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Background: Celecoxib has shown anti-tumor activities against several types of cancer. Although the majority of research
focuses on its mechanism via cyclooxygenase-2 (COX-2) enzyme inhibition, we identified a distinct mechanism
behind celecoxib anti-cancer abilities.

Material/Methods: We treated hepatocellular carcinoma (HCC) Huh-7 cells and tumor xenograft mice models with celecoxib to
test its effects on the tumor. Using gene chip method to identify the differential expressed genes after cele-
coxib treatment and using pathway enrichment analysis to predict the potential pathways for further study.
We transfected cells with lentiviral shRNA to detect the effect of RNA binding gene partner of NOB1 (PNO1) on
tumor growth in vitro and in vivo. Further we performed western blot to detect the effect of PNO1 on the pro-
tein kinase B (AKT) pathway.

Results: Celecoxib inhibited HCC cell growth in vitro and in vivo, and gene chip and pathway enrichment analysis re-
vealed that PNO1 may be the potential target of celecoxib in HCC cells. Celecoxib significantly reduced levels
of PNO1 in tumor tissue. Knockdown of PNO1 remarkably suppressed tumor growth and metastasis in vitro
and in vivo. Disruption of PNO1 expression significantly reduced protein kinase B (AKT)/rapamycin (mTOR) sig-
naling, indicating that this pathway may be involved in PNO1-mediated tumorigenic activity.

Conclusions: Celecoxib may exert its anti-tumor activity by inhibiting PNO1, and that AKT/mTOR signaling helps mediate the
oncogenic effects of PNO1. This work offers the first evidence for a role of PNO1 as an HCC oncogene, which
may open new avenues for prevention and treatment of HCC.

MeSH Keywords: Carcinoma, Hepatocellular ¢ Cell Growth Processes ¢ Cyclooxygenase 2 Inhibitors
Abbreviations: AKT - protein kinase B; BSA — bovine serum albumin; HCC — hepatocellular carcinoma; mTOR — mamma-
lian target of rapamycin; NSAID - nonsteroidal anti-inflammatory drug; PNO1 — RNA binding gene part-

ner of NOB1
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ANIMAL STUDY

Background

Liver cancer is still one of the most frequent malignancies
worldwide and is associated with high mortality. Hepatocellular
carcinoma (HCC) is one of the most prevalent types of liver
cancer. Incidence of HCC has increased sharply worldwide in re-
cent years, reaching almost 850 000 new cases per year [1-3].
Although HCC patients enjoy slightly longer survival as a result
of advances in diagnosis and therapy [4], overall prognosis re-
mains poor. The long-term survival of HCC patients depends
strongly on early diagnosis and treatment [5], but this is usu-
ally not the case: most cases of HCC are diagnosed when the
disease is already advanced or has metastasized. Therefore,
a better knowledge of the molecular mechanisms underlying
HCC tumor growth and metastasis becomes an urgent need.

Cyclooxygenase-2 (COX-2) is widely expressed in various can-
cers types and it promotes cancer progression and cancer cell
resistance to chemo- and radiotherapy [6]. Celecoxib is one
of the members of the COX-2 selective nonsteroidal anti-in-
flammatory drug (NSAID) family. Celecoxib is extensively used
to treat pain and inflammation in cases of osteoarthritis [7],
rheumatoid arthritis [8], and ankylosing spondylitis [9], as well
as acute pain [10] in adults. It is a potent first-line NSAID an-
algesic recommended by the World Health Organization for
cancer pain management. Celecoxib may help slow the pro-
gression of liver, lung, breast, and prostate tumors [11-13].
Most research has focused on how celecoxib exerts anti-can-
cer effects by inhibiting COX-2. We were interested in wheth-
er celecoxib might exert its therapeutic effects through oth-
er pathways as well.

Here we examined whether the drug acts through partner of
NOB1 homolog (PNO1), and our gene chip data indicated that
PNO1 may be the potential target of celecoxib. So far, little is
known about its biological function. PNO1 is widely expressed
in liver, lung, spleen, and kidney. The present study shows that
knockdown of PNO1 remarkably reduces HCC cells proliferation
and metastasis, similarly to celecoxib administration. This sug-
gests an important role for PNO1 in HCC. We further showed
that celecoxib-induced inhibition of HCC cell growth in vitro
and in vivo was associated with significantly lower PNO1 lev-
els in tumor tissue. This work demonstrates for the first time
that PNO1 may be an HCC oncogene, identifying a novel po-
tential mechanism behind the anti-cancer activity of celecoxib.

Material and Methods

Cell cultures and treatment

Commercial human HCC Huh-7 cells were obtained from
Shanghai Cell Biology Institute (Shangai, China). Short
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hairpin RNA (shRNA) targeting the human PNO1 gene
(AAAGGTACCGTTAGATGGTCTCCC) and negative control shRNA
(GCCCTGCACCTACTGCACTAA) were produced by GeneChem
Technology (Shangai, China). Huh-7 cells were cultured in RPMI
1640 complete medium containing 10% fetal bovine serum,
100 U/mL penicillin, and 100 pg/mL streptomycin (all from
Gibco, MA, USA). Cells were cultured at 37°C in humidified air
with 5% CO,. Cells were transfected with PNO1-shRNA or neg-
ative control shRNA using lipofectamine 2000 (Invitrogen, CA,
USA) at room temperature. Huh-7 cells were infected with virus-
containing medium for 24 hours and stable expression clones
were selected with 2 pg/mL puromycin (Invitrogen, CA, USA)
for 7 days. And the untransfected cells were used as control.
The transfection efficiency was confirmed by real-time poly-
merase chain reaction (RT-PCR) and western blot.

Cell proliferation assays

Cells were grown in 96-well plates and treated for 48 hours
with various concentrations of celecoxib (0.01, 0.1, 1, 10, 20,
50, and 100 pM) (Pfizer, NY, USA). Then 10 pL/well of Cell
Counting Kit-8 solution (CCK-8, Invitrogen, USA) was added
to the plates, which were incubated for 40 minutes at 37°C.
Viable cells were counted and the effect of celecoxib was as-
sessed as described [14].

Adhesion assay

Plates with 96 wells were precoated with 100 pL of laminin-1.
Cells were treated with phosphate-buffered saline (PBS) or ce-
lecoxib at 37°C for 2 hours. Plates were washed with PBS and
stained with 100 pL of 10% crystal violet for 20 minutes. After
washing again with PBS, 100 pL of 10% acetic acid was added
to solubilize the dye and then kept the plate in room temper-
ature for 5 minutes for staining, and the plates were scanned
on a FLUOstar OMEGA plate reader (BMG Labtech, NC, USA)
as described [13].

Invasion assay

The ChemoTx invasion kit (Neuro Probe, Gaithersburg, USA)
was used to assess invasion as described [13]. Cells were cul-
tured in serum-free medium for 24 hours, then re-suspend-
ed in Gey’s Balanced Salt Solution containing 1% bovine se-
rum albumin (BSA) and various concentrations of celecoxib.
The framed filter membrane was carefully fitted onto the top
of the plate, which was incubated for 4 hours at 37°C to allow
cell invasion into the lower compartment. Cells were stained
with MTT (5 mg/mL in DMSO, 3 pL) at 37°C for 1 hour. The lig-
uid was aspirated, and the wells washed with PBS. Absorbance
was measured at 595 nm using a FLUOstar OMEGA plate reader.
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Gene chip analysis after celecoxib treatment

After Huh-7 cells treating with celecoxib at 20 pM for 48 hours,
total RNA was extracted from cells using TRIzol (Invitrogen,
CA, USA). Amplified RNA (aRNA) was prepared using GeneChip
3'IVT Express Kit (Affymetrix, CA, USA). Then we purified the
aRNA and hybridized the fragmented aRNA with microarray
probes. After the hybridization, the chip was washed and dyed,
and finally scanned by GeneChip Scanner 3000 (Affymetrix,
CA, USA). And the heatmap and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways were analyzed by software of
KEGG Mapper 4.0 (Kyoto, Japan).

High-content screening (HCS) for cell proliferation analysis

Cells transfected with PNO1-shRNA lentivirus or negative vector
were seeded in a 96-well plate at a density of 2000 cells/well
(100 uL per well) and were cultured at 37°C, 5% CO,. And af-
ter 24 hours, Celigo system (Thermo, CA, USA) provided quan-
titative analysis for each individual well every day during the
next 5 days procedures.

Colony formation assay

HCC Huh-7 cells were transfected with PNO1-shRNA or neg-
ative control shRNA, plated in wells plate (1000 cells/well),
then cultured for 14 days at 37°C. The medium was removed,
and cells were carefully rinsed with PBS. A mixture of 6.0%
glutaraldehyde and 0.5% crystal violet (2 to 3 mL/well) was
added, followed by incubation for 30 minutes at room tem-
perature for staining. The glutaraldehyde crystal violet mix-
ture was carefully removed, and cells were rinsed with dis-
tilled water. Plates with colonies were left to dry in normal air
at room temperature. Colonies were counted under a stereo-
microscope with an automatic counting “colony counter pen”
(Thomas Scientific, NJ, USA).

Animal experiments

This study was performed in accordance with the recommen-
dations of the Medical Ethics Committee of Guangxi Zhuang
Autonomous Region, China. The protocol was approved by
the Medical Ethics Committee of Guangxi Medical University
Cancer Hospital (certificate LW2019018). An appropriate num-
ber of animals were used in the study.

BALB/c athymic (nude) mice (4 to 6 weeks, 16+2 g) were ob-
tained from Guangxi Medical University (Nanning, Guangxi,
China). All mice were housed in a specific pathogen-free
room with free access to food and water. The protocol was
approved by the Committee of Animal Management and Use
of the Guangxi Medical University. Mice were divided into 2
treatment groups (each with 8 animals): placebo group, which
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received an oral saline solution; and a celecoxib group, which
received 30 mg/kg/day orally. 5x10° HCC Huh-7 cells were sub-
cutaneously injected into the mouse to establish the xenograft
model. Animals were assessed daily for tumorigenesis, and tu-
mor diameter >3 mm by day 7 was counted as tumor forma-
tion. Animal euthanasia was conducted by administration of
intravenous anesthetic.

A second experiment was performed in 4-week-old nude mice
that were randomly divided into 3 groups (each with 8 ani-
mals), which were left untreated or injected subcutaneously
with Huh-7 cells transfected with PNO1-shRNA or negative con-
trol shRNA. Mice were monitored for tumor formation as de-
scribed above, then euthanized after 6 weeks. Tumors and lung
tissues were harvested for further analysis. Tumor volume was
calculated using the formula [15]: ©/4xwidthxheightxlength.

Hematoxylin and eosin staining

At 6 weeks after HCC Huh-7 cells had been injected into mice,
lung tissue samples were harvested, fixed with 4% parafor-
maldehyde, and stained with hematoxylin and eosin as de-
scribed [16]. The sample slices were assessed by a patholo-
gist who was blinded to experimental conditions.

Quantitative RT-PCR

In order to test the expression of PNO1 in tumors from differ-
ent mice, RNA was extracted from tumor tissue using TRIzol
(Invitrogen, CA, USA). RNA samples were reverse-transcribed
into cDNA using a reverse transcription kit (Toyobo, Osaka,
Japan). Quantitative real-time PCR was performed [15-17]
on an ABI PRISM 7500 sequence detection system (Applied
Biosystems, CA, USA) using the following primers for PNO1:
5’-TGTTAAACCCCTAAAGGGAGACC-3’(forward),
5’-CCTTGTCCGTGTCACATTCTCT-3’(reverse),

and the following primers for GAPDH as endogenous control:
5’-GGCACAGTCAAGGCTGAGAATG-3’ (forward) and
5’-ATGGTGGTGAAGACGCCAGTA-3’ (reverse).

The PCR conditions consisted of a 10 minutes step at 95°C,
40 cycles at 95°C for 15 seconds each and 1 minute at 65°C.
Relative expression of PNO1 was calculated using the formula:
272 (AACt=ACt of the treated group—-ACt of the control group).

Western blot analysis

Tumor samples were solubilized in radioimmunoprecipitation
assay (RIPA) buffer for 30 minutes at 4°C with shaking for pro-
tein extraction and the protein was quantitated by the BCA
protein assay (Invitrogen, CA, USA). Equal amounts of protein
(40 pg) from the different groups were subjected to electro-
phoresis on a 10% sodium dodecyl sulphate (SDS) polyacryl-
amide gel, then transferred onto nitrocellulose membranes.
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The membranes were blocked with 5% BSA for 2 hours, then
incubated at 4°C overnight with primary antibodies PNO1
(1: 800, catalog numbers: ab163419) (Abcam, Cambridge,
United Kingdom) or AKT, mTOR, COX2 (1: 1000, Cell Signaling
Technology, MA, USA) and GADPH (1: 2000, Cell Signaling
Technology, MA, USA). GAPDH was used as the loading con-
trol. Membranes were washed 3 times with PBS (5 minutes
each), then incubated with horseradish peroxidase-conjugated
mouse anti-rabbit secondary antibody (1: 10000, catalog num-
bers: sc2357) (Santa Cruz Biotechnology, CA, USA). Membranes
were visualized by chemiluminescence and using Image Lab
software 4.1 (Bio-Rad, CA, USA) for densitometry analysis.

Statistical analysis

All data were presented as mean+standard deviation (SD) and
analyzed using SPSS 18.0 (IBM, Chicago, IL, USA). Differences be-
tween 2 groups were assessed for significance using Student’s
t-test. Differences between multiple experimental groups were
compared using one-way analysis of variance, followed by the
least significant difference (LSD) method. P < 0.05 was defined
as statistical significance.
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Results

Effect of celecoxib on HCC cells in vitro and in vivo

The effects of celecoxib on Huh-7 HCC cell proliferation were
assessed using the CCK-8 assay. Celecoxib suppressed tu-
mor growth in a dose-dependent manner after 48-hour expo-
sure, with a mean half maximal inhibitory concentration (IC, )
of 20 uM (Figure 1A). Laminin adhesion assays showed that
48-hour treatment with celecoxib at doses between 1 uM and
50 uM decreased cellular adhesion by 18% to 50% (P<0.05;
Figure 1B). ChemoTx invasion assays showed that 48-hour
treatment with celecoxib at 10 to 50 uM decreased invasive
ability by 30% to 60% (P<0.05; Figure 1C). Next, we aimed to
confirm these in vitro findings in nude mice bearing HCC xe-
nografts. Celecoxib treatment significantly reduced tumor size
(Figure 1D) and tumor weight (Figure 1D) compared to con-
trol mice.

Celecoxib significantly downregulated PNO1 in vitro
Our data showed that celecoxib can significantly inhibit HCC

cell proliferation. But which gene involve in its mechanism re-
main a mystery. In order to investigate the potential candidate
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Figure 1. Effect of celecoxib on Huh-7 hepatocellular carcinoma (HCC) cell in vitro and vivo. (A) Cell proliferation assessed by Cell
Counting Kit-8 assay after 48 hours treatment with celecoxib (0.01 to 100 pM). (B) Cell adhesion assessed by laminin-1
assay after 48 hours treatment with celecoxib (0.1 to 50 pM). (C) Cell invasion determined by ChemoTx kit after 48 hours
treatment with celecoxib (0.1 to 50 pM). * P<0.05 between celecoxib-treated and non-treated cells. Xenograft-bearing mice
were euthanized, and the tumors were obtained on day 42. (D) Mice tumor size and weight after celecoxib treatment (scale

approximately 1 cm).
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Figure 2. Differentially expressed genes after celecoxib treatment and KEGG pathways analysis. (A) Heat-map of all the differentially
expressed genes after celecoxib treatment, there were 50 downregulated genes and 141 upregulated genes. (B) The P-values
and names of the top 10 over-represented KEGG pathways, calculated on the basis of all the differentially expressed genes
after the treatment of celecoxib. (C) Expression of PNO1 after celecoxib treatment analyzed by western blot. * P<0.05
between celecoxib-treated and non-treated animals. KEGG — Kyoto Encyclopedia of Genes and Genomes; PNO1 — RNA
binding gene partner of NOB1.
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genes involving in HCC cell inhibition mechanism, we used gene
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Table 1. The top 30 down-regulated genes list after celecoxib

chip method to analysis the differentially expressed genes after treatment.
HCC cells treating by celecoxib. Our result showed that there
were 50 genes downregulated and 141 genes upregulated af- Gene name  Fold change  Regulation P-value
ter celecoxib treatment as the heatmap showed (Figure 2A). PNO1 5.41 Down 1.175E-06
Table 1 .shows the top 30 downregulated genes after celecox- RHAG """""""""" 217 """""""" D own """""" 000013489
ib treating. And PNO1 showed 5.41-fold change downregu-
lated compare to the control group (P<0.01). The data sug- TPz 212 Down 0.0002269
gested that celecoxib show strong negative regulation effect o2z 209 | Down 0.00038079
on PNO1. Therefore, we pick up PNO1 for further experiment. ALPP 2.05 Down 0.00038241
And the therapeutic effects of celecoxib were associated with CAPIM2 202 Down 71885E-06
substantial PNO1 downregulation in tumor tissue, both at the =~ oo e
. R ZNFX1-AS1 2.01 Down 8.2326E-05
protein level and mRNA level (Figure 2C). T
ANXAS8L1 1.96 Down 0.00077881
PNO1 knockdown inhibited cell proliferation in vitro and ~ ANXA8L2 196 | Down 0.00077881
reduced tumor growth in xenograft mice ANXAS 1.96 Down 0.00077881
. . . EFEMP1 1.94 Down 0.0001551
Since PNO1 is the top downregulated gene after celecoxib =~ -
treatment, which prone us to investigate its effect on HCC. fbmHcin 186 Down 0.00019652
After 48-hours of transfection of PNO1-shRNA into Huh-7 cells, ~SRPLO 183 | Down 0.000701
stable fluorescence signal was observed (Figure 3A). And the CYR61 1.81 Down 0.00064606
transfection of PNO1-shRNA into cells were confirmed by west- COLFMLL 180 | Down 0.00083506
ern blot and PCR as illustrated in the Figure 3B and 3C. Using =~ oo
. R X . DKK1 1.76 Down 0.00013597
High-Content Screening assay, we found that cell proliferation o T
was significantly inhibited in cells bearing PNO1-shRNA com- ~_APM 173 | I OO,
pare with the negative control (Figure 3D). What was more, o cas2 173 Down 0.00052096
PNO1 knockdown significantly decreased the number of cell F3 1.71 Down 0.00108547
colonies (Flg.ure? 3E). To evalL.Jate whether PNO1 can a.ffect jcu- CABPB 166 Down 0.00046583
mor growth in vivo, we established a xenograft model in which f """"""""""""""""""""""""""""""""""""""""""
PNO1 was knocked down using lentivirus-expressed shRNA. _Clorflos 166 Down 0.00039219
Our data showed that, cells bearing PNO1-shRNA that inject- ~ KIAAO368 163 | Down 0.00119009
ed into the mice formed significantly smaller tumors than cells ANTXR1 1.62 Down 9.0461E-05
transduced with a negative control lentivirus (Figure 3F). These CHUWEL 162 Down 000018888
data indicated that PNO1 may have a positive effect on the o
. K C3orf23 1.59 Down 0.00027176
HCC cell proliferation.
FAM46B 1.58 Down 0.00099215
Silencing of PNO1 greatly attenuated pulmonary ~KIF20A 157 Down  3.0571E-05
metastasis RPS26 1.57 Down 0.00056348
CAV1 1.57 Down 0.00027822
We have learned that PNO1 may promote HCC cell growth and -
RPSA 1.56 Down 0.00024262

invasive ability, next we examined whether PNO1 can influence
HCC metastasis. Animals bearing PNO1-knockdown xenografts
were sacrificed and lung tissue was stained by hematoxylin and
eosin. And the data showed that PNO1 knockdown remarkably
decreased pulmonary metastasis (Figure 4A).

PNO1 may exert oncogenic effects via the AKT/mTOR
pathway

In order to have a better understanding of the differential-
ly expressed genes after celecoxib treatment obtained from
gene chip data. We perform pathway enrichment analysis to
dig the potential pathway involving in the effect of celecoxib

on HCC cells. According to the gene information of all path-
ways in KEGG, the differential genes were enriched and ana-
lyzed. After sorting according to P value, we selected the top
10 to display (Figure 2B). AKT pathway is the one of the most
common pathways in tumor study and rank number 3 in the
pathway enrichment analysis, so we picked up AKT pathway
for further study. And our data showed that PNO1 knockdown
significantly decreased AKT phosphorylation and mTOR, how-
ever, knockdown did not alter COX2 expression. These data
suggesting that AKT activity may require PNO1, and COX2 is
not the downstream target of PNO1 (Figure 4B).
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Discussion

Celecoxib is a first-line NSAID and an effective inhibitor of
COX-2 with demonstrated anti-cancer activities in many differ-
ent types of cancer cells and animal models [18-22]. Celecoxib
has shown efficacy against HCC in an animal models [23],
and we confirmed those results in a xenograft tumor mice

ANIMAL STUDY

model which different from the rat orthotopic Novikoff hep-
atoma model that treat with epirubicin and celecoxib in the
previous study [23]. We found that these therapeutic effects
were associated with strong downregulation of PNO1 and
downstream AKT/mTOR signaling. Leaving celecoxib aside,
we then showed that PNO1 knockdown on its own signifi-
cantly reduced tumor volume, tumor weight, and metastasis

Negative control

PNO1-shRNA

Negative control

PNO1 shRNA

Control Negative control

B )
Negative
Control control

159

PNO1-shRNA

1.0

0.5

Relative mRNA expression

0.0

Control

Negative
control

PNO1-
shRNA

Day 5

%100

PNO1-shRNA

S

S

S
1
*

w

i=1

S
1

Number of colony
N
(=3
<

100

PNOT-
ShRNA

Control Negative

control

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

Indexed in:
[ISI Journals Master List]
[Chemical Abstracts/CAS]

[Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]



ANIMAL STUDY R e o

© Med Sci Monit, 2019; 25: 7351-7360

F N=8
*
o 10007 - Negative control 259
egalive control PNOYShR . i - (Control 204
7 8007 pNO1-shRNA =01 . .
3 = oTe al®
= 6001 £ 15 % L
g 400 x g 107 ° .
£ S
2 200- s -
0-—* T T T T T 0 T T T
1 2 3 4 5 6 Control Negative PNO1-
Weeks in vivo control shRNA

Figure 3. Effect of PNO1 on tumor growth in vitro and in vivo. (A) The green fluorescence signal of Huh-7 cells transfected with
PNO1-shRNA and negative-shRNA lentivirus respectively. (B, C) PNO1 knockdown was confirmed by western blot and PCR.
(B) protein level after transfection with PNO1-shRNA or negative-control shRNA. (C) PNO1 mRNA level after transfection with
PNO1-shRNA or negative-control shRNA. (D) High-Content Screening assay to analysis cell proliferation after Huh-7 cells
transfected with PNO1-shRNA and negative-shRNA lentivirus. (E) Cell colony formation after PNO1 depletion. (F) Huh-7 cells
were transfected with PNO1-shRNA or negative-control shRNA (control) and were injected into nude mice. After 6 weeks,
tumor tissues were obtained from xenograft-bearing mice (scale approximately 1 cm). * P<0.05 between negative control or
control. PNO1 — RNA binding gene partner of NOB1; PCR — polymerase chain reaction.
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Figure 4. Effects of PNO1 knockdown on lung metastasis and AKT/mTOR signaling. (A) Hematoxylin/eosin staining showed that PNO1
knockdown significantly decreased the number of metastatic nodules in the lung (arrow) compared with the negative control
and the control mice (image magnification 100x). (B) Levels of P-AKT, mTOR and COX-2 detected by western blot in tumor
tissues 6 weeks after PNO1 knockdown. * P<0.05 between negative control or control. PNO1 — RNA binding gene partner of
NOB1; AKT — protein kinase B; mTOR — mammalian target of rapamycin; COX-2 — cyclooxygenase-2.
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to lungs. Our experiments establish novel potential targets of
celecoxib in HCC, and they provide the first evidence impli-
cating PNO1 in HCC.

Celecoxib appears to inhibit multiple oncogenic targets and
pathways depending on the cancer, including proliferation [24],
apoptosis [25], angiogenesis [26], invasion [27], and tumor-in-
duced immune suppression. Some of these pathways are de-
pendent on COX-2, while others are independent of the en-
zyme [13,28]. In our present study, we found that COX-2 belongs
to one of the 50 downregulation genes in the gene chip raw
data, but it did not in the top 30 downregulation genes, so
we did not list COX-2 in Table 1 and ignore its effect on the
present cell model. Through our gene chip data analysis, we
pick up PNO1 for the potential candidate target for the mech-
anism of action of celecoxib in HCC. And our results are con-
sistent with the idea that celecoxib exerts its anticancer ac-
tivities at least partly by downregulating PNO1. At the same
time, PNO1 knockdown did not alter COX-2 expression in our
experiments, suggesting that COX-2 is not a downstream tar-
get of PNO1 in HCC.

We provide here the first evidence that PNO1 can modulate a
classical signaling pathways involved in tumor growth, in this
case the AKT/mTOR pathway. We found that PNO1 knockdown
remarkably reduced AKT phosphorylation and mTOR in HCC
tissues. Further studies should examine whether PNO1 may
contribute to other types of cancer through the AKT/mTOR
pathway. Previous work has provided few details into the role
of PNO1 in healthy or diseased cells. Our finding of a link to
AKT/mTOR signaling suggests the potential for pleiotropic ef-
fects, since this signaling pathway regulates many processes,
including metabolism, proliferation, cell survival, growth and
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ANIMAL STUDY

angiogenesis, both in physiological and pathological condi-
tions [29,30].

Our study presents several limitations because we did not ad-
dress about the disease. Do not repeat the experiments about
whether PNO1 acts through a COX-2 independent mecha-
nism in carcinogenesis. In our present study, the data sug-
gests that COX-2 is not the downstream of PNO1. And future
studies should focus on whether PNO1 is the downstream of
COX-2. At the present study we just have investigate one of
the down-regulated genes after celecoxib treatment, and how
about the up-regulated genes need further investigation. Aling
Shen et al. [31] revealed that PNO1 expression was higher in
colorectal cancer tissue than in noncancerous tissue. How
about the PNO1 expression in HCC patient still unknown and
should be discussed in the further studies.

Despite these limitations, our results suggest that celecoxib
inhibits HCC cell growth via a PNO1-dependent mechanism,
and they implicate PNO1 in HCC for the first time. PNO1 knock-
down significantly reduced tumor proliferation and metasta-
sis. Our results identify several new directions for further re-
search into how HCC progresses and how it may be detected
earlier and treated more effectively.

Conclusions

Celecoxib may exert its anti-tumor activity by inhibiting PNO1,
and that AKT/mTOR signaling helps mediate the oncogenic ef-
fects of PNO1. This work offers the first evidence for a role of
PNO1 as an HCC oncogene, which may open new avenues for
prevention and treatment of HCC
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