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Background & aims: Cyclooxygenase-2 (COX-2) is proved to play important roles in the
development and progression of various human tumors, including hepatocellular carcinoma
(HCC). However, the antitumor effect of RNA interference (RNAi) technology targeting
COX-2 in HCC has not yet been verified.

Methods: We silenced COX-2 expression using a lentivirus-mediated RNAi and further
investigated the effects of COX-2 knockdown on cell growth and cell cycle in Huh7 and
SMMC-7721 cells. COX-2 mRNA was detected by RT-PCR while COX-2 protein was
detected by Western blotting. The cell proliferation was measured by MTT assay. The cell
cycle was measured by flow cytometry. The tumorigenicity of HCC cells was evaluated
using soft-agar clonogenic assay in vitro and nude mouse xenograft model in vivo.
Results: The down-regulation of COX-2 expression significantly inhibited cell proliferation
and colony formation, and led to cell cycle arrest in vitro, and reduced the potential of
tumorigenicity in vivo in both Huh7 and SMMC-7721 cells. Furthermore, PGE2 production
was also decreased after COX-2 expression was suppressed. Finally, knockdown of COX-2
also induced the down-regulation of cell cycle-related protein, cyclinD1.

Conclusions: The abrogation of COX-2 expression can lead to potent antitumor activity and
knockdown of COX-2 may be served as a prospective therapeutic strategy against HCC.
Keywords: COX-2, RNA interference, hepatocellular carcinoma

Introduction

Hepatocellular carcinoma (HCC) is one of the most frequent solid tumors, which
remains the third leading cause of cancer-related death throughout the world.
Statistic showed that the incidence of HCC is particularly high in eastern/south-
eastern Asia and Africa.'* Chronic infection with hepatitis B virus or hepatitis
C virus is the major cause of HCC, which may account for 80% of HCC cases
globally. Other risk factors, including alcohol consumption, tobacco smoking,
diabetes, and obesity, may also play important roles in the occurrence and devel-
opment of HCC.? Besides surgical resection, radioembolization, percutaneous etha-
nol injection, radiofrequency ablation, and transarterial chemoembolization have
been used to treat HCC.* Despite remarkable progress achieved in diagnosis and
treatment of HCC, the prognosis of HCC remains unsatisfactory, partially due to the
fact that cancer has exhibited vascular invasion and intrahepatic metastasis by the
time symptoms have developed.® Therefore, it is important to find new treatment
options for HCC patients.
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Cyclooxygenases (COXs) are the rate-limiting enzymes
which play important roles in the synthesis of prostaglandin
from arachidonic acid. The COXs consist of two isoforms,
COX-1 and COX-2. COX-1 is ubiquitously expressed in
tissues, while COX-2 is selectively expressed.® High-level
COX-2 expression has been found in colorectal, gastric,
ovarian, and other cancers, and COX-2 expression has
been found to be well correlated with invasiveness, prog-
nosis, and survival in cancer cells.”” Elevated production of
the COX-2 metabolite, PGE2, can promote epithelial cancer
cell growth, survival, and invasion. Long-term use of
NSAIDs or COX-2 selective inhibitors can greatly reduce
the incidence of colon cancer partially by blocking the
function of COX-2.'°

Overexpression of COX-2 has also been observed in
HCC recently. Clinical studies demonstrated that increased
COX-2 expression was associated with decreased overall
and disease-free survival in HCC patients.'" Furthermore,
experimental studies demonstrated that inhibition of COX-
2 could suppress the growth of human HCC in vitro and
reduce the incidence of HCC in rodents.'? These studies
strongly indicated that COX-2 might be a critical factor
involved in HCC. However, COX-2 inhibitors have been
proved to be associated with potential cardiovascular side
effects, which limited their use in clinical practice. In the
present study, we tried to silence COX-2 expression in
HCC cells through lentivirus-mediated RNA interference
(RNAI) technology, and further investigated the effects of
COX-2 silencing on HCC cell proliferation, cell cycle, and
tumor-forming potential, hoping to provide new clues for
HCC treatment.

Materials and methods

Cell culture

Human HCC cell line Huh7 and SMMC-7721 were
obtained from the Cell Bank of Type Culture Collection
of Chinese Academy of Sciences (Shanghai, China). All
cell lines were grown in RPMI 1640 (Invitrogen, Carlsbad,
CA, USA) culture medium supplemented with 10% heat-
inactivated fetal calf serum (FCS) and 2 mM L-glutamine
(GIBCO/BRL) at 37°C with 5% CO, in a humidified
incubator (Forma Scientific, Marietta, OH, USA).

Construction of lentivirus vectors

In order to generate lentivirus expressing RNAi specific for
COX-2 gene, the RNAI sequence for human COX-2 was 5'-
AACTG CTCAACACCGGAATTTTT-3', targeting human

COX-2 at the 291-313 position in the sequence (Gene Bank
Accession: NM000963.1), which was proved to be effective in
the recent paper. The negative control constructs having no
homology  with the human genome was 5'-
AATTCTCCGAACGTGTCACGT-3"."* The sequences were
pGCSIL-Green Fluorescent
(GeneChem, Shanghai, China) to generate the lentiviral vec-

cloned into the Protein
tors. Lentiviral vectors and packaging vectors were then trans-
fected into 293T cells. Supernatants containing lentiviruses
were attained by filtering through 0.45 pum cellulose acetate
filters and using ultracentrifugation 72 hrs later transfection,

and the titer of lentiviruses was determined.

Infection of lentivirus

The target cells were plated at 40-50% confluence and
incubated overnight. On the day of infection, the culture
medium was replaced by the appropriately titered viral
supernatant (1.5 mL/well) and incubated at 37°C for 10
hrs. Then, the viral supernatant was replaced with fresh
media. After 5 days of infection, the knockdown efficiency
was determined by RT-PCR and western blot.'* Huh7 and
SMMC-7721 parental cells, control transfectants, and
COX-2 transfectants were named Huh7-P, Huh7-C,
Huh7-S, SMMC-7721-P, SMMC-7721-C, and SMMC-
7721-S cells, respectively.

Cell proliferation assays

MTT assay was applied to investigate the effect of COX-2
inhibition on cell proliferation. Briefly, cells were plated
onto 96-well plates at a density of 2x10° cells/well. After
1,2,3,4,5, 6, 7 days of incubation, 15 pL. MTT (5 mg/
mL; Sigma, St. Louis, MO, USA) was added and incu-
bated for 6 hrs in each day. The supernatant was removed
and replaced with 150 mL dimethyl sulfoxide. After shak-
ing for 15 mins at room temperature to dissolve MTT
crystals in culture plates, absorbance values were quanti-
fied by an ELISA reader (Bio-Rad Laboratories,
Richmond, CA, USA) at a wavelength of 490 nm.

Cell cycle analysis

For cell cycle analysis, 1x10* cells were seeded and incu-
bated in six-well plates until they reach 80-85% confluence.
Then, cells were harvested by trypsinization and fixed with
70% ethanol overnight. After treated with RNase A (2 mg/
mL) for 30 mins, cells were reacted with propidium iodide
(50 mg/mL) for 30 mins at room temperature. DNA content
was determined by FACScan analysis. The proliferous index
(PI) was calculated: PI = (S + G2)/(S + G2 + G1).
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Cell clonogenic assay

Soft-agar clonogenic assay was done to detect the clone
formation potential of HCC cell after COX-2 expression
was decreased. Briefly, HCC cells at a density of 1x10?
cells/well were suspended in 0.3% agar in RPMI 1640
culture medium containing 10% FCS, and plated on soli-
dified agar (0.6%) in six-well dishes. The plates were
incubated for 2 weeks at 37°C in 5% CO,. Colonies
identified by crystal violet staining of over 50 cells per
colony were precisely counted to determine the efficacy.
The results were presented as a percentage of the control.

Tumorigenicity test in nude mice

To further detect the effect of COX-2 RNAi on HCC cell
clone formation potential, tumorigenicity test in nude mice
was also done. Transfected cells were trypsinized and resus-
pended in PBS after washing twice with a serum-free med-
jum. About 5x10° cells in 02 mL were injected
subcutaneously in the right lateral aspect of the thoracic
wall of one 4-week-old female BALB/c nude mice. Each
group had three mice. Mice were observed daily, and tumor
size was inspected once a week. After 4 weeks of observa-
tion, the mice were sacrificed and the xenograft tumors were
removed for further analysis. Tumor volume (TV) was cal-
culated: TV = (length xwidth?)x0.5. All animal experiments
were approved by the Ethics Committee of the Fourth
Military Medical University, and all procedures conformed
to the National Institutes of Health guidelines for the care
and use of laboratory animals.

RT-PCR

Total RNA was isolated from cells by using the TRIZOL
Reagent (GIBCO BRL, Grand Island, NY, USA). According
to the manufacturer’s protocol, RT reaction was performed
using the First-Strand cDNA Synthesis Kit (MBI Fermentas,
Vilnius, Lithuania). The PCR primers were as follows: COX-
2, forward: 5'-TTCAAATGAGATTGTGGGAAAATTGCT
-3" and reverse: 5'-AGATCATCTCT GCCTGAGTA TCTT-
3'; B-actin, forward: 5-AGCGGGAAATCGTGCGTG-3'
and reverse: 5-CAGGGTACATGGTGGTGCC-3'".

Western blotting

Protein lysate was extracted from cells and tumor xenograft
tissues in lysis buffer (50 mM Tris, pH 7.2, 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS, 500 mM NaCl,
10 mM MgCl12, 10 pg/mL leupeptin, 10 ug/mL aprotinin,
and 1 mM PMSF) and quantified by the Bradford method. 50

micrograms of cytosolic proteins were electrophoresed on
10% SDS polyacrylamide gels and then transferred to nitro-
cellulose membranes. After blocked with 5% fat-free milk in
Tween-TBS (20 mmol/L Tris, 0.15 mol/L. NaCl [pH 7.0],
0.1% Tween 200), the membranes were incubated at
4°C overnight with anti-human COX-2 antibody (1:400,
Cayman Chemical, MI, USA), anti-cyclinD1 antibody
(1:100, Santa Cruz Biotech, CA,USA) and anti-B-actin anti-
body (1:5,000, Sigma Chemical Co., MO, USA). After
washed in Tween-TBS for three times, membranes were
incubated with the corresponding horseradish peroxidase-
conjugated secondary antibody (1:2,000, Cell Signaling
Technology, MA, USA). Blots were developed with the
enhanced chemiluminescence system (Amersham, Freiburg,
Germany). Western blot for B-actin was performed as the
internal control.

Prostaglandin E2 analysis

PGE2 production was detected through PGE2 high sensitivity
ELISA-Kit (Cayman Chemical, MI, USA). Firstly, cells were
plated onto 24-well plates at a density of 5x10% cells/well.
After 24 hrs, the supernatant was removed and centrifuged.
Then, the amount of PGE2 in the supernatant was determined
by using the PGE2 ELISA-Kit according to the manufacturer's
introduction. Parallel cells were harvested and counted simul-
taneously. The amount of PGE2 in the supernatants was
evaluated according to the number of cells in the dishes.

Statistical analysis

All statistical analyses were performed using the SPSS17.0
statistical software. Student’s t-test and one-way analysis
of variance test were adopted. Results are expressed as
means * standard deviation (SD). Values of P<0.05 were

considered as significant.

Results
COX-2 RNA:I led to decrease of COX-2

expression and PGE2 production

After infection of the constructed lentiviruses, both Huh7-S
cells and SMMC-7721-S cells showed a significant reduction
in COX-2 expression when compared with control cells or
parental cells (P<0.05, respectively), while no significant
difference of COX-2 expression between control cells and
parental cells was discovered (Figure 1A and B). Similarly,
both Huh7-S cells and SMMC-7721-S cells showed signifi-
cantly decreased PGE2 expression when compared with
control cells or parental cells (P<0.05, respectively), while
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no significant difference of PGE2 expression between control
cells and parental cells was discovered (Figure 1C and D).

COX-2 knockdown inhibited cell

proliferation

MTT assay was performed to examine the effects of COX-2
RNAIi on cell growth of HCC cells. From the fourth day,
significant growth inhibition of Huh7-S cells was observed
when compared with Huh7-C cells or Huh7-P cells (P<0.05,
respectively, Figure 2A). SMMC-7721-S cells also showed
significant growth inhibition on the fourth day when com-
pared with SMMC-7721-C cells or SMMC-7721-P cells
(P<0.05, respectively, Figure 2B). However, no significant
difference between control cells and parental cells was dis-
covered, either for Huh7 or SMMC-7721 cells.

Decreased COX-2 expression induced

cell cycle arrest

The effects of COX-2 RNAIi on the cell cycle distribution
of HCC cells were examined with flowcytometry analysis.
As shown in Table 1, when compared with Huh7-C cells
or Huh7-P cells, the percentage of Huh7-S cells was sig-
nificantly increased in the G1 phase and decreased in the
S phase (P<0.05, respectively, Figure 2C). As shown in
Table 2, similar changes were also found for SMMC-7721

PGE2(pg/ml/108cell)
[e)]
o
o

Huh7-P Huh7-C Huh7-S

cells. When compared with SMMC-7721-C cells or
SMMC-7721-P cells, the percentage of SMMC-7721-S
cells was significantly increased in the Gl phase and
decreased in the S phase (P<0.05, respectively, Figure
2D). Again, no significant difference between control

cells and parental cells was discovered, either for Huh7
or SMMC-7721 cells.

COX-2 knockdown inhibited tumor

formation potential in vivo

After each cell was cultured in soft agar for 4 weeks, Huh7-S
cells yielded fewer colonies (7+1.4 colonies) than those from
Huh7-C cells (14+2.3 colonies) or Huh7-P cells (14.8+1.9
colonies) (P<0.05, respectively, Figure 2E). Colonies formed
by SMMC-7721-S cells (9.6£1.3 colonies) were also fewer
than those from SMMC-7721-C cells (19.4+1.5 colonies) or
SMMC-7721-P cells (20£2.2 colonies) (P<0.05, respec-
tively, Figure 2F). No significant difference between control
cells and parental cells was discovered, either for Huh7 or
SMMC-7721 cells.

COX-2 knockdown inhibited tumor

formation potential in vitro
In nude mice, tumors developed from Huh7-S cells were
significantly smaller compared with those developed
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Figure | COX-2 siRNA led to a decrease of COX-2 and PGE2 expression in Huh7 and SMMC-7721 cells. (A) Western blot and RT-PCR analysis of the Huh7-P, Huh7-C,
and Huh7-S cells; (B) Western blot and RT-PCR analysis of the SMMC-7721-P, SMMC-7721-C, and SMMC-7721-S cells; (C) PGE2 production was detected in Huh7
transfected cells and control cells; (D) PGE2 production was detected in SMMC-7721 transfected cells and control cells.
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Figure 2 COX-2 down-regulation induced HCC cell growth inhibition and cell cycle arrest in vitro. (A) Cell’s growth rate of the Huh7-P, Huh7-C, and Huh7-S cells
(*P<0.05); (B) Cell’s growth rate of SMMC-7721-P, SMMC-7721-C, and SMMC-7721-S (*P<0.05); (C) The cell cycle distribution and the proliferous indexes of Huh7-P,
Huh7-C, and Huh7-S cells; (D) The cell cycle distribution and the proliferous indexes of SMMC-7721-P, SMMC-7721-C, and SMMC-7721-S cells; (E) Colony numbers of
Huh7-P, Huh7-C, and Huh7-S cells (*P<0.05; NS, no significant difference); (F) Colony numbers of SMMC-7721-P, SMMC-7721-C, and SMMC-7721-S cells (*P<0.05; NS, no

significant difference).

from Huh7-P cells or Huh7-C cells in the third week
(P<0.05, respectively, Figure 3E). After the xenograft
tumors were excised, tumors derived from Huh7-S cells
were smaller compared with those derived from Huh7-P
cells or Huh7-C cells (Figure 3A). The average weight
of Huh7-S cell xenograft tumor was less than that in

control groups (P<0.05, respectively, Figure 3C). On the
other side, tumors developed from SMMC-7721-S cells
grew slower than those from SMMC-7721-P cells or
SMMC-7721-C cells after two weeks (P<0.05, respec-
tively, Figure 3F). Again, after the xenograft tumors

were excised, tumors derived from SMMC-7721-S
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Table | Effects of COX-2 RNAi on the cell cycle of Huh7-PR,
Huh7-C, and Huh7-S cells

Cell type Cell cycle (meantSD%)

GO0/GI S G2/M
Huh7-P 75.80+2.18 18.17+0.32 6.03+2.12
Huh7-C 76.70%1.57 15.97+1.50 7.33+0.15
Huh7-S 87.30+1.40% 7.60%1.13* 5.10£2.13

Notes: *P<0.05, compared with Huh7-P and Huh7-C cells, respectively.

Table 2 Effects of COX-2 RNAi on the cell cycle of SMMC-
7721-P, SMMC-7721-C, and SMMC-7721-S cells

Cell type Cell cycle (meantSD%)

GO0/GI S G2/M
SMMC-7721-P 56.43+3.47 33.03+4.17 10.53+071
SMMC-7721-C 55.00£3.30 34.87+4.36 11.60+1.80
SMMC-7721-S 7277+ .44* 16.83+1.22* 10.10£1.20

Notes: *P<0.05, compared with SMMC-7721-P and SMMC7721-C cells, respectively.

cells were smaller compared with those derived from
SMMC-7721-P cells or SMMC-7721-C cells (Figure
3B). The average weight of SMMC-7721-S cell xeno-
graft tumor was less than that in control groups (P<0.05,
respectively, Figure 3D).

Possible mechanism of COX-2 involved in

the regulation of cell cycle

We detected the expressions of cell cycle-related protein
cyclinD1 in HCC parental and transfected cells and xeno-
graft tumor cells. The results from RT-PCR and western
blotting showed that knockdown of COX-2 could signifi-
cantly down-regulate the expressions of cyclinD1 in both
Huh7 and SMMC-7721 cell lines and xenograft tumors
(Figure 4A and B).

Discussion

Recently, lentivirus-mediated RNAi, which is mediated by
21-25 nucleotide short interfering RNA (siRNA) duplexes
homologous to the interested gene, has rapidly become an
innovative and elective tool for studying the regulation of
gene expression and function in vitro.'> Furthermore,
based on its high selectivity and specialty, this powerful
tool is gradually become a novel anti-cancer therapeutic
method by silencing some key oncogenic proteins.'®
Compared with COX-2 inhibitors, silencing of COX-2 by
lentivirus-mediated RNAi can avoid the side -effects

induced by NSAIDs. COX-2 RNAi has shown high

efficacy and specialty in COX-2 blocking in endometrial
cancer cell, pancreatic cancer cell, and other cancer
cells.'”'” Besides inhibition of tumor cell proliferation,
colony formation, and metastasis potential, down-
regulation of COX-2 expression by RNAi can enhance
the efficiency of chemotherapy drugs.?’

In this study, we used lentivirus-mediated RNAI target-
ing COX-2, and further investigated its efficacy on the
suppression of COX-2 expression and the consequent
anticancer potential in HCC. The results showed that
after COX-2 expression was silenced with COX-2 RNA|,
HCC cell proliferation was inhibited, and HCC cell cycle
progression was suppressed in G1-S phase. Furthermore,
knockdown of COX-2 enzyme in HCC cells strongly
impaired cell anchorage-independent growth in soft agar,
and inhibited tumor growth in nude mice. At the same
time, PGE2, a kind of COX-2 enzymatic product, was
down-regulated after COX-2 silenced. PGE2 was discov-
ered to be overproduced in many tumors, which could
promote cancer cell growth by promoting angiogenesis
and metastasis and by influencing the immune
response.>' Through impairing PGE2 production, COX-2
RNAI affected HCC cell proliferation, cell cycle distribu-
tion, and tumor formation ability. Moreover, to study the
possible molecular mechanism of COX-2 involved in the
development of HCC, we detected the expression of cell
cycle-related protein cyclin D1 in both groups. It is well
known that cyclin D1 controls cell cycle progression
through the G1 phase and G1-S phase.> Our results
showed that knockdown COX-2 significantly down-
regulated the expression of cyclinDl. The probable
mechanism of this may because a positive feedback loop
is established between COX-2/PGE2 axis and STAT3 sig-
naling, and STAT3 regulates a range of genes contributing
to cell growth, differentiation, and angiogenesis, including
Cyclin D1.** These findings further strengthened the
results that inhibiting COX-2 could repress HCC cell
growth in vivo and in vitro.

The effects of COX-2 RNAI on cancer cell prolifera-
tion and cell cycle distribution were of great dispute in
recent studies. In Capan-2 pancreatic cancer cells, COX-2
RNAI could inhibit cell growth significantly by decreas-
ing the cell proliferation, increasing cell apoptosis and
regulating the cell cycle.'” And a decrease of COX-2
expression through lentivirus mediated-RNAi signifi-
cantly inhibited the growth, decreased the invasion and
migration ability of SaOS2 osteosarcoma cells.'®

Furthermore, silencing COX-2 mediated by RNAI in
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Figure 3 COX-2 down-regulation inhibited tumor formation potential in vivo. (A) Xenograft tumors of Huh7-P, Huh7-C, and Huh7-S cells in BALB/c nu/nu mice; (B)
Xenograft tumors of SMMC-7721-P, SMMC-7721-C, and SMMC-7721-S cells in BALB/c nu/nu mice; (C) Tumor weights of xenograft tumors of Huh7-P, Huh7-C, and Huh7-S
cells (*P<0.05; NS, no significant difference); (D) Tumor weights of xenograft tumors of SMMC-7721-P, SMMC-7721-C, and SMMC-7721-S cells (*P<0.05; NS, no sig-
nificant difference); (E) Tumorigenicity of Huh7-P, Huh7-C, and Huh7-S cells in BALB/c nu/nu mice (*P<0.05; NS, no significant difference); (F) Tumorigenicity of SMMC-
7721-P, SMMC-7721-C, and SMMC-7721-S cells in BALB/c nu/nu mice (*P<0.05; NS, no significant difference).

human laryngeal carcinoma Hep-2 cells could induce
a reduction of proliferation, invasiveness, and tumorigen-
esis potential, coupled with increased apoptosis.>* On the
other side, COX-2 RNAI induced a notable reduction of
PGE2 levels but had no effects on proliferation in
OVCAR-3 human ovarian carcinoma cells.”> And in
HT-29 colon cancer cells, the invasiveness, as well as
their ability to form colonies in soft-agar, was reduced
after COX-2 expression was silenced, while the cell pro-
liferation was not affected.'> To our knowledge, there

were few studies using lentivirus-mediated RNAi

targeting COX-2 for determining the therapeutic signifi-
cance of COX-2 in HCC. Liu et al, firstly explored the
effects of silencing COX-2 expression via RNAi on the
tumorigenicity of SMMC-7721 cell line.?® However,
their study only provided primary results of the animal
experiment rather than investigation of the detailed
mechanism at the cellular level. Our results combined
with recent findings, strongly suggested that COX-2
directed siRNAs, which could exert antitumor effects
both in vitro and in vivo, might be a promising genetic
therapeutic approach for HCC treatment.
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Figure 4 COX-2 siRNA downregulated the expression of cyclinD 1. (A) Western blot analysis of cyclinD | in HCC parental cells and transfectants; (B) Western blot analysis

of cyclinD1 in xenograft tumors derived from HCC parental cells and transfectants.

Conclusion
We demonstrated that the abrogation of COX-2 expression
could lead to potent antitumor activity and knockdown of
COX-2 might be served as a prospective therapeutic strat-
egy against HCC.
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