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Background & Aims—Maintenance of acid—base homeostasis is required for normal
physiology, metabolism, and development. It is not clear how cell death is activated in response to
changes in pH. We performed a screen to identify agents that induce cell death in a pH-dependent
manner (we call this alkaliptosis) in pancreatic ductal adenocarcinoma cancer (PDAC) cells and
tested their effects in mice.

Methods—We screened a library of 254 compounds that interact with G protein-coupled
receptors (GPCRs) to identify those with cytotoxic activity against a human PDAC cell line
(PANC1). We evaluated the ability of JTC801, which binds the opiod receptor and has analgesic
effects, to stimulate cell death in human PDAC cell lines (PANC1, MiaPaCa2, CFPACL,
PANC2.03, BxPc3, and CAPAN2), mouse pancreatic cancer-associated stellate cell lines, primary
human pancreatic ductal epithelial cells, and 60 cancer cell lines (the NCI-60 panel). Genes
encoding proteins in cell death and GPCR signaling pathways, as well as those that regulate
nuclear factor-xB (NF-xB) activity, were knocked out, knocked down, or expressed from
transgenes in cancer cell lines. JTC801 was administered by gavage to mice with xenograft
tumors, C57BL/6 mice with orthographic pancreatic tumors grown from PadxI-

Cre; KRasC12DI+: TpsRITZHI (KPC) cells, mice with metastases following tail-vein injection of
KPC cells, and Pdx-1-Cre;KrasS12P/* mice crossed with Hmgb1MoX/foX mice (KCH mice).
Pancreata were collected from mice and analyzed for tumor growth and by histology and
immunohistochemistry. We compared gene and protein expression levels between human
pancreatic cancer tissues and patient survival times using online R2 genomic or
immunohistochemistry analyses.

Results—Exposure of human PDAC cell lines (PANC1 and MiaPaCa2) to JTC801 did not
induce molecular markers of apoptosis (cleavage of caspase 3 or poly [ADP ribose] polymerase
[PARP]), necroptosis (interaction between receptor-interacting serine-threonine kinase 3 [RIPK3]
and mixed lineage kinase domain like pseudokinase [MLKL]), or ferroptosis (degradation of
glutathione peroxidase 4 [GPX4]). Inhibitors of apoptosis (Z-VAD-FMK), necroptosis
(necrosulfonamide), ferroptosis (ferrostatin-1), or autophagy (hydroxychloroquine) did not prevent
JTCB801-induced death of PANC1 or MiaPaCa2 cells. The cytotoxic effects of JTC801 in
immortalized fibroblast cell lines was not affected by disruption of genes that promote apoptosis
(Bax™~/Bak™" cells), necroptosis (Ripk1™~, Ripk3™~, or Mikl™~ cells), ferroptosis (Gpx4™~
cells), or autophagy (Atg37~, Atg57~, Atg7™~, or Sgstm1~~ cells). We found JTC801 to induce a
pH-dependent form cell death (alkaliptosis) in cancer cells but not normal cells (hepatocytes, bone
marrow CD34" progenitor cells, peripheral blood mononuclear cells, or dermal fibroblasts) or
healthy tissues of C57BL/6 mice. JTC801 induced alkaliptosis in cancer cells by activating NF-
kB, which repressed expression of the carbonic anhydrase 9 gene (CA9), whose product regulates
pH balance in cells. In analyses of Cancer Genome Atlas data and tissue microarrays, we
associated increased tumor level of CA9 mRNA or protein with shorter survival times of patients
with pancreatic, kidney, or lung cancers. Knockdown of CA9 reduced the protective effects of NF-
xB inhibition on JTC801-induced cell death and intracellular alkalinization in PANC1 and
MiaPaCaz2 cell lines. Oral administration of JTC801 inhibited growth of xenograft tumors (from
PANC1, MiaPaCa2, SK-MEL-28, PC-3, 786-0, SF-295, HCT116, OV-CAR3, and HuH?7 cells),
orthotropic tumors (from KPC cells), lung metastases (from KPC cells) of mice, and slowed
growth of tumors in KCH mice.
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Conclusions—In a screen of agents that interact with GPCR pathways, we found JTC801 to
induce pH-dependent cell death (alkaliptosis) specifically in cancer cells such as PDAC cells, by
reducing expression of CA9. Levels of CA9 are increased in human cancer tissues. JTC801 might
be developed for treatment of pancreatic cancer.

Graphical abstract
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Introduction

Cell death comprises two types: accidental cell death and regulated cell death (RCD)%. The
onset of accidental cell death is extremely fast and doesn’t seem to involve any specific
molecular machinery. In contrast, the RCD process is tightly controlled by a specific
molecular machinery. Apoptosis is a long-recognized type of RCD that eliminates
dysfunctional cells under physiological and pathological conditions. However, one hallmark
of cancer is the ability of malignant cells to evade apoptosis, which may facilitate tumor
development and resistance to traditional therapies?. Hence, identification and exploration of
non-apoptotic forms of RCD is expected to provide the basis for a rational approach to
develop novel targeted therapies.

Aberrant G-protein-coupled receptor (GPCR) expression and activation is implicated in
cancer pathogenesis3. In this study, we screened compounds in a GPCR library to evaluate
their potential anticancer activity. We found that the opioid analgesic compound JTC801
exhibited promising cancer-killing effects not only in pancreatic cancer cell lines, but also in
the NCI-60 cell line panel, as well as four different types of mouse pancreatic ductal
adenocarcinoma cancer (PDAC) tumor models. Surprisingly, the anticancer activity of
JTCB801 was not dependent on its known analgesic effect. In contrast, the non-analgesic
function of JTC801 contributed to this process via induction of a unique pH-dependent form
of RCD that we term alkaliptosis. Surprisingly, induction of alkaliptosis by JTC801 partly
required activation of nuclear factor-kappa B (NF-xB), a transcription factor previously
shown to promote tumor survival®. These unexpected properties reveal new opportunities for
pH-dependent cancer therapy by induction of alkaliptosis.

Materials and Methods

Antibodies and reagents
The antibodies to CA9, p-RelA, RelA, p-IKKB, IKKB, p-1xBa, IxBa, LDH, HIFla,
SQSTM1, cleaved-caspase-3, cleaved-PARP1, NRF2, and actin were obtained from Cell
Signaling Technology. The antibodies to GPX4 and CA9 were obtained from Abcam. The
antibodies to LC3, MLKL, RIPK3, OPRL1, OPRM1, and HMGB1 were obtained from
NOVUS. Desferrioxamine, p-mercaptoethanol, N-acetyl-I-cysteine, N-Acetyl-I-alaine,

Gastroenterology. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Song et al.

Cell culture

Page 4

hydrogen peroxide solution, gemcitabine hydrochloride, sulfasalazine, cobalt chloride,
cycloheximide, tocopherol, necrosulfonamide, hydroxychloroquine sulfate, EDTA,
cytochalasin B, cytochalasin D, paclitaxel, crystal violet, protease inhibitor cocktail, Z-VVAD-
FMK, TNF, staurosporine, cycloheximide, and lipopolysaccharides were obtained from
Sigma-Aldrich. Erastin, ferrostatin-1, lapatinib, JTC801, and compound libraries were
obtained from Selleck Chemicals. BANORL?24, SB612111, UFP101, and Trap101 were
obtained from Tocris Bioscience.

All tumor cell lines were obtained from American Type Culture Collection (ATCC, USA) or
the National Cancer Institute (NCI, USA). The mouse PDAC cell line KPC was derived
from tumors from KPC mice (PaxI-Cre;K-RasC120/* p53R172H%)  Rink1~~, Ripk3™", and
Mikl~~ mouse embryonic fibroblasts (MEFs) were a gift from Dr. Douglas Green. Afg5~~
MEFs were a gift from Dr. Noboru Mizushima. Atg7”~ MEFs were a gift from Dr. Masaaki
Komatsu. SgstmI~~ MEFs were a gift from Dr. Toru Yanagawa. Afg3”~ MEFs were a gift
from Dr. Masaaki Komatsu. Inducible Gox4”~ MEFs were a gift from Dr. Marcus Conrad.
mPSCs were a gift from Dr. Raul Urrutia. hPDESs were a gift from Dr. Lizhi Cao. Bax
~~/Bak™~ MEFs were purchased from ATCC. Normal human hepatocytes, bone marrow
CD34+ progenitor cells, peripheral blood mononuclear cells, and dermal fibroblasts were
purchased from Lonza or ATCC. These cells were grown in Dulbecco's Modified Eagle's
Medium or RPMI-1640 Medium with 10% fetal bovine serum, 2 mM L-glutamine, and 100
U/ml of penicillin and streptomycin.

Animal model

We conducted all animal care and experiments in accordance with the Association for
Assessment and Accreditation of Laboratory Animal Care guidelines and with approval
from the Institutional Animal Care and Use Committee.

To generate murine subcutaneous tumors, 1-5x106 indicated human cancer cell lines in 100
ul phosphate buffered saline (PBS) were injected subcutaneously to the right of the dorsal
midline in female six- to eight-week-old athymic nude mice. Once the tumors reached 50—
70 mm3 at day seven, mice were randomly allocated into groups and treated with 10 or 20
mg/kg JTC801 (orally) every day beginning on the seventh day post xenograft injection for
two weeks. Tumors were measured twice weekly and volumes were calculated using the
formula lengthxwidth2x /6.

To generate orthotopic tumors, C57BL/6 mice were surgically implanted with 5x10° KPC
cells in 10 ul PBS into the pancreas®. One week after implantation, mice were randomly
allocated into groups and treated with 20 mg/kg JTC801 (orally) every day for three weeks.
Animal survival was monitored every week.

To generate metastasis tumors, C57BL/6 mice were injected with 5x10° KPC in 10 pl PBS
into the tail. One week after implantation, mice were randomly allocated into groups and
treated with 20 mg/kg JTC801 (orally) every day for two weeks. On day 28, lungs were
removed and assayed using histopathology.
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Pax-1-Creand K-ras®12P’* transgenic mice on C57BL/6 background were obtained from
the Jackson Laboratory. Hmgb170X/floX mice on C57BL/6 background were obtained from
Dr. Eugene B. Chang. These mice were crossed to generate indicated KCH animals. At one
month of age, mice were randomly allocated into groups and treated with 20 mg/kg JTC801
(orally, twice/week) for four weeks. Animal survival was monitored every week.

Full Methods are available in the SUPPLEMENTAL MATERIALS AND METHODS.

JTC801 exhibits selective cytotoxicity

To identify novel PDAC cell-killing agents, we screened a GPCR library of 254 compounds
targeting 5-hydroxytryptamine-, dopamine-, opioid-, adrenergic-, cannabinoid-,
metabotropic glutamate-, and endothelin-receptors in the human PDAC cell line PANCL1.
The strongest anticancer activity was observed for JTC801 (Fig. 1A and Table S1). JTC801
also dose-dependently killed five other human PDAC cell lines, mouse pancreatic cancer-
associated stellate cell lines (mPSCs), and primary human pancreatic ductal epithelial cells
(hPDEs) (Fig. 1B). Colony formation assay further confirmed that JTC801 resulted in a
complete long-term growth inhibition in both PDAC and mPSCs (Fig. 1C).

The potency of JTC801 was also independently assessed in a 60-cancer cell line panel
(NCI-60) established by the United States National Cancer Institute. The NCI-60 screen
revealed increased sensitivity of kidney carcinomas, prostate cancer, melanoma, and central
nervous system cancers compared to the other tissues examined (Fig. 1D and S1). We
confirmed the potency of JTC801 in these tumor types (Fig. 1E-1G). A rather high dose of
JTCB801 (100 uM) could interfere with cell viability measurements (Fig. S1). Primary
cultures of normal human cells (hepatocytes, bone marrow CD34* progenitor cells,
peripheral blood mononuclear cells, and dermal fibroblasts) were relatively resistant to
JTCB801 compared to tumor cells (Fig. 1D and 1H). Thus, JTC801 causes growth inhibition
and cell death selectively in tumor cells without significantly affecting normal cells.

JTC801 triggers alkaliptosis

To determine whether the cytotoxicity of JTC801 occurs from the induction of known forms
of RCD, we treated cancer cells with JTC801 in the absence or presence of an inhibitor of
RCD. The inhibitors of apoptosis (Z-VAD-FMK), necroptosis (necrosulfonamide, “NSA”),
ferroptosis (ferrostatin-1), and autophagy (hydroxychloroquine, “HCQ”) failed to block
JTCB801-induced cell death in PANCL1 (Fig. 2A) and MiaPaCa2 cells (Fig. S2A). In contrast,
these inhibitors efficiently blocked cell death in response to their corresponding positive
stimuli, respectively (Fig. 2A and S2A). Western blot analysis further revealed that JTC801
did not induce molecular events mediating the induction of apoptosis (cleavage of caspase-3
and poly (ADP-ribose) polymerase [PARP]), necroptosis (interaction between receptor-
interacting serine-threonine kinase 3 [RIPK3] and mixed lineage kinase domain like
pseudokinase [MLKL]), and ferroptosis (glutathione peroxidase 4 [GPX4] degradation)
(Fig. 2B-2D and S2B-2D). Moreover, genetic inhibition of apoptosis (Bax™~/Bak™~ cells)
or necroptosis (Ripk1™", Ripk3™~, and MIki~~ cells), as well as removal of a ferroptosis-
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related gene (Gpx4 ™~ cells) in immortalized fibroblast cell lines had no influence on
JTC801-induced cell killing (Fig. 2F). Despite the fact that JTC801 altered the expression of
autophagy-related markers (microtubule associated protein 1 light chain 3 [LC3] and
sequestosome 1 [SQSTM1]) (Fig. 2E and S2E), pharmacological inhibition (using HCQ)
(Fig. 2A and S2A) or genetic invalidation (Atg3”~, Atg5~~, Atg7”~, and Sgstm1~'~ cells)
(Fig. 2F) of autophagy failed to affect the cytotoxicity of JTC801. JTC801 induced a
necrosis-like morphology (Fig. S3A) and propidium iodide positivity (Fig. S3B).
Consistently, JTC801 triggered the cellular release of membrane damage markers such as
lactate dehydrogenase (LDH) and high mobility group box 1 (HMGBZ1) (Fig. S3C). Thus,
JTCB801-induced cell death appears to be a form of regulated necrosis.

We next tested whether ion channel ligands would affect JTC801 activity. Pharmacological
compounds targeting calcium channels (cilnidipine, ranolazine, and isradipine), potassium
channels (repaglinide, nicorandil, and amiodarone), and sodium channels (oxcarbazepine,
riluzole, and carbamazepine) had no measurable effect on JTC801 potency (Fig. 2G). Other
drugs interfering with cell death such as cytoskeleton-targeting drugs (taxol, cytochalasin B
or D) and metal chelators (ethylenediaminetetraacetic acid [EDTA] and desferrioxamine
[DFQ]) also failed to affect JTC801 activity (Fig. 2G).

In contrast, N-acetyl cysteine (NAC), a synthetic precursor of the endogenous cellular
antioxidant glutathione (GSH) with broad cytoprotective effects, remarkably diminished
JTCB801-induced cell death (Fig. 2G and 2H). Intriguingly, the levels of GSH (Fig. S4A) and
CM-H2DCFDA (a general oxidative stress indicator, Fig. S4B) were not affected by JTC801
compared to other RCD stimuli (ferroptosis-inducing erastin and pro-apoptotic
staurosporine). We therefore hypothesized that NAC may play an antioxidant-independent
role in mediating the protection against JTC801-induced cell death. Consistent with this
hypothesis, other antioxidants (B-mercaptoethanol [B-ME] and vitamin E) (Fig. 2G) did not
ameliorate JTC801-induced cell death. Moreover, knockdown of nuclear factor (erythroid-
derived 2)-like 2 (NRF2), a transcription factor for antioxidant enzymes, did not alter
JTCB801-induced cell death (Fig. S4C and S4D).

As a weak acid, NAC alters extracellular pH to 6.11 when prepared at work concentrations
in the cell medium®. To determine whether the NAC-mediated acidic pH environment limits
JTCB801-induced cell death, we treated PANCL1 cells with N-acetyl alanine acid (NAA), a
compound structurally similar to NAC that conserves acid activity but loses all antioxidant
activity’. Glutathione disulfide (GSSG) is a disulfide derived from two GSH molecules.
NAC, but not JTC801 and NAA, increased the GSH/GSSG ratio (Fig. S5A). Like NAC,
NAA rescued cells from JTC801-induced death (Fig. 2G, 2H, and S5B). Adjusting the
extracellular pH with HCI from a normal pH of 7.21 to an acidic pH of 6.2 also prevented
JTCB801-induced cell death (Fig. 2H and S5B). In contrast, alkalinization of the cell culture
medium with sodium hydroxide diminished the protective activity of NAC on JTC801-
induced cell death (Fig. 2H and S5B). Pre-exposure of JTC801 to an acidic pH (pH 2-6) did
not alter its cytotoxic activity (Fig. S6A and S6B), contradicting the possibility that
protonation would affect the drug itself.
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Next, we determined whether JTC801 directly influences extracellular and intracellular pH
to trigger death. Surprisingly, intracellular pH (Fig. 21 and S5C), but not extracellular pH
(Fig. 2J and S5D) was shifted toward basic values in response to JTC801. This intracellular
alkalinization was inhibited by NAC, NAA, and acidic medium (pH 6.2) (Fig. 21 and S5C).
Unlike JTC801, other RCD stimuli (pro-apoptotic staurosporine, pro-necroptotic tumor
necrosis factor [TNF], and ferroptosis-inducing erastin) did not provoke intracellular
alkalinization (Fig. S6C and S6D). Collectively, these data suggest that JTC801 triggers an
intracellular alkalinization-dependent form of regulated necrosis that we termed
‘alkaliptosis’ (Fig. 2K).

OPRLL1 is not required for alkaliptosis

JTC801 was originally identified as a selective antagonist for OPRL1 with analgesic
activity®. To understand more precisely how JTC801 causes cell death, we used five
different approaches to assess whether the sensitivity to alkaliptosis is dependent on the
expression of OPRL1. First, several cancer cells (CFPAC1, PANC2.03, BxPc3, CAPAN2,
and HCT116) with low protein expression of OPRL1 were still sensitive to JTC801-induced
alkaliptosis (Fig. 3A and 3B). Second, knockdown of OPRL1 by shRNA in cells with a high
expression of OPRL1 (PANCL1 and MiaPaCa2) did not suppress JTC801-induced
alkaliptosis (Fig. 3C and 3D). Third, unlike JTC801, other OPRL1 antagonists
(BANORL?24, SB612111, UFP101, and Trap101) did not trigger cell death (Fig. 3E). Fourth,
two analogues of JTC801 with higher (Al) or lower (A2) binding affinity for OPRL1
displayed similar anticancer activity (Fig. 3F and 3G). In contrast, three other JTC801
analogues (A3-Ab5) that were characterized by a modified amine group at position 4 of the
quinoline, released amine group at position 6 of the quinoline, and the removal of the
phenoxymethyl group lost their cytotoxicity (Fig. 3F and 3G). Modifying substituents on the
phenoxymethyl group of JTC801 (A6-A7) partially abrogated its cytotoxicity (Fig. 3F and
3G). Fifth, knockdown of other opioid receptors such as OPRML1 failed to block JTC801-
induced cell death (Fig. 3H and 3I). Together, these findings suggest that the expression of
OPRL1 or OPRM1 may not be essential for JTC801-induced alkaliptosis.

NF-xB contributes to alkaliptosis

To identify key players in the modulation of alkaliptosis, we treated PANCL1 cells with
JTC801 in the absence or presence of a panel of 416 kinase or protease inhibitors. IMD0354,
a selective inhibitor of I-kappa-B-kinase (IKK) beta (IKK), was most active in reducing the
cytotoxic activity of JTC801 (Fig. 4A and Table S2). IMDO0354 not only inhibited cell death
(Fig. 4B and S7A), but also prevented the intracellular alkalinization induced by JTC801
(Fig. 4C and S7B). Other IKKp inhibitors (CAY10657 and SC514) also increased cell
survival (Fig. 4B and S7A) and decreased intracellular pH (Fig. 4C and S7B) in response to
JTCB801. The extracellular pH was not affected by IKKp inhibitors (Fig. 4D and S7C).

IKKP is a kinase of the IKK enzyme complex. Activation of the transcription factor NF-xB
mainly occurs via IKK-mediated phosphorylation of inhibitory molecules, including I-
kappa-B alpha (IxBa). This phosphorylation serves as a signal for subsequent
ubiquitination, which promotes IxBa degradation and the release of NF-xB from its
inhibition, allowing its translocation from the cytoplasm to the nucleus. JTC801 triggered
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the phosphorylation of IKK and 1xBa., as well as the subsequent degradation of 1xBa
(Fig. 4E and S7D). Optimal induction of NF-xB target genes requires phosphorylation of
NF-xB proteins such as RelA/p65. JTC801 also induced RelA phosphorylation (Fig. 4E and
S7D). These changes indicate that alkaliptosis occurs in the context of the activation of the
NF-xB.

Next, we silenced the gene expression of IKK or RelA, each with two different ShRNAs, in
PANC1 (Fig. 4F) and MiaPaCaz2 cells (Fig. STE). In both settings, we found that suppression
of IKKP or RelA expression partly prevented JTC801-induced cell death (Fig. 4G and S7F)
and intracellular alkalinization (Fig. 4H and S7G). Extracellular pH was not significantly
affected by the knockdown of IKKp or RelA (Fig. 41 and S7H). Knockdown of IKK or
RelA increased staurosporine-induced cell death in PANC1 (Fig. 4J) and MiaPaCaz2 (Fig.
S71) cells, consistent with previous reports that the NF-xB plays a pro-survival role in the
regulation of apoptosis®. Together, these results uncover an unexpected role for the NF-xB
in mediating alkaliptosis.

CA9 downregulation contributes to alkaliptosis

Cancer cells reportedly maintain intracellular pH via changes in the expression or activity of
several molecules such as carbonic anhydrase (“CA”, CA2, CA9, and CA12),
monocarboxylate transporter (“MCT”, MCT1, MCT2, MCT3, and MCT4), vacuolar ATPase
pumps (“V-ATPase”, V-ATPaseA and V-ATPaseB), Na*-dependent CI"-HCO3~ exchanger
(NDCBE), Na*-coupled HCO3" transporter (“NBC”, NBC1/2), anion exchanger (“AE”,
AE1, AE2, and AE3), and Na*-H* exchanger 1 (NHE1) (Fig. 5A)10. The mRNA expression
of CA9 and NDCBE were suppressed in both PANC1 and MiaPaCaz2 cells under JTC801-
induced alkaliptosis (Fig. 5B). Pharmacological or genetic blockage of the NF-xB activity
reversed JTC801-induced downregulation of CA9 (but not NDCBE) mRNA (Fig. 5C, 5D,
and S8A). Western blot analysis confirmed that JTC801 suppressed CA9 protein expression
and that this process was prevented by blocking the NF-xB activity (Fig. 5E and S8B).
These findings, in combination with further luciferase reporter-gene activation assays (Fig.
5F and S8C), indicate that CA9 is a negative target of NF-xB in alkaliptosis.

We next determined whether other NF-xB stimuli such as bacterial lipopolysaccharides
(LPS) had effects similar to that of JTC801 on alkaliptosis. LPS did not induce intracellular
alkalinization (Fig. 5G) and CA9 downregulation (Fig. 5H) in PANCL1 cells, indicating that
other mechanisms play a role in the regulation of JTC801-induced CA9 downregulation in
alkaliptosis. Indeed, the cycloheximide chase assay showed that JTC801 promoted CA9
protein degradation (Fig. 51), suggesting that CA9 expression is regulated by both
transcriptional and post-transcriptional mechanisms in alkaliptosis.

Given that hypoxia inducible factor 1 alpha subunit (HIF1a) also controls CA9 gene
expression in hypoxia, we next verified whether HIF1a is involved in the regulation of CA9
expression in alkaliptosis. The protein levels of HIF1a and CA9 were increased in response
to CoCls (a chemical inducer of HIF1a) (Fig. S9). However, HIF1la expression was not
affected by JTC801 in alkaliptosis (Fig. S9). CoCl, did not prevent JTC801-induced CA9
downregulation (Fig. S9). These findings indicate that HIF1a may not be required for CA9
expression in alkaliptosis.
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Survival analysis of patients in The Cancer Genome Atlas (TCGA), integrating gene
expression data, indicated that CA9 mRNA expression is associated with shorter survival
times of patients with pancreatic, kidney, or lung cancers (Fig. 6A). Immunohistochemical
analysis of a tissue microarray comprising samples from 90 pancreatic cancer patients
confirmed that high CA9 expression (Fig. 6B) is associated with shorter survival times (Fig.
6C). These results provide correlative clinical evidence that high expression of CA9 gene or
protein is associated with the progression of multiple types of cancer, including pancreatic
cancer.

We next sought to define the mechanism of action of CA9 in alkaliptosis. Overexpression of
CA9 by gene transfection reduced JTC801-induced cell death (Fig. 6D, 6E, S10A, and
S10B). In contrast, genetic suppression of CA9 enhanced JTC801-induced cell death (Fig.
6F, 6G, S10C, and S10D). Consistently, JTC801-induced intracellular pH upregulation was
decreased by CA9 overexpression, confirming that CA9 modulates intracellular
alkalinization in alkaliptosis (Fig. 6H and S10E). As expected, CA9 did not affect
extracellular pH in response to JTC801 (Fig. 61 and S10F). Knockdown of CA9 attenuated
the protective effects of NF-xB inhibition on JTC801-induced cell death and intracellular
alkalinization (Fig. 6J-L and S10G-I). Knockdown of CA9 did not significantly affect
intracellular pH at baseline (Fig. 6H and S10E), indicating that CA9-mediated acid-base
homeostasis is stress dependent and changes in alkaliptosis.

Anticancer activity of JTC801 in vivo

Driven by the consideration that JTC801 was stable in acidic environments (pH 2-6) /n vitro
(Fig. S6A and S6B), we tested the oral pharmacokinetics of JTC801 /n vivo. We found that
peak plasma concentration was achieved at one to four hours after administration of JTC801
by gavage to C57BL/6 mice (Fig. S11A). The plasma half-life of JTC801 was 8.2 hours.
Like most drugs, JTC801 quickly accumulated in the liver and then in the kidney (Fig.
S11B). Interestingly, a considerable amount of JTC801 was detectable in the pancreas (Fig.
S11B). Oral administration of JTC801 at 20 mg/kg for one week to mice did not lead to
weight loss (Fig. S12A), abnormal behavior, or histological signs of tissues injury (Fig.
S12B). JTC801 also failed to induce biochemical signs of toxicity such as elevated plasma
concentrations of alanine aminotransferase [ALT], blood urea nitrogen [BUN], and amylase
[AMYL] (Fig. S12C). These findings are consistent with those from another study showing
that oral administration of JTC801 at 30 mg/kg is safe in ratsll,

Next, we investigated the potential utility of alkaliptosis for cancer suppression in vivo in
four distinct preclinical mouse models. Oral administration of JTC801 alone remarkably
blocked PANC1 tumor growth in a nude mouse xenograft model (Fig. 7A-C) with decreased
CA9 expression and increased RelA phosphorylation in the tumor (Fig. 7D). This anticancer
activity of JTC801 was also observed in mouse xenograft models of human cancer cell lines
including MiaPaCa2 (a human pancreatic cancer cell line), SK-MEL-28 (a human melanoma
cell line), PC-3 (a human prostate cancer cell line), 786-0 (a human kidney cancer cell line),
SF-295 (a brain cancer cell line), HCT116 (a human colon cancer cell line), OV-CAR3 (a
human ovarian cancer cell line), and HuH7 (a human liver cancer cell line) (Fig. S13A).
Accordingly, the mRNA levels of CA9 were decreased in these tumors after administration
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of JTC801 (Fig. 7E and S13B). Liver and kidney function did not change in the nude mouse
xenograft models after administration of JTC801 (Fig. S13C).

We further observed that administration with JTC801 prolonged the survival of C57BL/6
mice after orthotropic implantation of KPC cells into the pancreas by surgery (Fig. 7F).
Accordingly, tumor size (Fig. 7G) and weight (Fig. 7H) were reduced after administration of
JTCB801. JTC801 was also effective in preventing lung metastasis induced by tail vein
injection of KPC cells (Fig. 71-K), supporting the anti-metastatic activity of JTC801 /n vivo.

We recently developed a genetically engineered mouse model of accelerated PDAC by
combining original K-RasS12P/*_driven PDAC models with additional loss of the chromatin
protein HMGBL1 in pancreatic tissue (PaxI-Cre;K-RasC12P/* - HMGBI™~, termed KCH
mice)12. JTC801 prolonged the survival of KCH animals (Fig. 7L), as it reduced pancreatic
ductal lesion formation and desmoplastic stromal responses (Fig. 7M and 7N). CA9 was
downregulated, whereas Rel A phosphorylation (Fig. 70 and 7P) was increased in tumors
from KCH mice in response to JTC801. Collectively, these preclinical results demonstrated
that JTC801 possesses potent anti-tumor activity /n vivo.

Discussion

An unbalanced pH level can lead to different types of cell death. Intracellular acidification
was previously identified to be involved in apoptosis!3, necroptosis4, and autophagy®. In
contrast, little is known about the role of intracellular alkalinization in RCD, although
alkalosis is associated with various pathological conditions. Here, we demonstrate that, in
cancer cells, JTC801-induced intracellular alkalinization triggers a novel modality of RCD
termed alkaliptosis. These findings shed new light on the understanding of the fundamental
process of pH homeostasis in RCD.

Alkaliptosis is biochemically and genetically distinct from various forms of RCD. Signs of
caspase activation, necrosome assembly, or lipid peroxidation were not observed in
alkaliptosis. Genetic and pharmacological inhibition of apoptosis, necroptosis, autophagy,
and ferroptosis was unable to block JTC801-induced alkaliptosis. In contrast, alkaliptosis
apparently constitutes a regulated form of necrosis based on the fact that it shares many
morphological features with primary necrosis, as well as the release of endogenous damage-
associated molecular patterns. Unlike other forms of RCD, oxidative stress and activation of
ion channels were not essential for JTC801-induced alkaliptosis. Rather, this process is
characterized by intracellular alkalinization, which, at the molecular level, is partly induced
by the NF-xB activity.

The NF-xB pathway is generally considered as a prosurvival signaling pathway that acts in
conditions of inflammation6. Thus NF-xB transactivates a series of proinflammatory and
anti-apoptotic genes. In the current study, activation of NF-xB promoted alkaliptosis
depending on the inhibition of CA9, a member of the carbonic anhydrase family.
Knockdown of CA9 not only recapitulated the activation of the NF-xB pathway-mediated
intracellular alkalinization phenotype, but also restored alkaliptosis sensitivity in cells with
low NF-xB activity. Thus, potential upstream regulators and downstream targets can
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determine stimulus-dependent activation of NF-xB in promoting either cell survival or cell
death’. JCT801 displayed selective toxicity for cancer cells, but not normal cells. One
possible mechanism accounting for this difference is that the expression level of pH
regulation molecules such as CA9 differs between cancer and normal cells!8.

Pharmacological or genetic inhibition of the NF-xB activity partly reversed alkaliptosis,
indicating that other pathways such as the selective protein degradation pathway are
involved in the regulation of intracellular alkalinization. Knowledge of acid-base
homeostasis in normal and cancer cells and information about gene expression patterns
under alkaliptosis all have the potential to provide insights into interpreting the phenotype
and direction for further investigation, especially when considered in targeted cancer
therapies.

The current studies summarize preclinical evidence suggesting that JCT801 might be useful
for the treatment of human cancers, especially PDAC. One of the reasons for this low
survival rate of PDAC is the insensitivity of pancreatic cancer to most chemotherapies, as
well as the scarce distribution of drugs into the pancreas. Our studies document that oral
administration of JTC801 resulted in a distribution of the drug towards the pancreas. JTC801
inhibited tumor growth in four different PDAC mouse models without any significant
toxicity. In addition to its cytotoxic activity across a panel of multiple tumor cell type,
another potential advantage of JTC801 may reside in its analgesic function. Thus, JTC801
may be especially useful for cancer patients with pain and anxiety symptoms. The anticancer
and analgesic actions of JCT801 can be dissociated at the structural level. Indeed, OPRL1 is
not required for JTC801-induced alkaliptosis. Further investigations are needed to identify
the molecular target responsible for the anticancer activity of JTC801.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Anticancer activity of JTC801 in vitro
(A) PANCL1 cells were treated with a GPCR compound (10 uM) for 24 hours and then cell

viability was assayed. The ranking of the relative anticancer activity of 254 GPCR
compounds is shown by the heat map; each block represents one GPCR compound. The top
three anti-cancer GPCR compounds are listed. (B) Indicated human PDAC cell lines,
mPSCs, and hPDEs were treated with JTC801 (1.25-20 uM) for 24 hours. Cell viability was
assayed (n=3). (C) Clonogenic cell survival assay determined the reproductive ability of a
cell in response to JTC801 (10 uM). (D) Sensitivity profile of 66 cancer cell lines and four
normal cell types against JTC801. The cells were grouped based on their tissue origins. (E—
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H) Indicated cancer or normal cells were treated with JTC801 (1.25-20 uM) for 24 hours.
Cell viability was assayed (n=3).
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Fig. 2. JTC801 induces alkaliptosis
(A) PANC1 cells were treated with JTC801 (10 uM), staurosporine (0.5 uM), erastin (20

uM), H,0, (500 uM), or lapatinib (50 uM) in the absence or presence of ZVAD-FMK (20
UM), ferrostatin-1 (500 nM), necrosulfonamide (“NSA”, 1 uM), and hydroxychloroquine
(“HCQ”, 50 uM) for 24 hours. Cell viability was assayed (n=3, **p < 0.01, ***p < 0.001,
n.s.=not significant). (B) PANCL cells were treated with JTC801 (10 uM), staurosporine (1
UM), or gemcitabine (5 mM) for 24 hours and the levels of cleaved-PARP (“C-PARP”),
cleaved-caspase 3 (“C-Casp3™), and actin were assayed using western blot. (C) PANC1 cells
were treated with JTC801 (10 pM), H,0, (500 pM), or TZC (TNF [50 nM]/ZVAD-FMK
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[20 puM]/cycloheximide [10 pg/ml]) for 24 hours. Cell lysates were immunoprecipitated with
anti-RIPK3 antibody or control IgG, and then the levels of MLKL and RIPK3 were assayed
using western blot. (D) PANC1 cells were treated with JTC801 (10 uM), erastin (20 pM), or
salazosulfapyridine (1 mM) for 24 hours and then the levels of GPX4 and actin were assayed
using western blot. (E) PANCL cells were treated with JTC801 (10 uM, 24 hours), CoCl,
(400 pM, 24 hours), or Hank's buffered salt solution (HBSS, 6 hours), and the levels of LC3-
I/-11, SQSTM1, and actin were assayed using western blot. (F) Indicated gene-deficient cells
were treated with JTC801 (10 uM) for 24 hours, and then cell viability was assayed (n=3,
***p < 0.001 versus untreated group). (G) PANCL cells were treated with JTC801 (10 pM)
in the absence or presence of the indicated compounds (10 pM) for 24 hours, and then cell
viability was assayed. The ratio in the heat map was defined as cell viability ([Compound
+JTC801]/JTC801). (H-J) PANC1 cells were treated with JTC801 (10 pM) in the absence or
presence of N-acetylcysteine (“NAC”, 100 mM), N-acetyl alanine acid (“NAA”, 100 mM),
acidic medium (pH=6, adjusted by HCI), and NAC (100 mM, pH=7, adjusted by NaOH) for
24 hours. Cell viability, intracellular pH, and extracellular pH were assayed (n=3, *p < 0.05
versus JTC801 group). (K) Schematic depicting JTC801-induced alkaliptosis.
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Fig. 3. OPRL1 is not required for JTC801-induced alkaliptosis
(A) Western blot analysis of OPRL1 expression in cancer cells. (B) Cancer cells were

treated with JTC801 (10 uM) for 24 hours and then cell viability was assayed (n=3, ***p <
0.001 versus untreated group). (C) Western blot analysis of OPRL1 expression in OPRL1-
knockdown PANC1 and MiaPaCa2 cells. (D) Knockdown of OPRL1 did not affect JTC801
(10 uM, 24 hours)-induced cell death in PANC1 and MiaPaCa2 cells (n=3, n.s=not
significant). (E) Cancer cells were treated with JTC801 or indicated OPRL1 antagonists at
10 uM for 24 hours. Cell viability was assayed (n=3, **p < 0.01, ***p < 0.001 versus
untreated group). (F) Structure of JTC801 and its analogues. (G) PANC1 and MiaPaCa2
cells were treated with JTC801 and its analogues at 10 uM for 24 hours. Cell viability was
assayed (n=3, **p < 0.01, ***p < 0.001, n.s=not significant). (H) Western blot analysis of
OPRM1 expression in OPRL1-knockdown PANCL1 cells. (1) Knockdown of OPRML1 did not
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affect JTC801 (10 uM, 24 hours)-induced cell death in PANC1 cells (n=3, n.s=not
significant).
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Fig. 4. Activation of NF-xB contributes to alkaliptosis
(A) PANCL1 cells were treated with JTC801 (10 uM) in the absence or presence of an

inhibitor (10 uM) for 24 hours and then cell viability was assayed. The relative effects of
416 inhibitors on anticancer activity of JTC801 are shown by the heat map. The top three
inhibitors of the anticancer activity of JTC801 are listed. (B—D) PANCL cells were treated
with JTC801 (10 pM) in the absence or presence of indicated IKK inhibitors (10 pM) for
24 hours. Cell viability, intracellular pH, and extracellular pH were measured (n=3, *p <
0.05, **p < 0.01 versus JTC801 group). (E) Western blot analysis of expressions of
indicated proteins in PANC1 cells in response to JTC801 (10 uM) for 0.5-24 hours. (F)
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Western blot analysis of IKKP and RelA expression in indicated gene-knockdown PANC1
cells. (G) Knockdown of IKK and RelA inhibited JTC801 (1.25-20 uM)-induced cell death
at 24 hours in PANC1 cells (n=3, *p < 0.05). (H-I) Indicated gene-knockdown PANC1 cells
were treated with JTC801 (10 uM) for 24 hours. Intracellular and extracellular pH was
assayed (n=3, *p < 0.05 versus untreated group). (J) Indicated gene-knockdown PANC1
cells were treated with staurosporine (1 pM) with or without IMD0354 (10 pM) for 24
hours. Cell viability was measured (n=3, *p < 0.05 versus control ShRNA group).
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Fig. 5. CA9 is a negative target of NF-xB in alkaliptosis
(A) Schematic depicting proteins involved in pH regulation within a tumor cell. (B) PANC1

and MiaPaCa2 cells were treated with JTC801 (10 uM) for three to 16 hours and then the
indicated genes were assayed using Q-PCR. The relative mRNA levels of indicated genes
are shown by the heat map. (C-D) Q-PCR analysis of mRNA levels of CA9 and NDCBE in
indicated PANCL1 cells in response to JTC801 (10 uM) in the absence or presence IMD0354
(10 uM) for 24 hours (n=3, *p < 0.05 versus control JTC801 group). (E-F) In parallel, the
protein expression and promoter luciferase activity of CA9 were measured (n=3, **p <
0.01). (G-H) PANC1 were treated with JTC801 (10 pM) or LPS (500 ng/ml) for 16 hours

Gastroenterology. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Song et al.

Page 22

and then intracellular pH and CA9 mRNA were assayed (n=3, *p < 0.05, **p < 0.01 versus
control group). (I) PANC1 cells were treated with JTC801 (10 uM) and cycloheximide
(CHX, 20 pg/ml) for indicated time points. Cell lysates were subjected to western blot
analysis with anti-CA9 and anti-actin antibodies.
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Fig. 6. CA9 downregulation contributes to alkaliptosis
(A) Survival analysis of patients with low or high CA9 mRNA expression levels in

pancreatic, kidney, and lung cancer from the SurvExpress online gene expression database
(http://bioinformatica.mty.itesm.mx:8080/Biomatec/SurvivaX.jsp; **p < 0.01, ***p <
0.001). (B, C) Higher level of CA9 expression was associated with shorter survival times of
patients with pancreatic cancer. Representative tissue microarray spots stained for higher or
lower CA9 expression by immunohistochemistry are shown in panel B (***p < 0.001). (D)
Western blot analysis of CA9 expression in CA9-overexpression PANC1 cells. (E)
Overexpression of CA9 inhibited JTC801-induced cell death at 24 hours in PANC1 cells
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(n=3, *p < 0.05). (F) Western blot analysis of CA9 expression in CA9-knockdown PANC1
cells. (G) Knockdown of CA9 increased JTC801-induced cell death at 24 hours in PANC1
cells (n=3, *p < 0.05 versus control sShRNA group). (H, 1) Intracellular and extracellular pH
was assayed in indicated PANCL1 cells in response to JTC801 (10 uM) for 24 hours (n=3, *p
< 0.05 versus control group). (J-L) Knockdown of CA9 restored JTC801-induced cell death
in NF-xB-inhibition (IMD0354 [10 pM]) or - knockdown (IKKP shRNA or RelA shRNA)
PANCI1 cells. In parallel, intracellular and extracellular pH was assayed (n=3, *p < 0.05, **p
< 0.01 versus control shRNA group).
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Fig. 7. Anticancer activity of JTC801 in vivo
(A) Oral injection of JTC801 (20 mg/kg, once every day, at day seven for two weeks)

inhibited tumor growth in a xenograft model of PANC1 tumor models (n=8 mice/group, * p
< 0.05). (B) Representative photomicrographs of isolated tumors at day 28. (C-D) In
parallel, tumor weight (C), indicated protein expression (D), and CA9 mRNA (E) were
assayed at day 28 (n=5 mice/group, * p < 0.05, *** p < 0.001). (F) Oral injection of JTC801
(20 mg/kg, once every day, at day seven for three weeks) prolonged C57BL/6 mouse
survival of orthotopic KPC tumor models (n=10 mice/group, ** p < 0.01). (G)
Representative photomicrographs of isolated tumors at day 26. (H) In parallel, tumor
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weights were assayed at day 26 (n=5 mice/group, * p < 0.05). (1) Oral injection of JTC801
(20 mg/kg, once every day, at day seven for two weeks) limited the formation of lung
metastasis in C57BL/6 mice based on tail vein injection of KPC cells. (J-K) The number of
tumor nodules (J) and histology (K) in lung were assayed at day 28 (n=5 mice/group, * p <
0.05). (L) Oral injection of JTC801 (20 mg/kg, twice per week, started at four weeks of age
for four weeks) prolonged survival in KCH mice at 12 weeks of age (n=10 mice/group, ***
p < 0.001). (M-P) In parallel, pancreatic histology (M, N) and relative expression of CA9
and p-RelA in the pancreas (O, P) were assayed (n=5 mice/group, * p < 0.05).
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