb
upstream of the transcription start site mediates hor-
mone responsiveness and liver-specific expression of
CPS1 in rats. A recent study'® revealed that Y-box
binding protein-1 negatively regulates CPST expres-
sion via suppression of CCAAT enhancer-binding pro-
tein-a function in fetal and injured adult mouse liver but
not in normal adult liver. Nakagawa et al'® demon-
strated that sirtuin5, an NAD-dependent protein
deacetylase, deacetylates CPS1 and up-regulates its
activity during fasting and long-term calorie restriction
or a high-protein diet.

In our study, we hypothesize that an altered DNA
methylation pattern may play a critical role in the reg-
ulation of CPST gene expression in human liver can-
cers. In this report, we present evidence to support the
notion that DNA methylation is a key mechanism of
epigenetic regulation to suppress CPS1 expression in
HCC cells and we identify the precise methylation sites
in the CPS7 gene. This study provides an important
insight into epigenetic regulation in HCC.

Materials and Methods
Cell Culture and 5-Aza-2'-Deoxycytidine Treatment

The LH86 cells were established in our laboratory and pre-
viously published.® The Huh7 cell line was a gift from Dr.
Christopher Seeger (Fox Chase Cancer Center, Philadel-
phia, PA), and the Huh7.5 cell line was a gift from Dr.
Charles M. Rice (Rockefeller University, New York, NY). All
cell lines were grown in Dulbecco’s modified Eagle
medium, supplemented with 10% fetal bovine serum,
800 umol/L L-glutamine, 10 mmol/L nonessential amino
acids, and antibiotics at 37°C in 5% CO,. The primary
hepatocytes were obtained from CellzDirect Inc. (Cha-
pel Hill, NC). Cancerous and corresponding noncan-
cerous frozen tissues were collected at Shands Hospi-
tal, University of Florida (Gainesville, FL) under an
Institutional Review Board-approved protocol. For drug
treatment, cell lines were treated with 5 umol/L 5-aza-
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2'-deoxycytidine (Aza) (Sigma, St Louis, MO) for 3
days, changing Aza and medium every 24 hours. Con-
trol cells were incubated with culture medium.

RNA Extraction, RT-PCR, and Quantitative
Real-Time PCR

RNA was extracted from cells or patient tissues using an
RNA isolation reagent (TRIzol; Invitrogen, Carlsbad, CA).
To prevent DNA contamination, total RNA was treated
with RNase-free DNase |l (Invitrogen). The human glyc-
eraldehyde-3-phosphate dehydrogenase gene (forward
primer, 5'-TCACCAGGGCTGCTTTTA-3'; and reverse
primer, 5'-TTCACACCCATGACGAACA-3') was used as
an internal control in PCR amplification. A two-step RT-
PCR procedure was performed in all experiments. First,
total RNA samples (2 wg per reaction) were reversely
transcribed into cDNAs by RT Il reverse transcriptase
(Invitrogen). Then, the cDNAs were used as templates in
PCR with CPS7 gene-specific primers (ie, 5'-TT-
TAGGGCAATGGCTACAGG-3’ and 5'-GTTCTGCAA-
GAGCTGGGTTC-3'). The primers for hepatocyte nuclear
factor 38 (HNF3B) were 5-CACCACTACGCCTTCAAC-
CAC-3’ and 5'-GGTAGTAGGAGGTATCTGCGG-3'. The
primers for o-1 antitrypsin  (AAT) were 5-GGGT-
CAACTGGGCATCACTA-3" and 5-GGGGATAGACATGGG-
TATGG-3'. The primers that were used for amplification of
other urea genes were as follows: NAGS, 5-AGCGAATGC-
TACGGGTGCG-3' (forward) and 5’-CAGTCCCTTGGCGTG-
GTTGA-3' (reverse); OTC, 5'-CTGATTACCTCACGCTCC-3'
(forward) and 5'-TCTCCTCTTCTCGTCCCA-3' (reverse);
ASS1, 5'-CAACACCCCTGACATTCTCG-3' (forward) and 5'-
ACTTTCCCTTCCACTCGCTC-3' (reverse); ASL, 5’-TCCCAG-
CACCTACAACAAAGA-3’ (forward) and 5’-TAGTCCCACAC-
GCAGATCACG-3' (reverse); and ARG7, 5'-TGATGT-
GAAGGATTATGGGG-3" (forward) and 5'-TGGTTGT-
CAGTGGAGTGTTG-3' (reverse). The amplification reac-
tions were performed using AmpliTag Gold DNA
polymerase (Applied Biosystems, Foster City, CA). The
PCR was programmed as follows: 2 minutes at 95°C and 30
to 32 cycles of 30 seconds at 94°C, 30 seconds at 58°C to
62°C, and 30 seconds at 72°C, with an extension for 10
minutes at 72°C. The PCR bands were visualized under UV
light and photographed. Quantitative real-time PCR was
used to measure mMRNA levels of urea cycle genes for HCC
cell lines and CPS1 mRNA levels for tissues on a StepOne
Plus real-time PCR system with SYBR Green MasterMix
(Applied Biosystems).

Bisulfite Genomic Sequencing

Genomic DNA was purified from cells with a kit (Wizard
Genomic DNA Purification Kit; Promega, Madison, WI).
DNA (2 ng) was bisulfite modified with another kit (EZ DNA
Methylation Direct Kit; Zymo Research, Orange, CA). Se-
quence-specific primers to amplify the CpG-rich regions of
interest were designed using a computer program
(MethPrimer; http://www.urogene.org/methprimer). The prim-
ers that were used for amplification were as follows: CPS7
upstream CpG island, 5'-TTTGAGATGGAGTTTGGT-
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TTTG-3' (forward) and 5'-TTACCAATCCATAAAACT-
TATATC-3' (reverse); CPS1 promoter, 5-DNA Methylation
Suppresses CPS1 in HCC GGAAATTTAAAG-3’ (forward)
and 5'-ACCACTTTAAAAACTATCAAAATC-3" (reverse);
and CPS71 CpG island in first intron, 5’-TTAGGTTGGAGT-
GTAGTGTTG-3" (forward) and 5'-TTACAAATATAAAC-
CACCAAACT-3' (reverse). The PCR products were ampli-
fied, purified, and cloned into a vector (pGEM-T Easy
Vector; Promega). Clones were selected through blue-white
screening. Finally, the colonies harboring the insert were
sequenced in a 96-well plate using the M13 reverse and/or
forward primers.

Methylation-Specific PCR

The bisulfite-treated DNA was amplified using primers
that specifically amplify either the methylated or unmethy-
lated sequence of CPST promoter containing two CpG
dinucleotides. The primers for the methylated reaction
were 5-ATGGAAATTTAAAGATCGTTGTGTA-3" and 5'-
TCAAAATCCTCGTCATTTTAATAAT-3'. The primers for
the unmethylated reaction were 5'-GAATGGAAATTTA-
AAGATTTGTT-3" and 5'-AAATCCTCATCATTTTAATAAT-
3’. The PCR was performed for 40 cycles, with anneal-
ing temperatures of 58°C for the methylated reaction
and 52°C for the unmethylated reaction. The human
methylated and unmethylated DNA was used as con-
trol to verify the specificity of the primers (QIAGEN,
Valencia, CA).

Cloning and Plasmid Construction

A region (—400/145) of the CPST gene (GenBank acces-
sion number Gl: 157696424; gene ID: 1373) was amplified
by PCR using specific primers [5’-CCGGGTACCAGAA-
CATTGTCTTTTTACCCC-3’" (forward) and 5'-CCCAA-
GCTTTTTGAAAGCTGTCAAAATCCTCGTCTTTG-3' (re-
verse)] and genomic DNA extracted from Huh7 cells as
template. The PCR product was purified and inserted into
pGL3-basic vector (Promega) through Kpnl and Hindlll
sites to generate a reporter construct named pGL3-CPS1
545. The plasmid was sequenced using a sequencing
primer (RVprimer3). To determine the methylation status
of CG dinucleotides located at —9 and 125 of CPS7 in
pGL3-CPS1 545, the plasmid was linearized by BamHI
digestion and bisulfite treated, followed by PCR amplifi-
cation of the promoter and DNA sequencing. The bisulfite
genomic sequencing primers for CPST promoter were
used for PCR and sequencing (forward, 5'-GTAGAAT-
GAATGGAAATTTAAAG-3’; and reverse, 5'-ACCACTT-
TAAAAACTATCAAAATC-3"). The two CG dinucleotides
located at the —9 and 125 sites of CPS7 in pGL3-CPS1
545 were not methylated at transfection. The wild-type
two CG dinucleotides were mutated to CA when the
545-bp fragment was synthesized (GeneArt, Burlingame,
CA). The fragment was inserted into the same sites of the
pGL3-basic vector to generate pGL3-CPS1 545m, as
previously described.

To detect CPS1 function in ammonium clearance, we
cloned the full-length CPS7 gene from a normal liver tissue.
In brief, RNA was extracted from the liver tissue using an

RNA isolation reagent (TRIzol; Invitrogen). The cDNA was
synthesized using RT Il reverse transcriptase (Invitrogen),
and 2 ulL of cDNA was used for PCR amplification. The
CPS1 gene was amplified with primers (5'-ATGCGGCCG-
CAGCCACAAATCATCTTCAAAA-3" and 5'-CGTCTA-
GATGAGAAAGTTGTGAATCAGTTCC-3") at 94°C for 3
minutes, followed by 38 cycles of 94°C for 40 seconds,
68°C for 30 seconds, and 72°C for 5 minutes, and finished
with an extension at 72°C for 10 minutes. The PCR product
was then purified and cloned into a vector (pEF6/V5-His-
TOPOQO). The expression vector (pTOPO-CPS1) was se-
quenced using a kit (BigDye Terminator V3.1 Kit; Applied
Biosystems).

Luciferase Assay

The LH86 and Huh7.5 cells were transfected with 0.6 pg of
firefly luciferase reporter plasmid and 0.05 ug of control
plasmid containing renilla luciferase (pRL-TK; Promega). A
promoterless basic vector (pGL3; Promega) was used as a
negative control. To confirm the efficiency of transfection
(Lipofectin; Invitrogen), a luciferase expression vector
(pGL3-control; Promega) was used as a positive control.
When indicated, the firefly and renilla luciferase activities
were measured using a system (Dual-Luciferase Reporter
Assay System; Promega), according to the manufacturer’s
instructions. The renilla luciferase activity of pRL-TK was
used to normalize the firefly luciferase activity of the reporter
construct.

Cell Proliferation Assay

The stable cell lines (LH86-pTOPO or LH86-pTOPO-
CPS1) were dispensed into 96-well plates at a final
concentration of 3 X 10° cells/well and incubated over-
night before treatment. Media were removed and re-
placed with new medium with or without ammonium.
The final concentration of ammonium was 20 and 50
mmol/L, respectively. After 24 and 48 hours of treat-
ment, cell viability was measured using the MTS cell
proliferation assay (Promega). Cells were incubated for
3 hours after the addition of MTS/phenylmethylsulfonyl
solution to allow for color development, and then the
absorbance values were read at 492 nm using a plate
reader (Multiscan).

Western blot analysis was performed as previously
described.”

Results

Characterization of CPS1 Expression in HCC
Cell Lines, Primary Hepatocytes, and Liver
Cancer Tissues

A previous study’ demonstrated that human liver can-
cer cell lines have undetectable CPS1 protein expres-
sion. To understand the potential mechanisms by
which CPS1 is regulated in HCC, we decided to char-
acterize CPS1 expression levels at the transcription
level in HCC cell lines, primary hepatocytes, and hu-
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Figure 1. Altered CPS1 expression in
HCCs. A: RT-PCR analysis of CPST expres-
sion in HCC cell lines (ie, Huh7, Huh7.5,
and LH86) and in normal primary hepato-
cyte cultures (ie, Hu786, Hu676, Hu401,
Hu414, and Hu441). B: RT-PCR analysis of
CPS1 expression in HCC tumor tissues (T)
and matched nontumor liver tissues (N).
The number represents deidentified case
codes. Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was used as an inter-
nal control for normalization. C: Quantita-
tive RT-PCR analysis of CPS7 transcripts in
two normal liver tissues and 36 paired N
and T. The number represents deidenti-
fied case codes. All data were normalized
to GAPDH mRNA levels. Data are shown
as the mean * SD (n = 3). D: The ratio of
CPS1 expression level between T and
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man HCC tissues using the RT-PCR approach. The
results show that CPS7 was silenced in all three HCC
cell lines (ie, Huh7, Huh7.5, and LH86) but was ex-
pressed at high levels in the primary hepatocyte cul-
tures obtained from five different patients (Figure 1A).
We then examined CPS7T mRNA expression in three
pairs of patient tissues. The CPS7 expression was un-
detectable in tumor tissues compared with the
matched noncancerous tissues after 32 cycles of PCR
amplification (Figure 1B). All three cancer tissues ex-
hibit poorly differentiated histological features. To fur-
ther examine CPS1 expression in more HCC clinical
samples, CPST mRNA expression was analyzed by
quantitative real-time RT-PCR in human normal liver
tissues and in 36 paired samples obtained from pa-
tients with HCC, including tumor tissues and adjacent
noncancerous liver tissues. As shown in Figure 1C, a
strong CPS7T mRNA signal could be detected in the two

14
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normal liver samples. To demonstrate the expression
ratios between tumor tissue and nontumor tissue, we
summarized the tumor tissue/normal tissue ratio in
Figure 1D. As shown in the graph, CPST mRNA was
detected in 29 cases with significantly lower levels
(tumor tissue/normal tissue ratio, <1) than in noncan-
cerous liver tissues [29 (80.6%) of 36]. Of tumor tis-
sues, 15 (41.7%) of 36 showed CPS7 mRNA tumor
tissue/normal tissue ratios of less than 0.048. All these
cases are histologically poorly differentiated HCCs.
Seven (19.4%) of the tumor samples had an increase of
CPS1 expression compared with that in adjacent non-
cancerous specimens, and all these cases are well-
differentiated HCCs. To correlate the mRNA transcrip-
tion with protein expression, Western blot analysis was
performed to examine the CPS1 protein expression in
primary hepatocytes, LH86 cells, and patient tissues.
As shown in Figure 1E, CPS1 protein was abundantly
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Figure 2. The HNF3B and AAT mRNA expression levels in HCC cells. The
HNF3B and AATmRNA expression levels were analyzed by RT-PCR in HCC cell
lines (ie, Huh7, Huh7.5, and LH86) and in primary hepatocyte culture (e,
Hu786).

expressed in primary hepatocytes and nontumor liver
tissue but was undetectable in LH86 cells and at rela-
tively low levels in some of the examined HCC tumor
tissues (Figure 1E, lanes 4, 12, 14, and 22). Overall, the
protein expression profile detected by Western blot
analysis matches that of the mRNA profile detected by
quantitative RT-PCR (Figure 1C). The data suggest that
CPS1 expression is suppressed at the gene transcrip-
tional level in most HCCs, especially poorly differenti-
ated HCCs.

CPS1 Expression Is Regulated by DNA
Methylation in HCC Tumor Cells

We found that HCC cancer cell lines (ie, Huh7, Huh7.5,
and LH86) express AAT and HNF3, two liver-specific
proteins (Figure 2), suggesting that the basic liver-spe-
cific transcription machinery is functional in these cell
lines. The loss/lower expression of CPST is unlikely be-
cause of the inadequate liver-specific transcription sys-
tem in these cells. Thus, it is possible that CPS7 expres-
sion is regulated by epigenetic modification because
many cancer cells exhibit aberrant epigenetic regulation.
To test this hypothesis, we treated the HCC cell lines
LH86 and Huh7 with a demethylating agent, Aza, fol-
lowed by RNA extraction and RT-PCR assay. As shown in
Figure 3A, the expression of CPS7T mRNA was induced
on treatment in both cell lines. To confirm that DNA meth-
ylation regulates CPS7 expression, detailed methylation
analysis of the CPS7 gene sequence was performed
using genomic DNA extracted from these cells. Se-
quence analysis (GenBank accession number Gl:
157696424; http.//www.ncbi.nim.nih.gov/mapview) indi-
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Figure 3. Regulation of CPST expression by DNA methylation in HCCs. A: The reactivation of CPS7 gene expression by a demethylation agent in liver cancer cell lines.
LH86 and Huh7 were treated with or without Aza, and CPS7 expression was examined by RT-PCR. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as
an internal control of the RT-PCR for normalization. B: Methylation-specific PCR analysis of CPS7 promoter in liver cancer tissues. M indicates methylated specific reaction;
U, unmethylated specific reaction; C1, unmethylated control human DNA; C2, methylated control human DNA. C through E: Genomic DNA extracted from normal
primary hepatocytes (ie, Hu676 and Hu786) and tumor cells (ie, Huh7 and LH86) was modified with sodium bisulfate, followed by PCR amplification, cloning, and
sequencing. The DNA methylation status at each CpG site within three regions is shown. Methylated sites are indicated by filled dark circles; and unmethylated sites,

empty white ones.
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cates that the CPS7 promoter does not have typical CpG
islands, but there are two CpG dinucleotides (—9 and
125) that are located near the transcription start site (1)
and two other CpG-rich regions. One CpG-rich region is
20 kb upstream of the promoter (—20267 to —19935
relative to the transcription start site), and the other CpG-
rich region is located in the first intron (7804 to 8125
relative to the transcription start site). As shown in Figure
3B, the results revealed that two CpG dinucleotides near
the transcription start site were strongly methylated in
tumor cells but hypomethylated in normal primary hepa-
tocytes. The methylation frequency of the upstream CpG-
rich region (—20267 to —19935) was more than 90% in
both normal hepatocytes and HCC cell lines (Figure 3C).
The methylation of the CpG-rich region in the first intron
showed a significant difference between normal primary
hepatocytes and tumor cell lines. The methylation fre-
quencies are 50.7% in Hu676, 65.6% in HU786, 91.7% in
Huh7, and 93.7% in LH86 (Figure 3D). The results sug-
gest that hypermethylation of the two CpG dinucleotides
(—9 and 125) in the promoter region and in the first intron
(7804 to 8125) may play a direct role in the transcription
silencing of CPST in liver tumor cells, whereas the up-
stream CpG-rich region is unlikely to be important in
controlling CPST expression.

To determine whether CPS7 promoter methylation is
relevant to CPS7 expression control in clinical speci-
mens, we performed methylation-specific PCR and com-
pared the promoter methylation status in three tumor
tissues with that in paired noncancerous tissues. Methyl-
ation of the two CpG dinucleotides in the promoter region
was detectable in both the tumor tissues and paired
noncancerous samples; however, methylation in noncan-
cerous tissues is much less intense (Figure 3E). By con-
trast, the unmethylated promoter was easily detected in
noncancerous tissues. The methylation status in the pro-
moter region appears to be correlated with CPST expres-
sion levels in normal or tumor tissues.

Effect of the Two CpG Dinucleotides on CPS1
Promoter Activity

To investigate the possible effect of methylation of the two
CpG dinucleotides (—9 and 125) on promoter activity, we
first performed bisulfite genomic sequencing to confirm
that the two CpG dinucleotides could be demethylated
on Aza treatment in HCC cells. As shown in Figure 4A,
methylation of these two sites was dramatically reduced
after Aza treatment of the tumor cells. To determine the
functional significance of the two CpG dinucleotides, we
generated a reporter gene construct using a CPS7 pro-
moter sequence (545 bp) containing both CpG dinucle-
otides. The reporter construct (pCPS1-545) together with
pRL-TK renilla luciferase expression vector were tran-
siently transfected in LH86 and Huh7.5 cells, followed by
Aza treatment. The promoter activity was determined by
luciferase assay. Firefly and renilla luciferase activities
were measured at the point indicated. Renilla luciferase
activity was used to normalize firefly luciferase activity of
the reporter constructs. As shown in Figure 4B, Aza treat-
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ment caused a significant increase in promoter activity in
both cell lines. Luciferase activity of pGL3-basic, which
has no promoter element, was not affected by Aza treat-
ment. The two CpG dinucleotides in the plasmid were not
methylated at transfection. After plasmid transfection into
the cells, methylation of the —9 binucleotides occurred as
measured by DNA bisulfite sequencing analysis (data not
shown). To determine the functional significance of the
CpG sites on promoter activity, we introduced mutations
in the CG site of pCPS1-545 (ie, two CGs were changed
to CA), which eliminates the CpG methylation sites. The
mutant plasmid exhibits much enhanced activity com-
pared with the wild-type plasmid (Figure 4C). Thus, the
data suggest that the two CG dinucleotides near the
transcription start site appear to be critical for CPS7 pro-
moter activity.

Function of CPS1 in Ammonium Metabolism

Because CPS1 is the essential enzyme for the urea
cycle, it is uncertain how tumor cells function in the
absence of this enzyme. The two key functions of the
urea cycle are to metabolize ammonia and to generate
an amino acid (ie, arginine). To investigate the function
of CPS1 in ammonium clearance, we cloned CPS1
cDNA from a normal liver tissue. To restore CPSH,
LH86 cells were transfected with the full-length CPS1
cDNA construct; and stable cells were selected by
blasticidin. The CPS1 expression in the stable cells
was confirmed by Western blot analysis. Because
CPS1 is the Hep Par 1 antigen, CPS1 protein can be
detected by both Hep Par 1 antibody and anti-CPS1
antibody (Figure 5A). Next, we investigated the effects
of CPS1 expression on the proliferation of LH86 cells.
Stable expression of CPS1 resulted in a significant
increase in cell numbers compared with the empty
vector (pTOPO) control 1 or 2 days after seeding an
equal number of cells (Figure 5B). The CPS7 gene is
one of the urea cycle genes that converts toxic ammo-
nium into less toxic urea, which may offer a better
capacity for cell growth. This hypothesis is supported
by experiments on ammonia metabolism. When LH86
cells were treated with ammonia at 20 or 50 mmol/L, we
found that the number of cells, both LH86-pTOPO and
LH86-pTOPO CPS1, was significantly reduced com-
pared with the untreated culture (Figure 5C). However,
the survival percentage of CPS7-transfected cells was
much higher than that of LH86-pTOPO controls, indi-
cating that CPS1 expression renders the cells to me-
tabolize the toxic ammonium.

Expression of Other Urea Cycle Genes in
Primary Hepatocytes and HCC Cells

Although the key enzyme of the urea cycle, CPS1, is
silent in HCC cell lines, it is interesting to know if other
enzymes in the urea cycle are also silent in these cells
(Figure BA). Total RNA was extracted from LH86, Huh?7,
and primary hepatocytes, followed by a semiquantitative
RT-PCR assay using gene-specific primers. As shown in
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Figure 6B, other urea cycle-related genes (ie, ASST,
ARG1, OTC, ASL, and the CPST cofactor gene NAGS)
were expressed in HCC cells and in normal primary
hepatocytes. However, the expression level of OTC was
significantly reduced in HCC cells compared with pri-
mary hepatocytes. The mRNA levels of these genes were
also detected by quantitative real-time PCR. The results
of quantitative real-time PCR were consistent with those
of regular RT-PCR (Figure 6C).

Discussion

Human hepatocellular carcinoma is one of the most com-
mon cancers worldwide and accounts for approximately
90% of primary liver cancers. The development of HCC
results from a multistep process beginning with the ac-
cumulation of genetic and epigenetic alterations in reg-
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ulatory genes.?" In general, cancer cells have global

hypomethylation, but they have hypermethylation in some
specific genes. DNA hypermethylation in promoter re-
gions is associated with silencing of tumor suppressor
genes because of direct or indirect prevention to access-
ing transcription factors in the promoter region.?® Recent
studies®"#324 have demonstrated that CpG island hyper-
methylation, via silencing of key cancer-related genes,
plays a major causal role in cancer, including HCC.
Our study of CPST gene methylation provides a novel
insight into the epigenetic regulation in HCC. The urea
cycle is the primary means of nitrogen metabolism in
humans and other ureotelic organisms. It regulates the
concentration of ammonia in the systemic circulation,
maintaining blood ammonium levels in the low 50 to
100 wmol/L range. The antigen for Hep Par 1 antibody,
CPS1, is the first key enzyme in the urea cycle. Loss of
CPS1 expression abolishes the urea cycle. The expres-
sion of CPS1 is generally diminished in HCC.® In our
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Figure 6. Expression of urea cycle-related genes in primary hepatocytes and HCC cell
lines. A: A diagram of the urea cycle. The key enzymes in the urea cycle are shown in the
shadowed box. B: Expression of urea cycle-related genes was determined by RT-PCR.
RNA was prepared from Hu676, Hu786, LH86, and Huh7 cells. Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used as an internal control. C: The mRNA of the urea
cycle gene was amplified by SYBR Green quantitative RT-PCR, and all values were
normalized to GAPDH. CPS1, carbamoyl-phosphate; OTC, ornithine transcarbamoylase;
ASS1, argininosuccinate synthetase 1; ASL, argininosuccinate lyase; ARG1, arginase 1;
NAGS, N-acetylglutamate synthetase.

study, it is clear that CPS1 expression is suppressed in
HCC cells and tumor tissues. Because CPS1 expres-
sion is liver specific, one potential reason for the
down-regulation is probably because of loss of hepa-
tocellular differentiation in HCC, thus the reduction of
liver-specific transcription factors. To exclude this pos-
sibility, we examined the expression of other liver-spe-
cific genes (eg, HNF3B and AAT). These genes are
adequately expressed in these cell lines. Moreover,
CPS1 expression in HCC-derived cells can be restored
by treatment with the demethylating agent Aza. We
demonstrate further that the methylation status of the
CpG-rich region in the first intron and two CpG dinucle-
otides in the promoter region are correlated with CPS7
gene expression in HCC cell lines and hepatocytes.
Consistently, mutations of CpG dinucleotides in the
promoter region, which eliminates the methylation site,
enhance the CPST promoter activity in a reporter assay
in the HCC cell lines we tested. Taken together, these
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observations indicate that DNA methylation regulates
CPS1 expression in liver cancer cells.

Most studies investigating the mechanism that regu-
lates gene expression by CpG methylation focus on CpG
islands in the promoter. In our study, we found that the
CPS1 promoter region does not have traditional CpG
islands. Instead, two CpG dinucleotides near the tran-
scription start site are critical for CPS7 promoter activity;
and their methylation status is closely associated with
CPS1 expression in human hepatocytes or HCC cells. A
similar phenomenon was reported by several other
groups, which have shown that DNA methylation is im-
portant for the regulation of non-CpG island promoters.
For example, a previous study®® showed that tissue-spe-
cific expression of MASPIN is regulated by DNA methyl-
ation, which does not contain a CpG island within its
promoter. Another study®® demonstrated that the meth-
ylation of CpG sites in the Oct-4 enhancer/promoter re-
gion strongly affects its expression level. Further studies
are required to explore the mechanisms involved in the
repression of CPST gene expression by DNA methyl-
ation. It should be interesting to answer the following
questions: Does CpG methylation directly inhibit tran-
scription factors from binding to cis-elements in the CPS71
promoter? If so, what is the transcription factor involved in
this process? Is there a communication between DNA
methylation and histone acetylation in regulation of CPS7
gene expression?

From a cancer biology point of view, our finding on
CPST1 methylation raises an important question: Why is
the urea cycle, an important physiological pathway for
eliminating ammonia and generating essential amino ac-
ids, abolished in liver cancer cells? To attempt to answer
this question, we overexpressed the CPS7 gene in HCC
cell lines and examined its effect on cell phenotype. The
HCC cells with CPS1 expression promote tumor cell pro-
liferation, which may be related to clearance of toxic
ammonium by a restored urea cycle, as our experiment
demonstrated (Figure 5C). The restoration of CPS1 can
establish the urea cycle because all of the other urea
cycle-related genes are expressed in HCC cells, includ-
ing NAGS. A lack of urea cycle actually places the tumor
cells at a disadvantage in terms of dealing with ammonia.
It may also deprive the cell’s ability to generate arginine.
A previous report®” did show that liver cancer cells could
not grow in arginine-deficient medium. From these obser-
vations, we believe that CPS7 suppression/DNA meth-
ylation may be related to global aberrant DNA methyl-
ation status in the tumor cells. The underlying
mechanisms for these changes remain to be deter-
mined. Nevertheless, methylation of the CPST gene
can, at least, serve as a surrogate marker to reflect the
DNA methylation status in HCC cells; therefore, it can
serve as a biomarker for HCC diagnosis. We also ob-
served that cirrhotic liver tissues have lower expression
of CPS1 than normal liver tissues. It is potentially more
important to use CPS7T methylation as an early bio-
marker for HCC. In addition, the lack of a urea cycle
and the inability of producing arginine can be used as
potential targets for HCC therapy.

In summary, we found that the urea cycle is abol-
ished in HCC through DNA methylation of the first
rate-limiting enzyme, CPS1. The important methylation
sites are identified near the promoter region of the
CPS1 gene. Our findings provide new means for de-
veloping better diagnostic tests and more effective
therapies for HCC.
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