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The inducible nitric oxide synthase (iNOS) is associated with more
aggressive solid tumors, including hepatocellular carcinoma (HCC).
Notch signaling in cancer stem cells promotes cancer progression
and requires Notch cleavage by ADAM (a disintegrin and metal-
loprotease) proteases. We hypothesized that iNOS/NO promotes
Notch1 activation through TACE/ADAM17 activation in liver cancer
stem cells (LCSCs), leading to a more aggressive cancer phenotype.
Expression of the stem cell markers CD24 and CD133 in the tumors
of patients with HCC was associated with greater iNOS expression
and worse outcomes. The expression of iNOS in CD24*CD133*
LCSCs, but not CD24°CD133~ LCSCs, promoted Notch1 signaling
and stemness characteristics in vitro and in vivo, as well as acceler-
ating HCC initiation and tumor formation in the mouse xenograft
tumor model. iNOS/NO led to Notch1 signaling through a pathway
involving the soluble guanylyl cyclase/cGMP/PKG-dependent activa-
tion of TACE/ADAM17 and up-regulation of iRhom2 in LCSCs. In
patients with HCC, higher TACE/ADAM17 expression and Notch1
activation correlated with poor prognosis. These findings link iNOS
to Notch1 signaling in CD247CD133* LCSCs through the activation
of TACE/ADAM17 and identify a mechanism for how iNOS contrib-
utes to progression of CD247CD133* HCC.
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Hepatocellular carcinoma (HCC) is closely associated with
chronic inflammation, accumulation of genetic changes, alter-
ations of the liver microenvironment, and generation of liver cancer
stem cells (LCSCs) (1). Growing evidence supports the concept that
tumor initiation can be driven by cancer stem cell (CSC) subsets that
are responsible for tumor relapse, metastasis, and chemotherapy
resistance (2). Therefore, identification of markers for LCSCs as
well as signaling pathways activated in LCSCs could advance the
development of liver cancer diagnosis and treatment strategies.

A series of studies suggests that continuous exposure to moderate
to high concentrations of NO, produced by inducible NO synthase
(iNOS), promotes neoplastic transformation (3-7) and tumor initi-
ation (8-10). Downstream effects of NO production in tumors in-
clude DNA damage (3), enhanced angiogenesis and perfusion (4),
chemotherapeutic resistance (11, 12), evasion of apoptosis (13, 14),
enhanced cell proliferation (15), and increased inflammation and
immune resistance (7, 10). Moreover, it has been shown that en-
dothelial NO synthase (16) localizes near neoplastic cells displaying
stem cell markers, and exogenous NO donors support stem cell
signaling pathways in glioma cells (17). More recent findings have
demonstrated that iNOS-generated NO is a distinctive feature of
CSCs (18) that exhibit self-renewal capacity. These CSCs can dif-
ferentiate into other tumor cell populations and seed the tumor in
xenografts or at metastatic sites (19). These data suggest an integral
role for NO and endogenous iNOS activity in the biology of CSCs.

The Notch signaling pathway promotes the self-renewal, dif-
ferentiation, proliferation, survival, and migration of CSCs in
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several malignancies (20, 21). Notch signaling promotes the
progression of solid cancers (22) by driving angiogenesis (23) and
maintaining a population of undifferentiated CSCs. Notch sig-
naling is triggered when the Notch receptor is cleaved/activated
at site 2 (S2; Vall711) (24) by ADAM (a disintegrin and met-
alloprotease) 10 or 17 proteases. Shedding of the Notch extra-
cellular domain (NECD) by TACE/ADAM17 provides the signal
for y-secretases to cleave and release the Notch intracellular
domain (NICD). NICD then interacts with the DNA-binding
protein CSL and acts as a transcriptional activator for a set of
genes that regulate cell proliferation, differentiation, epithelial-
to-mesenchymal transition, and cell survival (25). However, it is
unclear how TACE/ADAM17 is activated in tumors.

We recently reported that iNOS/NO activates TACE/ADAM17
in hepatocytes, leading to TNFR1 shedding (26). This was asso-
ciated with iNOS/NO-mediated increases in iRhom2 levels, an
intracellular protease that is localized to the endoplasmic re-
ticulum and is critical for TACE/ADAM17 trafficking to the cell
surface for Notch activation (27, 28). These studies raise the
possibility that iNOS/NO plays an important role in CSC propa-
gation through TACE/ADAM17 and Notch signaling.

Significance

CD247CD133" liver cancer stem cells (LCSCs) express higher
levels of the inducible nitric oxide synthase (iNOS) and possess
self-renewal and tumor growth properties. iNOS is associated
with more aggressive hepatocellular carcinoma (HCC), leading
to the upregulation of Notch1 signaling. The activation of
Notch1 by iNOS/NO is dependent on cGMP/PKG-mediated ac-
tivation of TACE and upregulation of iRhom-2. The expression
of iNOS, CD24, and CD133 correlates with the expression of
activated TACE and Notch signaling in more aggressive human
HCC. These findings have implications for understanding how
LCSCs are regulated in the setting of chronic inflammation,
where signals to upregulate iNOS are often present. Targeting
iNOS could have therapeutic benefit in HCC.
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Here, we tested the hypothesis that iNOS regulates TACE/
ADAM17-Notchl signaling in LCSCs. We identified a population
of CD24*CD133* cells from HCC as iNOS™ cells that possess
stemness characteristics. We further demonstrated that iNOS acti-
vates Notch through TACE in CD24*CD133" LCSCs through a
cGMP/protein kinase G (PKG)-dependent mechanism. This NO-
induced activation of Notch signaling accelerated HCC initiation
and tumor formation in mice, while expression of CD24 and
CD133, iNOS, or activated Notch in human HCC was correlated
with worse clinical outcomes. Our data provide evidence of a
mechanism for the tumorigenic effects of iNOS in promoting
Notchl-mediated stemness in LCSCs.

Results

CD1337CD24* HCC Cells Possess Stem/Progenitor Cell Characteristics.
CD133" cells possess higher colony-forming efficiency, pro-

liferation rates, and capacity for tumorigenesis compared with
CD133" cancer cells (29). CD24 is known to be up-regulated in
residual chemotherapy-resistant tumors in mice, compared with
bulk tumors, upon cisplatin treatment (30). Therefore, we hy-
pothesized that CD133*CD24" cells would contribute to the
progression of HCC. We first investigated the relationship be-
tween the expression of CD133 and CD24 in tumors and clinical
outcomes in 90 patients with HCC. Patients were separated into
four groups based on CD24 and CD133 positivity: 12 (13%)
cases of CD24*CD133™" expression, 28 (31%) cases of CD24*
CD133™ expression, 10 (11%) cases of CD24CD133™" expres-
sion, and 40 (45%) cases of CD24~CD133™ expression. Patients
with CD24"CD133™ expression in their tumors had significantly
shorter overall survival than those with CD24"CD133~, CD24~
CD133*, or CD24~CD133~ expression (P < 0.001, log-rank test)
(Fig. 14).
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by endothelial or hematopoietic progenitor cells, re-
spectively. CD24*CD133* and CD24°CD133" cells
were isolated and inoculated s.c. into NOD/SCID
mice. Greater s.c. tumor formation was observed
using CD24*CD133"* than CD24°CD133~ cells (n = 6;
*P < 0.05, t test). APC, allophycocyanin; FSC-A, forward
scatter area; SSC-A, side scatter area. (Lower)
CD24*CD133* and CD24°CD133" cells isolated from
these tumors were then transplanted secondarily
into the livers of new NOD/SCID recipients. Only
CD133*CD24" cells were capable of inducing liver
tumor formation (n = 12; *P < 0.05, t test). (C) By
colony formation assay on the sorted cells of PLC/PRF/
5, CD24*CD133" cells possessed a higher proliferation
rate compared with CD247CD133~ and CD24 CD133~
cells (*P < 0.05, t test). (D) By sphere formation assay,
CD24*CD133" cells possessed higher self-renewal ability
% in vitro compared with CD24*CD133 and CD24 CD133~
cells (*P < 0.05, t test). (F) CD247CD133" cells exhibited
chemotherapy resistance to sorafenib (0-20 uM for
48 h) compared with autologous CD24*CD133~
and CD24°CD133" cells. (*P < 0.05, t test). (F) qPCR
analysis shows that CD24*CD133* cells had higher
mRNA expression of stemness-associated genes,
including Nanog and Sox2 (*P < 0.05, t test). Error
bars represent SD from at least three independent
experiments.
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Stem-like characteristics were assessed in CD24YCD133",
CD247CD1337, and CD24"CD133 cells isolated by flow cytom-
etry of human HCC specimens. To determine whether CD24*
CD133" HCC cells were more tumorigenic than CD24-CD133~
cells, purified cells were inoculated s.c. into nonobese diabetic
(NOD)/SCID mice. A significantly higher tumor incidence was
observed at 3 wk after CD24*CD133" injection compared with
injection with CD24~CD133~ cells (Fig. 1B, Lower). CD24*
CD133" and CD24"CD133™ cells isolated from these tumors
were then transplanted secondarily into the livers of new NOD/
SCID recipients. After 3 wk, all of the mice receiving secondary
xenograft CD24*CD133™ cells, but not those injected with CD24~
CD133™ cells, showed liver tumor formation that reconstituted
the phenotypic heterogeneity of the primary xenografts, providing
direct evidence of self-renewal of the CD24¥CD133" cells.
Moreover, significantly more clones as well as larger hepato-
spheres were observed in cultures of CD247CD133% cells
compared with cultures of CD24"CD133~ or CD24*CD133"
cells (Fig. 1 C and D). CD24"CD133™ cells showed significantly
greater chemotherapy resistance to sorafenib compared with
autologous CD247CD133~ or CD24 CD133"~ cells (Fig. 1E).
Next, we found that CD24*CD133" cell populations had higher
expression of stemness-associated genes, including Nanog and
Sox2 (Fig. 1F). Thus, CD247CD133* HCC not only showed
worse outcomes in patients but cells from CD24*CD133" tu-
mors showed more aggressive tumor stem cell behavior.

iNOS-Directed CD247CD133" HCC Cell Tumor Initiation and Self-
Renewal Capacity in Vitro and in Vivo. Tumor expression of iNOS
is associated with more aggressive epithelial cancer (31). To
determine the expression of iNOS mRNA and protein in LCSCs
and non-LCSC subpopulations, we sorted CD24*CD133" and
CD247CD133" cell populations from freshly dissociated human
HCC or HCC cell lines (HLE, MHCC-97H, PLC/PRF/5, and
HepG2). The iNOS mRNA levels were higher in CD24"CD133*
LCSCs relative to non-LCSCs from primary human HCC as well
as HCC cell lines (Fig. 24 and SI Appendix, Fig. S14). Further-
more, iNOS protein levels [determined as mean fluorescence by
immunohistochemistry (IHC)] were elevated in CD24*CD133*
(n = 12) cells compared with CD24"CD133™ (rn = 40) cells de-
rived from human tumors (Fig. 24; P < 0.05, ¢ test).

The higher expression of iNOS in CD24"CD133* cells leads
us to hypothesize that iNOS contributed to the stemness prop-
erties in CD24*CD133" LCSCs. Lentiviral (Lv)-based shRNA-
mediated knockdown of iNOS (SI Appendix, Fig. S1B) not only
significantly decreased hepatosphere size in LCSCs derived from
MHCC-97H cells but also dramatically attenuated the hepato-
sphere formation in the second- and third-generation cell cul-
tures, compared with LCSCs treated with scrambled shRNA
(Fig. 2B and SI Appendix, Fig. S1C). The effect of iNOS
knockdown on LCSC tumorigenicity was also examined in a
mouse orthotopic liver xenograft tumor model. To investi-
gate the tumor-initiating capacity of CD24"CD133* LCSCs, an
orthotopic in vivo limiting dilution assay (employing 1 x 101 x
10%, 1 x 10%, 10 cells, and 1 cell per mouse) was performed in
NOD/SCID mice. Fig. 2C shows that as few as 10 CD24"CD133*
LCSCs transfected with scrambled shRNA could form tumors,
whereas tumor formation required 1 x 10° CD24*CD133*
LCSCs transfected with iNOS shRNA. Moreover, the volume of
tumors derived from iNOS shRNA cells was lower than that
derived from scrambled shRNA cells. IHC and Western blots
showed that tumors derived from iNOS shRNA cells exhibited
less TACE and NICD than tumors derived from cells that re-
ceived scrambled shRNA cells (Fig. 2C, Right). Consistent with
these results, the iNOS inhibitors BYK191023 and 1400 W de-
creased TACE and Notchl expression in CD24*CD133* LCSCs
(SI Appendix, Fig. S1D). Interestingly, the expression of
CD24 and CD133, which was 95.1% and 92.5%, respectively, at
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the time of injection, dropped to 20.1% and 2.1%, respectively,
in the dispersed tumor cells subjected to flow cytometry at
4 wk. This change may reflect the differentiation of LCSCs to
tumors cells and dilution of LCSCs as the tumors form. We
found that shRNA iNOS actually decreased the frequency of
LCSCs that express CD24 and CD133 over 72 h in vitro (S/
Appendix, Fig. S1E). These results indicate that iNOS-targeted
shRNA decreased the tumorigenicity of CD24*CD133* LCSCs,
and suggest that the iNOS/TACE/Notchl signaling pathway
may play an important role in the tumorigenic progress of
LCSCs. Furthermore, iNOS sustains tumor stem cell markers
in LCSCs.

We injected luciferase-expressing CD24"CD133* LCSCs de-
rived from iNOS shRNA or vector control (scrambled shRNA)
clones into NOD/SCID mice (n = 24 per group) via the portal
vein, and then monitored weekly for bioluminescent signals. To
eliminate iNOS activity in the cancer microenvironment, half of
iNOS shRNA and control group recipient mice (n = 12) received
the iNOS inhibitor BYK191023 (31) (60 mg/kg) twice daily
starting 1 wk after engraftment. Bioluminescent signals in livers
from the BYK191023 group, iNOS shRNA group, or iNOS
shRNA with BYK191023 group were weaker throughout the
observation period than those from the control group (Fig. 2D;
29 d, n = 12). The incidence of tumor formation was 100% in the
untreated control CD24*CD133* group, but it was reduced to
66.7%, 50%, and 25% in the BYK191023, iNOS shRNA, and
iNOS shRNA with BYK191023 groups, respectively (SI Appen-
dix, Fig. S1F; 29 d, n = 12). Collectively, these data suggest that
iNOS in both the LCSCs and the tumor microenvironment
promote CD24*CD133" HCC cell tumor initiation and raise the
possibility that iNOS-directed therapeutics may represent an
effective LCSC-targeted strategy for inhibiting tumor growth.

iNOS Promotes the CSC Phenotype and Tumorigenicity via Activating
Notch1. A recent study demonstrated that NO enhances glioma
stem cell self-renewal capacity (17). Therefore, we investigated
whether NO could drive the self-renewal and tumorigenicity of
CD24*CD133* LCSCs by overexpressing iNOS/NO with an
adenovirus vector (Ad)-iINOS or LV-iINOS vector (SI Appendix,
Fig. S24). Increased iNOS expression preferentially promoted
hepatosphere formation and clone formation capacity in CD24™*
CD133" LCSCs but had minimal effect on CD24~CD133~ HCC
cells. The effects of iNOS overexpression in LCSCs were partly
blocked by the iNOS inhibitor BYK191023 (10 pM) (Fig. 3.4 and
B). Interestingly, CSCs are protected from reactive oxygen species
toxicity by expression of aldehyde dehydrogenase (ALDH) (32).
We found that overexpression of iNOS increased the frequency of
ALDH* HCC cells in culture from 11.8 to 38.3% at 72 h in
CD24*CD133* HCC cells (Fig. 3C). CD24*CD133* MHCC-97H
cells with stable iNOS overexpression [lentiviral vector (LV)-
iNOS] or control transfected cells [LV-negative control (NC)]
were injected s.c. into NOD/SCID mice. LV-INOS MHCC-97H
cells led to earlier tumor formation, as well as greater tumor
growth at 2 wk, compared with control cells (MHCC-97H with
LV-NC infection) (S Appendix, Fig. S2B). Collectively, these data
demonstrate that iNOS overexpression promotes the stemness
potential of CSCs in vitro and in vivo.

Our previous study demonstrated that the Notch pathway is
activated in LCSCs and inhibition of the Notch pathway in CSCs
suppresses tumorigenicity, cell invasion, and migration (33, 34).
We next analyzed the link between iNOS and Notch pathway
activation in Ad-iINOS-transduced CD24"CD133* LCSCs. CSL-
luciferase reporter/promoter constructs, which can be activated by
Notch signaling, were transiently transfected into CD24*CD133*
MHCC-97H cells. Overexpression of iNOS significantly increased
luciferase activity in the CSL-luciferase—expressing cells relative to
untreated control LCSCs derived from MHCC-97H and PLC/
PRF/5 HCC cells (Fig. 3D; P < 0.01). Transduction with Ad-iINOS
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Fig. 2. iNOS promoted CD133*CD24" HCC cell tumor initiation and self-renewal capacity in vitro and in vivo. (A) gPCR and IHC analysis revealed higher iNOS

expression in CD24*CD133* cells (LCSCs) versus CD247CD133~ cells (non-LCSCs) in HCC cell lines (HLE, PLC/PRF/5, MHCC-97H, and Hep-G2) and cells derived
from primary human specimens (n = 40 and n = 12, respectively; *P < 0.05, t test). (B) Lentiviral-based shRNA-mediated knockdown of iNOS (shRNA1 and
shRNAZ2) significantly decreased hepatosphere size in LCSCs derived from MHCC-97H cells compared with the scrambled shRNA (n = 3; *P < 0.05, t test). (C,
Left) Orthotopic in vivo limiting dilution assay shows that the volumes and numbers of tumors derived from iNOS shRNA-treated cells were lower than the
those of tumors derived from scrambled shRNA cells [red arrowhead points to a small HCC in the liver of an NOD/SCID mouse; tumors were assessed at 4 wk
(n = 6)]. (C, Right) Moreover, IHC and Western blots showed that tumors derived from iNOS shRNA-targeted LCSCs exhibited less TACE and NICD than
scrambled shRNA-treated cells. (D) Bioluminescent signals in livers from the BKY191023-treated (60 mg/kg twice daily) mice, iNOS shRNA group, or iNOS

shRNA with BKY191023 group were much weaker than those from the scrambled shRNA control group (n = 12; *P < 0.05, t test).

also led to an increase in mRNA levels for the Notch1 receptor
and the Notch target gene Hesl relative to controls (Fig. 3E).
Overexpression of iNOS led to an increase in active NICD in
the cell nucleus based on detection of the Notch1 cleavage product
of y-secretase at Vall1755. The iNOS activity inhibitors BYK191023
(10 pM) and 1400 W (100 uM) blocked these effects of iINOS
overexpression (Fig. 3F). These data indicate that the iNOS/NO
pathway can activate the Notch pathway in LCSCs.

iNOS Required TACE/ADAM17 to Activate Notch Signaling in LCSCs.
Having determined that iNOS activity leads to Notchl receptor
cleavage and activation, we next explored the mechanism of

E10130 | www.pnas.org/cgi/doi/10.1073/pnas.1722100115

iNOS-mediated Notchl cleavage. TACE/ADAM17 (TNF-a
converting enzyme) has previously been shown to cleave/activate
Notch (35). We have shown previously that iNOS expression in
hepatocytes leads to the activation and translocation of TACE to
the plasma membrane (26), so we detected whether iNOS ex-
pression could activate TACE-dependent cleavage of Notchl.
Here, we found that TACE activity was preferentially increased
in CD24*CD133™" cells compared with CD24"CD133~ cells in
response to iNOS overexpression (Fig. 44). The inhibition of
iNOS (1400 W; 100 pM) or TACE (TAPI-2, TNF protease in-
hibitor 2; 20 pM) prevented this increase in TACE activity.
TACE mRNA levels were not changed by iNOS overexpression

Wang et al.
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Fig. 3.

iNOS promotes the CSC phenotype and tumorigenicity via activating Notch1. Increased iNOS expression with the Ad-iNOS or LV-iNOS vector pref-

erentially promoted CD24+CD133* LCSC hepatosphere formation (A) and clone formation capacity (B) with minimal effects on CD24-CD133™ non-LCSCs. The
effects of iINOS overexpression were partly blocked by the iNOS inhibitor BYK191023 (10 uM). (C) Overexpression of iNOS with Ad-iNOS promoted stemness
phenotype by expanding the ALDEFLUOR (ALDH)-positive HCC cell population compared with CD24*CD133* HCC cells infected with control Ad-LacZ (11.8-
38.3%, 72 h). SSC-A, side scatter area. (D) Overexpression of iNOS activates Notch1 by inducing a significant increase in luciferase expression in the CSL-
luciferase—expressing cells (38.3%) relative to untreated controls in CD24*CD 133" LCSCs (11.8%) derived from MHCC-97H HCC cells. (E) qPCR analysis showed
that mRNA levels for Notch1 and Hes1 were significantly elevated relative to controls after transduction with Ad-iNOS (*P < 0.05, t test). (F) Quantification of
Western blot analysis showed that iNOS increased the activation of the Notch1 signal pathway, and this increase was blocked by the iNOS inhibitors

BYK191023 (10 pM) and 1400 W (100 pM) (*P < 0.05, t test).

(ratio of Ad-iNOS-transduced cells vs. controls: 1.180 + 0.26).
Notch activation measured as an increase in CSL-luciferase ex-
pression paralleled the increase in TACE activation induced by
iNOS overexpression. The iNOS-induced increase in luciferase
activity was blocked by inhibition of TACE activity or expression
(TAPI-2 and TACE siRNA) (Fig. 4B). iNOS overexpression
increased active TACE detected by Western blot, and this was
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suppressed by TACE inhibition (TAPI-2) as well as pretreatment
with TACE siRNA (Fig. 4C). While full-length Notch was not
influenced by iNOS overexpression, the increases in nuclear
cleaved Notch (measured as NICD Vall755) induced by Ad-
iNOS transduction were prevented by inhibition of TACE with
siRNA TACE or TAPI-2 (Fig. 4C). Using fluorescence IHC, we
found that activated TACE (white) increased and colocalized
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was significantly increased in CD24*CD 133" cells after Ad-iNOS transfection compared with Ad-iNOS-transduced CD24~CD 133~ cells, and this elevation was
prevented by inhibition of iNOS (1400 W; 100 uM), or TACE (TAPI-2; 20 uM) for 6 h. (B) CSL-luciferase expression, as a readout of Notch activation, was
significantly increased after Ad-iNOS transduction (10 ng, 48 h, 20.1-fold). This increase was prevented by inhibition of TACE with TACE siRNA (100 ng, 24 h, 2.5-
fold) and TAPI-2 (20 uM, 6 h, 5.5-fold). All luciferase values were normalized to Renilla activity (*P < 0.05, t test). RLU, relative luciferase activity. (C) Ad-iNOS
significantly increased activated TACE and Hes1 expression in CD247CD133* PLU/PRF/S cells, and the increases were attenuated by TAPI-2 (20 uM or 50 pM, 6 h)
and TACE siRNA (20 ng or 50 ng, 24 h) in a dose-dependent manner. -Actin and Lamin A/C antibody were used as loading controls. Numbers on Western blots
correspond to relative quantification. (D) Activated TACE (white) was elevated and colocalized with iNOS (green) at the perinuclear and perimembrane regions
in the cytoplasm in hepatospheres derived from Ad-iNOS-transduced CD24*CD133" LCSCs. The increase in activated TACE was blocked by TAPI-2 (50 uM, 6 h).

with iNOS (green) in the perinuclear area and adjacent to the
plasma membrane of Ad-iNOS-transduced CD24*CD133"
MHCC-97H cells (Fig. 4D). These results indicate that iNOS-
dependent TACE activation leads to Notchl receptor cleavage
and Notchl signaling.

TACE Binds to iRhom2 and Activates Notch Signaling in LCSCs in an
iNOS/cGMP/PKG-Dependent Manner. NO signaling leads to the ac-
tivation and translocation of TACE through the soluble guanylyl
cyclase (sGC), cGMP, and PKG (17). To determine if the acti-
vation of TACE and Notchl cleavage in LCSCs were dependent

E10132 | www.pnas.org/cgi/doi/10.1073/pnas.1722100115

on cGMP/PKG signaling, CD24*CD133" LCSCs were transduced
with Ad-iNOS or Ad-LacZ, and then exposed to the sGC inhibitor
ODQ (10 pM) or PKG inhibitor KT5823 (20 pM). Inhibition of
either sGC or PKG significantly attenuated the Ad-INOS-
induced increases in active TACE and NICD levels (Fig. 54).
We then asked whether stimulation of cells with exogenous
c¢GMP would increase activated TACE and Notchl cleavage. A
nonhydrolyzable cGMP analog and potent activator of PKG, 8-
Br-PET-cGMP (Pet-cGMP; 800 uM), increased activated TACE
and NICD levels in CD24*CD133* LCSCs at 2 h, and this was
blocked by the PKG inhibitor KT5823 (20 pM) (Fig. 5B). The
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Fig. 5. TACE binds to iRhom2 and activates Notch signaling in LCSCs in an iNOS/cGMP-dependent manner. (A) Western blot analysis shows that over-
expression of iINOS (Ad-iNOS) significantly increased levels of activated TACE, NICD-Val1755, and iRhom2 compared with Ad-LacZ controls. Moreover, in-
hibition of either sGC (ODQ; 10 uM) or PKG (KT5823; 20 uM) significantly reduced activated TACE, NICD, and iRhom2 levels. (B) Western blot analysis shows
that activation of PKG with Pet-cGMP (800 pM for 2 h) markedly increased levels of activated TACE, NICD, and iRhom2. Inhibition of PKG by
KT5823 significantly prevented the elevation. (C) Immunoprecipitation (IP) experiments showed that the physical binding between activated-TACE and
iRhom2 increased significantly after iNOS (Ad-iNOS) overexpression or PKG (PET-cGMP, 800 pM) activation, and the physical binding was partially attenuated
by iNOS inhibition (BYK191023 10 uM or 1400 W 100 pM), sGC (ODQ, 10 pM), or PKG inhibition (KT5823, 20 pM). IB, immunoblotting. (D) IP experiments show
that both iNOS overexpression and cGMP exposure lead to the binding of phosphorylated TACE (T735) with NICD. This physical interaction was blocked by
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activation and Notch signaling through the sGC/cGMP/PKG pathway.

involvement of iRhom?2 is essential to TACE maturation and
trafficking from the endoplasmic reticulum to the cell surface in
hematopoietic cells (27, 28). As shown in Fig. 54, Ad-iNOS in-
duced a marked increase in iRhom2 expression relative to the
Ad-LacZ control group, and this increase was partially prevented
by ODQ (10 pM) or KT5823 (20 pM). Pet-cGMP (800 uM) also
increased iRhom2 expression, whereas the PKG inhibitor
blocked the cGMP-induced up-regulation of iRhom?2 in LCSCs
(Fig. 5B).

Immunoprecipitation experiments revealed that the physical
binding between TACE and iRhom?2 increased significantly
when iNOS was overexpressed (Fig. 5C). This interaction was
partially attenuated by inhibition of iNOS (BYK191023 or
1400 W), sGC (ODQ), or PKG (KT5823), suggesting that the
association of iRhom-2 and TACE is dependent on iNOS/
c¢GMP/PKG (Fig. 5C). This was further confirmed by showing
that KT5823 blocked Pet-cGMP-induced increases in iRhom2-
TACE interaction. It is known that phosphorylation of TACE
occurs at serine and threonine residues (36). As shown in Fig. 5D,
iNOS overexpression or Pet-cGMP treatment led to serine/threonine
phosphorylation of TACE (detected using an antiphosphothreonine

Wang et al.

antibody) and an interaction between phosphorylated TACE and
Notchl in LCSCs. The effect of Pet-cGMP was blocked by PKG
inhibition, and the impact of iNOS overexpression was prevented
by inhibition of iNOS activity, sGC, and PKG. Collectively, these
data indicate that iNOS/NO drives TACE activation and Notch
signaling through the sGC/cGMP/PKG pathway (Fig. S5E).
Moreover, this same signaling pathway increases the expression
of iRhom2, which is essential to TACE maturation and traf-
ficking (27, 28).

Elevated iNOS Expression Is Associated with Poor Prognosis in
Patients with HCC and Positively Correlated with TACE and Notch1
Levels. The proliferative and tumorigenic effects of iNOS in
LCSCs observed in vitro led us to evaluate whether iNOS, active
TACE, or NICD expression in HCC correlated with tumor
characteristics or survival in humans. A tumor histology array
containing tissue from 90 human HCC specimens paired with
normal liver from the same patients was used to perform THC
staining for CD24, CD133, iNOS, activated TACE/ADAM17,
and NICD (Fig. 64). Kaplan—-Meier analysis showed that high
iNOS and NICD expression was significantly associated with
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phosphorylation and activation of Notch1: iNOS is expressed in CD24*CD133* LCSCs; iNOS enzyme generates NO, leading to the production of cGMP by sGC;
and cGMP activates PKG, leading to the phosphorylation of TACE. Phosphorylated TACE undergoes a conformational change, which can serve as a binding
partner for iRhom2; iRhom2 levels are increased by iINOS/NO/cGMP/PKG, and iRhomz2 participates in the maturation of TACE; the interaction of iRhom2 with
TACE facilitates the translocation of TACE to the cell surface to cleave membrane Notch1; and NICD then enters the nucleus, where it associates with the DNA-
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:

lower survival of patients with HCC (Fig. 6 B and C; log-rank
test: P = 0.001 and P < 0.001, respectively). Cox regression
analysis showed that CD24 [hazard ratio (HR) = 2.355, P =
0.009], iNOS (HR = 2.028, P = 0.0013), active TACE (HR =
2.482, P < 0.0001), and NICD (HR = 2.487, P = 0.0076) are
independent predictors of 7-y survival after adjustment for age at

E10134 | www.pnas.org/cgi/doi/10.1073/pnas.1722100115

diagnosis, sex, TNM stage, and neoadjuvant therapy (SI Appen-
dix, Table S1).

Next, we examined the relationship of iNOS and NICD with
clinicopathological features, especially markers of tumor ag-
gressiveness, in multivariate logistic regressions (Table 1). Both
high iNOS and NICD expression correlated with elevated
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Table 1. Association of high NOS2 expression with tumor characteristics

iINOS (n = 90) NICD (n = 90)
Clinicopathological characteristic OR (95%¢Cl) P OR (95%Cl) P
Gender (male/female) 3.5 (0.86-14.22) 0.079 2.96 (0.74-11.83) 0.125
Age, y (<60/>60) 1.63 (0.62-4.31) 0.324 1.40 (0.53-3.69) 0.494
Grade (1/2/3 stage) 1.61 (0.59-4.38) 0.350 1.89 (0.69-5.17) 0.213
Microsatellites (absence/presence) 2.38 (0.52-10.9) 0.261 4.66 (1.08-21.93) 0.05*
Tumor size (<5 cm/>5 cm) 1.38 (0.48-3.96) 0.550 0.54 (0.19-1.56) 0.256
Gross classification (massive/nodular/diffuse type) 0.78 (0.23-2.67) 0.686 0.66 (0.19-2.28) 0.513
Venous infiltration (absence/presence) 4.80 (1.22-18.65) 0.025* 14.24 (3.11-65.15) 0.0006**
TNM stage (low/high) 3.72 (1.11-12.52) 0.034* 3.37 (1.01-11.23) 0.048*
CD24 (low/high) 2.80 (1.70-4.62) 0.032* 2.53 (1.01-6.37) 0.049*
CD133 (lowrhigh) 1.36 (1.57-3.23) 0.049* 2.55 (1.65-3.72) 0.033*

The IHC score of iNOS, TACE/Adam17, and activated Notch (NICD) in HCC was stratified into low, moderate, strong, and high for the
analysis. “Low” is defined as expression less than onefold relative to mean values in normal tissue, whereas “high” is defined as
expression greater than twofold relative to mean values in normal tissue. “Intermediate” expression is the range between low and
high. Logistic regression was performed, with adjustments for age at diagnosis, gender, TNM stage, and neoadjuvant therapy. TNM
stage was stratified into low (stage I/l) and high (stage 11I/IV). CD24 and CD133 counts were stratified into low (below the median)

versus high (above the median).

*P < 0.05, **P < 0.01; significant difference (logistic regression, x? test). Numbers in boldface font indicate statistical difference.

CD24 and CD133 expression. Whereas iNOS expression corre-
lated significantly with venous infiltration [odds ratio (OR) =
4.80, P = 0.025] and advanced TNM stage (OR = 3.72, P =
0.034), high NICD expression correlated significantly with the
presence of microsatellites (OR = 4.66, P = 0.05), venous in-
filtration (OR = 14.24, P = 0.0006), and advanced TNM stage
(OR = 3.37, P = 0.048), after adjustment for age at diagnosis,
sex, and neoadjuvant therapy.

To explore the correlation between iNOS, TACE, and Notchl,
we evaluated the Pearson r coefficient between pairs of these
variables. iINOS expression in HCC positively correlated with
activated Notchl (Fig. 6D; Pearson r = 0.478, P < 0.001) and
with activated TACE (Fig. 6E; Pearson r = 0.4604, P < 0.001).
These results further demonstrate that iNOS, activated TACE,
and NICD may represent novel prognostic indices for predicting
metastasis and overall survival in patients with HCC. Thus, our
findings identified a correlation between iNOS, TACE, and
Notchl expression in outcomes of primary liver cancers. A
schematic diagram of a proposed model of iNOS/cGMP/PKG-
induced TACE phosphorylation and activation of Notchl in
CD24*CD133" LCSCs is shown in Fig. 6F.

Discussion

In studies aimed at understanding the roles of LCSCs in HCC,
we uncovered evidence that iNOS is expressed in an LCSC
subset that expresses CD24 and CD133 and that these iNOS*
cells are associated with a worse prognosis in humans with HCC.
We provide evidence that iNOS may even support the expression
of CD24 and CD133 in LCSCs. Our mechanistic studies indicate
that iNOS/NO drives Notch signaling in CD24*CD133* LCSCs
and that iNOS and Notch signaling promote stem-like charac-
teristics and more aggressive tumor growth in vivo. The activa-
tion of Notchl is driven by NO/cGMP/PKG-mediated activation
of TACE in association with the up-regulation of iRhom2. These
studies provide a rationale for targeting the iNOS/NO/cGMP/
PKG pathway in tumors with prominent iNOS* expression in
CD24*CD133* cells.

iNOS is associated with the progression of many solid tumors,
such as human astrocytoma, human melanoma, and prostate
cancer, as well as more advanced grades of human breast cancer
(7,9, 10). DNA damage induced by NO and its reaction products
is also thought to contribute to tumor formation (37-39). An up-
regulation of the tumor suppressor gene p53 was observed after
the exposure of cells to NO donors (3, 4, 40), and mutated
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p53 fails to suppress iNOS expression (41). Links have been
made between iNOS and NO in promoting the stem cell com-
partment during neoplastic transformation in colon cancer and
gliomas (17, 42). We go beyond these previous studies to show
that CD24*CD133* CSCs express iNOS in HCC. Furthermore,
iNOS promoted stem-like characteristics and activation of Notch
signaling through the NO/sGC/cGMP/PKG/TACE pathway in
CD24*CD133* LCSCs. iNOS activity in both the LCSCs and the
microenvironment contributes to tumor progression in mice,
suggesting that targeting iNOS in the entire tumor could have
therapeutic benefit in HCC. While iNOS expression in stem cells
may be part of an adaptation supporting stem cell renewal, iNOS
expression in other cells is likely to be part of a proinflammatory
tumor microenvironment (7).

Although the Notchl pathway has been demonstrated in our
previous study to play important roles in the maintenance and
proliferation of LCSCs (33, 34, 43), we now provide evidence
that iNOS/NO is linked to Notchl activation in CSCs through
the cGMP/PKG-dependent activation of TACE and up-regulation
of iRhom2. This finding suggests that an important feature of
LCSCs in more aggressive cancers is expression of all of the
components of this signaling pathway.

ADAM proteases, such as ADAM17/TACE and ADAMI0,
cleave/activate Notch at S2 after ligands bind to the Notch
receptor. Cell lineage-tracing experiments showed that ADAM10
controls intestinal crypt stem cell fate decisions by regulating
Notch signaling (44). However, the requirement for ADAM17/
TACE in Notchl activation in LCSCs had not been defined. We
determined that TACE controls LCSC survival and proliferation
by activating Notch signaling. Moreover, TACE phosphorylation
may be important in either the localization of TACE to the
membrane or its activation (26, 27). Consistent with a role for
phosphorylation in TACE translocation and/or activation, we
show that the iNOS signaling pathway promotes TACE phos-
phorylation during Notch activation in LCSCs. Specifically,
c¢GMP formation and PKG activation were important for acti-
vation of TACE, TACE phosphorylation, and TACE locali-
zation to the cell membrane, leading to NECD shedding.
Previously, iRhom?2 was found to facilitate the maturation and
activation of TACE in hepatocytes (26). We extend these pre-
vious observations to show that iRhom?2 is expressed and rapidly
up-regulated in LCSCs through iNOS/NO/cGMP/PKG signaling.
We implicate iRhom?2 in Notchl activation by showing the in-
teraction between TACE and iRhom?2 in response to the activity
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of iNOS, sGC, cGMP, and PKG. The mechanistic links between
iINOS/NO/cGMP/PKG signaling and ADAM17/TACE-mediated
Notch activation in LCSC renewal were all made in vitro, which
represents an important limitation of this work. It is also impor-
tant to point out that the key experiments showing that iNOS and
Notch promote liver cancer growth were performed in immune-
deficient mice, and therefore must be interpreted with caution.

In summary, we demonstrate that Notch activation by iNOS/
NO/sGC/cGMP/PKG-dependent TACE activation could be an
important mechanism through which Notch promotes LCSC
enrichment and function in HCC. Expression of iNOS and
NICD was significantly associated with lower survival of patients
with HCC. Our data also showed that iNOS is positively corre-
lated with activated TACE and activated Notch1 in human HCC.
The findings provided here could serve as an impetus for eval-
uation of iINOS/TACE/Notchl-directed therapies as a compo-
nent of multimodal treatment regimens for human HCC.

Materials and Methods

Patient tissue histological array and isolation of primary human specimens
were performed as follows: All tissue samples for the tissue histological array
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