Am J Cancer Res 2019;9(1):134-144
www.ajcr.us /ISSN:2156-6976/ajcrO0086632

Original Article

Dysregulated ENPP1 increases the malighancy of
human lung cancer by inducing epithelial-mesenchymal
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Abstract: Induction of cancer stem cell (CSC) characters and epithelial mesenchymal transition (EMT) features
are crucial in tumor initiation, progression and metastasis. However, underlying mechanisms remain incompletely
understood. Here, we showed that ENPP1 plays an important role in inducing and maintaining EMT phenotypes
and CSC features in lung cancer. ENPP1 is upregulated in lung cancer cells. ENPP1-knockdown in lung cancer
HCC827 cells and A549 cells resulted in suppressed colonogenic formation, anchorage-independent growth in vi-
tro, and tumorigenicity in vivo. ENPP1-knockdown also reduced expression of CSC makers, including ABCG2, SOX2,
NANOG, and CD44. Moreover, ENPP1-knockdown reversed TGFB-induced EMT phenotypes, including cell migration,
E-cadherin repression and vimentin induction. Finally, upregulated ENPP1 was identified in majority of human lung
tumor tissues compared to adjacent normal lung tissues. Taken together, our study demonstrates that dysregulated
ENPP1 contributes to increased malignancy of human lung cancer by inducing CSC-features, and EMT-like pheno-
types.
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Introduction cell-cell adhesion, cell polarity, while acquire
migratory and invasive properties [4]. EMT is

Lung cancer is leading cause of cancer death considered to be a key step during cancer inva-

worldwide [1]. Despite numerous progress in
surgery-, radiation- and chemo-therapy, the
5-year survival rate of lung cancer remains low,
about 4-17% [2]. The major therapeutic chal-
lenges for lung cancer treatment are its hetero-
geneity and relapse. Thus, identification of key
oncogenic drivers for cancer stemness-related
and metastatic features would be critical for
designing effective therapeutic strategy [3].

EMT, epithelial-mesenchymal transition, is a
process of conversing epithelial cells to mesen-
chymal cells, which is important for embryonic
development, but also for wound healing and
tumor metastasis. Cells undergoing EMT loss

sion and metastasis. Metastatic tumor cells not
only gain migrating and invasive activities but
also stemness-related properties, such as
increased self-renewal ability and increased
capacity to form 3D-spheres [5]. Thus, EMT
plays a critical role in the processes of carcino-
mas acquiring cancer stem cell phenotype [6].
However, the molecular mechanisms that gov-
ern the regulation of EMT and cancer stem cell
phenotype in lung cancer are incompletely
understood.

Enppl, ectonucleotide pyrophosphatase/phos-
phodiesterase 1, is a type Il transmembrane
glycoprotein with pyrophosphatase and phos-
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phodiesterase activity, expressed highly in
bone and cartilage. ENPP1 hydrolysis of pyro-
phosphate bonds (such as in ATP) and phos-
phodiester bonds (such as in oligonucleotides)
to produce nucleoside 5-monophosphates, as
part of the functions mediated by nucleotide
pyrophosphatases/phosphodiesterase (NPPs),
which is necessary in a wide range of cellular
processes including nucleotide recycling, puri-
nergic receptor signaling and ATP-mediated
apoptosis [7, 8]. Recent study shows that,
ENPP1 upregulates ABCG2 transporter, increa-
se tumor seeding ability and resistant to con-
ventional chemotherapy in breast cancer [9].
Knockdown of ENPP1 in glioblastoma stem-like
cells downregulates stem cell-associated ge-
nes, induces tumor differentiation, cell death,
and sensitization to chemotherapeutic treat-
ment [10]. Overall, these studies suggest that
ENPP1 plays an important role in acquisition of
cancer stem cell properties. However, whether
ENPP1 plays a role in regulation of the malig-
nancy and metastatic features in lung cancer is
unknown.

In this study, we investigated the roles of EN-
PP1 in human lung cancer. Our study demon-
strates that ENPP1 may play a significant role in
increasing the malignancy and metastatic fea-
tures of lung cancer.

Materials and methods
Cell lines and reagents

Human non-small cell lung cancer cell line
HCC827 and A549 were obtained from ATCC,
cultured in RPMI 1640 or DMEM (Hyclone)
medium been fortified with 10% fetal bovine
serum. Human cell lines HBEC, BEAS-2B,
H1792, H661, H1975, H460, H1299, A549
were obtained from ATCC cultured in RPMI
1640 medium and DMEM supplemented with
10% fetal bovine serum respectively. Human
embryonic kidney cells HEK293T from ATCC
were cultured in DMEM medium supplemented
with 10% fetal bovine serum. TGF-B (P01137)
were purchased from novoprotein, Antibodies
against human-ENPP1 purchased from Santa
Cruz (Santa Cruz, CA) (sc-393419), and abcam
(@b40003), ABCG2 (#42078), Sox2 (#4900),
NAOAG (#4893), E-cadherin (#3195), Vimentin
(#5741), CD44 (#3570) were purchased from
CST; GAPDH (sc-365062) were purchased from
Santa Cruz (Santa Cruz, CA). HRP-ACTIN (HRP-
60008) was purchased from proteintech. Hu-
man lung tumor tissue (NSCLC) were provided
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by Shanghai Chest Hospital (Shanghai, China)
and all informed consents were obtained.

Westernblot analysis

Cells were lysed with RIPA buffer (150 mM
NaCl, 50 mM Tris (PH 8.0), 25 mM NaF, 2 mM
Na3VO4, 0.5% deoxycholate, 1% NP40, 0.1%
SDS) and add protease inhibitor cocktail (bio-
mark.cn). 30 ug protein of cell lysates were
mixed 5 x SDS-PAGE reduced loading buffer
and boiled at 95°C for 5 min. Cell lysates were
separated in SDS-PAGE and transferred onto a
nitrocellulose membrane. Then non-specific
binding site were blocked with 5% non-fat milk
at room temperature for 1 h. Next, the nitrocel-
lulose membrane washed by PBS twice and
added primary antibodies incubated at 4°C
overnight. In order to reduce background, mem-
branes were washed three times and 5 minutes
for per wash in TBST (0.05% Tween-20). Finally,
second antibody conjugated with HRP were
incubated at room temperature for 1 hour. After
above, membranes washed three times in TBST
and Chemiluminescence by ECL kit (Millipore).

Colonogenic formation assay

500 cells were cultured on 6-cm culture dish in
3 ml culture medium, cultivated in humidified
incubator (37°C, 5% CO,) for 15 days. During
this process, the fresh medium changed every
other day. Colony of cells were washed by PBS
twice time and dyed with 0.1% crystal violet for
at least 40 min. And lastly, unwanted dye were
washed softly by running water and the picture
were captured.

Anchorage-independent growth assay

First, put 500 ml of 2% low-melting tempera-
ture agarose in growth medium at 1:3 ratio in
each well of 24-well plate and placed in 4°C
until solidification. Second, cells were suspend-
ed in growth medium and counted, take out
500 cells per 50 ul. Put the cell on top of a pre-
viously cast semisolid layer. Third, put 500 ml
2% low-melting temperature agarose in growth
medium at 1:6 ratio and added Matrigel
(Collaborative Biomedical Products, Becton
Dickinson Labware, Bedford, MA) at 1:30 on
the top of cells. The picture captured two week
later.

Stem cell maker analysis by flow cytometry

Cells were trypsinized and counted, take out 1
x 10° cells washed by PBS for three times.
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Figure 1. ENPP1 is dysregulated in human lung cancer. A-D. Relative mRNA expression levels of ENPP1 in human
lung adenocarcinoma vs normal lung tissues based on data from ONCOMINE.

Then suspended with 200 ml PBS and added 5
ml CD44 antibody incubated at 4°C in the dark
for 30 min. After these steps, cells analyzed by
flow cytometry (Becton-Dickinson).

Immunoflurosence

Cells were seeded onto cover slips in 6-well
plate, two days later cells were treated with
TGF-B (5 uM/ml) for 4 days. The procedure of
immunofluorescence was performed as de-
scribed previously [12, 23].

Wound healing assay

Cells cultured in 6-well plate, when the cells
overspread the culture plate scratch the cells
with micro pipette tips. Then the picture cap-
tured as needed.

Xenograft model

Human NSCLC cells HCC827 stably transfect-
ed with non-specific (sh-NS) or ENPP1sh-RNA
(sh-2#) were injected subcutaneously 1 x 108
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cellin 0.2 ml serum free 1640 medium supple-
mented with 30% matrigel) in nude mice. After
3 weeks, the tumor volume was measured
twice a week. When the HCC827-shNS tumor
volume reached 2000 mm3, the nude mice
were sacrificed and the tumor volume (mm?)
was calculated by the formula: (a x b?)/2, where
“a” is the long diameter and “b” is the short
diameter (mm).

Immunohistochemistry (IHC)

NSCLC patients tissue microarray supplied by
Jiong Deng’s Lab. Tissue samples were stained
to identify ENPP1 proteins. The IHC protocol
and score method were performed as previ-
ously described [24]. All antibodies were di-
luted for use according to manufacturers’
instructions.

Statistical analyses

The data were analyzed by the software
GraphPad Prism Version 5.01. Data are pre-
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Figure 2. ENPP1 knockdown inhibits the growth of lung tumors. A. Immunoblot analysis of cell lysates from six
NSCLC cell lines (H1792, H1299, H460, H1975, A549, HCC827, H661) and two normal human epithelial cell lines
(HBEC, BEAS-2B) with indicated antibodies were performed, relative expression levels are expressed as the ratio
below the bands that are the intensities of indicated proteins verse B-actin. B, C. HCC827 cells and A549 cells were
stably transfected with non-specific sh-NS or ENPP1 shRNA cells, the whole cell lysates were subject to immunoblot
analysis as indicated. D. Colony formation analysis of HCC827-shNS and HCC827-shENPP1 cells. E, F. Anchorage
independent colony formation analysis of HCC827-shNS, A549-shNS and HCC827-shENPP1, A549-shENPP1 cells.
G. Western blot analysis of PARP-1 protein level in HCC827-shNS and HCC827-shENPP1 cell lines.

Table 1. Sequences of shRNA targeting
ENPP1

Genes Sequence (5'—3’)

ENPP1NC 5’-CAACAAGATGAAGAGCACCAA-3’
ENPP1s"  5-GCTGTTTCGAGAGAACATTTG-3’
ENPP1s"?  5-GGATTCAGGGCAGAATATTTA-3’
ENPP1s"  5-GAACTCATGGAAGTCTTAACC-3’
ENPP1sM 5 -TGAGGGACGATCTTTGAATAT-3’

sented as the mean + SD. A two-tailed un-
paired t-test was used to compare results. A
value of P<0.05 was considered statistically
significant.

Results

ENPP1 knockdown inhibits the growth of lung
tumors

To investigate if ENPP1 is upregulated in human
lung cancer samples, we first analyzed data
from public database from Oncomine (Figure
1A-D), and found that ENPP1 is significantly
upregulated in lung adenocarcinoma tissues
compared to normal lung tissues in four
resources (Okayama lung, Selamat lung, Landi
lung, and Su lung).
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Next, we analyzed ENPP1 expression levels in a
panel of human lung cancer cell lines by immu-
noblot. The result showed that ENPP1 was high
expressed in subset of human lung cancer cell
lines, including H1792, A549 and HCC827
(Figure 2A). In comparison, ENPP1 expression
is low in HBEC cells, a telomerase transform-
ed normal human bronchi epithelial cell line
although it is high in BEAS-2B cells, a virus
transformed lung epithelial cell line (whether
it is due to viral protein is unclear). Thus, upreg-
ulated ENPP1 may contribute to the trans-
formed phenotypes of lung cancer cells. To
determine the role of ENPP1 in lung cancer, we
selected HCC827 and A549 cell lines for fur-
ther biochemical and biological characteriza-
tion. HCC827 and A549 cell line is tumorigenic,
which is convenient for characterization of bio-
logical activities both in vitro and in vivo. We
established four ENPP1-knockdown cell lines
(ENPP1-sh2# and ENPP1-sh3#) in HCC827
cells (Figure 2B) and (ENPP1-sh1# and ENPP1-
sh2#) in A549 cells (Figure 2C) using shRNA, as
confirmed by immunoblot analysis. The sequ-
ences of shRNA targeting ENPP1 described
as (Table 1). To determine the effects of ENPP1
knockdown, we examined colony formation
activities of these cells. The colonogenic assay

Am J Cancer Res 2019;9(1):134-144
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Figure 3. ENPP1 knockdown reduce the stem cell phenotype of lung tumors. A, B. Immunoblot analysis of the cancer stem cell makers of ABCG2, SOX2, NANOG
in HCC827-shNS, HCC827-shENPP1 and A549-shNS, A549-shENPP1 cell lines. C-F. The expression of CD44 analysis by flow cytometry as the protocol indicated.
*, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. G. ENPP1 knockdown reduces tumorigenesis in vivo. HCC827-shNS and HCC827shENPP1-2# cells were

inoculated subcutaneously on nude mice, after 2 weeks, representative images of tumors and the tumor size was measured at indicated time points.
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showed that ENPP1 knockdown, in HCC827-
shENPP1 (2#, 34#), resulted in significantly sup-
pressed colony numbers compared to those in
control, HCC827-shNS cells (Figure 2D). Con-
sistently, HCC827-shENPP1 cells also exhibited
the reduced ability to form colonies in soft aga-
rose assay (Figure 2E). Similarly, the same
results were obtained in A549-shENPP1 and
A549-shNS (Figure 2F). Taken together, these
observations suggest that ENPP1 is crucial for
colony forming and anchorage-independent
grow activities of lung cancer cells.

ENPP1 knockdown leads to reduced colony
forming activities, suggesting that it might be
due to increased susceptibility to apoptosis.
Cleavage of PARP that facilitates cellular disas-
sembly serves as a marker of cells undergo-
ing apoptosis [11]. To determine if the suscepti-
bility to apoptosis is involved in, we next exam-
ined the cleaved PARP-1 by immunoblot analy-
sis. The result showed that HCC827-shENPP1
cells have increased cleaved PARP compar-
ed to HCC827-shNS cells (Figure 2G). Taken
together, these results suggest that ENPP1
knockdown increases the apoptotic suscepti-
bility and suppresses the transformed pheno-
types in lung cancer cells.

ENPP1 knockdown reduces the stem cell phe-
notype of lung tumors

Cancer stem cell (CSC) features are critical for
tumor malignancy and relapse. To determine if
dysregulated ENPP1 contributes to CSC fea-
tures in lung cancer cells, we examined the
stem cell markers in these lung cancer cells.
First, we examined the stemness-related pro-
teins by immunoblot. The results showed that
CSC markers, NANOG, ABCG2, and SOX2, were
significantly reduced in HCC827-shENPP1
cells, as compared to parental cells, HCC827-
shNS (Figure 3A); and similarly, NANOG and
CD44 were significantly reduced in A549-
shENPP1 cells, as compared to parental cells,
A549-shNS (Figure 3B). To extend this ch-
aracterization further, we also examined st-
em cell marker CD44 by flow cytometry analy-
sis. The results showed that HCC827-shENPP1
and A549-shENPP1 exhibited significantly
reduced level of CD44 compared to parental
HCC827-shNS cells and A549-shNS cells
(Figure 3C-F). Taken together, these results
show that upregulated ENPP1 is essential for
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maintaining the stem-like phenotype in lung
cancer cells.

To determine the role of ENPP1 in tumorigene-
sis in vivo, we examined tumor growth of
HCC827-shNS and HCC827-shENPP1 cells in
vivo. Tumor cells were subcutaneously injected
at 1 x 10° in nude mice. Tumor size was mea-
sured about 3 times a week after tumor
appeared. The results showed that the tumor
volume of HCC827-shENPP1 was significantly
smaller than that of HCC827sh-NS (Figure 3G),
suggesting that ENPP1 is required for tumorige-
nicity of lung cancer HCC827 cells. Thus, upreg-
ulated ENPP1 is essential for both increased
stemness and tumorigenicity of lung cancer
cells.

ENPP1 knockdown reduces the EMT pheno-
types induced by TGF-3

It has been reported that over 90% of cancer
death was due to local invasion and distant
metastasis of tumor cells, whereas EMT play a
key role in this process [12]. Moreover, EMT has
been shown to promote stemness-related fea-
tures. To determine whether ENPP1-mediated
phenotype changes were due to the effect on
EMT, we examined the migratory activity, an
EMT-associated biological activity, of HCC827
ENPP1-deficient cells. The results showed that
HCC827 cells moved to heal the wound within
48 hours, while HCC827-shENPP1 cells did not
(Figure 4A, 4B). This suggests that the migra-
tory activity was significantly suppressed in
HCC827-shENPP1 cells as compared to paren-
tal cells, HCC827-shNS.

TGF-B has a dual role in inducing EMT, promot-
ing tumor cell invasion in the late stage of
tumor, combination of TGF-B and other onco-
genic signaling pathways, such as Ras, can
complete EMT [13]. To further explore this char-
acter, we examined the migratory activities of
HCC827-shNS and HCC827-shENPP1 with or
without TGF-B treatment (5 ng/ml) at 2, 4 days
respectively. Immunoblot analysis showed that
epithelial cell marker, E-cadherin was gradually
decreased as TGF-B treatment extended from O
day, to 2, and 4 day, whereas mesenchymal cell
marker vimentin was increased as TGF-p treat-
ment lasted in HCC827-shNS cells. However,
the TGF-B induced effects were significantly
reduced in HCC827-shENPP1 cells (Figure 4C).

Am J Cancer Res 2019;9(1):134-144
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This suggests that ENPP1-deficiency reduces
the cellular response to TGF-B induced EMT
phenotype. Consistently, immunoflourescent
(IF) analysis showed that TGF-B repressed
E-cadherin in HCC827-shNS cells, while this
effect was greatly reduced in HCC827-shEN-
PP1 cells (Figure 3D). Similarly, TGF- induc-
ed vimentin in HCC827-shNS cells, but this
effect was significantly reduced in HCC827-
shENPP1 (Figure 3E). Moreover, TGF-binduced
migration was also significantly reduced in
HCC827-shENPP1 cells as compared to paren-
tal HCC827-shNS cells (Figure 3F).

To further determine if the ENPP1-deficiency-
induced phenotype changes were due to the
effect on EMT, we examined the migratory
activities of A549-shNS and A549-shENPP1.
The results showed that A549-shNS cells
moved to heal the wound within 30 hours, while
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A549-shENPP1 cells did not (Figure 5A, 5B).
We also examined the migratory activities of
A549-shNS and A549-shENPP1 with or without
TGF-B treatment (5 ng/ml) at 2, 4 days respec-
tively. Immunoblot analysis showed that TGF-3
treatment increased the expression of mesen-
chymal cell marker vimentin in A549-shNS
cells; whereas it did not in A549-shENPP1 cells
(Figure 5C). Consistently, IF analysis showed
that TGF-3 repressed E-cadherin in A549-shNS
cells, whereas this effect was greatly reduced
in A549-shENPP1 cells (Figure 5D). Similarly,
TGF-B induced vimentin in A549-shNS cells,
but this effect was moderately reduced in
A549-shENPP1 (Figure 5E). Biologically, TGF-3
treatment induced migration in A549-shNS
cells, but this effect was significantly reduc-
ed in A549-shENPP1 cells (Figure 5F). Taken
together, these results demonstrate that EN-
PP1 is required for TGF- induced EMT marker

Am J Cancer Res 2019;9(1):134-144
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changes and migratory activities in lung cancer
cells. Thus, dysregulated ENPP1 contributes to
the EMT characters of lung cancer cells.

ENPP1 is dysregulated in human lung cancer
tissues

To further investigate the expression profile of
ENPP1 in lung cancer, we screened ENPP1
expression in a panel of 12 pairs of lung tu-
mor tissues and adjacent normal lung tis-
sues. The results showed that ENPP1 is si-
gnificantly upregulated 9 of 12 lung tumor tis-
sues compared to normal lung tissues (as red
circular boxes indicated) (Figure 6A, 6B). To
extend this analysis further, we examined the
protein level of ENPP1 in 36 pairs of lung tis-
sues from normal and tumor tissues by im-
munohistochemical (IHC) staining assay. The
results showed that ENPP1 protein level was
significantly upregulated in lung tumor tis-
sues (T) compared to that in adjacent nor-
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mal lungs (N) (Figure 6C, 6D). These resu-
Its strongly support that ENPP1 overexpres-
sion promotes lung tumor development and
progression.

Discussion

In this study, we showed that ENPP1 over-
expression is important for increased trans-
forming activities, stemness-related features,
migration activity and EMT phenotypes. We
also found that ENPP1 is frequently upregulat-
ed in lung tumor tissues compared to normal
lung tissues. These results support that ENPP1
is important for lung tumor development.

Consistent with our observations, previous
studies have shown that ENPP1 mRNA expres-
sion was high in glioblastoma stem-like cells
(GSCs) compared to normal brain, and this is
related to increased stem-like phenotype in
glioblastoma [10]. In this study, we showed
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Figure 6. ENPP1 is dysregulated in human lung cancer. A, B. Representative results of Western blot analysis of
ENPP1 in human lung tumor and adjacent normal tissues. C, D. Representative images and IHC score of immuno-
histochemical staining (IHC) of ENPP1 in the tumor-containing lungs tissues (T) and the normal lung tissues (N) (n

= 36 pairs).

that ENPP1 is important in induction of stem-
ness-like markers and mediation of TGFB-
induced EMT phenotype. This activity has clinic
importance since cancer stem cells play a criti-
cal role in tumor initiation, growth, metastasis
and chemo-resistance [14-16]. In support,
previous studies showed that ENPP1 plays a
role in maintenance of stem-like phenotype in
glioblastoma [10]. However, whether ENPP1-
mediated functions in lung cancer and glio-
blastoma via a similar mechanism remain
uncharacterized.

ENPP1 is a membrane protein that hydrolyzes
nucleoside tri-, di-, and monophosphates and
dinucleoside polyphosphates and produce
nucleoside diphosphates, nucleoside mono-
phosphates, nucleosides, phosphate, and inor-
ganic pyrophosphate (PPi) [17]. ENPP1 is
expressed in mouse B-lymphocytes [18], and
mineralizing cells, such as osteoblasts and
chondrocytes, and also on osteoblast- and
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chondrocyte-derived matrix vesicles [19]. Here,
we showed that ENPP1 is highly expressed
in lung cancer tissues, implying a biological
link. Cancer stem cells play a critical role in
tumor relapse, resistance to chemo- and radio-
therapy, and metastasis [20], whereas EMT is
crucial for induction and maintenance of stem
cell-like characteristics [5, 21, 22]. It remains
to determine what molecular mechanism
underlying ENPP1-mediated induction of trans-
formation, stemness, and EMT and there is a
common mechanism of ENPP1 up regulation
between lung cancer and glioblastoma. Taken
together, our findings strongly suggest that
ENPP1 play an important role in regulation of
stem-like phenotype and metastatic in lung
cancetr.
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