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Abstract: Cyclic GMP-AMP synthase (cGAS) is an endogenous DNA sensor that synthesizes cyclic
guanosine monophosphate–adenosine monophosphate (2′3′-cGAMP) from ATP and GTP. 2′3′-cGAMP
activates the stimulator of interferon genes (STING) pathway, resulting in the production of interferons
and pro-inflammatory cytokines. Ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) is
the phosphodiesterase that negatively regulates the STING pathway by hydrolyzing 2′3′-cGAMP. It
has been established that the cGAS–STING pathway plays a major role in inhibiting tumor growth
by upregulating T cell response. Herein, we demonstrate that AVA-NP-695, a selective and highly
potent ENPP1 inhibitor, apart from the immunomodulatory effect also modulates cancer metastasis
by negatively regulating epithelial–mesenchymal transition (EMT). We established that the combined
addition of 2′3′-cGAMP and AVA-NP-695 significantly abrogated the transforming growth factor beta
(TGF-β)-induced EMT in MDA-MB-231 cells. Finally, results from the in vivo study showed superior
tumor growth inhibition and impact on tumor metastasis of AVA-NP-695 compared to Olaparib and
PD-1 in a syngeneic 4T1 breast cancer mouse model. The translation of efficacy from in vitro to in vivo
4T1 tumor model provides a strong rationale for the therapeutic potential of AVA-NP-695 against
triple-negative breast cancer (TNBC) as an immunomodulatory and anti-metastatic agent.

Keywords: cancer immunotherapy; ENPP1 inhibitor; STING; 2′3′-cGAMP; EMT; 4T1 syngeneic model

1. Introduction

Cancer is a leading cause of mortality worldwide [1]. One of the breakthroughs
in cancer therapy was the discovery of immune checkpoint inhibitors [2]. Despite im-
pressive clinical efficacy shown by anti-cytotoxic T lymphocyte antigen 4 (CTLA-4) and
anti-programmed death 1 (PD-1) and its ligand PD-L1 modalities, a large percentage of
patients have shown poor response to the treatment [3]. Considering the wide range of
limitations shown by the existing immunotherapy regime, there is a constant ongoing effort
to decipher ways to boost anti-cancer immunity. One such mechanism involves activation
of the cGAS–STING pathway, which plays a crucial role in multiple steps in the cancer
immunity cycle [4]. cGAS (cyclic GMP-AMP synthase) is an important cytoplasmic DNA
sensor that produces 2′3′-cGAMP, a secondary messenger. 2′3′-cGAMP activates STING,
which is located in the endoplasmic reticulum, leading to the recruitment of IRF3 (interferon
regulatory factor 3) transcription factor, resulting in the production of type I interferon
(IFN-1) and several other pro-inflammatory cytokines [5]. Numerous studies have shown
that the activation of STING is important for maintaining anti-tumor responses as it pro-
motes the functional maturation of dendritic cells (DCs), culminating with T cell infiltration
and eventually leading to tumor regression [6–8]. Recently, several studies have demon-
strated the anti-tumor effect of tumor-derived 2′3′-cGAMP [9,10]. These molecular regula-
tions are crucial to boost both the innate and adaptive anti-tumor immune responses [11].
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Although several STING agonists are undergoing pre-clinical and clinical trials, the major
drawbacks of available STING agonists include poor pharmacokinetic and physicochemical
properties, as well as risks of cytokine release syndrome in the case of systemic adminis-
tration, thereby largely restricting them to intra-tumoral administration [12,13]. Owing
to the modest clinical efficacy, the need for an improved modality for activating the path-
way for cancer therapy is crucial. One approach to trigger the cGAS–STING pathway
is through the inhibition of a downstream enzyme, ENPP1, a negative regulator of the
STING pathway which directly hydrolyses 2′3′-cGAMP [14,15]. ENPP1 is mostly over-
expressed in certain tumor cells, e.g., high ENPP1 levels were observed in rat glioma
cells, human astrocyte tumors, and also TNBC cells such as 4T1 and MDA-MB-231 [16–19].
Interestingly, over-expression of ENPP1 was also reported in M2 macrophages, which
play an important role in tumor progression [20,21]. In breast and lung cancer patients,
increased ENPP1 expression was associated with cancer progressing from primary to the
metastatic stage [18,19], suggesting an immune escape strategy as it leads to reduced T cell
infiltration [18]. ENPP1 not only abolishes the cGAS–STING-mediated immune activation
but also produces adenosine, a potent immune suppressor which also promotes cell mi-
gration [22]. The metastatic potential of tumor cells is most often acquired through the
conserved process of epithelial–mesenchymal transition (EMT) that enhances cell mobility,
invasion, and resistance to apoptotic stimuli [23]. Many factors initiate EMT, including
the cancer cells in the TME (tumor microenvironment) which secrete several cytokines,
most predominant among them being transforming growth factor beta (TGF-β). The
molecular pathways classically associated with EMT include TGF-β and Wnt/β-catenin,
which are modulated through transcription factors such as Snail/Slug, Twist, Six1, and
Cripto [24]. Herein, we have developed an orally available ENPP1 inhibitor, AVA-NP-695,
which has demonstrated significantly selectivity towards ENPP1 but does not target other
ENPP1 isoforms or several crucial kinases. Although there are other available ENPP1 in-
hibitors which have shown significant potency, with Ki values ranging from 50 nM to 5 nM
across different substrates such as cGAMP or p-nitrophenyl 5′-thymidinemonophosphate
(p-NPh-5′-TMP) [25–28], our molecule, AVA-NP-695, has shown picomolar Ki (281 pM)
using 2′3′-cGAMP as a substrate and 6.25 nM in the case of p-NPh-5′-TMP. Furthermore,
using AVA-NP-695, we tried to evaluate the molecular mechanisms of EMT reversal me-
diated by 2′3′-cGAMP and its synergistic potential through ENPP1 inhibition. We also
explored the non-inflammatory effect of 2′3′-cGAMP on the reversal of EMT markers
induced by TGF-β upon ENPP1 inhibition. Our study not only validates the effect of
ENPP1 inhibition in cell lines but also extends its effect in the 4T1 syngeneic model, which
showed superior tumor growth inhibition and reduced lung metastasis comparable to
existing drugs such as Olaparib and anti-PD1.

2. Material and Methods
2.1. Cell Culture

The THP1 Dual™ and A549 Dual™ cells were procured from InvivoGen having
two inducible reporter constructs, for nuclear factor kappa B (NF-κB) and interferon-
stimulated response element (ISRE). THP1 Dual™ cells were maintained in RPMI-1640
(cell clone), 10% FBS (fetal bovine serum) (Gibco), penicillin and streptomycin (100 U/mL)
(HiMedial), and the addition of selective antibiotics (Zeocin 100 µg/mL and Blasticidin
10 µg/mL) (InvivoGen). PBMCs were procured from HiMedia (#CL027). MDA-MB-231
(breast cancer) and A549 Dual™ (lung carcinoma) cell lines were cultured in high-glucose
(cell clone) DMEM (Dulbecco’s Modified Eagle Medium) with 10% FBS and penicillin and
streptomycin (100 U/mL). All cells were maintained at 37 ◦C and 5% CO2.

2.2. ENPP1 Exogenous Cell-Based Inhibition Assay

ENPP1 exogenous assay was performed using the reported protocol [29]. The final
assay reaction mixture contained a buffer of 50 mM Tris pH 9.5 (Sigma-Aldrich, St. Louis,
MO, USA), 250 mM NaCl (Sigma-Aldrich), 0.5 mM CaCl2 (Sigma-Aldrich), 1 mM ZnCl2
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(Sigma-Aldrich), and 0.1% DMSO (HiMedia). Human recombinant ENPP1 (rENPP1)
enzyme (25 ng/well) (R&D Systems) was pre-incubated with 1.25 nM, 12.5 nM, and
125 nM AVA-NP-695 for 15 min at 37 ◦C in aseptic conditions. The reaction was ini-
tiated by adding 100 µM 2′3′-cGAMP/well (Invivogen) for A549 Dual™ cells (50 µM
2′3′-cGAMP/well for THP1 Dual™) and incubated for 20 min at 37 ◦C. After incubation,
the exogenous reaction mixture was diluted in a 1:12 ratio with media and added to the
wells containing 30,000 A549 Dual™ cells or 40,000 THP1 Dual™ cells. IFN induction
was determined by QUANTI-Luc™ and luminescence was read using SpectraMax iD3®®

(Molecular Devices, San Jose, CA, USA) after 24 h.

2.3. QUANTI-Luc™ Luciferase Assay

A549 Dual™ and THP1 Dual™ cell lines were used for performing luciferase-based
IFN-β level determination using QUANTI-Luc™. Briefly, 30,000 A549 Dual™ cells or
40,000 THP1 Dual™ cells were seeded and treated with AVA-NP-695 for desired concentra-
tions, followed by treatment of 2′3′-cGAMP after 2 h. QUANTI-Luc™ and cell supernatant
was taken in opaque plates after 24 h, and readout was performed using SpectraMax iD3®®.

2.4. RNA Isolation and Real-Time PCR

Total RNA was isolated from cells using RNA IsoPlus (TaKaRa), and the extracted
RNA was quantified for purity using Nanodrop 2000 (Thermo Scientific). The cDNA was
prepared using 500 ng of RNA using PrimeScript I strand cDNA Synthesis Kit (TaKaRa).
mRNA expression levels of various EMT markers (E-Cadherin (E-CAD), N-Cadherin (N-
CAD), Vimentin (VIM), Twist (TWIST1)) and several cytokines (IFN-β, TGF-β, CXCL-10, IL-6)
and ENPP1 were assessed by real-time PCR (Agilent Technologies) using TB Green®® Premix
Ex Taq™ II (TaKaRa). All targets were normalized using GAPDH, and the fold change was
calculated as 2−∆∆Ct. Primer sequences are provided in Supplementary Table S3.

2.5. Animal Studies

Female BALB/c mice, 6–8 weeks old (Hylasco Biotech (Charles River license, India),
were used for determining the efficacy of AVA-NP-695 in vivo. 4T1 Murine Breast cancer
cells (ATCC®® CRL-2539™; 0.1 × 106 cells in 1× HBSS) were implanted subcutaneously
into the mammary fat pad for developing 4T1 syngeneic tumor models. The tumor-bearing
animals were then randomized into 6 different treatment groups of 8 animals per group
once the tumor size reached ~50–60 mm3. These mice were treated with AVA-NP-695
(1 mg/kg, 3 mg/kg, and 6 mg/kg, BID) and Olaparib (50 mg/kg) orally once daily until
the end of the study. Anti-PD1 antibody (10 mg/kg) was administered IP every 3 days.
Tumor growth was determined using a digital vernier caliper thrice in a week along with
measurements of body weight. The efficacy of the test compound was assessed in terms
of tumor growth inhibition (TGI). Percentage tumor growth inhibition (% TGI) between
the control and the treated groups was calculated. At the end of the study, lungs were
excised and visually observed for metastatic cancer cell colonies. Post-isolation, lungs were
fixed in Bouin’s solution and surface lung nodules were counted. All lung specimens were
preserved in 10% NBF for further histological evaluation of metastasis.

2.6. Lung Histopathology

Formalin-fixed bone samples (tibia and femur) were trimmed for excess muscle and
decalcified. Entire lungs and decalcified bone samples were processed according to routine
paraffin embedding protocol. This involves dehydration of tissue by increasing grades of
alcohol (70%, 95%, and 100%), clearing with xylene, and finally infiltration with paraffin.
Following tissue processing, lungs in toto and bone were embedded in molten paraffin. The
labeled tissue blocks were sectioned at 4–6 µm thickness using a microtome and sections
were flooded over a tissue flotation bath containing water at 45–55 ◦C. The flattened tissue
sections were transferred to a coated slide and allowed to air dry. After drying, slides
with the sections were subjected to deparaffinization by using two changes of xylene,
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followed by rehydration with decreasing grades of alcohol (100%, 95%, and 70%) and
finally in water. The sections were subjected to hematoxylin and eosin staining and the
excess stain was removed by using running tap water. The tissue sections were then
dehydrated and cleared by increasing grades of alcohol (95% and 100%) and xylene. Upon
completion of dehydration, stained slides were mounted with DPX mounting medium
and subjected to evaluation. To measure the metastatic foci area, 16 random images were
captured under 50×magnification and the area was measured in mm2 on images using the
Zeiss Axioscope A1 microscope equipped with ProgRes®® Capture Pro Software. All the
animal experiments were approved by the Institutional Animal Ethics Committee (IAEC)
of Anthem Biosciences (CPCSEA registration no. 1192/PO/RcBt/S/08/CPCSEA with
approval code ABD/IAEC/PR/195-2020-23 dated 01/06/2020).

2.7. KINOMEscan®® Assay

For most assays, kinase-tagged T7 phage strains were grown in parallel in 24-well blocks
in an E. coli host derived from the BL21 strain. E. coli were grown to log-phase and infected
with T7 phage from a frozen stock (multiplicity of infection = 0.4) and incubated with shaking
at 32 ◦C until lysis (90–150 min). The lysates were centrifuged (6000× g) and filtered (0.2 µm) to
remove cell debris. The remaining kinases were produced in HEK-293 cells and subsequently
tagged with DNA for qPCR detection. Streptavidin-coated magnetic beads were treated with
biotinylated small molecule ligands for 30 min at room temperature to generate affinity resins
for kinase assays. The ligand beads were blocked with excess biotin and washed with blocking
buffer (SeaBlock (Pierce), 1% BSA, 0.05% Tween 20, 1 mM DTT) to remove unbound ligand
and to reduce non-specific phage binding. Binding reactions were assembled by combin-
ing kinases, ligand affinity beads, and test compounds in 1× binding buffer (20% SeaBlock,
0.17× PBS, 0.05% Tween 20, 6 mM DTT). Test compounds were prepared as 40× stocks in 100%
DMSO and directly diluted into the assay. All reactions were performed in polypropylene
384-well plates in a final volume of 0.02 mL. The assay plates were incubated at room
temperature with shaking for 1 h and the affinity beads were washed with wash buffer
(1× PBS, 0.05% Tween 20). The beads were then re-suspended in elution buffer (1× PBS,
0.05% Tween 20, 0.5 µM non-biotinylated affinity ligand) and incubated at room temper-
ature with shaking for 30 min. The kinase concentration in the eluates was measured by
qPCR. AVA-NP-695 were screened at the 10 µM, and the results for primary screen binding
interactions are reported as %Ctrl, where lower numbers indicate stronger hits in the matrix.
Selectivity score or S-score is a quantitative measure of compound selectivity. It is calculated
by dividing the number of kinases that compounds bind to by the total number of distinct
kinases tested, excluding mutant variants.

S = Number of hits/Number of assays

This value can be calculated using %Ctrl as a potency threshold (below) and provides
a quantitative method of describing compound selectivity to facilitate the comparison of
different compounds.

S (35) = (number of non-mutant kinases with %Ctrl <35)/(number of non-mutant kinases tested)

S (10) = (number of non-mutant kinases with %Ctrl <10)/(number of non-mutant kinases tested)

S (1) = (number of non-mutant kinases with %Ctrl <1)/(number of non-mutant kinases tested)

2.8. Bioinformatic Analysis

Publicly available sequencing data were analyzed using the cBioPortal for Cancer Ge-
nomics and the UALCAN analysis tool [30–32]. mRNA and protein expression were de-
termined using TCGA (The Cancer Genome Atlas) and CPTAC (Clinical Proteomic Tumor
Analysis Consortium) datasets, respectively. For analyzing the expression levels across cancer
types, TCGA Pan-Cancer dataset was selected in UALCAN and a bar graph was plotted,
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showing the gene expression levels of ENPP1 across cancers. ENPP1 protein and gene ex-
pression correlation was conducted using cBioPortal. The CCLE datasets were considered for
the analysis. A correlation matrix was plotted for all the cell lines, where MDA-MB-231 and
A549 cells were highlighted for better representation. All the figures and generated plots were
edited using Adobe Illustrator 2021 (vCS5.1; Adobe Systems, San Jose, CA, USA).

2.9. Statistical Analysis

Experiments were carried out in triplicates and plotted using GraphPad Prism. Com-
parisons were performed using Student’s t-test with two-tailed distribution at a confi-
dence level of 95%. All error bars indicate SD. Comparisons between multiple groups
were performed using ordinary one-way analysis of variance (ANOVA) followed by Dun-
nett’s test. For normality, Welch’s correction was used and Bartlett’s test was used for
homogeneity of variance tests. All error bars indicate SD. Test results are reported as
p-values with a significance cutoff set at p < 0.05. All analyses were performed using
GraphPad 9.0 software (GraphPad Software Inc.).

3. Results
3.1. Differential Expression of ENPP1 across Cancer Types

The gene and protein expression levels of ENPP1 have been reported to be upregulated
in several cancer types [33,34]. However, to confirm the levels of ENPP1, pan-cancer RNA
and protein sequencing datasets from primary tumor tissue samples as well as cancer cell
lines (CCLE datasets) were analyzed using cBioPortal and UALCAN [30] analysis tools. At
first, the ENPP1 expression was analyzed using The Cancer Genome Atlas Program (TCGA)
pan-cancer datasets. ENPP1 expression was considerably high in breast cancer samples (me-
dian value: 4.27 log2(TPM+1)) and significantly low in lung cancer patients (median value:
0.8 and 0.5 log2(TPM+1) in lung adenocarcinoma and lung squamous cell carcinoma, re-
spectively) (Figure 1A). ENPP1 expression levels across cancer cell lines (CCLE datasets)
were also analyzed to find the concordance of ENPP1 expression between patient samples
and cell lines. ENPP1 was found to be overexpressed in MDA-MB-231 (triple-negative
breast cancer) with an abundance ratio of 3.55 (ratio with adjacent normal) as compared
to A549 (lung adenocarcinoma), which had an abundance ratio of 0.58 (Figure 1B). Thus,
MDA-MB-231 cells were considered as “high-ENPP1” and A549 as “low-ENPP1” for subse-
quent experiments. Additionally, the gene and protein expression levels of ENPP1 from the
CCLE RNA sequencing and global proteomic datasets were significantly correlated (r = 0.55;
p = 1.16 × 10−29) (Figure 1C). The expression of ENPP1 across PAM50 subtypes (molecular
classification) (Figure 1D) as well as tumor stages (Figure S1) did not vary significantly.

Cumulatively, these data suggest that ENPP1 has high gene and protein expression
levels across cancer types, especially in breast cancer. The expression levels of ENPP1
are lower in lung cancer. Moreover, the gene and protein expression levels are positively
correlated across cancers.

3.2. In Vitro Efficacy of AVA-NP-695 as a Potent Small ENPP1 Inhibitor

We developed a potent in-house ENPP1 inhibitor, AVA-NP-695, to study the effects
of ENPP1 inhibition on various therapeutic aspects of cancer. It is known that ENPP1 is
a member of the conserved ectonucleotide pyrophosphatase/phosphodiesterase (ENPP)
family comprising various other isoforms [36]. It was observed that AVA-NP-695 selec-
tively inhibits ENPP1 and no other ENPP isoforms (ENPP2, ENPP3, ENPP5, ENPP6, and
ENPP7) at a 100 µM concentration (Figure S2A). The IC50 of 14 ± 2 nM was noted through
an enzymatic assay using p-Nph-5′-TMP substrate to check the inhibitory potency of
AVA-NP-695 (Figure S2B). To demonstrate the effect of ENPP1 inhibition on activation of
the STING pathway and the downstream cytokine production, THP1 Dual™ cells were
treated with AVA-NP-695 (0.05 µM, 0.5 µM, and 5 µM) in combination with 2′3′-cGAMP
(25 µM), and the IFN-β mRNA level and IFN response using QUANTI-Luc™ luciferase as-
say were measured (Figures 2A and S2C). The 2′3′-cGAMP concentration for the treatment
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was finalized based on a dose-dependent IFN induction on THP1 Dual™ cells (Figure S3).
Finally, the selectivity of AVA-NP-695 across 469 kinases was tested to understand the
off-target effect using KINOMEscan®® (Figure S2D, Supplementary Table S1). Out of 403
non-mutant kinases tested for binding with AVA-NP-695 at 10 µM, no binding was ob-
served in 446 kinases, %Ctrl <35 was observed for 18 kinases, %Ctrl <10 was observed for
4 kinases, and %Ctrl <1 was observed for 1 kinase (Supplementary Table S1). Overall, these
data confirm the high selectivity of AVA-NP-695 towards ENPP1 and the reduced chances
of off-target effects across the diverse kinase panel.

A dose-dependent increase in IFN response was confirmed by evaluating the IFN-β
and CXCL10 mRNA expression in human peripheral blood mononuclear cells (PBMCs)
(Figure 2B,C). Despite the low IC50 of the inhibitor (14 nM) in an enzymatic assay, we
observed a significant increase in IFN induction only at higher doses (0.5 µM and 5 µM).
This could be attributed to the low normalized expression of ENPP1 in THP1 Dual™ cells.
Hence, we evaluated the compound in an in vitro exogenous ENPP1 assay that has been
previously reported [29]. The dose dependency of AVA-NP-695 significantly reflected the
IFN induction at a low concentration of 12.5 nM. The fold induction almost matches that
of the 2′3′-cGAMP control at the highest concentration of 125 nM, suggesting complete
inhibition of ENPP1 and enhanced stability of 2′3′-cGAMP leading to significantly high
IFN induction (Figure 2D–F). These data validate the efficacy of AVA-NP-695 towards
selectively targeting ENPP1 and also suggest that the cellular potency of the inhibitor
largely depends on the target expression level in the cell type used for in vitro studies.

3.3. 2′3′-cGAMP Modulates EMT Markers Based on the Cellular ENPP1 Level

Recently, 2′3′-cGAMP has been reported to suppress EMT in cancer cells [37]. As
ENPP1 levels modulate 2′3′-cGAMP levels and therefore affect its anti-tumor activity, we
speculated the involvement of ENPP1 in EMT modulation as well. Initially, the ENPP1
expression levels in MDA-MB-231 and A549 Dual™ were estimated.

It was observed that ENPP1 expression was significantly higher in MDA-MB-231
(~50 fold) than in A549 Dual™ cells (p = 0.0097) (Figure 3A), consistent with the bioin-
formatics analysis. To further evaluate the alterations in EMT markers in the presence of
2′3′-cGAMP, A549 and MDA-MB-231 cells were treated with 2′3′-cGAMP (25 µM). It was
found that the expression of E-CAD (p = 0.0149) was significantly upregulated with 2′3′-
cGAMP treatment, whereas VIM (p = 0.0011), N-CAD (p = 0.033) and TWIST1 (p = 0.0003)
were significantly downregulated in A549, i.e., low-ENPP1 cells (Figure 3B–E). On the
contrary, there were no significant changes in the expression of EMT markers or cytokines
in the high-ENPP1 cells (Figure 3B–E). Expectedly, IFN-β (p = 0.026), CXCL-10 (p = 0.018)
and IL-6 (p = 0.0004) expression levels were found to be elevated in 2′3′-cGAMP-treated
A549 Dual™ cells, along with no significant difference in MDA-MB-231 cells (Figure 3F–H).

3.4. ENPP1 Determines 2′3′-cGAMP-Mediated Modulation of EMT Markers

Next, we checked the correlation of EMT markers with high expression of ENPP1.
It was observed that in TCGA breast cancer datasets, the high expression of ENPP1
was significantly correlated (Pearson’s correlation) with the expression of VIM (r = 0.72;
p = 0.00), N-CAD (r = 0.54; p = 1.07 × 10−248), and TWIST1 (r = 0.60; p = 2.95 × 10−314)
(Figure 4A–C). Furthermore, the effect of ENPP1 inhibition on the modulation of EMT
markers through 2′3′-cGAMP was investigated. For this study, MDA-MB-231 cells were
selected, which exhibited high-ENPP1 expression for efficient inhibition. The 2′3′-cGAMP-
treated MDA-MB-231 cells were treated in the presence and absence of AVA-NP-695
(0.5 and 5 µM). It was observed that simultaneous treatment of the cells with 2′3′-cGAMP
and AVA-NP-695 significantly reduced the expression of the mesenchymal markers, namely
VIM (p = 0.0155) and N-CAD (p < 0.0001) (Figure 4D,E). Additionally, these observations
were enhanced with the increase in concentration (5 µM), where TWIST1 (p < 0.0001)
was downregulated (Figure 4F) and E-CAD (p = 0.0023) was found to be upregulated
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(Figure S4A). As anticipated, the expression of IFN-β was also significantly
upregulated (p = 0.016) (Figure S4B).

Figure 1. ENPP1 expression across various cancer types. Publicly available sequencing datasets
were analyzed to determine the gene and protein expression of ENPP1 across cancer types. (A) The
Cancer Genome Atlas (TCGA) RNA sequencing data from tumor tissue samples were analyzed using
the UALCAN analysis tool. The gene expression of ENPP1 across cancer types has been shown,
where breast cancer shows the highest expression (4.27 log2(TPM+1)). (B) Protein abundance of
ENPP1 across cancer cell lines. The data were acquired from the CCLE database and analyzed
through cBioPortal. MDA-MB-231 (triple-negative breast cancer cell line) shows an abundance ratio
of 3.55 (ratio with adjacent normal). A549 (lung adenocarcinoma) had an abundance ratio of 0.58.
(C) Pearson’s correlation analysis showed the correlation between mRNA and protein expressions of
ENPP1. The mRNA expression levels are positively correlated with the protein expression across all
cancer cell lines (r = 0.55; p = 1.16 × 10−29). MDA-MB-231 and A549 cell lines are highlighted in red
and yellow, respectively. (D) The PAM50-classified breast cancer samples [35] have been analyzed to
depict the levels of ENPP1 protein abundance across the molecular subtypes.
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Figure 2. AVA-NP-695 significantly induces IFN response in various in vitro cell studies. (A) Effect
of AVA-NP-695 on IFN-β mRNA level. THP1 DualTM cells were treated with different AVA-NP-695
concentrations and 25 µM of 2′3′-cGAMP for 24 h and RNA was isolated. IFN-β fold change was
plotted; data were normalized using GAPDH. AVA-NP-695 was added 2 h prior to 2′3′-cGAMP
addition (n = 3). (B,C) Three million PBMCs were seeded in a 12-well plate. AVA-NP-695 was added
to the respective wells at various concentrations. The plate was incubated for 2 h prior to addition of
2′3′-cGAMP (25 µM). The plate was further incubated for 24 h. RNA was isolated after the incubation,
followed by RT-PCR for IFN-β (B) and CXCL-10 (C) mRNA quantification. GAPDH was used as
endogenous control (n = 2). (D) Schematic representation of functional effect of ENPP1 inhibition on
IFN induction in (E) A549 DualTM and (F) THP1 DualTM cells. After the in vitro enzymatic reaction,
10 µL of the reaction mixture was diluted by adding 120 µL of complete RPMI. This diluted mix
was used to treat the cells for 24 h. IFN induction was estimated by a luciferase reporter assay
under the control of IFN-stimulated response elements. For all the experiments, control groups were
considered to be 1 and the p-values were calculated with respect to the control group using ordinary
one-way analysis of variance followed by Dunnett’s test. For comparison between two internal
groups, Dunnett’s multiple comparison test was performed. * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001, ns: non-significant.
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Figure 3. Effect of 2′3′-cGAMP on EMT markers. (A) ENPP1 mRNA levels were quantified in
A549 Dual™ and MDA-MB-231. Ct values of ENPP1 were normalized with respective Ct val-
ues for GAPDH (normalized Ct). Relative fold change was plotted considering A549 Dual™
as 1 (n = 3). (B–E) A549 Dual™ and MDA-MB-231 cells were treated with 25 µM 2′3′-cGAMP
for 24 h, and mRNA levels of various EMT markers were estimated using RT-PCR (B) E-CAD,
(C) VIM, (D) N-CAD, and (E) TWIST1 (n = 3). (F–H) Inflammatory cytokine mRNA levels were also
quantified in the same experiment (F), IFN-β, (G), CXCL-10, (H), and IL-6. The fold change values
were plotted using GAPDH as endogenous control (n = 3). The p-values were calculated using paired
Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.001, ns: non-significant.

To establish that the effect of 2′3′-cGAMP on EMT modulation was mediated by the
STING pathway, the A549 Dual™ cells were treated with H-151 [38] (a selective STING
inhibitor; 0.5 and 5 µM) in the presence of 2′3′-cGAMP. Upon STING inhibition, there was a
significant decrease in E-CAD expression, as well as type 1 interferon (IFN-β and CXCL10)
expression. Subsequently, the decrease in VIM level observed in the case of cGAMP
treatment was rescued back to normal (Figure S5A–D). The involvement of the STING
pathway was further confirmed in a follow-up experiment using HT-DNA as an activator
of cGAS–STING. A significant decrease in VIM and N-CAD mRNA levels was observed
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upon treatment with HT-DNA and showed complete rescue in the presence of H151
(Figure S5E,F). This confirms a direct role of the STING pathway in modulating the EMT. To
validate the role of ENPP1 in EMT regulation via 2′3′-cGAMP, low-ENPP1-expressing A549
Dual™ cells were replenished with recombinant human ENPP1 (rENPP1) and the EMT
markers were evaluated. Interestingly, the effect of 2′3′-cGAMP on EMT levels in A549
Dual™ cells was significantly reversed in the presence of rENPP1 (Figure 4G–I). Since these
A549 Dual™ cells expressed an IFN response element, 2′3′-cGAMP-mediated IFN induction
could be directly quantified using a luciferase assay. rENPP1 significantly reduced the
IFN induction, which indicated 2′3′-cGAMP hydrolysis (Figure 4J). Overall, these results
suggest that 2′3′-cGAMP is able to modulate EMT only in low-ENPP1 cells. However,
solitary induction of 2′3′-cGAMP is not sufficient in high-ENPP1 cells to modulate EMT.
Only a combination of 2′3′-cGAMP and ENPP1 inhibitor—in this case, AVA-NP-695—is
able to restore the EMT levels, thus highlighting the importance of ENPP1 inhibitors in
high-ENPP1 cancer (Figure 4G–J).

Figure 4. ENPP1 facilitates EMT by modulating 2′3′-cGAMP levels in MDA-MB-231 and A549 Dual™
cells. (A–C) Pearson’s’ correlation was conducted on TCGA breast cancer data using cBioPortal. The
mRNA expressions of mesenchymal markers (A) VIM, (B) N-CAD, and (C) TWIST1 were analyzed
for their correlation with ENPP1 expression (r > 0.5, p < 0.05). (D–F) Effect of ENPP1 inhibitor (5 µM)
on EMT markers at mRNA level with 2′3′-cGAMP (25 µM) in high-ENPP1 expression MDA-MB-231
cells. (D) VIM, (E) N-CAD, and (F) TWIST expression was evaluated through real-time PCR and data
were normalized using GAPDH (n = 3). (G–J) EMT markers elevated in the presence of rENPP1 in
A549 Dual™ cells. rENPP1 (5 µg/mL) along with 2′3′-cGAMP (25 µM) was added to A549 Dual™
cells and incubated for 24 h. mRNA levels were evaluated using RT-PCR. (G) VIM, (H) N-CAD,
(I) TWIST1, and (J) IFN-β (n = 3). The p-values were calculated with respect to the no-treatment group
using ordinary one-way analysis of variance followed by Dunnett’s test. For comparison between
two internal groups, Dunnett’s multiple comparison test was performed. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001, ns: non-significant.
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3.5. 2′3′-cGAMP Blocks EMT Induced by TGF-β in Presence of ENPP1 Inhibitor, AVA-NP-695

Metastasis stimulates the spread of cancer, responsible for up to 90% of patient deaths,
which is largely caused by EMT [39]. Numerous factors initiate EMT, including the cancer
cells in the TME (tumor microenvironment), which secrete many cytokines, most predomi-
nant among them being TGF-β [40]. TGF-β, a multi-functional cytokine in mammals, plays
a crucial role in the alteration of the cytoskeleton [41]. It has been reported that TGF-β
induces tumor formation by promoting EMT [42], cell elongation [43], movement in vitro,
and cancer metastasis in vivo [44]. In a recent study, MDA-MB-231 cells were treated with
TGF-β (10 ng/mL) for 48 h and transcriptomic analysis was carried out [45]. After establish-
ing the EMT-modulating mechanism of 2′3′-cGAMP, we hypothesized that similar results
could be achieved when EMT is induced in high-ENPP1 MDA-MB-231 cells. Consequently,
we induced EMT in MDA-MB-231 cells through TGF-β treatment (10 ng/mL) for a period
of 72 h. TGF-β-induced EMT was confirmed by upregulated VIM and TWIST1 mRNA and
downregulated E-CAD mRNA levels (Figure S6). Interestingly, the EMT traits displayed
by the cells after treatment with TGF-β were significantly abrogated upon 2′3′-cGAMP
and AVA-NP-695 treatment. As early as 24 h after treatment of the TGF-β, the cell length
was significantly increased (p < 0.0001). However, with the treatment of 2′3′-cGAMP (after
TGF-β induction), the cells showed moderately less cell length, which further decreased
with the treatment of AVA-NP-695 in combination with 2′3′-cGAMP (Figures 5A and S7).
Similar results were observed after 48 h and 72 h treatment (Figures 5B,C and S7). Thus,
a decrease in mean cell length with the treatment of TGF-β along with 2′3′-cGAMP and
AVA-NP-695 was observed in MDA-MB-231 cells treated for 24 h, 48 h, and 72 h (Figure 5D,
Supplementary Table S2). 2′3′-cGAMP-treated cells also showed sufficient loss in cell length
in the TGF-β-induced cells, although to a lesser extent as compared to the combination
of both 2′3′-cGAMP and AVA-NP-695. Interestingly, only the 2′3′-cGAMP+ AVA-NP-695
group depicted a significant decrease in VIM (p = 0.006) and N_CAD (p < 0.0001) mRNA
levels compared to the group treated with TGF-β alone or the group treated with TGF-β
and 2′3′-cGAMP (Figure 5E,F).

Overall, this observation is consistent with a previous report which demonstrated that
ENPP1 knockdown suppressed clonogenic formation and tumorigenicity in vivo [34]. Next,
to further confirm that the level of ENPP1 is crucial in modulating EMT by cGAMP, we
performed a similar experiment in low-ENPP1-expressing A549 Dual™ cells. We observed
that cGAMP significantly abrogated TGF-β-induced upregulation of VIM (p < 0.0034) and
N-CAD (0.0006), and the addition of AVA-NP-695 caused a similar effect to that of cGAMP
treatment compared to treatment with TGF-β alone (Figure 5G–H). These results suggest
that in a given context where TGF-β and 2′3′-cGAMP are both present, the influence of
TGF-β surpasses that of 2′3′-cGAMP, primarily due to constant hydrolysis of 2′3′-cGAMP by
ENPP1, provided that the ENPP1 expression is high. These observations indicate that in a
high-ENPP1-expressing condition, 2′3′-cGAMP treatment alone is insufficient to reverse EMT
in TGF-β-treated cells. However, once the ENPP1 is inhibited by AVA-NP-695, or there re
low-ENPP1-expressing cells, the impact of cGAMP is pronounced to reverse EMT (Figure 5I).

3.6. Pharmacological Inhibition of ENPP1 by AVA-NP-695 Abrogates 4T1 Tumor Growth and
Metastasis in Syngeneic Mice Model

Given that the efficacy of AVA-NP-695 stabilizes 2′3′-cGAMP levels to activate the
STING pathway, leading to cytokine release, we evaluated its potency in vivo to inhibit
tumor growth in the 4T1 TNBC syngeneic model, which is known to be immune-checkpoint
non-responsive [46]. We determined the anti-tumor efficacy of AVA-NP-695 in comparison
to approved drugs such as Olaparib (PARP inhibitor) and anti-PD1. In the 4T1 syngeneic
mouse model, the lowest dose of AVA-NP-695 (1 mg/kg, BID, PO) was more effective in
reducing the tumor size by 40% (p < 0.0001) as compared to anti-PD1 (28%, p < 0.0001) and
Olaparib (33%, p < 0.0001) alone. We noticed a 53% decrease (p < 0.0001) in the size of the
tumor with the highest dose of AVA-NP-695 (6 mg/kg, BID, PO) (Figure 6A,B). Considering
the significant decrease in tumor growth, lung metastasis of 4T1 tumors was also evaluated.
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Interestingly, significant reductions in the lung metastatic nodules were observed in 6 mg/kg
AVA-NP-695 group (mean: 41 nodules) compared to the control group (mean: 70 nodules)
(Figures 6C and S8A). Histopathological analysis depicted that at 6 mg/kg, BID of AVA-
NP-695 treatment, the lung metastatic area was significantly reduced (p < 0.0001) by 77%
compared to the vehicle control (Figures 6D and S8B). No significant change in body weight
was observed during the study (Figure S8C), suggesting that at the tested doses of AVA-NP-
695 were well tolerated. Repeat dose studies in mice wherein the AVA-NP-695 was dosed
orally twice daily did not show any adverse events or impact on body weight, suggesting a
large therapeutic window for the compound (Figure S8D).

Figure 5. The effect of 2′3′-cGAMP and TGF-β in the presence of ENPP1 inhibitor on the expression
level of EMT markers. (A–C) EMT was induced in MDA-MB-231 cells through TGF-β treatment
(10 ng/mL) for periods of 24, 48, and 72 h. The cells were consecutively treated with 2′3′-cGAMP
alone and in combination with AVA-NP-695. (D) Mean cell lengths with the treatment of TGF-
β along with 2′3′-cGAMP and AVA-NP-695 from each time point and group were plotted. Cell
length was analyzed using ImageJ. (E,F) The gene expression of VIM and N-CAD was evaluated
through real-time PCR and the data were normalized using GAPDH (n = 3). (G,H) Low-ENPP1-
expressing A549 Dual™ cells were treated with TGF-β, cGAMP, and TGF-β and TGF-β, cGAMP, and
AVA-NP-695 for 48 h; VIM (G) and N-CAD (H) mRNA expression levels were evaluated using RT-
PCR (n = 3). (I) The schematic representation showing the cumulative conclusion of the experiment.
The p-values were calculated with respect to the no-treatment group using ordinary one-way analysis
of variance followed by Dunnett’s test. For comparison between two internal groups, Dunnett’s
multiple comparison test was performed. *<0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 6. AVA-NP-695 demonstrates superior anti-tumor efficacy and reduces metastasis in the 4T1
syngeneic model. (A) Tumor volume at given time points was measured with different concentra-
tions of AVA-NP-695 (1 mg/kg, 3 mg/kg, 6 mg/kg) and anti-PD1 and Olaparib and the growth
kinetics of the mice after treatment (n = 8). All the animals were sacrificed on day 19. (B) Tumor
volume at day 19 was plotted for the vehicle and 2 dose of AVA-NP-695 (3 and 6 mg/kg) (n = 8).
(C) The metastatic lung nodules by 4T1 cells were visually counted for each animal of the respective
group indicated in the graph and the average number of nodules is presented as mean ± SD (n = 8)
after sacrificing the animals on day 19. (D) Histological analysis of lung metastasis of 4T1 tumors from
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various treatment groups were stained with hematoxylin and eosin. The percentage of metastasized
area was calculated by considering the mean metastatic area of the vehicle group as 100%: [(metastatic
area/mean metastatic area of vehicle)× 100)] (n = 8). (E–J) The mRNA expression levels of EMT mark-
ers and cytokines were quantified through real-time PCR in the animal tissue samples treated with
AVA-NP-695 at 3 mg/kg (square) and 6 mg/kg (triangle) along with the vehicle control (circle). Tumor
samples were analyzed for changes in mRNA levels of EMT markers (E) VIM, (F) N-CAD, (G) TWIST1,
and (H) E-CAD and cytokines (I) IFN-B and (J) CXCL-10 upon treatment. Ct values of markers were
normalized with respective Ct values for GAPDH and fold change was plotted in comparison with the
vehicle control. The p-values for all the treated groups were compared with the vehicle control group
using ordinary one-way analysis of variance followed by Dunnett’s test. For comparison between two
internal groups, Dunnett’s multiple comparison test was performed. * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001, ns: non-significant.

Since it was previously demonstrated that the combined treatment of AVA-NP-695
and 2′3′-cGAMP downregulates the expression of EMT markers in MDA-MB-231, we
evaluated the mRNA expression levels of various EMT markers in 4T1 tumor samples
from a syngeneic mouse model. Consistent with the in vitro data, mesenchymal markers
such as VIM (p < 0.0026), N-CAD (p < 0.0002), and TWIST1 (p < 0.0378) were significantly
downregulated (fold change of 0.5) with 6 mg/kg BID AVA-NP-695 treatment (Figure 6E–G).
Subsequently, the expression of E-CAD (p < 0.0259) (Figure 6H) was marginally upregulated
by 1.5-fold in the AVA-NP-695 6 mg/kg BID arm. This correlates well with the observation
in Figure 6C,D, where a significant decrease in the lung metastatic area was documented
upon AVA-NP-695 treatment. In addition, IFN-β (p < 0.0004) and CXCL-10 (p < 0.0002) were
also found to be upregulated by 4-fold upon dose-dependent treatment of AVA-NP-695
in the 4T1 tumor (Figure 6I,J). Predominantly, these data indicate that administration of
AVA-NP-695 could suppress the mesenchymal markers, thereby blocking metastasis, and
also inducing expression of IFN-β and CXCL-10 necessary to activate T cell-mediated
anti-tumor efficacy, thus exhibiting a potential characteristic of a cancer immunotherapy.

4. Discussion

A major interest in cancer immunotherapy is finding ways to render immunologically
cold tumors hot by immune activation mechanisms. The importance of the cGAS–STING
pathway in this context has been well documented [4,47]. Tumor cell-derived DNA activates
the cGAS–STING pathway that induces T cell activation both in vivo and in vitro [48].
Interestingly, tumor cells bypass the excess immune activation via several mechanisms such
as increasing checkpoint protein expression, T cell exhaustion, etc. [49,50]. As hypothesized
and demonstrated by Li et al., overexpression of ENPP1 also qualifies as one such immune
evasion mechanism to deactivate the 2′3′-cGAMP-mediated STING pathway activation [18].
ENPP1 expression was found to be significantly high in several cancer patients (TCGA
dataset), including in breast cancer primary tissues, which showed the highest ENPP1
expression [18]. The gene expression profile of patient datasets was found to be in line
with the cell line datasets, and upon analysis, we found MDA-MB 231, a metastatic breast
cancer cell line, showing the highest ENPP1 levels and A549, a lung adenocarcinoma
cell line, showing the least ENPP1 expression of the given data. After analyzing ENPP1
expression from patients with different cancer stages, it was also observed that ENPP1
expression was associated with cancer progression, with advanced-stage patients having
high ENPP1 levels compared to the early-stage patients (Figure 1). This result is consistent
with the previous report by Li et al., where ENPP1 expression depicted a stepwise increase
in the various stages of tumorigenesis in a genetically engineered mouse model of lung
adenocarcinoma [18]. Being involved in a crucial immune deactivation process, ENPP1
has been rigorously studied as an immuno-oncological target by various research groups
worldwide. Our efforts to develop a potent ENPP1 inhibitor resulted in the development
of AVA-NP-695 (IC50 of 14 nM for TMP as a substrate, sub-nanomolar for cGAMP as a
substrate). AVA-NP-695 showed selectivity towards the ENPP1 isoform and did not inhibit
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other isoforms (ENPP2, ENPP3, ENPP5, ENPP6, and ENPP7) (Figure 2). Metastasis of
cancer is driven by EMT [39], where the epithelial cells lose their epithelial features and
acquire mesenchymal characteristics [39]. Apart from the immuno-modulatory effect of
2′3′-cGAMP, a recent study has suggested the role of 2′3′-cGAMP in modulating cancer
metastasis by negatively regulating EMT [37]. Hence, we explored the role of ENPP1 in
cancer progression. Multiple reports have focused on the role of ENPP1 in metastasis [18,19];
however, the exact molecular mechanism is yet to be explored. Recently, Cheng et al.
demonstrated that metastasis in CT26 tumor-bearing mice was inhibited by 2′3′-cGAMP
via modulating the EMT process, although the major focus was on the effects of 2′3′-
cGAMP regulating CD8+ T cells and myeloid-derived suppressor cells (MDSCs) in the
tumor microenvironment [37]. Here, for the first time, we have demonstrated that 2′3′-
cGAMP negatively regulates the EMT markers based on the cellular ENPP1 expression
status. Consistent with our bioinformatics analysis, we observed that ENPP1 levels were
significantly higher in MDA-MB 231 cells compared to A549 cells. 2′3′-cGAMP negatively
regulated EMT markers VIM, N-CAD, and TWIST in low-ENPP1-expressing A549 cells
(Figure 3), while in high-ENPP1-expressing MDA-MB-231 cells, the impact was negligible,
thus demonstrating that ENPP1-mediated hydrolysis of 2′3′-cGAMP can abrogate its
beneficial effects on metastasis. Moreover, the impact of 2′3′-cGAMP on the A549 cells
resulting in increased IFN-β, CXCL-10, and IL-6 mRNA expression was evident (Figure 3).
Interestingly, combined treatment of AVA-NP-695 treatment and 2′3′-cGAMP treatment
effectively reduces metastasis markers in MDA-MB-231 cells. Direct involvement of ENPP1
in this phenomenon was further confirmed by adding recombinant ENPP1 to A549 cells,
which reversed the EMT levels back to those without 2′3′-cGAMP treatment (Figure 4). We
further observed that TGF-β-induced EMT was restored back to control in the presence
of both 2′3′-cGAMP and AVA-NP-695. This suggests that in a given situation where both
TGF-β and 2′3′-cGAMP are present, 2′3′-cGAMP is insufficient and requires AVA-NP-695
to restore EMT (Figure 5). Hence, these data delineate an interesting aspect of ENPP1
upregulation as cancer metastasizes, probably to destabilize the endogenous 2′3′-cGAMP,
which can negatively regulate EMT via the Wnt/β-catenin pathway [37]. Hence, it seems
likely that the tumor cells balance out the anti-tumor impact of the STING pathway by
increasing ENPP1 expression, which also happens to induce metastasis.

The impact of AVA-NP-695 on tumor growth and metastasis was further validated
in an in vivo efficacy study using the 4T1 TNBC syngeneic mouse model. Treatment with
AVA-NP-695 not only showed higher tumor growth inhibition compared to the existing
PARP inhibitor, Olaparib, and anti-PD1, but it also had a comparable impact on reducing
the 4T1 lung metastasis (Figure 6). In summary, our data demonstrate the efficacy of ENPP1
inhibitor AVA-NP-695 both in vitro and in vivo. ENPP1 inhibition most likely increases
the 2′3′-cGAMP levels, which upregulate the interferon signaling via the STING pathway
necessary to activate the T cell-mediated immunity [51,52]. Additionally, it also negatively
regulates the epithelial–mesenchymal transition crucial for metastasis (Figure 7).
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Figure 7. Schematic representation of the study. Apart from immune cell activation, ENPP1 inhibition
increases cGAMP levels, thereby negatively regulating the epithelial–mesenchymal transition crucial
for metastasis. Hence, ENPP1 inhibition reflects negatively on tumor growth not only by activating
immune cells but also by reducing metastasis. *** p < 0.001.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27196721/s1, Figure S1: The gene expression of ENPP1
in TCGA dataset across breast cancer stages; Figure S2: Selectivity of AVA-NP-695 across isoforms
and kinases. Figure S3: Dose dependent effect of 2’3’-cGAMP on IFN induction in THP1 Dual™
cells. Figure S4: Effect of cGAMP and ENPP1 inhibitor on E-cadherin and IFN-β in MDA-MB-231.
Figure S5: Effect of 2’3’-cGAMP on EMT markers in low ENPP1 cells (A549) is mediated by STING.
Figure S6: TGF-β treatment in MDA-MB-231 cells. Figure S7: Representative image to show the
effect of 2’3’-cGAMP and TGF-β in presence of AVA-NP-695 on the cell elongation of MDA MB-231
cells. Figure S8: Representative lung metastatic nodules and histopathology image with respect to
Figure 6C; Table S1: Raw data for kinome panel. Table S2: Individual cell length post-treatment at
24 h, 48 h and 72 h (related to figure 5 A-D). Table S3: Primer sequence list.
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