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Abstract: Early metastasis and local recurrence are the major causes of mortality and poor prognosis of non-small
cell lung cancer (NSCLC). However, the underlying mechanisms of these processes are poorly understood. In this
study, we aimed to investigate the roles of the PTGES/PGE, pathway in lung cancer progression. We found that
prostaglandin E synthase (PTGES), a key enzyme for PGE, synthesis in the arachidonic acid pathway, was highly
dysregulated in NSCLC. Dysregulated PTGES was essential for the promotion of tumor migration and metastasis of
NSCLC cells. Knockdown of PTGES in lung cancer cells resulted in suppressed cell migration, which was reversed
by exogenous PGE,. Consistent with this, PTGES knockdown also reduced the expression of CSC markers, tumor
sphere formation, colony forming activity, tumorigenicity, and lung metastasis in vivo. Dysregulated PTGES is mainly
attributed to protein stabilization by USP9X, a deubiquitination enzyme. USP9X physically interacted with PTGES
and prevented it from proteasome-directed degradation via deubiquitination. Consistent with this, USP9X expres-
sion was highly correlated with PTGES expression in NSCLC tumor tissues. Taken together, our results show that the
upregulated USPOX-PTGES-PGE, axis contributes significantly to the metastatic features of NSCLC.
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Introduction

Lung cancer is the leading cause of cancer
death worldwide, and non-small cell lung can-
cer (NSCLC) accounts for ~85% of all diagnosed
lung cancers. Despite progress in early diagno-
sis and many areas of cancer therapeutics, the
overall survival rate for patients with lung can-
cer remains low [1]. Tumor recurrence and
metastasis are the major causes of treatment
failure and death. More than half of patients
with lung cancer have advanced or metastatic
disease at the time of diagnosis. Metastasis is
a complex process in which cells acquire multi-
ple aggressive properties. Although much prog-

ress has been made in this area, the complexi-
ties of cancer metastasis are still not fully
understood.

An inflammatory microenvironment plays an
important role in the promotion of tumorigene-
sis, tumor progression, and metastasis of can-
cer, including lung cancer. Prostaglandins (PGs)
are lipids with important physiological and path-
ological functions. Among them, prostaglandin
E, (PGE,) is a key mediator of inflammation,
pain, and fever [2]. PGE, is one of the most
abundant prostaglandins synthesized from ara-
chidonic acid (AA). Oxygenation of AA via cyclo-
oxygenase-1 and 2 (COX-1/2) produces PGG,,
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which is subsequently reduced to PGH,. PGH,
is then converted by a variety of synthases into
several prostanoids (e.g. PGF,,, PGD,, PGl,),
including PGE, and thromboxane A, (TXA,). The
terminal step in the production of PGE, involves
the action of PGE, synthases (PTGES) for the
conversion of PGH, to PGE, [3]. Three different
PGES have been identified, namely cytosolic
PGES (cPGES), microsomal PGES-1 (mPGES-1),
and mPGES-2. Among them, mPGES-1 (PTGES)
is highly upregulated in inflammatory tissues
and overexpressed in tumors [4]. PTGES has
been recognized as a key enzyme in inflamma-
tion and inflammatory diseases, including
cancer.

PGE, levels are upregulated in a variety of
human tumors [5]. By its secretion into the
tumor microenvironment, PGE, is able to induce
tumor growth and suppress immune functions.
In addition, PTGES and COX-2 are overex-
pressed in NSCLC, but the upregulation of
these two enzymes in individual tumors is not
identical. Cellular transformation and cytokines
have been shown to contribute to the upregula-
tion of PTGES in NSCLC. However, targeted
overexpression of PTGES and elevated PGE,
production in alveolar and airway epithelial
cells alone is not sufficient for lung tumorigen-
esis in transgenic mice [6-8]. This suggests
that PGE, promotes tumor progression in a cel-
lular context-dependent manner. Nevertheless,
the mechanisms of PGE,-mediated tumor pro-
gression and dysregulation of PGE, signaling
remain unclear.

Ubiquitination is a major post-translational
modification in protein activation, playing a
central role in the degradation of proteins, both
through proteasomal targeting and by direct
sorting to the lysosome [9]. The reversal of
ubiquitination is accomplished through deubig-
uitinases (DUBSs). In humans, DUBs are subdi-
vided into five families: ubiquitin-specific prote-
ases (USPs), ovarian tumour proteases (OTUs),
ubiquitin C-terminal hydrolases (UCHs), Jo-
sephins, and JAMMSs. The ubiquitin-specific pro-
tease 9X (USP9X/FAM) is a substrate-specific
DUB that is evolutionarily highly conserved [10].
The upregulation of USP9X has been implicated
in prostate cancer, osteosarcoma, myeloma,
esophageal squamous cell carcinoma, breast
cancer, oral squamous cell carcinoma, and lung
cancer [11]. Interestingly, USP9X has also been
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implicated both as an oncogene and tumor sup-
pressor, depending on the type and stage of
cancer. USP9X-mediated functions are depen-
dent on its substrates. To date, USP9X is known
to interact with 35 proteins, including 21 sub-
strates (such as ASK1, B-catenin, ErbB2, ERG,
SMADA4, and SURVIVIN) and 14 interacting pro-
teins (such as FOX03, p100, SOX2, and TANK)
[10]. In prostate cancer cells, USP9X deubiqui-
tinates and stabilizes ERG protein levels. USPOX
deubiquitinates MCL and prevents its protea-
somal degradation, thus promoting its anti-
apoptotic functions in lymphomas, colon ade-
nocarcinoma, and small cell lung carcinoma [9,
12]. However, the role of USP9X in human lung
cancer is not clear.

In this study, we aimed to investigate the role of
the PTGES/PGE, pathway in lung cancer pro-
gression. Our study provides insight into the
contribution of the USPOX-PTGES-PGE, axis to
the metastatic features of NSCLC.

Materials and methods
Plasmids, reagents and antibodies

Antibodies for E-cadherin (#3195), N-cadherin
(#13116), vimentin (#5741), SOX2 (#4900),
CD44 (#3570), ABCG2 (#42078) and TWIST
(#46702) were purchased from Cell Signaling
Technology (Beverley, MA). Antibodies Anti-B-
actin-HRP (#60008) and Flag (#20543-1-AP)
were purchased from Proteintech (China).
PTGES (#160140) were purchased from
Cayman chemical. PGE2 (#p5640) were pur-
chased from Sigma-Aldrich. GAPDH (#5174)
and USP9X (#14898) were purchased from
Santa Cruz (Santa Cruz, CA). GFP (#M048-3)
were purchased from MBL (Nagoya, Japan).
Antibody for HA (#CWO0092M) were purchased
from cwbio (China). PTGES (#PA5-33000) for
IHC were purchased from Thermo fisher. The
concentration of PGE2 levels in the superna-
tants was determined by ELISA kit (Cayman
chemical). Oligonucleotides corresponding to
these guide sequences (PAM motif in bold)
were cloned into the Bbsl site of pX330, a bicis-
tronic expression vector encoding both Cas9
and the sgRNA.

Cell lines and cell culture

Human embryonic kidney cells, HEK293T and
NSCLC cells (A549 and HCC827) were tested
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and authenticated by DNA typing at Shanghai
Jiao Tong University Analysis Core. Primary
mouse lung cancer cells (SJT1601) were isolat-
ed from NNK-induced lung tumor of Gprc5a-ko
mouse [13]. Cells were digested into single
cells and seed the cells onto the palate over 3
days, then passing on the living cells. We con-
structed the stable cell line SJT-1601-ko-Ptges
by CRISPR/Cas9 technology. Human NSCLC
cells A549 and HCC827 stably transfected with
nonspecific (sh-NS) or PTGES sh-RNA. Unless
otherwise stated, all cells were cultured in
DMEM (Invitrogen) supplemented with 10%
fetal bovine serum (Gibco), penicillin and strep-
tomycin, at 37°C in a humidified incubator in an
atmosphere of 95% air and 5% CO,. HCC827
were cultured in RPMI-1640 essential medium
with 10% fetal bovine serum.

Quantitative real-time (Q)-PCR and primers

Cells were firstly lysed using trizol. Then, total
RNA was extracted with RNA Extract Kit
(TIANGEN, Cat: #RK123) and cDNA were pre-
pared from 1 ug total RNA using Fast Quant Kit.
The Q-PCR analysis was performed on ABI
7300 real-time PCR machine. All Ct values were
standardized by B-actin’s Ct value.

Following primers were used: hPTGES: F:
5-TCC-TAA-CCC-TTT-TGT-CGC-CTG-3’ R: 5-CGC-
TTC-CCA-GAG-GAT-CTG-C-3’ B-actin: F: 5-GCT-
CTT-TTC-CAG-CCT-TCC-TT-3’ R: 5’-CTT-CTG-CAT-
CCT-GTC-AGC-AA-3’; Caspase 9 to knock out
SJT-1601 Ptges gene using primer: gRNA1:
1F: 5-CAC-CGG-GAA-TGA-GTA-CAC-GAA-GCC-
GAG-G-3' 1R: 5-AAA-CCC-TCG-GCT-TCG-TGT-
ACT-CAT-TCC-C-3’ gRNA2: 2F: 5'-CAC-CGG-AAC-
CCA-CGC-CTT-CGC-TCC-GGG-G-3’ 2R: 5-AAA-
CCC-CCG-GAG-CGA-AGG-CGT-GGG-TTC-C-3".

Immunoblotting and immunoprecipitation

Experimental protocols for immunoblotting and
immunoprecipitation follow those previously
described [13]. Cells were lysed with RIPA buf-
fer (150 mM NaCl, 50 mM Tris (PH 8.0), 25 mM
NaF, 2 mM Na,vV0,, 0.5% deoxycholate, 1%
NP40, 0.1% SDS) and add protease inhibitor
cocktail (biomark.cn). Then equal amounts of
the protein samples (30 pg protein) were mixed
with loading buffer and boiled for 5 minutes.
Proteins were resolved by SDS-PAGE and trans-
ferred to nitrocellulose (NC) membranes. Non-
specific binding sites were blocked with 5%
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(w/v) non-fat dry milk in TBST, and the mem-
branes were incubated overnight on a shaking
platform at 4°C with the specific primary anti-
bodies diluted in 5% BSA with 0.05% sodium
azide. HRP-conjugated secondary antibody was
incubated at room temperature for 1 h. Finally,
the proteins were visualized by exposure with
Immobilon Western Reagents. All antibodies
were diluted for use according to manufactur-
ers’ instructions.

Flow cytometry analysis

Flow cytometry was performed as described
previously [14]. Trypsinized cells washed twice
with PBS. Then the cells were incubated in
400 pL PBS containing 1% CD44-APC (BD
Pharmingen) at 4°C for 30 minutes, however
the control were incubated with IgG. After incu-
bation, the cells were suspended in 400 uL
PBS for Flow Cytometry analysis. The gates
were established using the negative controls
cells stained with IgG. Finally, the data was ana-
lyzed in the Flowjo 7.6.1 software.

Migration and wound healing assay

Experiments were performed as described pre-
viously [15]. For the migration assay, cells (2 x
10%) were seeded onto the upper chamber in
200 L of serum-free medium; the lower com-
partment was filled with 0.5 mL of DMEM media
supplemented with 10% of FBS with and with-
out 1 uM PGE2. After 24 h incubation, migrated
cells on the lower surface of the filter were fixed
and stained using 0.1% crystal violet; cells on
the upper side were removed using a rubber
scraper. Fluorescent images were obtained;
reported data are counts of migrated cells with
experiments performed in triplicate. Cells over-
spread the culture plate scratch the cells with
micro pipette tips in 6-well plate. Then the pic-
ture captured as needed.

Sphere culture assay

The lung adenocarcinoma cells were resus-
pended in culture medium and were put into
low-adhered dishes in order to simulate a 3D
culture room. Every well of 96-well plate con-
tains 5000 cells. The medium was changed
every 3 days. Take care of the spheroids size to
avoid necrosis in the center of the spheres.
Recorded data are colony number obtained
from 10 separate views using a microscope.
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Experiments were repeated three times with
duplication in each experiment.

Immunohistochemical staining and clinical
samples

A tissue microarray composed of tumor and
adjacent normal tissue was stained to identify
PTGES and USP9X proteins. The IHC protocol
and score method were performed as previ-
ously described [16]. All antibodies were dilut-
ed for use according to manufacturers’ instruc-
tions. Human lung cancer tissue samples were
obtained from Shanghai Chest Hospital,
Shanghai Jiao Tong University (Shanghai,
CHINA). Shanghai Chest Hospital approved the
use of the tumor samples and animals in this
study.

Soft agar colony-formation assays

Soft-agar assays were performed as described
previously [13]. A 2% agarose solution was
combined with DMEM-10% FBS (1:3 v/v; final
concentration, 0.7%) and added to 24-well
plates (0.5 mL per well), and allowed to solidify
for 10 minutes at 4°C. SJT-1601 or NSCLC cells
(500 cells in 50 yL medium) were added over
the solidified agarose. A top 0.5 mL agarose
layer was added over the cells, consisting of the
2% agarose solution combined with DMEM-
10% FBS (1:6 v/v; final concentration, 0.35%)
along with matrigel (1:30 v/v). The plates were
incubated in 37°C, 5% CO2 incubator. After 2
weeks, colonies were counted using an invert-
ed microscope at 40 x magnification and pho-
tographed. Reported data are the means and
standard error from two independent experi-
ments performed, in triplicate.

Tumor growth and migration study in xenograft

A549 (sh-NS) or PTGES sh-RNA were injected
subcutaneously (2.5 x 10 cell in 0.2 mL serum-
free DMED medium supplemented with 30%
matrigel) in nude mice. HCC827 (sh-NS) or
PTGES sh-RNA were injected subcutaneously
(1 x 10° cell in 0.2 mL serum-free RPMI-1640
medium supplemented with 30% matrigel) in
nude mice. SJT-1601 and ko-Ptges were inject-
ed subcutaneously (2 x 10° cell in 0.2 mL
serum-free DMED medium supplemented with
30% matrigel) in nude mice. After 3 weeks, the
tumor volume was measured thrice a week.
When the sh-NS tumor volume reached ~2000
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mm?3, the nude mice were sacrificed and the
tumor volume (mm?3) was calculated by the for-
mula: (@ x b?)/2, where “a@” is the long diameter
and “b” is the short diameter (mm). Then, xeno-
grafts consisting of 1 x 10° SJT-1601, ko-Ptges
and ko-Ptges restore mice Ptges cells were
injected tail vein (0.2 mL) in C57/BL mice.
About 3 weeks, mice were subjected to killing
when the following situations happened: dis-
playing pain or distress, such as weight loss (>
10% of body weight), not eating or drinking,
lethargy, lying down, or difficulty in breathing.
Then, we measured the tumor and analyzed the
data. Animal studies were conducted following
the guidelines of the Experimental Animal
Ethics Committee of Shanghai Jiao Tong
University and were approved by the Ex-
perimental Animal Ethics Committee of
Shanghai Jiao Tong University (Shanghai,
China).

Statistical analysis

Statistical significance was determined using
an unpaired two-tailed Student’s t test, one-
way ANOVA, two-way ANOVA, Fisher's exact
test, log rank test, and the Pearson correlation
coefficient as indicated. A p value < 0.05 was
considered significant (*P < 0.05; **P < 0.01;
**%*pP < 0.001).

Result

PTGES overexpression is associated with poor
prognosis in NSCLC

To investigate the relationships between PTGES
and human tumor samples, we analyzed PTGES
MRNA expression levels in human tumor sam-
ples in TCGA using the GEPIA database
(Figure 1A) and GEO database (GSE19804)
(Figure 1C). PTGES expression levels were sig-
nificantly elevated in human lung adenocarci-
noma (LUAD) (n=483 tumor samples vs 347
normal samples) and lung squamous cell carci-
noma (LUSC) (n=486 tumor samples vs 338
normal samples) compared to those in normal
tissues (Figure 1B). A similar result was
obtained by analysis of PTGES expression in
NSCLC (n=60) from the GSE19804 data set
(Figure 1C). Moreover, lung cancer patients
with high PTGES expression exhibited shorter
disease-free survival and overall survival than
those with low PTGES expression (Figure 1D
and 1E). Multiple databases with other data

Am J Cancer Res 2019;9(6):1145-1160



Role of USPOX-PTGES-PGE2 axis in NSCLC

A
60
B Tumor
S 50 M Normal
‘@
[74]
2
Q
>
[}
[i4
E
)
b
Y
OY-‘?‘&\/?Q&Y-@ 2 R O& S QO v@ \\‘QQ‘\V- O
o O%S SN o) O <
ARSI Oeg& *gs*i\?‘ N4 \3\,\”\%‘& Q‘?Yg"Q AR «‘&g’ S
B n(T)=483; n(N)=347 n(T)=486; n(N)=338 C
—* —*
s #§ -2 91 7 GSE19804
§ ’f;:E é& _ n(T)=60; n(N)=60
o - : 124
8< g b 6 bd S -
oo - " 2
S0 o ¥ £ 10- o
xE £ 3 = 0.0 "
E S 41 A i . o
» = i % ®oe
g X & 32, ':‘-'
= 3 ] KF - w
&7 % 2 a : 0 oot
b i i = e &
-] .':.;'. - .:;' o
0 L — T — 0 ! — T S— 4 L] L)
LUAD LUSC Tumor Normal
NSCLC
D Disease Free Survival E Overall Survival
o — Low PTGES TPM
- — Low PTGES TPM —
—— High PTGES TPM "L'?,E.:Ifﬁfom
Logrank p=0.019 HR(hi '_14
© HR(high)=1.3 (high)=1.
o | p(HR)=0.02 p(HR)=0.012
=3 n(high}=480 | @ n(high)=241
2 n(low)=480 = n(low)=241
- .
3 2
g 3
8 3 ©
& a =N ,
- e ;
o | o |
= T T T T I = T T T T
0 50 100 150 200 250 0 50 100 150 200
Months Months

1149 Am J Cancer Res 2019;9(6):1145-1160



Role of USPOX-PTGES-PGE2 axis in NSCLC

Figure 1. PTGES overexpression is associated with poor prognosis in non-small cell lung cancer (NSCLC). A. Compari-
son of MRNA expression levels of PTGES in cancer and adjacent normal tissues of different cancer types in TCGA
database. B. PTGES mRNA expression levels in human NSCLC tumor samples compared with those in adjacent
normal tissues in TCGA database (mean + SD, P < 0.05). C. PTGES mRNA expression levels in human NSCLC tumor
samples compared with those in adjacent normal tissues in the GEO database (GSE19804). D. PTGES expression
was negatively correlated with patient disease-free survival. E. PTGES expression was negatively correlated with

patient overall survival.

sources support the same conclusion (Figure
S1A-D). Taken together, these results suggest
that high expression of PTGES is strongly asso-
ciated with poor clinical outcome in patients
with NSCLC.

PTGES/PGE, pathway promotes metastatic
features of NSCLC cells in vitro

Metastatic activities are important features of
tumor malignancy and tumor progression [17].
To determine the roles of PTGES in the meta-
static activity of lung cancer cells, we silenced
PTGES via shRNA in the A549 and HCC827
human NSCLC cell lines, which express rela-
tively high levels of PTGES (Figure 2A and 2B).
In addition, we used the CRISPR/Cas9 system
to knock out Ptges in the mouse lung cancer
cell line SJT-1601. Next, we compared the
expression of molecular biomarkers of epitheli-
al to mesenchymal transition (EMT) in these
cell lines. The results showed that PTGES
knockdown in HCC827 cells resulted in reduced
levels of N-cadherin, Vimentin and Twist in
HCC827-shPTGES cells compared to those in
HCC827-NS cells (Figure 2A). Similarly, Twist
and Vimentin were also reduced in A549-
shPTGES cells compared to those in A549
cells. Interestingly, E-cadherin and Snail were
not changed (Figure 2B). Since E-cadherin is
mainly regulated by transcription repressor
Snail [18], this observation suggests that
PTGES promotes EMT-like features in lung can-
cer cells, mainly through the Twist-Vimentin
pathway, but not the Snail-E-cadherin pathway.
In mouse lung tumor SJT-1601 cells, the effect
of Ptges knockout was more dramatic than
those in human NSCLC cells. Ptges knockout
resulted in dramatic suppression of mesenchy-
mal markers, including vimentin, N-cadherin,
and twist, while E-cadherin was slightly reduced
(Figure 2C). Consistent with this, the PTGES
product PGE, was significantly reduced in SJT-
1601-ko-Ptges cells compared to levels in SJT-
1601-NS cells (Figure 2D). To determine the
biological effects of PTGES knockdown, we
examined the migration of these cells via
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Transwell and migration assays in vitro. The
results showed that PTGES knockdown or
Ptges knockout significantly reduced the migra-
tion of human and mouse lung cancer cells
compared to that of the parental cancer cells
(Figure 2E-l), suggesting that PTGES expres-
sion is required for migration of these lung can-
cer cells. Importantly, the addition of exoge-
nous PGEZ, the product of PTGES, largely
restored the migration activity lost in the shPT-
GES cell lines, suggesting that PGE, is the
effector molecule for PTGES-mediated func-
tion. Taken together, these results suggest that
the PTGES/PGE, pathway promotes metastatic
features of lung cancer cells in vitro.

Upregulated PTGES is essential for malignant
features and stemness of lung cancer cells

Metastatic features have been linked to stem-
ness-like characteristics in cancer cells [19]. To
determine if the dysregulation of PTGES is also
involved in enhancing the stemness-like fea-
tures of lung cancer cells, we next examined
the related characteristics in vitro. We found
that parental mouse lung cancer SJT-1601 cells
were capable of forming colonies in both clono-
genic and soft agarose assays, whereas SJT-
1601-ko-Ptges cells exhibit considerable
suppression of this activity (Figure 3A-E).
Consistent with this, stem cell biomarkers
S0X2, CD44, and ABCG2, which are expressed
in control A549, HCC827, and SJT-1601 cells,
were greatly suppressed in PTGES knockdown
and Ptges knockout cells (Figure 3F-H). Next,
we examined numbers of CD44* cells, a stem
cell-enriched population, in these cell lines by
FACS analysis. The results showed that the
CD44* population was significantly reduced in
HCC827-shPTGES cells compared to that in
HCC827-shNS cells (Figure 3l). Moreover,
the CD44* population was also dramatically
reduced in SJT-1601-ko-Ptges cells compared
to that in SJT-1601 cells (Figure 3J), suggesting
that PTGES is essential for maintaining stem-
ness in these lung cancer cells. In addition, we
also examined the side population (SP), a stem

Am J Cancer Res 2019;9(6):1145-1160
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Figure 2. The PTGES/PGE, pathway promotes migration of NSCLC cells in vitro. A. Western blotting analysis of E-
cadherin, N-cadherin, vimentin, twist, snail and PTGES protein levels in HCC827 and HCC827-KD-PTGES cell lines.
B. Western blotting analysis of E-cadherin, N-cadherin, vimentin, twist, snail and PTGES protein levels in A549 and
A549-KD-PTGES cell lines. C. Western blotting analysis of E-cadherin, N-cadherin, vimentin, twist, snail and PTGES
protein levels in SJT-1601 cells with and without knockout of Ptges via CRISPR/Cas9 technology. D. ELISA kit analy-
sis of the secretion of PGE, from SJT-1601 and SJT-1601-ko-Ptges cell lines, HCC827 and HCC827-KD-PTGES cell
lines, and A549 and A549-KD-PTGES cell lines. E. Migration of HCC827, A549, and SJT-1601 cells with or without
PTGES silencing analyzed by Transwell migration assay. Scale bar=100 um. F. Graph demonstrates the mean + SD
percentage of migrated cells in HCC827, A549, and SJT-1601 cells with or without PTGES silencing from 3 separate
experiments. G-l. Wound healing and migration analysis of HCC827, A549, and SJT-1601 cells with or without PT-

GES silencing and with or without treatment with PGE, (1 uM) at 24 hours. Scale bar=100 pym.

cell-enriched population, in these lung cancer
cells. The results showed that PTGES knock-
down reduced the SP from 0.4% to 0.22% in
A549 cells, while Ptges knockout reduced the
SP from 7.77% to 1.96% in mouse lung cancer
SJT-1601 cells (Figure 3K, 3L). Taken together,
these findings demonstrate that the PTGES/
PGE, pathway is essential for the upregulation
of stemness and oncogenic activities in NSCLC
and mouse lung cancer cells.

Dysregulated PTGES promotes tumorigenicity
and metastasis of lung tumor cells in vivo

To determine the biological function of PTGES
in vivo, we examined the tumorigenicity of lung
tumor cells in mouse models. First, AB49-NS
vs A549-shPTGES, HCC827-NS vs HCC827-
shPTGES, and SJT-1601 vs SJT-1601-ko-Ptges
cells were s.c. injected in nude mice, and the
tumor sizes in these groups were measured.
The results showed that the tumorigenicity of
A549-shPTGES and HCC827-shPTGES cells
was significantly reduced compared to that of
A549-NS and HCC827-NCS cells, respectively
(Figure 4A, 4B, 4D). Additionally, the tumorige-
nicity of SJT-1601-ko-Ptges cells was signifi-
cantly reduced compared to that of the paren-
tal SJT-1601 cells (Figure 4C). These results
indicate that PTGES expression is essential for
the tumorigenicity of lung cancer cells in vivo.

To determine the role of PTGES expression in
metastasis, we examined lung metastasis in an
experimental metastasis model. The results
showed that SJT-1601-ko-Ptges cells resulted
in a dramatic suppression of lung metastasis
compared to that of parental SJT-1601 cells
(Figure 4F). To further confirm the role of
PTGES, we re-expressed mouse Ptges (mPtg-
es) in SJT-1601-ko-Ptges cells (Figure 4E) and
examined their resulting metastatic potential.
Re-expression of mPtges in SJT-1601-ko-Ptges
cells restored lung metastasis to levels compa-
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rable to that of SJT-1601-ko-Ptges parent cells
(Figure 4F and 4G), suggesting that Ptges is
indeed required for the metastasis of lung can-
cer cells in vivo. Taken together, these results
demonstrate that dysregulated PTGES is essen-
tial for the tumorigenicity and metastasis of
lung cancer cells in vivo.

Upregulated PTGES in NSCLC cells is mainly
attributable to protein stabilization via USP9X-
mediated deubiquitination

The upregulation of PTGES may occur at either
the mRNA or protein level. By analyzing data
from TCGA, we surprisingly found that the gene
amplification and upregulation of PTGES and
USP9X, encoding an ubiquitin family protein,
are mutually exclusive (Figure 5A). This sug-
gests that the gene amplification and upregula-
tion of these two genes are functionally redun-
dant, meaning that the upregulation of USP9X
functions similarly to the gene amplification of
PTGES. USP9X is a deubiquitinase, and the
ubiquitination pathway is important in the regu-
lation of protein stability [20, 21]. To investigate
whether the ubiquitination pathway is involved
in the regulation of PTGES, we sought to deter-
mine whether PTGES is a target of ubiquitin
family proteins. By searching several proteo-
mic databases, (https://www.ncbi.nlm.nih.gov/
gene/9536#gene-expression, https://www.nc-
bi.nlm.nih.gov/gene/8239, and https://www.
ncbi.nim.nih.gov/gene/1080), we surprisingly
found that PTGES is among the interacting pro-
teins of USP9X. This suggests that USP9X and
PTGES may form a complex. To determine the
relationship between PTGES and USP9X, we
examined the expression of the two proteins in
NSCLC cell lines. The results showed that most
NSCLC cells express both PTGES and USP9X
(Figure 5B). Interestingly, USP9X knockdown in
A549 and HCC827 cells resulted in a reduction
in PTGES, which could be partially restored by
treatment with the proteasome inhibitor

Am J Cancer Res 2019;9(6):1145-1160
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Figure 3. Dysregulation of PTGES is essential for maintaining the increased proliferation and stemness of NSCLC
cells. (A) Morphology changes associated with metastasis in SJT-1601 and SJT-1601-ko-Ptges cells shown in phase
contrast images. Scale bar = 200 uym. (B) Numbers of SJT-1601 and SJT-1601-ko-Ptges cells grown in a culture dish
for 5 days with the same number of starting cells. (C) Measurement of 3D tumorsphere formation (mean + SD from
3 separate experiments) in SJT-1601 and SJT-1601-ko-Ptges cells. (D) Colony formation assay of SJT-1601 control
and SJT-1601-ko-Ptges cells. Colonies were measured after 1 week of cultivation and stained with crystal violet. (E)
Measurement of tumorsphere formation (mean + SD from 3 separate experiments) in SJT-1601 and SJT-1601-ko-
Ptges cells. Graph shows the mean + SD percentage; scale bar = 100 um. Western blotting analysis of SOX2, CD44,
ABCG2, and PTGES protein levels in HCC827 (F), A549 (G), and SJT-1601 cells (H) with or without PTGES silencing.
(I) Flow cytometry analysis of CD44* in HCC827 (red) and HCC827-shPTGES (blue) cells. (J) Flow cytometry analysis
of CD44* in SJT-1601 (red) and SJT-1601-ko-Ptges (blue) cells. (K) SP sorting in A549 and A549-shPTGES cells us-
ing Hoechst 33342. A polygonal live gate was created to exclude debris and dead cells. At least 50,000 cells were
acquired to analyze the SP phenotype in each sample (top panel). The percentage of SP cells decreased when A549
cells were pre-incubated with verapamil to block the ATP transporter (bottom panel). (L) SP sorting in SJT-1601 and
SJT-1601-ko-Ptges cells.
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Figure 4. Dysregulation of PTGES promotes tumorigenicity of lung tumor cells in vivo. Lung tumor cells A549-NS and
A549-shPTGES. A. HCC827-NS and HCC827-shPTGES. B. Were s.c. injected into nude mice. About 3 weeks later, tu-
mor size was measured as indicated. C. Mouse lung tumor SJT-1601 and SJT-1601-ko-Ptges cells were s.c. injected
into nude mice, and tumor size was measured as indicated. D. Tumors from indicated groups. E. Western blotting
analysis of PTGES in SJT-1601 cells and restoration in SJT-1601-ko-Ptges cells after infection with Ptges-specific
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RNA lentivirus. F. C57/BL mice were infected through the tail vein with 1 x 10° SJT-1601 or SJT-1601-ko-Ptges cells,
and Ptges was restored in SJT-1601-ko-Ptges cells. Lungs were removed from the mice at 3 weeks after inoculation.
The experimental scheme is presented. Representative images of lung tissues stained with H&E are presented (bot-
tom). Black arrow, tumor; scale bar, 1000 um. G. Number of metastatic lesions in the lungs (n=5). ns, not significant;

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

MG132 (Figure 5C and 5D). Similar results
were obtained in the mouse lung tumor SJT-
1601 cell line (Figure 5E). Interestingly, USP9X
knockdown-induced repression of PTGES does
not appear to occur at the mRNA level, since
shUSP9X did not reduce PTGES mRNA levels
(Figure 5F). These observations suggest that
USP9X-mediated upregulation of PTGES may
occur at the protein level. Next, we aimed to
determine whether USP9X physically interacts
with PTGES. Upon co-immunoprecipitation with
Flag-tagged PTGES, we detected endogenous
USP9X via IP-western blot analysis (Figure 5G).
Moreover, co-transfection of HEK293T cells
with expression plasmids indicated that US-
POX overexpression inhibits polyubiquitylated
PTGES (Figure 5H). These results indicate that
USP9X physically interacts with PTGES and
mediates the deubiquitination or stabilization
of PTGES. Thus, overexpression of USP9X may
contribute to the upregulation of PTGES in
NSCLC. To determine whether USP9X knock-
down also inhibits PTGES-mediated biological
functions, we examined the migration of A549
and HCC827 cells upon shUSP9X transfection.
The results showed that USP9X knockdown
reduced the migration of these cells. Moreover,
addition of exogenous PGE, largely restored the
migration activity of these cells (Figure 51 and
5J). This suggests that USP9X knockdown
destabilizes PTGES, leading to a reduction in
PGE, and consequently suppressing migration.
Taken together, these results suggest that
USPOX interacts with and stabilizes PTGES
via deubiquitination, which enhances PGE,
signaling.

USP9X is highly correlated with PTGES in
NSCLC tissues

To determine the correlation between USP9X
and PTGES in tumor development, we next
examined the expression of USP9X and PTGES
in NSCLC tissue samples. Immunoblotting anal-
ysis showed that PTGES levels were dramati-
cally increased in most NSCLC tissues com-
pared to those in adjacent normal tissues
(Figure 6A). Moreover, USPOX expression was
highly correlated with PTGES expression in
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most NSCLC samples (Figure 6A and 6B). To
extend the analysis further, we examined
USPO9X and PTGES levels via immunohisto-
chemical (IHC) staining in NSCLC tissue micro-
arrays. The results showed that both USP9X
and PTGES were highly upregulated in NSCLC
samples compared with levels in normal lung
tissues, with PTGES and USP9X expression pat-
terns being highly correlated (Figure 6C-F).
Taken together, these results strongly support
the theory that USP9X plays an important role
in the upregulation of PTGES in NSCLC.

Discussion

In this study, we showed that dysregulated
PTGES leads to activated PGE, signaling, which
promotes the metastatic features of lung can-
cer cells. Importantly, for the first time, we dem-
onstrated that USP9X, a deubiquitinase, can
physically interact with and stabilize PTGES via
deubiquitination. Thus, the USPOX-PTGES-PG E,
axis plays an important role in lung cancer
progression.

Dysregulation of the PGE, pathway plays an
important role in mediating the inflammatory
response. Depending on the types of tumor
cells and models used, PGE, also exhibits many
tumor-promoting activities, including the pro-
motion of proliferation [22], anti-apoptosis [23],
angiogenesis [24], invasion, and metastasis
[25], and it also inhibits host immune function
[26]. The upregulation of PGE, is usually attrib-
uted to the dysregulation of COX-2. However,
the targeting of COX-2, either by non-steroidal
anti-inflammatory drugs (NSAIDs) or selective
COX-2 inhibitors such as celecoxib, produces
side effects since its inhibition also reduces
other prostanoids, including PGF,_, TXA,, PGE,,
PGl,, and PGD, [27]. For example, COX-2 inhibi-
tors increase the risk of cardiovascular prob-
lems. In this study, we showed that dysregulat-
ed PTGES plays a critical role in the upregula-
tion of PGE, signaling in NSCLC. PTGES-
mediated migration is mainly attributed to
PGE,, since exogenous PGE, restored this
activity in PTGES knockdown NSCLC cells.
Thus, the targeting of PTGES should be a more

Am J Cancer Res 2019;9(6):1145-1160
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Figure 5. USPOX interacts with and stabilizes PTGES via deubiquitination. A. Comparison of mRNA expression levels
of PTGES and USP9X in human non-small cell lung cancer (NSCLC) tumor samples in TCGA database. B. PTGES and
USP9X protein expression in a variety of NSCLC cell lines. C-E. A549, HCC827, and SJT-1601 cells with or without
USPOX silencing were treated with or without CQ or MG-132, and the indicated protein levels were examined. F.
A549 and HCC827 cells with or without USP9X silencing were subjected to gRT-PCR to examine the indicated mRNA
levels. The PTGES mRNA level relative to that of B-actin was quantified (mean * SD (n=6). G. HEK293T cells were
lysed, and IP was performed with indicated antibodies. Imnmunocomplexes were subjected to western blotting. H.
HEK293T cells were transfected with GFP-PTGES, FLAG-USP9X, and HA-Ub as indicated. The polyubiquitylated PT-
GES protein was detected by anti-HA antibody. I, J. Wound healing and migration analysis of HCC827 and A549 cells
with or without USP9X silencing and with or without treatment with PGE, (1 uM) at 24 hours. Scale bar=100 pm.
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Figure 6. USPOX expression is significantly correlated with PTGES in lung cancer samples. A. A subset of lung tumor
and normal tissues were subjected to western blotting to examine the PTGES and USP9X protein levels (n=14 pairs).
B. Western blotting scores of PTGES and USP9X from the tissues as indicated. C. Representative staining of USP9X
and PTGES in lung carcinoma and peritumoral lung tissues of patients from TCGA dataset (mean + SD, P < 0.05). T,
tumor; N, normal adjacent. D. Expression of USP9X and PTGES by IHC staining of a human lung tissue chip includ-
ing tumor and adjacent normal tissues (n=76 pairs). E, F. IHC scores of USP9X and PTGES from the tissue chip as
indicated. G. Experimental model of the mechanism by which USP9X regulates PTGES.
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specific method for inhibiting PGE,-mediated
metastatic features while reducing the side
effects generated by affecting other pro-
stanoids.

EMT is an important molecular process in
tumor metastasis and recurrence [28]. In this
study, we showed that PTGES knockdown sig-
nificantly reduced the expression of EMT bio-
markers such as vimentin, twist, and N-
cadherin. Via wound healing and migration
assays, we found that exogenous PGE, restored
the expression of these markers. EMT is also
involved in regulating stem-like properties in
epithelial cells [29]. CSCs represent a subpopu-
lation of cells with self-renewal ability that are
thought to confer chemical and radiotherapy
resistance and be responsible for tumor main-
tenance and metastasis [30]. In fact, many
studies have shown that EMT confers stem cell-
like characteristics on tumor cells [31, 32].
Nevertheless, our study showed that the dys-
regulation of the PTGES/PGE, pathway is
essential for both induction of EMT-like fea-
tures and maintenance of stem cell-like proper-
ties. Thus, targeting the PTGES/PGE, axis may
represent a novel approach for preventing met-
astatic NSCLC.

Deubiquitylating enzymes, by removing ubiqui-
tin chains from substrates, regulate multiple
cellular processes, such as cell survival, differ-
entiation, chromosome remodeling, and apop-
tosis [10]. USP9X is a deubiquitinase that is
known to have 21 substrates and 14 interact-
ing proteins [10]. In this study, we found that
USPOX can stabilize PTGES via deubiquitina-
tion. High expression of USP9X has been
observed in several types of human cancer,
such as esophageal squamous cell carcinoma
[33], follicular lymphoma [34], colon adenocar-
cinoma [35], and NSCLC [36]. In particular,
elevated expression of USP9X correlates with
poor prognosis in human NSCLC [36]. However,
the mechanism and biological significance of
its upregulation were previously unclear. Here,
for the first time, we revealed a connection
between USP9X and the PTGES pathway in
NSCLC. Moreover, we showed that the upregu-
lation of USP9X is correlated with dysregulated
PTGES in lung cancer. Thus, we propose that
the USPOX-PTGES-PGE, axis is crucial for the
promotion of metastatic features in lung can-
cer. Targeting this pathway may provide an
effective approach for the treatment of NSCLC.
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Figure S1. PTGES is dysregulated in human lung cancer. A-D. Relative mRNA expression levels of PTGES in human
lung adenocarcinoma vs normal lung tissues based on data from ONCOMINE.



