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Abstract

Ubiquitin-binding associated protein 2 (UBAP2) is reported to promote macropinocytosis and 

pancreatic adenocarcinoma (PDAC) growth, however, its role in normal pancreatic function 

remains unknown. We addressed this knowledge gap by generating UBAP2 knockout (U2KO) 

mice under a pancreas-specific Cre recombinase (Pdx1-Cre). Pancreatic architecture remained 

intact in U2KO animals, but they demonstrated slight glucose intolerance compared to controls. 

Upon cerulein challenge to induce pancreatitis, U2KO animals had reduced levels of several 
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pancreatitis-relevant cytokines, amylase and lipase in the serum, reduced tissue damage, and 

lessened neutrophil infiltration into the pancreatic tissue. Mechanistically, cerulein-challenged 

U2KO animals revealed reduced NFκB activation compared to controls. In vitro promoter binding 

studies confirmed the reduction of NF-κB binding to its target molecules supporting UBAP2 as a 

new regulator of inflammation in pancreatitis and may be exploited as a therapeutic target in future 

to inhibit pancreatitis.
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Introduction:

The pancreas has both endocrine and exocrine functions, which are used to control glucose 

metabolism through secretion of insulin and glucagon and digest the macromolecules 

consumed during a meal1–3. Regulation of pancreatic endocrine functions are predominated 

by the islets of Langerhans while exocrine functions are dominated by acinar cells 
2,4,5. To accomplish this, acinar cells have the ability to both constitutively secrete 

proteins and regulate exocytosis of proteins that are stored in secretory granules 6. 

Dysregulation or prolonged damage to the acinar cells can result in multiple clinical 

disorders, including: acute pancreatitis, chronic pancreatitis, autoimmune pancreatitis, 

pancreatic exocrine insufficiency, and pancreatic neoplasia, some of which are considered 

risk factors of pancreatic ductal adenocarcinoma (PDAC) 6–9. Notably, general pancreatitis 

is an inflammatory event that is considered a prerequisite and synergistic factor to KRAS 
activity and PDAC initiation 9. PDAC is described as an exocrine tumor, one of the most 

aggressive forms of pancreatic cancer, and has a KRAS mutation incidence of more than 

90% 10–12. Numerous pathways are involved in PDAC pathogenesis, including: TP53, 

SMAD, and KRAS 13–15.

Previously, our group described ubiquitin-binding associated protein-2 (UBAP2) and its role 

in regulating PDAC growth by modulating levels of activated KRAS and macropinocytosis 

activity 16. Using the dextran uptake assay as a read-out for macropinocytosis, Xiong et 
al.,observed a reduction in macropinocytosis levels in a panel of PDAC cell lines upon 

transient UBAP2 knockdown which could be mostly rescued by forced expression of an 

activated KRAS vector (G12V) 16. Additionally, Xiong et al., found that UBAP2 was 

relevant to several hallmarks of pancreatic cancer pathogenesis, from growth to metastasis 
16. Interestingly, in our description of UBAP2 in PDAC, its expression was also found in 

the healthy acinar cells of the pancreas16. As function of UBAP2 has not been established 

in healthy pancreas, we now report the generation and characterization of a mouse line 

deleting Ubap2 throughout the pancreatic parenchyma to address the lack of knowledge of 

UBAP2 function in the healthy pancreas. Additionally, we report the effects of UBAP2 on 

pancreatitis to elucidate relevance of UBAP2 on a pancreatic pathophysiology.
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Materials and Methods:

Mouse Genotyping Polymerase Chain Reaction:

Mice were genotyped by polymerase chain reaction of tail DNA with 5′-flanking, 3′-

flanking, and/or internal primers for exon 5 of Ubap2 and exon 1 of Pdx1. A targeting 

vector carrying a loxP-flanked coding region of Ubap2 (exon 5) and a puromycin/

neomycin selection cassette was inserted into the wild-type Ubap2 locus via homologous 

recombination. Flp recombinase-activity led to the deletion of the selection cassette resulting 

in a Ubap2 floxed allele (Ubap2flox). The PCR mix was Econotaq® PLUS GREEN 2X 

Master Mix (Lucigen, Middleton, WI, USA; Cat#: 30033–1) and the reaction was followed 

according to the manufacturer’s specifications. For PCR, amplification of the target genes 

(Ubap2 and Pdx1) was done for an initial denaturation step at 95°C for 2 min, followed by 

35 cycles of denaturation at 95°C for 30s, primer annealing at 58°C for 30s, and primer 

extension at 72°C for 45s. Upon completion of the cycling steps, a final extension at 72°C 

for 5 min was given and then the reaction was stored at 4°C. The PCR products were 

separated on a 1 % agarose gel containing 1X GelRed® Nucleic Acid Stain (Biotium, Inc., 

Fremont, CA, USA; Cat#: 41003) and imaged on a UV transilluminator.

Animal Use and Euthanasia:

Animal experiments in this manuscript comply with relevant ethical regulations and 

protocols approved by the Institutional Animal Care and Use Committee (IACUC) at 

the University of Oklahoma Health Sciences Center (Protocol no: 22–071-SFCHI). When 

utilized, animals were euthanized through CO2 inhalation followed by secondary euthanasia 

of organ collection sufficient to ensure non-recovery according to Protocol #: 22–071-

SFCHI.

Blood Glucose Levels, Oral Glucose Tolerance Test, and Insulin Tolerance Test:

Non-fasting blood glucose levels were recorded prior to the experimental period. The Oral 

glucose tolerance test (OGTT) and insulin tolerance test (ITT) were performed in Ubap2flox/

flox and U2KO mice of 3 months and 6 months of age with equal numbers of males and 

females per group (N=7/sex/Genotype). The ITT experiment was performed 1 week post 

OGTT experiments 17. In all cases, glucose quantification was performed in blood samples 

obtained from the tail snip blood using the calibrated glucometer system, Contour Next 

EZ with Contour Next Test strips (SKU NEXT50). For OGTT, mice were fasted for 12h 

then received a bolus of aqueous glucose solution (1g/kg body weight) that was delivered 

into the stomach by a gavage probe (20-gauge, 38mm long curved, with a 2.25mm ball 

end) 18. Blood glucose quantification was performed at 0 (basal), 15, 30, 60, and 120 min 

after the glucose load. For the ITT tests, mice were fasted for 2 hours prior to insulin 

administration to conform with previous literature for the optimal time 19. Afterwards, mice 

were intraperitoneally injected with insulin (Sigma-Aldrich, St. Louis, MO, USA; Cat#: 

I9278) which was dissolved in saline and delivered at a dose of 0.75 UI/kg BW20,21 and 

blood glucose levels were measured at 0, 5, 15, 30, and 60 min after the insulin load. 

For both, OGTT and ITT, the area under the curve (AUC) values for plasma glucose 

were calculated using the trapezoidal rule. Mice used to measure insulin or for subsequent 

molecular assays did not receive any analgesic drugs. A Mouse Ultrasensitive Insulin ELISA 
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kit (Alpco, Salem, NH, USA; Cat #: 80-INSMSU-E01) was used to determine insulin levels 

during IP-GTT timepoints of 0, 15, and 120 minutes22.

Immunofluorescence/Immunohistochemistry:

Formalin and paraffin-fixed whole pancreas tissues were processed and paraffin-embedded 

by the University of Oklahoma – Health Sciences Center Histology Core Facility. Tissues 

were sectioned to 5μm thickness. For immunofluorescence, slides were deparaffinized with 

sequential incubations in xylene and ethanol. Heat-induced epitope retrieval was performed 

in 10mM citrate buffer or EDTA. After retrieval, slides were incubated in Dako Serum Free 

Protein Block (Agilent, Santa Clara, CA, USA; Cat#: X090930–2) for 30 minutes. Slides 

were incubated overnight at 4°C with primary antibodies (Table S1) and then incubated 

with secondary antibodies for 1-hour at room temperature. Coverslips were mounted with 

Vectashield® hardset mounting medium with DAPI (Vector Laboratories, Burlingame, CA, 

USA; Cat#: H-1500). Secondary antibody dilutions used for staining are as follows Insulin 

(1:500), glucagon (1:2000), CK-19 (1:250), amylase (1:2500), and Cpa1(1:1000).

For sirius red stain, paraffin sections were deparaffinized and rehydrated using distilled 

water. Following this, they were carefully immersed in a PicroSirius staining solution 

(Hell Bio; Cat#:HB9475) for 1 hour at room temperature. After the incubation, the 

slides underwent thorough washing, involving three cycles in a solution containing 0.5% 

glacial acetic acid. Sections were rapidly dehydrated using 100% ethanol, and finally 

mounted in mounting solution (Leica; Cat#:3801705). Alcian blue and Masson’s Trichrome 

stains were performed according to the manufacturer’s instructions respectively (Sigma; 

Cat#:1.32657.001 & Ht15-B9475). For PAS staining, stains were performed according 

to the manufacturer’s instructions (Sigma; Cat#: 395B), To enhance the contrast and 

highlight cellular features, the slides were counter-stained with Hematoxylin (Abcam; Cat#: 

ab220365) for a brief period of 30 seconds. Finally, the sections were carefully dehydrated 

and securely mounted in mounting solution (Leica; Cat#:3801705).

RNA Extraction, cDNA synthesis, and RT-PCR:

Total RNA was extracted using the Quick-RNA Mini-Prep kit (Zymo Research, Irvine, CA, 

USA; Cat#: R1055) according to the manufacturer’s instructions. 1μg of total RNA was used 

for I-Script Select cDNA Synthesis with random primers according to the manufacturer’s 

instructions (Bio-Rad, Irvine, California, USA; Cat#: 170–8897). For RT-PCR, amplification 

of target genes (Cpa1, Glucagon, Insulin, Somstatin, Amylase, CK19) was done for an initial 

denaturation step at 95°C for 5 min, followed by 35 cycles of denaturation at 95°C for 30s, 

primer annealing at 58°C for 30s, and primer extension at 72°C for 45s. Upon completion 

of the cycling steps, a final extension at 72°C for 5 min was done and then the reaction 

was stored at 4°C. Reactions were run in triplicate in three independent experiments. The 

geometric mean of the housekeeping genes B2M and 18S were used as internal controls 

to normalize the variability in expression levels. The primer sequences are provided in 

Supplemental Table S2.
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Cerulein-Induced Pancreatitis (AP):

Pancreatitis was induced by intraperitoneal injection of 50 μg/kg cerulein (Sigma; Cat#: 

C9026) in 0.05M ammonium hydroxide (NH4OH) in phosphate buffered saline (PBS) at 

hourly intervals for 8 hours, as previously described 23–25. Controls were untreated or 

received equal volumes of 0.05M NH4OH/PBS injected intraperitoneally. Blood and tissue 

samples were collected 1 hour after the last injection, for a total of 8 hours 26.

Serum Collection and Enzymatic Amylase and Lipase Analysis:

Mice were humanely euthanized according to the specifications previously mentioned. 

Blood was taken at the time of organ collection through a cardiac stab, and approximately 

800uL of blood was collected. Collected blood was placed in 1.5mL tubes without 

anticoagulants and incubated at room temperature for 1 hour. Blood was spun at 1500g 

for 15 minutes and the serum was collected. Amylase and lipase levels were determined 

through routine clinical methods and analyzed through the IDEXX Catalyst One software 

and clips (Idexx Laboratories, Westbrook, ME, USA; Cat#: AMYL: 98–11068-01 and LIPA: 

98–11079-01). Fold changes for enzymatic secretions were calculated by (cerulein group / 

control group) minus 1.

Mouse Cytokine Array:

The Proteome Profiler Mouse Cytokine Array Kit, (R&D Systems, Minneapolis, MN, USA; 

Cat#: ARY006) was used to quantify the 40 mouse proteins (cytokines, chemokines and 

growth factors) from the serum of mice either given PBS or cerulein and was collected as 

described above. Briefly, the collected serum was pooled from 5 animals and then diluted 

1:2 in buffer 6. Diluted, pooled serum was then mixed with a cocktail of biotinylated 

antibodies for detection. The following sample/antibody mixture was then incubated with 

the array membranes overnight at 4 °C while rocking gently. The membranes were washed 

and incubated with streptavidin–horseradish peroxidase followed by chemiluminescent 

detection. The array data were quantitated to generate a protein profile using HL Image+

+ Software (Western Image Software, L.C.). Selected molecules were then presented as 

a fold-change value relative to the PBS control in each treatment group. The values are 

determined using the raw average pixel intensity from the same membranes (two duplicate 

spots on the membrane). The data presented is from single pool from 5 animals/genotype/

group (Ntotal = 20 samples generating 4 pooled samples).

In vitro Cell Culture:

Rat pancreatic AR42J acinar cells were purchased from ATCC (American Type Culture 

Collection, Manassas, Virginia, USA; Cat#:CRL1492) and maintained in F-12K (ATCC; 

Cat#:30–2004) medium supplemented with 20% fetal bovine serum (FBS, Corning) and 

1% penicillin/streptomycin (P/S, Sigma Aldrich; Cat#: P4333). Medium was replaced every 

72 hours and cells were passaged once a week. Cells were detached by means of trypsin 

(Caisson Labs, Smithfield, UT, USA; Cat#: TRL01). If cells were thawed from frozen 

stocks, they were supplemented with F-12K and 40% FBS. Cells were kept at 37°C with 5% 

CO2. After thawing, cells were allowed to grow and acclimatized for 4 to 6 weeks (4 to 6 

passages) prior to performing experiments.
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In vitro Cerulein-Induced Pancreatitis:

Cells were seeded for experiments in 6 well plates (TPP, Sigma-Aldrich) at concentrations 

of 7.5 × 105 /well for transfections. Cells were transiently transfected with either a non-

targeting scramble siRNA or an siRNA targeting Ubap2. After 6 hours, cells were replaced 

with their complete medium supplemented with 150nM Dexamethasone (Sigma-Aldrich, 

Cat#: D4902) for 48 hours and allowed for differentiation into an acinar-like phenotype. 

After dexamethasone treatment, cell medium was replaced with medium containing 150nM 

dexamethasone and 150nM cerulein for 24 hours. Controls had complete medium only. 

After harvesting, for Ubap2 knockdown was confirmed from isolated RNA using protocols 

mentioned previously.

Chromatin Immunoprecipitation Assay:

The MAGnify™ Chromatin Immunoprecipitation System (Thermofisher, Cat#: 492024) 

was purchased and used according to manufacturer’s specifications. Briefly, two million 

AR42J cells were grown on 10 centimeter plates. Cross-linking was performed by 

adding formaldehyde to culture media to a final concentration of 1% for 15 mins. Cells 

were washed with ice-cold PBS containing protease inhibitor. Cells were pelleted by 

centrifugation at 3500g for 5 mins at 4°C. Cross-linked chromatin was sonicated to shear 

DNA on ice to lengths between 300 to 1000 base pairs. The sonicated samples were 

pre-cleaned by protein A-agarose beads. Pre-cleaned chromatin was mixed with chip grade 

NFΚB-p65 (sc-8008X, Santa Cruz, 2 μg) antibodies and were allowed to mix and were 

rotated overnight at 4°C and precipitated with 20ul protein A-agarose slurry for 2 hours 

with rotation to collect the antibody /chromatin complex. These complexes were washed 

and the DNA fragments were eluted by heating 65°C for 30 minutes. These eluted DNA 

was analyzed by PCR amplification. For PCR, amplification of the immuno-precipitated 

DNA was done for an initial denaturation step at 95°C for 5 min, followed by 35 cycles 

of denaturation at 95°C for 30s, primer annealing at 55°C for 30s, and primer extension at 

72°C for 45s. Upon completion of the cycling steps, a final extension at 72°C for 5 min was 

given and then the reaction was stored at 4°C. The PCR products were separated on a 1 % 

agarose gel containing 1X GelRed® Nucleic Acid Stain.

Results

Generation and characterization of Ubap2 knock-out mice.

We generated a new mouse line that carries a Ubap2 allele with exon 5 of the coding 

region flanked by two loxP-recognition sites for Cre recombinase. Cre recombinase was 

driven by the pancreatic specific gene Pdx1 (Pdx1-Cre) 27. The Cre enzyme recognized 

the loxP sequence, deleting the Ubap2flox region (Figure 1A). To generate the knock-out 

Ubap2flox/flox; Pdx1-Cre line, male Ubap2flox/wt mice were bred with female Pdx1-Cre to 

generate Ubap2 heterozygous line (Ubap2flox/wt; Pdx1-Cre). Heterozygous Ubap2flox/wt; 

Pdx1-Cre are then back crossed with Ubap2flox/wt mice to generate homozygous Ubap2flox/

flox; Pdx1-Cre (U2KO). To confirm our knock-out mice, PCR analysis of the Ubap2 
exon five region showed a 250bp fragment for the wild-type allele while the Ubap2flox 

allele was 415bp in size (Figure 1B). For Pdx1-Cre, the genotyping PCR amplification 

resulted in Cre amplification at approximately 650bp. While the internal positive control 
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amplified the wild-type Pdx1 gene at 415 bp (Figure 1B). Together, these PCR analyses 

indicate successful deletion of exon 5 within Ubap2. Hematoxylin and eosin (H&E) staining 

of pancreatic sections of Ubap2flox/flox and U2KO male and female mice revealed no 

observable differences in the tissue architecture (Figure 1C). We probed for Ubap2 gene 

knockout through DNA isolation of U2KO pancreatic whole tissue lysates and confirmed the 

deletion of exon 5 in the genome in our knockout animals (Figure 1D). The U2KO mice 

appeared grossly normal. U2KO pups did not show any significant phenotypic differences 

compared to their homozygous wild type (Ubap2flox/flox) and heterozygous littermates 

(Ubap2flox/wt; Pdx1-Cre) at day postpartum (P1). Weight gain was not significantly affected 

when stratifying by either sex (n = 20/genotype) or age (n = 20/genotype) (Figure S1). In 

summary, we successfully generated a pancreas-specific knockout of Ubap2 mouse line with 

no observable differences in the pancreatic tissue histology between the U2KO mice and 

their wild-type littermates.

Glucose homeostasis in Ubap2 knock-out mice

Since we did not observe histological differences in the pancreatic tissue of U2KO mice 

through H&E staining, next we wanted to investigate impact of UBAP2 deletion in 

normal pancreatic function. Many clinical pancreatic disorders, such as chronic pancreatitis 

are typically diagnosed after clinical observations of aberrant glycemic control 28. To 

determine any role of UBAP2 in glucose homeostasis, oral glucose tolerance tests 

(OGTT), intraperitoneal glucose tolerance tests (IP-GTT) and insulin tolerance tests (ITT) 

experiments were performed in males and female mice at three and six months of age 
29–31. Basal glucose levels were not significantly different from each other (p > 0.05) 

(Figure 2A). During the OGTT, blood glucose levels reportedly demonstrated a maximum 

peak at 30 minutes post gavage, and then normalizing to basal levels by 120 minutes 

post gavage 32. In all animals, the glucose spike observed at 30 minutes post gavage was 

similar between 3- and 6-month-old U2KO and WT female mice. However, in 6-month male 

mice, the blood glucose levels remained slightly elevated (p = 0.0379), suggestive of mild 

glucose intolerance. Similarly, insulin tolerance tests (ITT) revealed a significant increase 

across time (p = 0.0484). In all animals, we observed an expected blood glucose peak at 

approximately 30 minutes post insulin injection with no significant differences in our female 

mice (3- and 6-month) and our 3-month male mice (Figure 2C-D). IP glucose tolerance 

tests (IP-GTT) showed an increase in the plasma glucose levels in U2KO animals (Figure 

3A-B). We observed the largest change in the 3-month female mice group (p = 0.0048) 

(Figure 3A top row). Given the mild glucose intolerance, particularly in the 6-month-old 

male mice, we evaluated serum levels of insulin during the OGTT. Interestingly, we found 

no significant differences in the insulin levels (Figure 3C-D). Combined, these results 

demonstrate that the glucose homeostasis in U2KO animals are mostly comparable to 

control animals (Ubap2flox/flox). However, a decreased glucose clearance without a reduction 

in insulin levels through both OGTT and ITT tests was observed for 6-month old male 

U2KO animals when compared to control animals, which is indicative of a mild glucose 

intolerance.
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Exocrine and endocrine marker expression in Ubap2 knock-out mice

Changes in endocrine and exocrine markers and/or pancreas architecture are indicative of 

numerous pancreatic disorders (e.g. Type-I Diabetes and Pancreatic Exocrine Insufficiency) 
33–35. Therefore, with the knowledge of 6-month animals’ mild glucose intolerance, we 

stained pancreatic tissue sections for endocrine and exocrine functional markers to evaluate 

the effect of Ubap2 deletion on pancreatic function/architecture. In the islet region of the 

pancreas, central core insulin producing cells (β-cells) are surrounded by glucagon-positive 

cells 36. Islet cells of 6-month-old animals were stained with antibodies directed against 

insulin and glucagon (Figure 4). We observed no architectural differences within endocrine 

compartments, indicating a lack of relevance of Ubap2 function on ordered arrangement of 

the islet cells. Additionally, insulin and glucagon producing cells were observed in the adult 

pancreas with no changes in either molecule’s expression level or cellular localization when 

comparing the U2KO animals to control animals (Ubap2flox/flox) (Figure 4). To examine 

the effect of Ubap2 deletion on exocrine function, expression of the exocrine/acinar cell 

markers amylase and Carboxypeptidase A1 (Cpa1) were measured in pancreatic tissue 

sections from mice of both genotypes. Amylase and Cpa1 markers were indistinguishable 

between U2KO mice and our control mice (Figure 4), which is similar to previous reports 

on how critical acinar markers potentially do not have an effect on the three pancreatic 

compartments (acinus, islets, ducts) 37. While Ubap2 deletion could have an effect on acinar 

cell function, we did not see any evidence of morphological changes in the interactions 

of the three pancreatic compartments. Additionally, no significant changes were observed 

when looking at exocrine and endocrine marker RNA levels (Figure S1B). Taken together, 

these results indicate that the deletion of Ubap2 in the pancreas had no effect on pancreatic 

endocrine/exocrine morphology and marker expression.

Extracellular matrix and mucin staining in Ubap2 knock-out mice

The expression of mucins is correlated with different pancreatic pathophysiology and 

deregulated mucin production is a hallmark of inflammatory and neoplastic disorders of 

the pancreas 38. Next, we investigated any changes in the extracellular matrix and mucin 

staining to indicate any role in pancreatic pathophysiology. Pancreatic stellate cells (PSCs) 

under physiological conditions assist the exocrine cell structure by maintaining the normal 

basement membrane 39. The expression of α-smooth muscle actin (α-SMA) marks the 

activation of PSCs 39,40. Activated cells increase production of the extra cellular matrix 

(ECM) proteins such as fibronectin and collagens leading to fibrosis 41. Collagen content 

in the pancreas was assessed by picrosirius red and Mason’s trichrome stain. Sirius red 

stained collagen around ducts and within the lobular space of the pancreas in both control 

and U2KO animals (Figure 5). The staining pattern of Sirius Red and Mason’s trichrome 

stain were not different in U2KO animals compared to controls (Ubap2flox/flox), indicating 

that deletion of Ubap2 has no effect in the extracellular matrix depositions, as well as lack 

of effects on fibrotic injury or the activation of PSCs. Mucins in the pancreas contribute 

to biological processes such as the protection, lubrication, and moisturization of epithelial 

tissues42. However, we observed no change in the acidic mucin or neutral mucin (Alcian 

blue or PAS stains) in U2KO mice compared to controls in mice of both sexes (Figure 5). 

These results indicate that Ubap2 deletion has no effect in the pancreas mucin expression. 

Together, these results demonstrate that Ubap2 deletion in the pancreas does not affect 
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the maintenance processes of the pancreas; the pancreas was not affected through aberrant 

collagen secretion, mucin changes, or stellate cell activation.

Cerulein-Induced Pancreatitis in Ubap2 knock-out mice

Pancreatitis is typically a result of a pancreatic injury (either mechanical or chemical) 

leading to inflammation and pancreatic enzyme secretion. Cerulein-induced pancreatitis is a 

well-characterized experimental model that can be tailored to mimic either acute or chronic 

pancreatitis. Cerulein is an ortholog of cholecystokinin, which given in supramaximal doses, 

results in inflammatory cytokine induction (IL-1β) and secretion of exocrine pancreatic 

enzymes, including amylase and lipase, that result in pancreatic injury 43,44. To assess the 

relevance of Ubap2 in the pancreatitis response, we induced acute experimental pancreatitis 

(AP) in mice and observed for changes in tissue damage, enzymatic secretion, and cytokine 

levels (Figures 6 and S2A). H&E stains of pancreatic sections indicated damage to the 

pancreatic acini of control animals (Ubap2flox/flox) as expected. However, the extent of 

damage to the pancreatic acini was less prominent in U2KO animals (Figure 6A). To further 

support the extent of tissue damage and to evaluate the innate immune response to AP, 

we measured neutrophil infiltration into the pancreatic tissue through the expression of 

myeloperoxidase (Figure 6B-C). Upon AP treatment, neutrophil infiltration into the pancreas 

of control animals increased approximately 10-fold (Figure 6B, left) compared to vehicle 

controls. However, neutrophil infiltration in cerulein-treated U2KO animals were reduced by 

50% compared to cerulein-treated control animals (Figure 6B, right). Furthermore, U2KO 

animals had a significantly inhibited neutrophil infiltration occurrence in the pancreatic 

tissue compared to control animals (p = 0.0223) (Figure 6C), indicating a protection against 

cerulein-induced pancreatic injury, from an innate immune cell response. When analyzed 

for changes in acidic mucin or neutral mucin (Alcian blue or PAS stains), cerulein-induced 

pancreatitis mice were comparable to control mice (Figure S3), indicated by a lack of 

significant blue or purple color deposition in the tissues. These results suggest that there is 

no noticeable perturbation in the regulation of ECM component by the presence or deletion 

of Ubap2.

Aberrant release of amylase and lipase into the circulation are clinical and experimental 

indications of pancreatitis, and they are phenotypes that are mimicked in AP 45. In control 

(Ubap2flox/flox) mice, we observed the expected phenotypical increase in serum amylase 

and lipase levels by cerulein treatment compared to a vehicle control, of 2.1-fold (p = 

0.0051) and 3.2-fold (p = 0.0366), respectively, (Figure 6D-E). In U2KO mice, although 

the basal serum amylase levels were higher in the vehicle control group (AMYL = 6281 

U/L) but remained unaffected by cerulein injection (AMYL = 4988 U/L) to a significant 

degree (p = 0.21) (Figure 6D). However, when compared with vehicle-treated control, serum 

lipase levels in cerulein-treated control animals increased significantly to near clinical levels 

of pancreatitis. However, cerulein-treatment did not increase the serum lipase levels in 

U2KO animals when compared with vehicle-treated U2KO animals and the lipase levels 

were comparable to the vehicle-treated control animals, indicating protection from cerulein-

induced pancreatitis in U2KO animals (Figure 6E). Overall, these results indicate that Ubap2 

deletion in the pancreas results in a decrease in the pro-inflammatory pancreatitis response 
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including a lack of change in secreted amylase and lipase enzymes, both of which are 

clinical and experimental markers of pancreatitis in mice and humans.

Impact on NF-kB activation and inflammatory signaling during Cerulein-Induced 
pancreatitis

Next, we investigated mechanisms through which Ubap2 deletion reduced cerulein-induced 

pancreatitis phenotype. Since AP-treated U2KO animals had less neutrophil infiltration into 

the pancreas and an altered secretion profile, we wanted to see if there were any changes in 

the cytokine expression profile of the U2KO animals during AP (Figure S2A).

It has been reported that cerulein induce pancreatitis activates NF-kB signaling pathway and 

activation of NFκB is an early event during pancreatitis 46. To decipher mechanisms of a 

role of UBAP2 in cerulein induced pancreatitis, we quantified 40 mouse proteins, including 

cytokines, chemokines, and growth factors, from the serum of mice treated with either 

PBS or cerulein and with or without deletion of UBAP2, using Proteome Profiler Mouse 

Cytokine Array kit. When compared to vehicle controls, the chemoattractant cytokines 

Cxcl1 and Cxcl13 were increased in Ubap2flox/flox animals (2.66- and 3.5-fold respectively), 

as expected, but these increases were not seen in the U2KO animals (Figure S2A) 47. The 

levels of inflammatory cytokine Il1-β increased by 2.24-fold in wild-type cerulein-treated 

animals, as reported previously, however, Il1-β levels decreased significantly in cerulein-

treated U2KO animals (~ 4 fold change) (Figure S2A) 48. NF-κB has been previously 

reported to be activated early in acinar cells during AP and results in increased expression 

of multiple proinflammatory genes, including Il1-β 49. Our results demonstrated changes 

in the levels of Il-1β, TNFα, IFN-γ, and Il-10 among others. These specific molecules 

are known to be direct targets of NF-κB signals 50, 51, 52 & 53. As a result, next we 

evaluated NF-κB activation in U2KO mice under AP conditions (Figure 7 and S2B). 

It is established in the literature that the activation of the NF-kB pathway is linked to 

the translocation of p65-NF-κB into the nucleus. Once translocated into the nucleus, the 

p65 subunit of NF-κB initiates transcription6. We therefore, analyzed activation of NF-kB 

pathway by measuring nuclear localization of p65-NF-κB using immunofluorescence. In 

control animals (Ubap2flox/flox), immunofluorescence staining for the p65 subunit of NF-κB 

indicated an approximately 5-fold increase in p65- NF-κB nuclear localization upon AP 

treatment (p = 0.0081), indicating NF-κB activation (Figure S2B, Figure 7A, left). In U2KO 

animals, the same treatment did not induce p65- NF-κB nuclear localization significantly 

over the vehicle control (p = 0.3785) (Figure S2B, Figure 7A, right). Nuclear p65-NF-κB 

levels were significantly lower in U2KO animals compared to control animals receiving AP 

(Figure 7A-B) (p = 0.0062). To further support the mechanisms of decreased Il1-β levels 

in cerulein-treated U2KO animals, we utilized AR42J acinar cell line to investigate binding 

of NF-κB to various genomic locations, indicating activity. Chromatin immunoprecipitation 

(CHIP) assays in the AR42J cell line revealed an increased binding of NF-κB to the Il-1β 
promoter region as well as the IκBα promoter region, indicating increased Il-1β expression 

and NF-κB autoregulation 54,55. However, transient silencing of Ubap2 by siRNA In AR42J 

cells abolished binding of NF-κB to Il-1β and IκBα promoters (Figure 7C and Figure S2C). 

These results indicate that UBAP2 maintains a pro-inflammatory niche in cerulein-induced 

pancreatitis model via activation of NF-κB.
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Discussion and Future Directions

In 2020, we described how UBAP2 regulates the activation of KRAS and macropinocytosis 

in pancreatic cancer16. Silencing UBAP2 decreases the levels of activated KRAS, and 

inhibits macropinocytosis, and tumor growth in vivo. Using a UBAP2-deletion construct, 

we demonstrated that the UBA-domain of UBAP2 is critical for the regulation of 

macropinocytosis and maintaining the levels of activated KRAS. UBAP2 was expressed 

in PDAC and it is mostly localized in the acinar/islet cells of the benign or normal tissues 

adjacent to the tumor. In summary we concluded that UBAP2 regulates RAS downstream 

signaling and helps maintain RAS in the GTP-bound form. However, a role for UBAP2 in 

the healthy pancreas has not been studied, warranting a further study on this molecule in 

the healthy pancreas. In this report, we generated and characterized a novel mouse model 

expressing a Ubap2-floxed gene under the control of a pancreas-specific Cre recombinase.

Glucose tolerance tests revealed evidence of increased fasting glucose and reduced glucose 

clearance in the 6-month, male U2KO animals, indicating an insulin resistance and 

interference β-cell insulin secretion phenotype, however there was no change in fasting 

insulin. Impaired glucose clearance was also found on the ITT (Figure 2D, p = 0.048) which 

confirms insulin resistance at 6 months. Taken together, these two tests indicate an impaired 

glucose tolerance phenotype only in the U2KO 6-month male group. When examining the 

islet cell histological stains (Figure 4, bottom), the insulin levels (Figure 3 C-D), and the 

expression of pancreatitis gene (Figure S1B), we observed no significant changes in the 

islet cell mass or insulin secretion during the OGTT. Our data within our male animals 

is consistent with a recent whole-body, endonuclease-mediated UBAP2 knockout from 

the Jackson Labs data repository 75, where elevated levels of circulating blood glucose 

in 3 males were reported56,57. In female U2KO mice, there was no difference in fasting 

glucose or insulin. However, the 3-month U2KO females had significantly elevated glucose 

determined by the IP-GTT (p = 0.0048) with a strong trend for the same increase observed 

in the 6-month U2KO female animals (p = 0.0681) (Figure 3A). This trend was not observed 

during the oral glucose tolerance test (OGTT, Figure 2A). The reasons for this difference 

are not known, however differences between routes of glucose administration can affect 

the glucose metabolism and hence tolerance levels in rodents 58–60, as glucose tolerance 

following oral glucose loading is influenced by intestinal derived factors that can alter 

insulin secretion/efficacy; this phenomenon would be absent from intraperitoneal glucose 

injection 59,61.

When evaluating various endocrine and exocrine components to pancreatic function, we 

observed that the U2KO animals retained their islet architectural phenotype when compared 

to the wild-type control animals, seen through insulin and glucagon expression and 

localization. Pancreatic tissue endocrine and exocrine markers, both show a similar lack of 

change in our U2KO mice using the markers Cpa1, Amylase, Insulin, Glucagon, and Ck-19 
(Figures 4 and 5). Likewise, pancreatic stellate cell activation (α-SMA and ECM stains) 

revealed that U2KO mice had no significant differences when compared to control animals 

(Figure 5). This indicates that UBAP2 is not affecting extracellular matrix deposition, and 

therefore, has likely no effect on the activation of the pancreatic stellate cells.
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In our AP model, we observed tissue damage is less pronounced in U2KO animals than 

controls (Figure 6A) with a corresponding decrease in neutrophil infiltration into the 

pancreatic tissue (Figure 6B, p = 0.0223). The decrease in neutrophil infiltration was 

reinforced by a decrease of Cxcl1 in the serum of U2KO animals upon pancreatitis induction 

when compared to control animals (Figure S2A). Interestingly, we see a decrease in Cxcl13 
which contributes for lymphocyte recruitment due to inflammation, and previously reported 

to be relevant to PDAC metastasis via ETS variant 4 (ETV4) 62. The summation of 

this data indicates a lack of an inflammatory response in U2KO animals, but specifics 

on the contributions of neutrophil-mediated inflammation versus the acinar cells-mediated 

inflammation are still debated in the literature63–65.

Experimental and clinical indicators of an acute pancreatitis response are increases in the 

levels of serum amylase and lipase66–68. We observed the expected increase in both enzymes 

in our control animals, but serum enzymatic levels of amylase and lipase were unchanged 

in our U2KO animals. A very interesting observation was the differences in amylase and 

lipase levels in the U2KO animals. While both enzymes were unchanged with cerulein 

administration, U2KO animals had higher basal levels of amylase with normal levels of 

lipase. While experimentally, a vast portion of the literature focuses on the two enzymes 

elevating together, clinically, there are a few cases of the enzymes indicating different 

phenotypes like described in our data 69. This could indicate a niche role for UBAP2 in 

amylase and lipase secretion pathways, but future work into how this phenotype is relevant 

to pancreatitis (its progression, severity, and/or recovery) is warranted. Interestingly, the 

increased serum amylase levels of the U2KO animals could suggest that the circulating 

factors in these mice, notably amylase 70, or other exocrine dependent factors may interfere 

with the insulin action in U2KO mice.

We observed an expected increase in circulating Il1-β upon AP in control animals, an 

observation that was not seen in the U2KO animals (Figure S2A) 48,71,72. To evaluate how 

Ubap2 is relevant to Il1-β expression during AP, we measured NF-κB activation (via p65 

nuclear localization) during AP (Figure 7A-B). Subsequent ChIP experiments in the in vitro 
AR42J system confirmed NF-κB binding to the genome upon AP at the Il1-β promoter 

region and the IκB-α promoter region, both which are expected NF-κB binding sites upon 

activation55,73 (Figure 7C, S2B). It is reported that the NF-κB activation and translocation 

to the nucleus is indicative of a AP response 74, but this phenotype is not seen in our 

U2KO animals that received cerulein (Figure 7A-B). Taken together, this data indicates an 

effect of UBAP2 on the NF-κB signaling axis. The literature has established the complexity 

of the NF-κB signaling axis during pancreatitis and the need to carefully examine results 

from both in vitro and in vivo systems to make conclusions is extremely complex and the 

results here need to be followed up with careful interpretation in both in vitro and in vivo 
systems49,55,75. For example, NF-κB binding to its negative regulatory gene IκBα has been 

established previously, as well as its paradoxical nature 73,76. We established the binding 

of NF-κB to the IκBα promoter region under a cerulein response, indicating an expected 

NF-κB activation signal, but that signal was reduced in Ubap2-silenced AR42J cells as 

expected. Combined with our in vivo immunofluorescence data showing a lack of NF-κB 

translocation to the nuclei in the pancreatic tissue, this data can be interpreted to indicate 

a positive role of Ubap2 signaling on the NF-κB pathway. Future studies focusing on the 
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potential for PKC(D) signaling during cerulein induced pancreatitis and direct interaction 

studies with NF-κB given the importance of ubiquitination in NF-κB signaling will provide 

additional molecular insight on the role of Ubap2 in cerulein induced pancreatitis 75,77,78.

PDAC develops through the progression of precursor lesions known as pancreatic 

intraepithelial neoplasia (PanIN). Activating mutations in the KRAS oncogene is the major 

initiating event in the vast majority of PDAC, as its activation initiate premalignant lesions. 

Pancreatitis, PanINs are a risk factor for developing pancreatic cancer. Long-standing 

inflammation increases cell turnover and stellate cell proliferation, this creates a pancreatic 

tissue microenvironment conducive to carcinogenesis16. Our results demonstrate that Ubap2 

deletion inhibits cerulein-induced pancreatitis by inhibiting the inflammation. We previously 

reported that UBAP2 regulates KRAS activation and promotes macropinocytosis. Although 

a role of macropinocytosis has not been implicated in the initiation of pancreatic cancer, 

however, we speculate that deletion of UBAP2 will slow down the initiation of KRAS-

induced PDAC tumorigenesis. Some of the limitations of this study are the observation of 

slightly elevated blood glucose levels in 6-month-old U2KO male mice, mechanisms of 

which are still not clear. Interestingly, in the knockout animal group, we did not observe 

any noticeable differences in terms of islet cell mass, exocrine and endocrine marker 

RNAs, or insulin levels. These observations suggest that U2KO male mice may exhibit 

insulin resistance in the liver or skeletal muscle, which warrants further investigation using 

a hyperinsulinemic- clamp technique79. Another interesting observation is the potential 

impact of Beta-cell insulin secretion, which is influenced by both direct and indirect inter-

organ/inter-cellular communication involving various factors. This may include circulating 

amylase, which was found to be three times higher in the U2KO mice. The mechanisms of 

higher amylase levels in U2KO animals are not clear. To gain a deeper understanding of 

whether Ubap2 knockout interferes with glucose-stimulated insulin secretion, isolated islet 

testing is warranted. In summary, deletion of UBAP2 in the pancreas indicated minimal 

changes to glucose intolerance in the pancreas and reduced the inflammatory response 

during cerulein-induced pancreatitis, through inhibited NF- κB activation in the acinar cells. 

The results presented together also suggest that UBAP2 may be exploited as a potential 

therapeutic target to cerulein induced pancreatitis and potentially slowing down pancreatic 

tumorigenesis in future80.
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Highlights

• UBAP2 is reported to promote macropinocytosis and pancreatic 

adenocarcinoma (PDAC) growth, however, its role in normal pancreatic 

function remains unknown.

• We are presenting the initial characterization of pancreatic specific knockout 

of UBAP2 (U2KO) transgenic mice, marking the first instance of reporting on 

UBAP2 knockout (U2KO) in the pancreas.

• In the knockout mice pancreatic architecture remained intact, but they 

demonstrated slight glucose intolerance compared to controls.

• Deletion of UBAP2 protects pancreas from cerulein induced pancreatitis. 

Mechanistically, cerulein-challenged UBAP2 knockout mice reduced NF-κB 

activation.
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Statement of Significance:

UBAP2 is a new regulator of inflammation and deletion of UBAP2 in pancreas specific 

manner protects pancreas from cerulein induced pancreatitis.
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Figure 1. Generation and characterization of Ubap2 knock-out mice.
(A) Schematic representation of the targeting strategy. Mouse line that carries a floxed 

Ubap2 (exon 5) coding region flanked by two loxP-recognition sites for Cre recombinase. 

Flp recombinase-activity led to deletion of the selection cassette resulting in a Ubap2 floxed 

allele (Ubap2flox). (B) PCR analysis of the transgenic mice from the DNA isolated from the 

tail snip. PCR of exon five region showed a 250bp fragment for the wild-type allele while 

the Ubap2flox allele was 415bp in size. For Pdx-1-Cre, PCR amplification resulted in 650 

bp, while the internal positive control amplified the wild-type Pdx gene at 415 bp. (C) H&E 

Staining of pancreatic tissue sections in Ubap2flox/flox and U2KO animals. (D) DNA analysis 

of Ubap2 from whole-cell lysates of the pancreas (N=10).
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Figure 2. OGTT (A-B) and ITT (C-D) in Ubap2flox/flox and U2KO animals, stratified by age and 
sex, with a chow-fed diet.
(A-B) Glucose levels during OGTT experiments. After a 12 hour fast, animals received an 

I.P. injection of 1g/kg aqueous glucose. The blood glucose levels (mg/dL) were measured 

at different time points using a glucometer. (C-D) Glucose levels during ITT experiments. 

After a 12 hour fast, animals received an I.P. injection of 0.75 UI/kg. The blood glucose 

levels (mg/dL) were measured at different time points using a glucometer. (A-D) Glucose 

area under the curve (AUC) were generated through a baseline (Y=0) and ignoring peaks 

less than 10% of the distance from min-max of Y. The AUC of Blood glucose levels was 

analyzed via an ordinary One-Way ANOVA with Multiple Comparisons to the Control 

(Ubap2flox/flox) of each stratification category. Data are expressed as mean ± standard error 

of the mean (SEM), n=5–7. All analyses were performed through GraphPad-PRISM (7.04) 

(* = P < 0.01).
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Figure 3. IP-GTT (A-B) and Serum Insulin ELISA levels (C-D) in Ubap2flox/flox and U2KO, 
stratified by age and sex, with a chow-fed diet.
(A-B) Glucose levels during IP-GTT experiments. After a 12 hour fast, animals received 

a dose 1g/kg aqueous glucose delivered into the stomach through a gavage probe. The 

blood glucose levels (mg/dL) were measured at different time points using a glucometer. 

Glucose area under the curve (AUC) were generated through a baseline (Y=0) and ignoring 

peaks less than 10% of the distance from min-max of Y. The AUC of Blood glucose levels 

was analyzed via an ordinary One-Way ANOVA with Multiple Comparisons to the Control 

(Ubap2flox/flox) of each stratification category. Data are expressed as mean ± standard error 

of the mean (SEM), n=5–7. (C-D) Serum Insulin levels through ELISA in 6-month animals 

stratified by sex. Comparisons were made with the Student’sT-test. Data are expressed as 

mean ± standard error of the mean (SEM), n=5–7. All analyses were performed through 

GraphPad-PRISM (7.04) (N.S. = Not significant).
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Figure 4. Representative images of pancreatic tissue sections in Ubap2flox/flox and U2KO animals 
stained for exocrine [Top: (L) Amylase and (R) Cpa1] and endocrine [Bottom: (L) Insulin and (R) 
Glucagon] genes.
There were no histological differences in the exocrine or endocrine staining between 

genotypes in mice when stratified by both sex and age. Scale bars: 20μm. Amylase, Cpa1, 

and glucagon are represented in green. Insulin represented in red. Nuclei were stained with 

DAPI (blue).
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Figure 5. Representative images of pancreatic tissue sections staining for Extracellular matrix 
and mucin in Ubap2flox/flox and U2KO animals.
Mucin content were assessed by Alcian Blue stains (Top row, left column) and PAS stains 

(bottom row, left column). Collagen content in the pancreas was assessed by Sirius red 

(Top row, middle column) and Mason’s trichrome stain (Bottom row, middle column). 

The expression of α-smooth muscle actin (α-SMA) were depicted in (Bottom row, Right 
column) and expression of CK-19 were shown in the (Top row, Right column).
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Figure 6. The Cerulein-induced pancreatitis response in Ubap2flox/flox and U2KO mice.
(A) H&E Staining of pancreatic tissue sections in Ubap2flox/flox and U2KO animals that 

were either injected with Cerulein (50ug/kg) or an equivalent volume of PBS as a control. 

(B) Histological Stains ofMyeloperoxidase in tissues of control animals and U2KO animals 

under either PBS or cerulean treatment and its quantification (C). (D-E) Serum Amylase 

(D) and lipase (E) levels of control (Ubap2flox/flox) and U2KO animals measured in U/L. 

Baseline reference ranges: AMYL = 1691–3615U/L,LIPA = 600–1000U/L. Comparisons 

were made with the Student’s T-test. Data are expressed as mean ± standard error of the 

mean (SEM), n=5–7. All analyses were performed through GraphPad-PRISM (7.04) (N.S. = 

Not significant).
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Figure 7. NF-κB signaling is reduced in U2KO mice when challenged with cerulein.
(A) NF-κB immunofluorescence staining in U2KO mice and control animals. Pancreatic 

tissue was taken from animals after Cerulein (50ug/kg) or an equivalent volume of PBS 

as a control (Figure S2B). Nuclei are stained with DAPI (blue). (B) Quantification of 40X 

magnification images from U2KO animals or control animals. Graph was generated from 

the number of positive cells within a single image field of a slide. 8 images are taken per 

animal and 4 animals were used per group analyzed. (C) Chromatin immunoprecipitation 

assays in AR42J cells were after 150nM cerulein for 24 hours or an equivalent volume of 

PBS. Cells were transiently transfected with either a nontargeting scramble siRNA or an 

siRNA targeting Ubap2. DNA gels were run from PCR-amplified products targeting the 

IL-1β promoter or the IκBα promoter region. Actin is used as a control for DNA loading. 

Comparisons were made with the Student’s T-test. Data are expressed as mean ± standard 

error of the mean (SEM), n=5–7. All analyses were performed through GraphPad-PRISM 

(7.04) (N.S. = Not significant).
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