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Abstract

To demonstrate multifaceted contribution of aspartate β-hydroxylase (ASPH) to pancreatic ductal 

adenocarcinoma (PDAC) pathogenesis, in vitro metastasis assay and patient derived xenograft 

(PDX) murine models were established. ASPH propagates aggressive phenotypes characterized by 

enhanced epithelial-mesenchymal transition (EMT), 2-D/3-D invasion, extracellular matrix (ECM) 

degradation/remodeling, angiogenesis, stemness, transendothelial migration and metastatic 

colonization/outgrowth at distant sites. Mechanistically, ASPH activates Notch cascade through 

direct physical interactions with Notch1/JAGs and ADAMs. The ASPH-Notch axis enables 

prometastatic secretome trafficking via exosomes, subsequently initiates MMPs mediated ECM 

degradation/remodeling as an effector for invasiveness. Consequently, ASPH fosters primary 

tumor development and pulmonary metastasis in PDX models, which was blocked by a newly 

developed small molecule inhibitor (SMI) specifically against ASPH’s β-hydroxylase activity. 

Clinically, ASPH is silenced in normal pancreas, progressively upregulated from pre-malignant 

lesions to invasive/advanced stage PDAC. Relatively high levels of ASPH-Notch network 

components independently/jointly predict curtailed overall survival (OS) in PDAC patients (log-

rank test, Ps < 0.001; Cox proportional hazards regression, P < 0.001). Therefore, ASPH-Notch 

axis is essential for propagating multiple-steps of metastasis and predicts prognosis of PDAC 

patients. A specific SMI targeting ASPH offers a novel therapeutic approach to substantially retard 

PDAC development/progression.
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1. Introduction

Pancreatic cancer (PC) was responsible for 458,918 new cases and 432,240 deaths world-

wide in 2018 (GLOBOCAN), with a 5-year survival rate of 5–8% 

[1]_ENREF_1._ENREF_10 The ASPH hydroxylizes aspartyl and asparaginyl residues in 

EGF-like repeats of various proteins, especially Notch receptors and ligands 
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[2]._ENREF_2_ENREF_25 Notch pathway is critically involved in stemness, migration and 

invasion [3]._ENREF_31 ASPH is silenced in normal adult tissues and only upregulated 

during oncogenesis [4–6]. It is highly expressed in multiple tumors originated from liver 

(hepatocellular carcinoma; HCC), bile duct (cholangiocarcinoma) [5], pancreas [7] and 

nervous system [4,5,8,9]. Overexpression of ASPH or its truncated homolog Humbug 

confers worse prognosis of HCC [6], non-small cell lung cancer [10] and colon cancer [11]. 

ASPH links upstream growth factor signaling with downstream pro-oncogenic cascades 

[12–16]._ENREF_14 However, whether ASPH is a determinate for more aggressive/invasive 

phenotypes of PC remains mysterious.

Exosomes are cell-derived lipid-bilayer, membrane enclosed nanovesicles (30–100 nm) 

present in biofluids and cell culture supernatants [17]_ENREF_1. Exosomes locally/

systemically transfer and exchange intercellular active biomolecules to reprogram biological 

processes in tumor development [18] and progression [19,20]. We attempt to address several 

critical questions whether: (a) ASPH-Notch axis is involved in exosomal cell-to-cell 

communication? (b) ASPH-Notch network depends on exosomal secretome to initiate PC 

progression? (c) inhibition of ASPH-Notch axis can reverse aggressive phenotypes and 

block PC development/progression?

2. Materials and methods

2.1. Tube formation

300 μl of cold (4 °C) Matrigel Matrix (10 mg/mL) was added to each well of a 24-well plate 

on ice. The plate was centrifuged at 300×g for 10 min at 4 °C, and quickly incubated at 37 

°C for 60 min. Afterwards, 300 μl of human umbilical vein cells (HUVECs) suspension (1.2 

× 105) ± exosomes (5 μg/ml) was added to each well. PC cells were incubated for 12–24 h in 

CO2 incubator. The formation of tube-like structures was imaged by microscope. The 

number of vessel joints was counted and tube area was calculated by NIH ImageJ. Results 

from three independent experiments were expressed as mean ± standard deviation (SD).

2.2. Pancreatosphere formation

Matrigel (300 μl) was spread evenly to each well of a 24-well plate on ice. The plate was 

centrifuged at 4 °C, 300×g; and immediately placed in a cell culture incubator for 30 min. 

Single-cells were suspended in the medium with 10% matrigel at a concentration of 2000 

cells/400 μl and seeded on matrigel. PC cells were allowed to attached to the matrigel for 3 

h. The medium was carefully removed and replaced with fresh medium containing 10% 

matrigel. After incubated for 1h, corresponding culture medium was added. Fresh medium 

containing 10% matrigel was changed every 2 days. The spheres formed after 5–9 days were 

evaluated in terms of size and number by light microscopy. All experiments were performed 

in triplicate wells for each condition and repeated at least twice.

2.3. ECM degradation/remodeling

Cover glass (18 mm; Fisher Scientific) was coated with pig skin Oregon green 488 

conjugated Gelatin (G13186, Life Technologies). The gelatin was cross-linked with a 0.5% 

glutaraldehyde solution in a 12-well plate, followed by quenched with sodium borohydride 
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(1 mg/ml) and washed 3 times with PBS. Pancreatic cancer cells (2 × 104) were seeded to 

each well in 2 ml of complete medium. After 18h–72h, cells were fixed with 4% 

paraformaldehyde (PFA), permeabilized with 0.1% Triton X-100, blocked with 5% bovine 

serum albumin (BSA), and probed for F-actin (Rhodamine phalloidin, R415, Life 

technologies). The coverslips were mounted over a glass slide with a drop of mounting 

medium containing DAPI. At least 15 fields per coverslip were imaged at all three channels 

(red, green and blue) under 40 × magnification. Black and white images of gelatin 

degradation were analyzed using NIH IMAGE J software. The degraded area was 

normalized to the number of nuclei in the image from the same field. Modulating agent was 

applied to the system to evaluate its respective impact on cellular phenotype. All 

experiments were performed in triplicate wells for each condition and repeated at least 

twice.

2.4. 3D-Embedded and 3D-On Top (co-culture layer epi-/endothelial cells on top) cultures

24-well plate was coated with 300 μl/well growth factor reduced (GFR) matrigel, and 

incubated (37 °C, 5% CO2) for 30 min. PC cells were harvested, counted and diluted to a 

concentration of 5000/ml in complete growth medium (2% GFR matrigel). 400 μl was added 

to each well of a matrigel pre-coated plate, and incubated (37 °C, 5% CO2) for 5–7 days. To 

evaluate the effects of different pharmacologic inhibitors, each compound was added to the 

complete medium at the time of plating followed by fresh medium changes supplemented 

with each compound every day while the cells grew on GFR matrigel. All experiments were 

performed in triplicate wells for each condition and repeated at least twice.

2.5. 3D (Spheroid) invasion

To perform 3D Culture 96-Well BME Cell Invasion Assay (Trevigen Inc. Gaithersburg, 

MD), PC cell monolayers were washed with PBS, dissociated by Trypsin, neutralized with 

complete growth medium. PC cells were counted using a hemocytometer and the cell 

suspension was diluted to 1 × 104 cells/ml (to obtain tumor spheroids of 300–500 μm in 

diameter 4 days after cell seeding). PC cell suspension was dispensed into ULA 96-well 

round bottom plate and centrifuged at 200×g for 5 min. The plate was transferred to CO2 

incubator. After 3–5 days, PC spheroid formation was visually confirmed and proceeded to 

3-D invasion assay. BMM (basement membrane matrix) was thawed on ice overnight. ULA 

96-well plate containing 4-day old spheroids was placed on ice. 50 μl of BMM was gently 

dispensed into each U-bottom well with 6 replicates in each group. The plate was 

centrifuged at 300×g for 3 min at 4 °C, then transferred to CO2 incubator, allowing the 

BMM to solidify. After 1h, 100 μl/well of complete growth medium was gently added into 

each well. Invasion modulating agent was applied to the system to evaluate its respective 

impact on cellular phenotype. Spheroid invasion was visualized microscopically and 

quantitated with image analysis software NIH IMAGEJ. All experiments were performed in 

triplicate wells for each condition and repeated at least twice.

2.6. In Vitro Metastasis [21,22]

Matrigel invasion chambers (BD BioCoat Matrigel Invasion 24-well Chamber, 8 μm pores, 

BD Biosciences) were rehydrated for 2h at 37 °C with serum-free medium. HUVECs (2 × 

105) in HUVEC Medium were seed in inserted chambers. After 24h, lower chambers were 
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coated with 290 μl matrigel and filled with 500 μl HUVEC Medium (10% FBS). PC cells 

(1–4 × 104) stably expressing GFP in HUVECs Medium (FBS-free) were plated onto a layer 

of HUVECs and incubated in CO2 incubator for 3 days. Inserted 24-well chambers were 

removed, washed with PBS and fixed with 4% PFA for 20 min, permeabilized with Triton 

X-100 for 20 min, and stained with phalloidin (red) and Hoest. Transmigrated PC cells 

passing through HUVECs were imaged using fluorescence microscope and counted. PC 

cells invaded into the matrigel within the lower chambers were buried with medium 

containing 10% matrigel, continuously cultured in complete growth medium for 7 days to 

allow pancreatosphere formation. PC tumor spheres were imaged and evaluated in terms of 

size and number by fluorescence microscope.

2.7. Patient’s tissue procurement for PDX model

Tumor tissues were collected from 6 patients (Table S1) with primary PDAC who had 

undergone surgical resection at Rhode Island Hospital of Brown University. This study was 

approved by the Institutional Review Board of Rhode Island Hospital and conducted in 

accordance with all current ethical guidelines.

2.8. Establishment of F1 generation patient-derived xenograft (PDX) murine models

PDAC tumor specimens were transferred to the animal procedure room within 0.5–1h after 

surgical resection, washed by DMEM (1% penicillin/streptomycin), and diced into 5 × 5 × 5 

mm3 fragments. Female (5–6-week-old; n = 6/group) NSG mice (Jackson Laboratory) were 

anesthetized with isoflurane (4% induction, 2% maintenance). A small incision was made on 

the lower back; 1–2 tumor fragments subcutaneously implanted. The residual tumor 

fragments were formalin-fixed or stored in liquid nitrogen for IHC or RT-PCR. Tumor was 

measured 3 times/week. Tumor volume=(length × width2)/2. All animal procedures were 

approved by IACUC at Rhode Island Hospital.

2.9. Establishment of F2 through F7 PDX murine models

When reached approximately 500 mm3, F1 tumors were excised, washed, diced into 5 × 5 × 

5 mm3 fragments, transplanted into 5–6-week-old female NSG mice under anesthesia, and 

serially passaged to F7 generation. Necropsy was performed when reached approximately 

800–900 mm3. PDX derived tumors, liver and lymph nodes were fixed for histology/IHC, 

and lungs immersed in Bouin’s solution (HT10132; Sigma-Aldrich, St. Louis, MO) to 

determine macro-/micro-metastases.

2.10. Anti-tumor effects of SMI in vivo

Potential anti-tumor effect of small molecule inhibitor (SMI) [14] on PDAC was analyzed in 

F5–F7 generation PDX mice harboring tumors derived from Patient B. When tumors 

reached 100 mm3 (grown subcutaneously on the back of NSG mice for 4–5 weeks after 

transplantation), mice were randomized into experimental or control group treated with MO-

I-1182 or DMSO, respectively. Torpac mouse capsule filled with lactose and MO-I-1182 (or 

DMSO) was administered by dosing syringe injection into mouse’s stomach through mouth 

and esophagus. MO-I-1182 was administered orally at 10 mg/kg daily for 5 weeks. Mice 

were sacrificed at 5 weeks. Necropsy was performed and primary tumors, lungs, liver and 
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lymph nodes surgically removed. The lungs were immersed in Bouin’s solution and 

metastatic nodules counted.

3. Statistics

Data were analyzed with SPSS and GraphPad software packages. Nonparametric data were 

analyzed with Kruskal-Wallis two-way ANOVA and Tamhane’s post hoc test. Normally 

distributed data were analyzed using two-way ANOVA and Bonferroni post hoc. Spearman’s 

rank correlation coefficient (ρ) and Pearson’s correlation coefficient (r) were used to 

evaluate the relationship of ASPH expression with other components levels in tumor tissue 

by IHC. OS time was calculated from the date of diagnosis to the date of death or last 

follow-up. Median survival time was estimated using Kaplan-Meier plot and compared with 

log-rank test. Univariate explanatory variables and multivariate Cox proportional hazards 

regression models were applied to evaluate individual and combined contribution of ASPH 

network components on OS, adjusting for clinical factors. A p < 0.05 (2-tailed) was 

considered statistically significant.

4. Results

4.1. ASPH physically interacts with Notch receptors, ligand, and regulators to activate 
Notch cascade in PC

ASPH expression in PC cell lines has been evaluated previously [7]. MIA-Paca2 cells stably 

expressing empty vector vs. ASPH using lenti-virus transfection [7]; whereas AsPC-1 and 

HPAFII stably expressing CRISPR-vector vs. ASPH knock-our (KO) using CRISPR-CAS9 

were established.

ASPH physically interacts with Notch receptors/ligands (JAGs) and regulators (ADAM10/

ADAM17). Aspartyl/Asparaginyl β-hydroxylase (HydroX) domain is required for ASPH-

Notch extracellular domain (ECD) interaction. ASPH amplifies Notch-JAG interaction, 

facilitates ligand-receptor binding and thus stimulates S2 cleavage of Notch receptors 

executed by ADAM10/17. In both ligand-dependent and ligand-independent (ADAM10/17 

dependent) manners, Notch signaling is activated by ASPH [7,22]. Since ASPH’s function 

depends on β-hydro-xylase activity [7], SMIs against enzymatic activity of ASPH were 

characterized. MO-I-1182 exerted a dose-dependent effect on cell viability [7]. ASPH 

mediated Notch signaling activation was eliminated by SMI based on Luciferase Reporter 

(Fig.S1AC) and Western blot assays (Fig. 1A and B; Fig. S1D). Notch signal inhibitor 

DAPT efficiently reduced migration/invasion (Fig. S1E–F), EMT (upregulation of Vimentin, 

Figs. S1K) and 3D invasion (Fig. 1C), ECM degradation/remodeling (Fig. 1D) and stemness 

(Fig.1E; Fig. S2A).

We newly developed in vitro metastasis assay (Fig. 1F) to mimic how PC cells invade 

through basement membrane at primary site, subsequently intravasate into/extravasate out of 

vasculature system (transendothelial migration), consequently invade through basement 

membrane and form metastatic colonization/outgrowth (pancreatosphere formation) at 

distant sites [21,22]. Endogenous ASPH induced migration/invasion (Fig. S1G–J), EMT 

(downregulation of E-Cadherin and upregulation of Vimentin, Fig.S1L–N), 3D invasion 
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(Fig. S1O), ECM degradation/remodeling (Fig. S1P–Q), stemness (upregulation of cancer 

stem cell marker CD44 or EpCAM [Fig. S2B–D] and enhanced tumor sphere formation 

[Fig. S2E–F]) and in vitro metastasis (Fig. 1G and H; Fig. S2G–H) were impaired by ASPH 

KO or DAPT.

4.2. ASPH potentiates PC cells to secrete exosomes delivering prooncogenic/pro-
invasive cargoes

Notch signaling pathway is pivotal for exosomes secretion/biological activity 

[23,24]._ENREF_23_ENREF_60 We hypothesize ASPH-Notch axis stimulates PC cells to 

generate pathologic exosomes and thus reprogram cellular invasiveness. Exosomes were 

extracted and purified from PC cell lines with ultracentrifugation and characterized by 

density at 1.10–1.12 g/mL on sucrose gradients, morphology under transmission electron 

microscopy (Fig. S3A), and expression of CD9/CD63, MMP2/MMP9 (Fig. S3B–D).

Exosomes secreted by donors were avidly taken up by recipients (Fig. S3E). Docking station 

of exosomes was substantiated to ECM degradation sites under immunofluorescent 

microscopy as demonstrated by co-localization of exosome marker CD63 with (matrix 

metalloproteinase 2) MMP2 (Fig. 2A). Donors transferred specific exosomes to recipients, 

to render them with aggressive phenotypes: invasion (Fig. S3F–H), ECM degradation and 

pancreatosphere formation. Exosomes secreted by MIA-Paca2 overexpressing ASPH 

dramatically strengthened tube formation (in vitro analysis of angiogenesis) (Fig. 2B) in 
vitro metastasis (Fig. 2C and D; Fig. S3I–J) of parental PC cells.

Compared to empty vector (Fig. S3K), ASPH promoted MIA-Paca2 to secrete exosomes 

carrying pro-invasive/pro-metastatic (Fig. 2E) and immunosuppressive elements (Fig. 2F). 

Differential gene expression (protein levels) between MIA-ASPH and MIA-Vector has been 

deciphered, compared and annotated. Representative examples of major components 

possibly involved in ASPH-mediated aggressive malignant phenotypes are presented as a 

clue for further investigation. Neutral sphingomyelinase 2 (N-SMase 2) is essential for 

exosomes synthesis/release [25]. ASPH guided exosomes may confer invasiveness 

depending partially on N-SMase activity [26]. ASPH mediated migration and/or invasion 

(Fig. S4A–C) and ECM degradation (Fig. 3A; Figs. S4D and F) were reduced by GW4869 

(specific non-competitive inhibitor of N-SMase). Notably, this inhibitory effect of GW4869 

was rescued by re-addition of exosomes secreted by MIA-Paca2 expressing ASPH (Fig.3B; 

Figs. S4E and G). ASPH mediated 3D invasion (Fig.3C; Fig. S4H), stemness (tumor sphere 

formation Fig.3D; Fig. S4I–J) and in vitro metastasis (Fig. 3E and F; Fig. S4K–L) were also 

attenuated by GW4869. Notably, synthesis/release of exosomes is undermined by GW4869 

treatment (Fig. 3G).

4.3. Exosomes act as outlets of MMPs in PC

ASPH activates Notch signaling to stabilize ADAMs and upregulate downstream MMPs, 

with an outlet of being packaged into exosomes. We hypothesize exosomal MMPs are 

executors for ASPH mediated malignant phenotype. ASPH enhanced migration/invasion 

(Fig. S5A–C), ECM degradation (Fig. 4A; Fig. S5D–E), 3D invasion (Fig.4B; Fig. S5F), 
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stemness (Fig.4C; Fig. S5G–H) and in vitro metastasis (Fig. 4D and E; Fig. S5I–J) were 

inhibited by GM6001, a broad-spectrum MMPs family inhibitor.

4.4. ASPH promotes PC metastasis in vivo

The demographic/pathologic characteristics of selected patients with PDAC have been 

detailed recently [21]. Three representative PDX tumors from F0 generation NSG mice 

derived from 3 PDAC patients were serially propagated from F1 to F7 generation. Case #3 
(Patient B) had spontaneously developed pulmonary metastasis whereas Case #1 (Patient A) 

and Case #6 (Patient C) were free from detectable metastases. The original histologic 

architecture of PDAC was bona fide preserved in F1–F4 PDX mice, where transformed 

glandular epithelium was partially enclosed by a dense desmoplastic stroma (Fig. 5A; Fig. 

S6A–D). Glandular cellularity was gradually increased in PDX mice following serial 

passages. ASPH expression in the original tumor derived from PDAC patients was 

continuously recapitulated for > 56 weeks (Fig.5B; Fig. S6A–D). Patient B with pulmonary 

metastasis transmitted this phenotype faithfully to subsequent PDX model from F1 to F7 

generation (Fig. 5A and B; Fig. S6E–F). 100% of PDX mice spontaneously developed 

macro-/micro-pulmonary metastases, where ASPH expression was authentically maintained. 

No pulmonary metastasis was detected in F1–F7 PDX mice derived from Patient A and C.

4.5. ASPH activates Notch signaling pathway in vivo

To evaluate if ASPH activates Notch cascade in vivo, expression profiling of ASPH network 

was measured in F4–F7 generation PDX tumors. All 3 patients exhibited ASPH positive 

PDX tumors. Only Case #3 (Patient B) with transmissible spontaneous pulmonary 

metastasis displayed markedly activated Notch1, upregulation of regulators ADAM17 and 

downstream MMPs (Fig. 5C and D; Fig. S6G). In Patient A and C, the full-length Notch1 

was not present. Thus, no active form of Notch1 was detected and downstream target genes 

of Notch1 were not upregulated, either, as expected. Tumor development/progression were 

accelerated with serial passages in PDX model. Spontaneous pulmonary metastasis is 

attributable to activation of Notch cascade in primary PDX tumor [7,27–29]. Notch 

signaling components were consistently upregulated or downregulated in ASPH positive vs. 

negative tumors in 10 PDAC specimens randomly selected from pathology archives at 

Rhode Island Hospital.

4.6. A SMI specifically targeting ASPH enzymatic activity inhibits primary tumor growth 
and pulmonary metastasis

When sacrificed at 5 weeks later, the animals from DMSO group developed significantly 

larger tumor volume (at the back) and 3.5-fold more metastatic lesions in their lungs than 

those in SMI-treated group. Thus, both primary PDAC tumor growth and pulmonary 

metastases were substantially inhibited by orally formulated preparation of SMI (Fig. 5E–F).

4.7. Downregulation of Notch signaling pathway in response to SMI treatment

To validate molecular mechanisms discovered from in vitro system, tumor tissue derived 

from F5 generation PDX model of Patient B treated with DMSO (control) vs. SMI was 

examined for expression profiling of ASPH network. ASPH levels are comparable because 
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the SMI inhibits its enzymatic activity but not transcription. Likewise, Notch1 mRNA was 

unchanged. Significant reduction in activated Notch1 protein was observed only in the SMI 

treated tumors. As downstream target genes regulated by Notch1, MMPs expression was 

reduced at both mRNA and protein levels (Fig. 5G–I). Therefore, inhibition of ASPH’s 

enzymatic activity reduces activation of Notch cascade, and downstream MMPs gene 

expression.

4.8. Expression profiling of ASPH network predicts clinical outcome of PDAC patients

ASPH-Notch axis functions in PDAC patients, as illustrated by differential expression 

between tumor and adjacent non-malignant pancreatic tissue. The demographic/clinical 

features of study population (N = 166) have been summarized recently [21]. ASPH was 

detected in 97.6% of PDAC patients, with a negative, low, moderate, high or very high 

expression rate of 2.4%, 22.9%, 23.5%, 27.7%, and 23.5%, respectively. ASPH was 

undetectable in adult normal pancreas (Fig. 6A), inflammatory diseases (acute/chronic 

pancreatitis) or pancreatic neuroendocrine tumor [7]; upregulated at early stage preinvasive 

pancreatic neoplasm including PanIN (pancreatic intraepithelial neoplasia), IPMN 

(intraductal papillary mucinous neoplasm) and MCN (mucinous cystic neoplasm) (Fig. 6B); 

whereas markedly expressed in invasively advanced/spontaneously metastatic PC (Fig. 6C), 

compared to adjacent non-malignant pancreas (Fig. 6D).

Notch network components were consistently downregulated or upregulated in ASPH 

negative vs. positive PDAC patients. ASPH was moderately-(very) strongly expressed in 

poorly differentiated more aggressively tumors, whereas negatively-weakly expressed in 

moderately-well differentiated less invasive tumors (Fig. 6E–F; Fig. S7A–F). ASPH level 

positively correlated with active Notch1, MMPs, and ADAM17 (r ≥ 0.6, p < 0.001, 2-sided) 

(Fig. 7A–D). Active Notch1 expression positively correlated with ADAM17 and MMPs 

(Fig. 7E–G).

ASPH network level predicts prognosis of PDAC patients based on Kaplan–Meier plots and 

Cox proportional hazards regression models. Compared to a negative-low level, a moderate-

very high level of ASPH, activated Notch1, ADAM17, MMPs correlated with curtailed 

overall survival (OS) of PC patients (log-rank test, Ps < 0.001) (Fig. 7H–L). Individual 

molecules jointly undermined OS when combing the unfavorable expression scores 

significantly associated with reduced survival in multivariate models. Increased numbers/

expression levels of 5 unfavorable molecules conferred reduced OS [21] (Fig. 7M–N; Table 

S1). Patients with 0–1, 2–4, 5–7, and 8–12 unfavorable scores had median survival time of 

38.0, 19.7, 10.4, and 5.0 months, respectively (P < 0.001). Compared to 0–1, for patients 

carrying 2–4, 5–7, or 8–12 unfavorable scores, adjusted hazard ratio (HR) (95% confidence 

interval) was 2.94 (1.90–4.56), 7.76 (4.72–12.77), and 14.29 (5.94–34.41), respectively (P < 

0.001).

5. Discussion

ASPH promotes PC progression through activating Notch signaling pathway [7,21]. ASPH-

Notch axis guides tumor cells to secrete prooncogenic/pro-metastatic exosomes [22], to 

strengthen ECM degradation, invasion, stemness, angiogenesis (tube formation), 
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transendothelial migration (intravasation/extravasation), and metastatic colonization/

outgrowth at distant sites (e.g., lungs) (Fig. 8). At-risk ASPH-Notch axis elements 

independently/synergistically confer worse clinical outcome of PC patients in dose-/

intensity-dependent manners. Patient’s OS was decreased with their increased numbers/

expression levels. Thus, ASPH-Notch network components serve as prognostic factors for 

PDAC.

ASPH stabilizes Notch receptors [12,13], ligands JAGs and regulators ADAMs, enhances 

Notch receptors-ligands interactions, activates Notch cascade and upregulates downstream 

target genes responsible for EMT, angiogenesis, stemness, invasion and metastasis. ASPH 

mediated aggressive phenotype is attenuated by inhibiting Notch signaling with DAPT.

Exosomes secreted autocrinally/paracrinally by tumor and microenvironment spur tumor-

induced immunosuppression, angiogenesis and pre-metastatic niche formation [30,31]. 

ASPH enhanced bio-synthesis/release of characteristic exosomes probably through 

upregulating RAB proteins as indicated by proteomics. RAB10 regulates tubule formation, 

fusion events [32],_ENREF_35 and exocytosis (intracellular vesicle docking, trafficking and 

transport). RAB11 spurs docking and fusion of MVBs to cell membrane in response to 

increased cytosolic calcium [33]. ASPH may guide the more malignant donor cells to 

secrete exosomes delivering designated cargos, and thus to reprogram biological processes 

of recipient cells. Notably, ASPH secreted by cancer cells and delivered by exosomes can be 

detected in biofluids (e.g., plasma/serum). A highly sensitive immunoassay using serum 

samples has been developed, with an accuracy of 93.8%, demonstrating that ASPH/HAAH 

is a biomarker for early diagnosis of multiple-cancer [34]. As a potential pan-cancer 

biomarker, ASPH has been enriched in exosomes derived from cancer patients. This novel 

assay is performing in a large patient population to establish ASPH as a biomarker for 

pancreatic cancer diagnosis and prognosis.

ASPH mediates ECM degradation and altered morphology in 3-D culture. MMPs 

upregulated by Notch signaling and ADAMs stabilized by ASPH are critical elements for 

pro-oncogenic/pro-metastatic exosomes secretome_ENREF_33. MMPs act as outlets of 

Notch cascade and executioners for ECM degradation to facilitate invasion and metastasis of 

PC cells. Exosomes are proposed to educate microenvironment to promote PC pulmonary 

metastatic colonization/outgrowth.

It’s challenging to develop drugs targeting metastasis due to lack of suitable animal models 

that realistically mimic human tumor histopathology. We have established a PDX model of 

human PDAC that spontaneously metastasizes to murine lungs from subcutaneous xeno-

graft. This phenotype faithfully recapitulated histopathological/clinical characteristics of 

original tumor derived from a specific patient; and was serially propagated in 100% of mice 

from F2 to F7 generation. ASPH activates Notch1 cascade [35,36] in the primary PDAC 

tumor, upregulates downstream target genes (e.g., MMPs) and drives multiple-steps of 

metastasis. Specific SMI inhibiting ASPH enzymatic activity substantially disrupts primary 

tumor growth and impedes pulmonary metastasis.
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ASPH-Notch axis functions in randomly selected PDAC patients. Expression levels of 

ASPH-Notch axis components independently predict prognosis of PDAC. Carrying more 

unfavorable molecules confers poorer OS. ASPH is silenced in adult normal pancreas, 

whereas upregulated at premalignant pancreatic lesions and highly expressed in advanced or 

spontaneously metastatic PC. The Notch signaling elements are consistently downregulated 

or upregulated in ASPH negative vs. positive PC patients. Individual components of ASPH-

Notch axis exert joint effects on reduced OS in a dose-/intensity-dependent manner. ASPH 

may serve as a biomarker for early diagnostics and prognostics of PC.

ASPH may play preeminent roles in different events of PC metastasis, from local invasion, 

intravasation, survival in circulation, extra-vasation, to metastatic colonization/outgrowth. 

The SMIs bind to the catalytic site of ASPH, significantly decrease β-hydroxylase activity 

[7,14,37–39], subsequently block pathobiological processes as acterized by diminished 

activation of Notch signaling pathway. When ASPH turns on Notch signal, designated 

exosomes are released to pare pre-metastatic niche; upon treatment with SMIs, exosomal 

chinery is shut-down and pro-oncogenic/pro-metastatic properties versed. This study 

together with previous findings [4,5,7,8,10,11,16,38–44] establish ASPH as a therapeutic 

target for PC.
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Abbreviations

2-D two-dimensional

3-D three-dimensional

ADAM A Disintegrin and Metalloprotease Domain

ASPH Aspartate β-hydroxylase

BSA bovine serum albumin

co-IP co-immunoprecipitation

DLL Delta-like
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ECD extracellular domain

ECM extracellular matrix

EGF epidermal growth factor

EMT epithelial–mesenchymal transition

FBS fetal bovine serum

FFPE formalin-fixed paraffin embedded

GFR growth factor reduced

HCC hepatocellular carcinoma

H&E hematoxylin and eosin

HR hazard ratio

HUVEC human umbilical vein/vascular endothelium

HydroX Aspartyl/Asparaginyl β-hydroxylase domain

IACUC institutional animal care and use committee

IHC immunohistochemistry

IPMN intraductal papillary mucinous neoplasm

JAG Jagged

KO knockout

ICD intracellular domain

MCN mucinous cystic neoplasm

MMP matrix metalloproteinase

MVBs multivesicular bodies

NSG NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ; NOD-scid IL2Rgnull

N-SMase Sphingomyelin phosphodiesterase

OS overall survival

PanIN pancreatic intraepithelial neoplasia

PC pancreatic cancer

PDAC pancreatic ductal adenocarcinoma

PDX patient-derived xenograft

PFA paraformaldehyde
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RAB Member RAS Oncogene Family

SMI small molecule inhibitor
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Fig. 1. 
ASPH activates Notch signaling pathway in PC.

*p < 0.05; **p < 0.01; ***p < 0.001.

(A-B) Expression profile of Notch signaling major components in response to SMI and 

DAPT, respectively.

(C) 3D tumor spheroid invasion in response to DAPT.

(D) ECM degradation/remodeling in response to DAPT.

(E) 3D pancreatosphere formation in response to DAPT.

(F) Scheme of In Vitro Metastasis assay of PC cells, which mimics local invasion 

(penetration through basement membrane) at the primary site, intravasation/extravasation, 

invasion into distant tissue and eventual metastatic colonization/outgrowth at distant sites.
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(G) Transendothelial migration and intravasation/extravasation.

(H) Invasion through basement membrane and subsequent pancreatosphere formation in 

response to DAPT.
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Fig. 2. 
ASPH guides PC cells to secrete pro-oncogenic/pro-metastatic exosomes and acquire more 

malignant phenotypes.

*p < 0.05; **p < 0.01; ***p < 0.001.

(A) Co-localization of exosomal marker CD63 and ECM degradation machinery MMP2.

(B) Tube formation of parental PC cells incubated with exosomes secreted by MIA PaCa2 

cells overexpressing empty vector and ASPH, respectively.

(C) Transendothelial migration and extravasation.

(D) Invasion through basement membrane and subsequent pancreatosphere formation of 

parental PC cells incubated with exosomes secreted by MIA Paca2 cells overexpressing 

empty vector and ASPH, respectively.

(E) Compared to empty vector, the exosomes released by MIA Paca2 cells stably expressing 

ASPH exhibited enrichment of Notch signaling components.

(F) Representative protein cargoes carried by exosomes released by MIA Paca2 stably 

expressing ASPH as deciphered with proteomics using Mass Spectrometry.
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Fig. 3. 
Exosomes contribute to ASPH mediated aggressive malignant phenotypes in PC, which are 

significantly attenuated in vitro by N-SMase inhibitor GW4869.

*p < 0.05; **p < 0.01; ***p < 0.001.

(A) ECM degradation/remodeling in response to GW4869.

(B) GW4869 blocks ECM degradation/remodeling of parental PC cells, which could be 

completely rescued by addition of exosomes secreted by MIA Paca2 cells stably expressing 

ASPH (vector to a much less extent).

(C) 3D tumor spheroid invasion in response to GW4869.

(D) 3-D pancreatosphere formation in response to GW4869.

(E) Transendothelial migration and intravasation/extravasation.
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(F) Invasion through basement membrane and subsequent pancreatosphere formation in 

response to GW4869.

(G) Synthesis/release of exosomes in response to GW4869.
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Fig. 4. 
Exosomes function as outlets of MMPs production; MMPs act as executors for exosomes 

attributed to ASPH-induced cellular behaviors, which are undermined in vitro by pan-MMPs 

inhibitor GM6001.

*p < 0.05; **p < 0.01; ***p < 0.001.

(A) ECM degradation/remodeling in response to GM6001.

(B) 3D tumor spheroid invasion in response to GM6001.

(C) 3D pancreatosphere formation in response to GM6001.

(D) Transendothelial migration and extravasation.

(E) Invasion through basement membrane and subsequent pancreatosphere formation in 

response to GM6001.
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Fig. 5. 
In vivo antitumor effects of a 3rd generation SMI (MO-I-1182) targeting ASPH enzymatic 

activity on PDX murine models of human PDAC.

*p < 0.05; **p < 0.01; ***p < 0.001.

(A) Histopathologic characteristics (H&E) of original tumors (F0) derived from a 

representative PDAC Patient A and xenografted tumors in representative mice of F1 through 

F4 generation PDX model.

(B) Pulmonary macro-metastases (arrows) in representative F5 PDX mice (n = 16) derived 

from Patient B. 100% (16/16) of the F5 generation PDX mice derived from Patient B had 

spontaneously developed pulmonary metastases.

(C) Expression profiling of ASPH-Notch components in resected primary PDAC tumor 

specimens derived from Patients A, B and C.

(D) Gross appearance of the involved lungs, histopathologic characteristics (H&E) and 

expression profiling of ASPH in transplanted primary tumors as well as pulmonary macro-

metastases (arrows) in a representative mouse of F5 generation PDX model derived from 

PDAC Patient B.

(E) Transplanted primary tumor growth in mice of F5 generation PDX model in response to 

orally formulated SMI vs. DMSO control. It took 4–5 weeks for the transplanted tumors to 

grow up to 100 mm3, when treatment with MO-I-1182 (10 mg/kg, orally, every other day) 

was initiated. The mice were followed up for 5 weeks until the tumors grew up to 1000 

mm3.

(F) Antitumor effects of the SMI on pulmonary metastasis administered with orally 

formulated (capsules) MO-I-1182 blocks pulmonary micro-/macro-metastases (arrows) in 

mice of F5 generation PDX derived from Patient B.

(G-I) Expression profiling of ASPH, Active Notch1 and MMPs detected by IHC and qRT-

PCR in representative mice of F5 generation PDX model treated with SMI vs. DMSO 

control.
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Fig. 6. 
Major elements of ASPH-Notch axis act synergistically in PC pathogenesis.

(A-D) Expression of ASPH in (A) normal pancreas; (B) precursor lesions for sporadic PC: 

pancreatic intraepithelial neoplasia (PanIN), intraductal papillary mucinous neoplasm 

(IPMN), and mucinous cystic neoplasm (MCN); (C) invasive PDAC; (D) adjacent non-

malignant pancreas.

(E-F) Histopathologic characteristics and ASPH network expression profiling in 2 

representative tumors derived from PDAC patients. Notch pathway was consistently (E) 

downregulated/silenced vs. (F) upregulated/activated Notch pathway in ASPH negative 

(Patient #12) vs. positive (Patient #13) PDAC.
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Fig. 7. 
Expression levels of ASPH-Notch axis elements predict clinical outcome of PDAC patients.

*p < 0.05; **p < 0.01; ***p < 0.001.

(A-D) ASPH expression level positively correlated with Notch signaling pathway 

components levels.

(E-G) Active Notch1 expression level positively correlated with MMPs and ADAM17 

levels.

(H-L) Compared to a negative-low level, a moderate-high level of ASPH; active Notch1; 

ADAM17; MMP2/9 expression conferred reduced OS of PC patients (log-rank test, Ps < 

0.001).

(M-N) Combined effects of 4 (Notch axis) or 5 (ASPH-Notch network) molecules on OS of 

PC patients using Kaplan-Meier method. The numbers from 0 to 12 indicate the total 

expression scores of at-risk proteins (log-rank test, p < 0.001).
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(O) Working hypothesis for ASPH guided exosomes as an executor for initiating aggressive 

malignant phenotypes of pancreatic cancer.
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Fig. 8. 
Hypothesized mechanisms underlying how ASPH-Notch axis is critically involved in 

pathogenesis of pancreatic cancer.
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