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Abstract

Objectives—TGF-β regulates immune and fibrotic responses of chronic pancreatitis (CP). The 

bone morphogenetic protein-2 (BMP-2) antagonist gremlin is regulated by TGF-β. Parathyroid 

hormone-related hormone (PTHrP) levels are elevated in CP. Here we investigated the crosstalk 

between TGF-β/BMP-2/gremlin and PTHrP signaling.

Methods—Reverse transcription/real-time PCR, ChIP, Western blotting, and transient 

transfection were used to investigate PTHrP regulation by TGF-β and BMP-2, and gremlin 

regulation by PTHrP. The PTHrP antagonist PTHrP (7-34) and acinar cells with conditional Pthrp 
gene deletion (PTHrPΔacinar) were used to assess PTHrP’s role in the pro-inflammatory and pro-

fibrotic effects of TGF-β and gremlin.

Results—TGF-β increased PTHrP levels in acinar cells and pancreatic stellate cells (PSCs) 

through a Smad3-dependent pathway. TGF-β’s effects on levels of IL-6 and ICAM-1(acinar cells) 

and procollagen I and fibronectin (PSCs) were inhibited by PTHrP (7-34). PTHrPΔacinar 

suppressed TGF-β’s effects on IL-6 and ICAM-1. PTHrP increased gremlin in acinar cells, and 

inhibiting gremlin action suppressed TGF-β’s and PTHrP’s effects on IL-6 and ICAM-1. TGF-β-

mediated gremlin upregulation was suppressed in PTHrPΔacinar cells. BMP-2 suppressed PTHrP 

levels in PSCs.
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Conclusions—PTHrP functions as a novel mediator of the pro-inflammatory and pro-fibrotic 

effects of TGF-β. TGF-β and BMP-2 regulate PTHrP expression and PTHrP regulates gremlin 

levels.
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INTRODUCTION

Chronic pancreatitis (CP) is a progressive inflammatory disease in which pancreatic acini 

are destroyed and replaced by fibrous tissue. In patients with CP, the disease course is the 

same regardless of etiology. A growing body of epidemiological, etiological, and 

experimental data indicates that CP results from the accumulated damage incurred during 

repeated bouts of acute pancreatitis (recurrent AP or RAP) (1). Acinar cell injury plays a 

major role in the pathophysiology of pancreatitis (2). Damaged acinar cells then release 

factors that lead to the generation of multiple inflammatory mediators and activation of 

pancreatic stellate cells (PSCs). Activated PSCs in turn produce pro-inflammatory molecules 

and autocrine factors to perpetuate the activated phenotype (3,4). TGF-β is a regulatory 

molecule with pleiotropic effects on cell proliferation, differentiation, migration, and 

survival and affects multiple biological processes, including development, carcinogenesis, 

fibrosis, wound healing, and immune responses (5). TGF-β secreted by acinar cells and 

PSCs in response to injury plays a key role in both the inflammatory and fibrotic responses 

observed in pancreatitis (6–9). Inhibition of TGF-β action protects the pancreas against 

chronic injury by preventing acinar cell apoptosis (10). The molecule plays a key role in 

PSC activation and increases extracellular matrix (ECM) deposition, leading to fibrosis (11–

13). In humans, TGF-β levels are upregulated in both AP and CP (14–16).

Parathyroid hormone-related protein (PTHrP) exerts multiple effects in both normal and 

disease states, where it modulates critical cellular functions such as proliferation, apoptosis, 

and differentiation (17). The effects of PTHrP are mediated in part through paracrine and/or 

autocrine activation of the PTH/PTHrP receptor (PTH1R), a G protein-coupled receptor 

(GPCR) (18). In the normal pancreas, PTHrP is expressed by islet cells and regulates cell 

proliferation, apoptosis, and insulin release (19–21). PTHrP expression is very low in the 

normal exocrine pancreas, and is elevated after induction of pancreatitis by repeated 

hyperstimulation with the decapeptide cerulein and after pancreatic duct ligation (PDL) 

(22,23). Deletion of the Pthrp gene in acinar cells exerts a protective effect against both 

cerulein- and PDL-induced pancreatitis; this protective effect is accompanied by a decrease 

in pro-inflammatory cytokine release and reduced PSC activation and ECM deposition (23). 

PTHrP also exerts pro-inflammatory effects in the injured kidney, and in atherosclerosis and 

rheumatoid arthritis (24–28).

A positive feedback loop linking TGF-β and PTHrP was first described in breast cancer, 

where PTHrP was identified as an effector of TGF-β in bone metastases (29). Later studies 

have shown that TGF-β regulates PTHrP expression in multiple cell types, including 

chondrocytes, and hepatocellular carcinoma and hepatoma cells (30,31). Using the PTHrP 
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signaling inhibitor PTHrP (7-34) and acinar cells with Pthrp gene deletion, here we 

investigated the role of PTHrP in the inflammatory and fibrotic effects conferred by 

activation of the TGF-β signaling axis in the pancreas.

Bone morphogenetic proteins (BMPs) are members of TGF-β superfamily with anti-

fibrogenic functions in multiple organs (32–35). The BMP antagonist gremlin is regulated 

by TGF-β and exerts pro-fibrotic effects in multiple organs, including pancreas (36–39). 

Gremlin plays a pivotal role in maintaining balanced TGF-β/BMP signaling (40). Gremlin 

also exerts pro-inflammatory effects by activating the vascular endothelial growth factor 

receptor-2 (VEGFR2) signaling pathway (41). Here we investigated the cross-talk between 

PTHrP and TGF-β/BMP-2/gremlin signaling in acinar cells and PSCs, and asked whether 

the observed pro-inflammatory and pro-fibrotic effects of PTHrP involve modulation of this 

signaling loop.

MATERIALS AND METHODS

Materials

Fetal bovine serum (FBS) was obtained from Atlanta Biologicals (Norcross, GA). Tissue 

culture supplies were purchased from Gibco (Carlsbad, CA). Tamoxifen was obtained from 

Cayman Chemicals (San Antonio, TX). PTHrP (1-36) and PTHrP (7-34) were purchased 

from Polypeptide Laboratories (Torrance, CA) and Bachem (Torrance, CA), respectively. 

TGF-β, BMP-2, and gremlin were obtained from R&D Systems (Minneapolis, MN), and 

SIS3 was from Sigma (St. Louis, MO). The antibodies against PTHrP and gremlin used for 

Western blotting were from Santa Cruz Biotechnologies (Santa Cruz, CA), and Abcam 

(Cambridge, MA), respectively. The antibodies for Western blotting for phospho(p)Smad3 

and Smad3 were from Cell Signaling Technology, Inc. (Billerica, MA). The anti-gremlin 

neutralizing antibody was from R&D Systems. For chromatin immunoprecipitation (ChIP), 

the ChIP assay kit and the anti-acetyl histone H3 antibody were from Millipore (Temecula 

CA). The Smad2/3 antibody was from Santa Cruz Biotechnologies.

Generation of mice with conditional knockout of the Pthrp gene in pancreatic acinar cells

All mice were housed in the animal facility at the University of Texas Medical Branch 

(UTMB) and were handled according to National Institutes of Health and UTMB guidelines. 

All procedures were approved by the Institutional Animal Care and Use Committee at the 

UTMB. Pthrp+/flox mice, generously provided by Dr. A. Karaplis, McGill University (42–

44), were crossed with CD-1 mice. The heterozygous offspring was crossed with inducible-

Cre transgenic mice [STOCK Tg(Ela1-Cre/ESR1)1Stof/J, Jackson Lab Stock Number 

008861]. These mice have a tamoxifen-inducible Cre-mediated recombination system which 

is driven by the rat elastase 1 pancreatic promoter (45). The double heterozygous offspring 

were intercrossed to obtain the Pthrpflox/flox;Cre+ (homozygous) and Pthrpflox/flox;Cre− 

(control) mice used in this study. These mice were generated in collaboration with the 

Transgenic Mouse Facility at UTMB (directed by Dr. M. Wakamiya). The characterization 

of these mice has been described (23).
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Induction of Cre recombinase activity

Cre recombinase activity was induced in Pthrpflox/flox;Cre+ mice by intraperitoneal (i.p.) 

injection of tamoxifen (20mg/ml, 100μl/mouse), once daily for 5 days (46). Corn oil was 

used as vehicle control. Previous studies established that similar responses were obtained 

from wild-type CD-1 mice and Pthrpflox/flox;Cre− mice injected with tamoxifen or corn oil 

and from Pthrpflox/flox;Cre+ injected with corn oil (23). Therefore, the latter mice were used 

as controls in this study.

Isolation, culture, and quality control of mouse acinar and stellate cells

Pancreata removed from 3–4 mice sacrificed under anesthesia were washed quickly with 3 

ml of warm isolation buffer [PBS containing Ca2+ and Mg2+, soybean trypsin inhibitor 

(0.01%, Sigma) and 0.1% BSA] and digested for 15 min in warm isolation buffer containing 

collagenase type IV (0.3 mg/ml, Invitrogen). The digestion was facilitated mechanically 

with continuous pipetting. Collagenase was inactivated by addition of 6 ml cold isolation 

buffer. The cell suspension was washed 3x with cold isolation buffer and filtered to remove 

large debris. Acini were collected by centrifugation, resuspended in DMEM containing 10% 

FBS and 0.025% trypsin inhibitor, and seeded into multi-well plates coated with laminin. 

Acinar cells were characterized by measuring viability and amylase release in response to 

cerulein stimulation. Viability, assessed by trypan blue exclusion, was routinely >98%. 

Amylase levels were measured using the Phadebas® Amylase Test kit (Lund, Sweden) as 

described (23).

Mouse PSCs were isolated using the outgrowth method (47,48). Pancreatic tissue was rinsed 

3x with DMEM + 1% penicillin/streptomycin (Life Technologies-Invitrogen). The tissue 

was cut into 1–2 mm3 blocks, washed 3x with DMEM + 1% penicillin/streptomycin and 

placed in 75-cm2 tissue culture flasks. The tissue was cultured in DMEM containing 10% 

FBS, 50 μg/ml gentamycin (Life Technologies-Gibco), and 1% penicillin/streptomycin at 

37°C. The medium was changed every 3 days starting on day 3. When the colonies reached 

80–90% confluence, tissue clumps were removed, and the cells were sub-cultured using 

0.025% trypsin/EDTA (Life Technologies). The characterization of mouse PSCs has been 

described (8,22). The identity of PSCs was confirmed using vimentin as marker.

Cell culture and treatment

For primary acinar cell culture, cells were plated onto 6-well dishes coated with 50 μg/ml 

laminin (Life Technologies-Invitrogen) and were cultured at 37 °C in a humidified 95% 

O2/5% CO2 atmosphere in DMEM medium supplemented with L-glutamine and 10% FBS. 

Treatment was initiated 24 h after plating. Primary PSCs were plated onto 6-well dishes and 

were cultured under the same conditions as the acinar cells. Treatment was initiated when 

cells reached 70–80% confluence. Acinar cells were treated with TGF-β (1 and 3 ng/ml), 

PTHrP (10−7 M), gremlin (1 μg/ml), or BMP-2 (50 and 100 ng/ml) for periods of 0.25 h to 

24 h. PSCs were treated with TGF-β (1 and 3 ng/ml), PTHrP (10−7 M), or BMP-2 (50 and 

100 ng/ml) for periods of 0.25 h to 48 h. In some experiments, the cells were pre-treated for 

1 h with the PTH1R antagonist PTHrP (7-34) (10−5 M; Bachem) or with the Smad3 

inhibitor, SIS3 (10 μM). The vehicle control for TGF-β, BMP-2, and gremlin was 4 mM HCl 

containing 1 mg/ml BSA. PTHrP (1-36) and PTHrP (7-34) were dissolved in water.
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AR42J cells were obtained from the American Type Culture Collection (ATCC, Manassas, 

VA), and were grown at 37 °C in a humidified 95% O2/5% CO2 atmosphere in RPMI-1640 

medium supplemented with L-glutamine and 10% FBS. The irPSCc3 rat pancreatic stellate 

cell line was obtained from Dr. Raul A. Urrutia (Mayo Clinic Cancer Center, MN) (49) and 

was grown under the same conditions in DMEM high glucose medium supplemented with 

10% FBS and L-glutamine. AR42J and irPSCc3 cells were plated in 6-well dishes, and 

treatment was initiated when cells reached 70–80% confluence. The cells were serum-

starved for 16 h prior to treatment, and then treated with PTHrP (1-36), TGF-β, or BMP-2 in 

the presence or absence of PTHrP (7-34) or SIS3 as described above. AR42J were also 

treated with gremlin (1 μg/ml). In some experiments, AR42J cells were pre-incubated with 

anti-gremlin neutralizing antibody (3 μg/ml; R&D Systems) for 2 h before addition of 

gremlin, TGF-β or PTHrP. For analysis of PTHrP protein levels, acinar cells and PSCs were 

treated with TGF-β for 18 h in the presence of the proteasome inhibitor lactacystin (5 μM). 

For analysis of gremlin protein levels, acinar cells were treated with PTHrP (1-36) (10−7 M) 

for 24 h.

Analysis of mRNA levels

Total RNA was extracted using the RNAqueous® isolation kit (Ambion Inc., Austin, TX), 

per the manufacturer’s protocol. RNA concentrations were determined by 

spectrophotometry. RNA (2.0 μg) was reverse transcribed into cDNA using the Applied 

Biosystems cDNA synthesis kit, following the manufacturer’s protocol. The first-strand 

cDNA was used as a template for real-time PCR on an Applied Biosystems 7500 Real-Time 

PCR System using Sybr green Supermix (Applied Biosystems) and the following published 

primer sequences: mouse PTHrP: forward, CAGTGGAGTGTCCTGGTATT; reverse, 

GATCTCCGCGATCAGATGGT (50), and rat PTHrP: forward, 

CAGCCGAAATCAGAGCTACC; reverse, CTCCTGTTCTCTGCGTTTCC (51). The source 

of the primer sequences for mouse and rat IL-6, ICAM-1, procollagen I, fibronectin, actin 

and GAPDH is listed in (22). The following gremlin primers were used: mouse: forward, 

GCAACAGCCGCACTATCA; reverse, CCAAGTCGATGGATATGC (52), and rat: forward: 

CCAGCAGCTGAAGGGAAAAAGAAA; reverse, TGGCCGTAACAGAAGCGATTGA 

(53). The threshold cycle (CT) values for each target gene were normalized to levels of β-

actin or GAPDH, and the relative expression level of each target gene was calculated using 

the formula n-fold change = 2−ΔCT, where ΔCT represents CT (target sample) − CT (control).

Western blot analysis

Cells were washed twice with cold PBS on ice and lysed in RIPA buffer containing a 

Protease Inhibitor cocktail and Phosphatase Inhibitor cocktails A and B (Santa Cruz 

Biotechnology). Protein concentrations were then estimated using the Bio-Rad protein assay. 

Protein levels were analyzed by Western blot analysis. GAPDH was used as loading control. 

The signals were detected using the SuperSignal West Pico Substrate kit (Pierce 

Biotechnology Inc., Rockford, IL). Densitometric analysis was performed using the Alpha 

Innotech Image Analysis system (Alpha Innotech Corporation, San Leandro, CA).
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Plasmid constructs and cell transfection

Constructs containing regions from the promoter 1, 2 or 3 of the human PTHrP gene, cloned 

in the luciferase reporter plasmid pGL-2 (Promega, Madison, WI), were obtained from Dr. 

Z. Bouizar. These constructs have been described (54,55). These constructs, as well as the 

empty vector control, were electroporated into AR42J and irPSCc3 cells. Cells were co-

electroporated with a construct expressing Renilla Luciferase for standardization purposes.

The following conditions were used: 10 μg promoter construct and 0.5 μg Renilla construct, 

and electroporating ~ 1 × 107 cells at 250 V, 1500 μF, 125 ℧ and 25 ms pulse. After 

electroporation, an equal number of cells was plated into 24-well plates in complete medium 

containing 10% FBS. TGF-β (3 ng/ml) was added to irPSCc3 cells 24 h after 

electroporation. AR42J cells were transferred to serum-free medium 16 h after plating. After 

24 h, they were treated with TGF-β (3 ng/ml). HCl (4 mM) containing 1 mg/ml BSA was 

used as the vehicle control (final volume 0.01% v/v). After 2 h, cell lysates were prepared 

and promoter activity was assayed using the Dual Luciferase assay kit (Promega). Empty 

vector control values were subtracted from the respective firefly and Renilla luciferase 

values. The firefly luciferase activity corresponding to each PTHrP promoter was 

normalized to Renilla luciferase activity, and the fold differences were plotted as the firefly/

Renilla ratio.

Chromatin Immunoprecipitation

AR42J and irPSCc3 cells were plated onto 6-well dishes under conditions described in Cell 

Culture and Treatment. At 70–80% confluence, the cells (~ 1 × 106) were transferred to 

serum-free medium for 16 h, then treated with TGF-β for 1–4 h. 4 mM HCl containing 1 

mg/ml BSA was used as vehicle control. ChIP was performed following the protocol from 

Millipore. In brief, the histones were cross-linked by adding 37% formaldehyde to a final 

concentration of 1%. The cells were then washed twice with PBS containing protease 

inhibitors, scraped and centrifuged. The cell pellet was resuspended in SDS Lysis Buffer and 

incubated on ice for 10 min. The resuspended cells were sonicated to shear DNA in order to 

obtain genomic DNA fragments ranging in size from 200 bp to 1 kb. The sonicated cell 

extracts were immunoprecipitated using an anti-Smad2/3 antibody (Santa Cruz 

Biotechnologies) or an anti-acetyl histone H3 antibody (Millipore). Normal mouse IgG was 

used as negative control. The chromatin immunoprecipitates were washed and cross-links 

were reverted by heating at 65°C for 4 h. The samples were then treated with proteinase K 

and DNA was purified by phenol/chloroform extraction and ethanol precipitation in the 

presence of glycogen as carrier. The DNA was resuspended in 50 μl of TE buffer. Real-time 

PCR was then performed on an Applied Biosystems 7500 Real-Time PCR System using 

Sybr green Supermix (Applied Biosystems), 0.5 μl of ChIP DNA and the following primers 

specific for the PTHrP P3 promoter: forward, GACACACGCACTTGAAACTTG; reverse, 

ATAGCTGTCTGTCTACCTCCTC. The PCR reaction was performed in triplicate for each 

independent ChIP preparation. Values were calculated using the fold-enrichment method, 

where Raw Ct = (Ct IP) − (Ct mock) and Fold Enrichment = (2−DDCt).

Bhatia et al. Page 6

Pancreas. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistics

Numerical data are presented as the mean ± standard error of the mean (S.E.M). The data 

were analyzed by one-way analysis of variance (ANOVA) followed by a Tukey-Kramer 

multiple comparisons post-test to determine the statistical significance of differences. All 

statistical analyses were performed using INSTAT Software (GraphPad Software, Inc., San 

Diego, CA).

RESULTS

TGF-β upregulates PTHrP expression in acinar cells and PSCs

A characteristic of acinar cells is amylase release in response to stimulation with 

physiological concentrations of the CCK analog cerulein (56). Supplementary Fig. 1A 

(Supplementary Digital Content 1) shows that treatment of the acinar cells with cerulein 

increased amylase release, with a peak at 10−10 M cerulein. The response of AR42J cells to 

cerulein has been described (57). To ask if TGF-β regulates PTHrP expression, acinar cells 

were treated with TGF-β (3 ng/ml). We show that TGF-β caused a significant 4–5-fold 

increase in PTHrP mRNA levels in primary acinar cells and AR42J cells (P < 0.001) (Fig. 

1A). This effect was evident after 15 min of treatment, peaked at 30 min, and was still 

evident after 4 h (Fig. 1A). TGF-β also caused a significant increase in PTHrP levels at the 

protein level (P < 0.01), as monitored by Western blot analysis (Fig. 1, B and C).

We also assessed the effect of TGF-β on PTHrP levels in PSCs. The identity of the primary 

PSCs was confirmed by staining for vimentin (Supplementary Fig. 1B; see Supplementary 

Digital Content 2). irPSCc3 cells have been characterized and are responsive to TGF-β (49). 

TGF-β significantly increased PTHrP mRNA (P < 0.001) and protein (P < 0.01) levels in 

primary PSCs and irPSCc3 cells (Fig. 1, D–F). A similar time-course profile as in acinar 

cells was observed.

TGF-β increases transcriptional activity from the PTHrP promoter 3 through a Smad3-
dependent pathway

TGF-β regulates the Smad signaling pathway (58), and the PTHrP promoter 3 (P3) contains 

a Smad3 response element (59). To ask if TGF-β upregulates the activity of this promoter, 

AR42J and irPSCc3 cells were transfected with a construct encompassing this promoter 

region. PTHrP promoters 1 and 2, which do not contain putative Smad sites, were used as 

controls. Treatment with TGF-β resulted in an ~ 6-fold (AR42J cells) and ~4-fold (irPSCc3 

cells) increase in Luciferase activity from P3 (P < 0.001) (Fig. 2, A and B). In contrast, 

TGF-β had no significant effect (P > 0.05) on luciferase activity from promoters 1 and 2 

(Fig. 2, A and B).

Transcriptional activation of the PTHrP P3 promoter by TGF-β was further investigated by 

ChIP. TGF-β significantly increased recruitment of Smad to the PTHrP P3 promoter (P < 

0.001) as early as 1 h after treatment in both AR42J and irPSCc3 cells (Fig. 2C). Levels 

were still elevated 4 h after treatment (data not shown). TGF-β also significantly increased 

recruitment of acetyl Histone H3 to the PTHrP P3 promoter (P < 0.001) in both cell lines; 
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again, an effect was observed after 1 h of treatment (Fig. 2C) and was still evident after 4 h 

(data not shown).

To further assess the role of Smad signaling in the effects of TGF-β on PTHrP expression, 

AR42J and irPSCc3 were treated with TGF-β in the presence of the specific Smad3 inhibitor 

SIS3 (60). SIS3 inhibited the effects of TGF-β on PTHrP expression in both cell lines, such 

that there was no significant difference (P > 0.05) in PTHrP levels in untreated cells vs. cells 

treated with TGF-β + SIS3 (Fig. 2, D and E).

PTHrP plays a role in the TGF-β-induced upregulation of IL-6 and ICAM-1 levels in acinar 
cells

TGF-β levels are upregulated in both AP and CP (14–16). TGF-β plays a role in the 

inflammatory response associated with pancreatitis (6,7), and upregulates PTHrP levels (Fig. 

1). PTHrP regulates levels of the pro-inflammatory cytokines IL-6 and ICAM-1 in acinar 

cells (22). To ask if PTHrP plays a role in the TGF-β-mediated effects on these cytokines, 

acinar cells were pre-treated with the PTHrP antagonist PTHrP (7-34), then treated with 

TGF-β. Treatment with TGF-β (3 ng/ml) for 2 h increased IL-6 and ICAM-1 levels by ~ 3-

fold in primary acinar cells and AR42J cells (P < 0.001) (Fig. 3, A and B). When cells were 

pre-treated with PTHrP (7-34), the effects of TGF-β on IL-6 and ICAM-1 levels were 

significantly attenuated, such that there was no significant difference (P > 0.05) in IL-6 and 

ICAM-1 levels in control (vehicle-treated) cells vs. cells co-treated with TGF-β plus PTHrP 

(7-34) (Fig. 3, A and B). PTHrP (7-34) alone had no significant effect on IL-6 and ICAM-1 

mRNA levels (data not shown).

To further ask if PTHrP plays a role in the TGF-β effects on IL-6 and ICAM-1 levels, the 

response to TGF-β was compared in PTHrPΔacinar vs. PTHrP+/+ acinar cells. The 

characterization of these cells has been described (23). Treatment with TGF-β significantly 

increased IL-6 mRNA levels in PTHrP+/+ acinar cells (P < 0.001). This effect was observed 

after 30 min of treatment, and was still elevated after 4 h of treatment (Fig. 3C). The effect 

of TGF-β on IL-6 levels was significantly attenuated in PTHrPΔacinar cells, such that only an 

~1.3 fold-increase in IL-6 levels was observed (P > 0.05) (Fig. 3C). A similar profile was 

observed for ICAM-1, where TGF-β had no significant effect (P > 0.05) on ICAM-1 levels 

in PTHrPΔacinar cells. In contrast, TGF-β increased ICAM-1 levels by ~ 4-fold in PTHrP+/+ 

acinar cells (P < 0.001) (Fig. 3D).

PTHrP plays a role in the TGF-β-induced upregulation of procollagen I and fibronectin 
levels in PSCs

TGF-β plays a significant role in the fibrosis associated with pancreatitis (10–13). TGF-β 

also induces PTHrP expression in PSCs (Fig. 1, D–F). To determine the role of PTHrP in the 

TGF-β-mediated regulation of ECM proteins, primary PSCs and irPSCc3 cells were pre-

treated with PTHrP (7-34), then treated with TGF-β. TGF-β increased levels of procollagen I 

and fibronectin by ~2.5-fold in both primary PSCs and irPSCc3 cells (P < 0.001) (Fig. 4, A 

and B). This effect was significantly attenuated after pretreatment with PTHrP (7-34), such 

that procollagen I and fibronectin levels were not significantly different (P > 0.05) in 

vehicle-treated control cells vs. cells treated with TGF-β + PTHrP (7-34) (Fig. 4, A and B). 
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PTHrP (7-34) alone had no significant effect on procollagen I or fibronectin levels (data not 

shown).

PTHrP upregulates gremlin levels in acinar cells

Expression of the BMP antagonist gremlin is regulated by TGF-β (36–38). Since TGF-β 

upregulates PTHrP expression, we asked if gremlin levels are modulated by PTHrP, 

indicating the possible involvement of PTHrP in the TGF-β-gremlin signaling axis. Primary 

acinar and AR42J cells were treated with 10−7 M PTHrP (1-36). PTHrP significantly 

increased gremlin mRNA (P < 0.001) and protein levels (P < 0.01) in primary acinar cells 

(Fig. 5, A, C, D) and AR42J cells (Fig. 5A, data not shown). We also compared gremlin 

mRNA levels in acinar cells from PTHrPΔacinar mice and PTHrP+/+ mice. Deletion of the 

Pthrp gene in acinar cells resulted in an ~2-fold decrease in gremlin mRNA (P < 0.001) and 

protein (P < 0.05) levels (Fig. 5, B–D).

Gremlin mRNA (data not shown) and protein (Fig. 5, C and D) levels were ~ 4-fold higher 

in PSCs vs. acinar cells. PTHrP treatment increased gremlin mRNA (Fig. 5E) and protein 

(Fig. 5, C and D) levels by ~1.3-fold in PSCs (P > 0.05) (Fig. 5, C–E); this increase was 

evident only with longer treatment periods (24 to 48 h). No effect was seen at shorter 

treatment periods (data not shown). Since PTHrP had no significant effect on gremlin levels 

in PSCs, investigation of the TGF-β/PTHrP/gremlin axis was only further studied in acinar 

cells

PTHrP plays a role in the TGF-β-mediated upregulation of gremlin expression in acinar 
cells

Since TGF-β upregulates PTHrP levels and PTHrP increases gremlin levels, we asked if 

PTHrP plays a role in the effects of TGF-β on gremlin. Acinar cells were pre-treated with 

PTHrP (7-34) for 1 h, then treated with TGF-β (3 ng/ml) for 2 h. TGF-β increased gremlin 

levels by ~ 3-fold in primary acinar and AR42J cells (P < 0.001) (Fig. 6A). When cells were 

pre-treated with PTHrP (7-34), the effects of TGF-β on gremlin levels were significantly 

attenuated; there was no significant difference (P > 0.05) in gremlin levels in control cells 

vs. cells co-treated with TGF-β and PTHrP (7-34) (Fig. 6A). PTHrP (7-34) alone had no 

significant effect on gremlin mRNA levels (data not shown).

To further ask if PTHrP plays a role in the TGF-β-mediated effects on gremlin, the response 

to TGF-β was compared in PTHrPΔacinar cells and PTHrP+/+ acinar cells. Treatment with 

TGF-β increased gremlin mRNA levels by ~2.5 fold in PTHrP+/+ acinar cells (P < 0.001) 

(Fig. 6B). These effects of TGF-β were significantly attenuated in PTHrPΔacinar cells, such 

that TGF-β had no significant effect (P > 0.05) on gremlin levels in these cells (Fig. 6B).

Gremlin plays a role in TGF-β and PTHrP action in acinar cells

Treating AR42J cells with gremlin (1 μg/ml) increased pSmad levels; this effect was 

accompanied by an ~ 4–5-fold increase in IL-6 and ICAM-1 mRNA levels (P < 0.001) (Fig. 

7, A–C). Pre-incubation with a neutralizing anti-gremlin antibody for 2 h attenuated the 

gremlin effects on pSmad3, as well as on IL-6 and ICAM-1 mRNA levels (Fig. 7, A–C). We 

next investigated the role of gremlin in the effects of TGF-β and PTHrP on IL-6 and 
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ICAM-1 levels. AR42J cells were pre-incubated with neutralizing anti-gremlin antibody, 

then treated with TGF-β (3 ng/ml for 2 h) or PTHrP (10−7 M for 1 h). Inhibiting secreted 

gremlin action suppressed the effects of both TGF-β and PTHrP on IL-6 and ICAM-1 levels; 

there was a significant difference (P < 0.05) in IL-6 and ICAM-1 levels in cells treated with 

TGF-β or PTHrP alone vs. those treated with TGF-β or PTHrP plus neutralizing anti-gremlin 

antibody (Fig. 7, D and E). Thus, gremlin may function downstream of TGF-β and PTHrP to 

regulate cytokine levels in acinar cells.

BMP-2 downregulates PTHrP levels in PSCs

Since TGF-β upregulates PTHrP levels, and BMP-2 attenuates the effects of TGF-β on PSC 

activation (α-SMA levels) and fibronectin levels (8), we asked if BMP-2 regulates PTHrP 

mRNA levels in PSCs. We show that treatment with BMP-2 (50 ng/ml) decreased PTHrP 

mRNA levels by ~ 3-fold (P < 0.001) (Fig. 8). This effect was evident after 15 min of 

treatment. PTHrP mRNA levels were still suppressed after 1 h, and had returned to baseline 

levels after 2 h treatment (Fig. 8; data not shown). Similar effects were obtained with 100 

ng/ml BMP-2 (data not shown). In contrast, BMP-2 at 50 ng/ml and 100 ng/ml did not 

decrease PTHrP mRNA levels at any of the time-points tested in primary acinar or AR42J 

cells (data not shown).

DISCUSSION

CP is a debilitating disease with no cure, and treatment options are limited to supportive care 

and symptom palliation. Only a fraction of persons exposed to risk factors develop CP, 

suggesting differential regulation of endogenous signaling pathways which alter the 

susceptibility to pancreatic damage after exposure to risk factors. Development of new 

therapies to target CP can only be achieved through understanding of the interaction between 

endogenous signaling pathways involved in the pro-inflammatory and pro-fibrotic response.

Levels of TGF-β are elevated in the pancreas of patients with clinical and histological 

evidence of AP and CP (14–16). PTHrP levels are elevated in mouse models of AP and CP 

(22,23). Here we show that TGF-β upregulates PTHrP levels in acinar cells and PSCs. These 

effects of TGF-β on PTHrP expression involve transcriptional activation of the PTHrP-

promoter 3 through a Smad3-dependent pathway. In contrast, TGF-β had no significant 

effect on transcriptional activity from the other two PTHrP promoters. Similar effects of 

TGF-β on PTHrP expression have been reported in MDA-MB-231 cells (59). Moreover, 

PTHrP plays a role in the effects of TGF-β on pro-inflammatory cytokine levels in acinar 

cells and ECM protein levels in PSCs, as evident using cells with suppressed PTHrP 

signaling or expression.

Damaged acinar cells can activate PSCs both directly, through secretion of pro-inflammatory 

cytokines which exert paracrine effects in PSCs, and indirectly, via inflammatory cell 

recruitment (6). TGF-β increases IL-6 release in airway smooth muscle cells (61). We show 

that TGF-β upregulates IL-6 expression in acinar cells, and that PTHrP plays a role in this 

effect in that suppressing PTHrP expression or signaling negates these TGF-β effects. We 

postulate that TGF-β expressed in response to acinar cell injury may upregulate PTHrP 

levels in these cells, in turn leading to increased IL-6 secretion and PSC activation. In 
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support, previous studies have shown that exogenous addition of PTHrP (1-36) to acinar 

cells upregulates IL-6 and ICAM-1 levels (22), which in turn activate PSCs (9). 

Alternatively, PTHrP secreted by acinar cells in response to TGF-β may function directly via 

a paracrine pathway to activate PSCs and upregulate ECM protein expression. In support, 

treatment of PSCs with PTHrP (1-36) increases procollagen I and fibronectin levels (22).

TGF-β is secreted by both acinar cells and PSCs in response to injury (7,11). Acinar cell- or 

PSC-secreted TGF-β may then upregulate PTHrP expression in PSCs. The secreted PTHrP 

then functions via an autocrine/paracrine pathway to active PSCs. In support, exogenous 

PTHrP (1-36) increases procollagen I and fibronectin levels in PSCs (22). In this study, we 

show that TGF-β upregulates PTHrP levels and PTHrP promoter-3 activity in these cells, 

and that PTHrP (7-34) suppresses the effects of TGF-β on procollagen I and fibronectin 

mRNA levels. These pathways of TGF-β/PTHrP action support the postulated involvement 

of two distinct pathways in the pathogenesis of pancreatic fibrosis, with PTHrP potentially 

playing a role in both pathways. The first is the necro-inflammatory pathway involving 

cytokine release and PSC activation, and the second involves a non-necro-inflammatory 

pathway with direct activation of PSCs following pancreatic injury (62,63). TGF-β also 

exerts anti-inflammatory effects (64); these effects of TGF-β are likely mediated via a 

PTHrP-independent pathway. The role of PTHrP in the TGF-β effects will be directly 

addressed in future studies by monitoring pancreatic damage in response to TGF-β in 

PTHrPΔacinar mice.

TGF-β-induced PSC activation and ECM formation is inhibited by BMP-2 via a Smad1-

dependent pathway (8). Using a model of chronic cerulein-induced CP, Gao et al. (8) have 

shown that pancreatic fibrosis, PSC activation, and leukocyte infiltration was enhanced in 

mice heterozygous for deletion of the BMP-2 type 2 receptor (BMPR2+/−), indicating a 

protective effect of BMP signaling in the pancreas. Moreover, BMP-2 inhibited TGF-β-

induced fibronectin production in wild-type PSCs; this effect was abolished in BMPR2+/− 

PSCs (8). BMPs exert anti-fibrogenic functions in multiple organs (32–35). In the kidney, 

BMP-2 inhibits renal fibrosis in the rat unilateral urethral obstruction model and antagonizes 

TGF-β-induced renal fibrogenic signals in renal interstitial fibroblast cells (34, 65). BMPs 

also prevent differentiation and cell migration of lung fibroblasts (66). Here we show that 

BMP-2 downregulates PTHrP expression in PSCs. Based on these data, we postulate that a 

feedback mechanism linking TGF-β/BMP-2 signaling with the PTHrP pathway plays a key 

role in fibrosis in the injured pancreas.

The BMP antagonist gremlin plays a pivotal role in maintaining balanced TGF-β/BMP 

signaling and modulates BMP activity (33,40). Multiple studies have established a role for 

gremlin in fibrotic disease. Pancreatic, liver, lung fibrosis is associated with induction of 

gremlin (33,39,67,68); levels of the BMP antagonists chordin and noggin are unchanged 

(33). Gremlin levels are elevated in a mouse model of cerulein-induced CP and in pancreata 

from CP patients (39). Additionally, gremlin induces expression of FN27 and several 

collagens (36) and Grem1 knockout mice have decreased pancreatic fibrosis after cerulein-

induced CP (39). TGF-β increases gremlin levels in PSCs, glaucomatous trabecular 

meshwork cells, kidney, and vascular smooth muscle cells (36–39). In the kidney, gremlin 

functions as a downstream mediator of TGF-β’s pro-fibrotic effects (38). We show that TGF-
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β also upregulates gremlin levels in acinar cells, and that this effect is linked to pro-

inflammatory cytokine release. Moreover, the effects of TGF-β on gremlin are suppressed in 

the absence of PTHrP expression or signaling, and inhibiting gremlin signaling attenuates 

the effects of TGF-β on IL-6 and ICAM-1. We therefore propose an axis linking PTHrP with 

the TGF-β-mediated regulation of gremlin.

Given the pro-fibrotic effect of gremlin, its upregulation by PTHrP in acinar cells supports 

the hypothesis that gremlin may play a role in the pro-fibrotic effects of PTHrP. Since 

PTHrP primarily regulates gremlin expression in acinar cells, we postulate that gremlin 

secreted by acinar cells in response to PTHrP may then function via a paracrine pathway to 

regulate ECM levels in PSCs. Gremlin also exerts a direct effect in acinar cells, and 

functions downstream of TGF-β and PTHrP to induce IL-6 and ICAM-1 levels. These 

secreted cytokines may both exert a direct effect in acinar cells and function via a paracrine 

pathway to activate PSCs. Gremlin specifically binds to and inhibits the actions of BMP-2, 

-4, and -7 (69,70), and the relationship between BMP signaling and PTHrP is further 

demonstrated by the observations that BMP-2 downregulates PTHrP expression in PSCs. 

However, gremlin also functions via BMP-independent pathways (41). Since BMP-2 does 

not suppress PTHrP expression in acinar cells, the effects of gremlin in these cells may not 

involve the BMP signaling pathway. Overall, these data also demonstrate the intricate 

relationship between acinar cells and PSCs in the regulation of fibrosis.

In conclusion, the net increase in PTHrP levels as a result of pancreatic damage sets up a 

series of cascades that lead to both pro-inflammatory and pro-fibrotic effects. PTHrP may in 

turn function through different effectors in acinar cells and PSCs. Thus, PTHrP only 

upregulates gremlin in acinar cells. Secreted gremlin may then function via a paracrine 

pathway to activate PSCs and increase ECM protein levels, ultimately leading to fibrosis. 

Gremlin also mediates the effects of TGF-β and PTHrP on pro-inflammatory cytokine levels. 

BMP-2 suppression of PTHrP levels is only observed in PSCs, this effect may be secondary 

to inhibition of TGF-β signaling by BMP-2 in these cells (8). Suppressing TGF-β signaling 

in the pancreas may result in significant deleterious effects. Given the critical role of the 

TGF-β/BMP/gremlin signaling pathway in pancreatitis, and the intricate relationship of 

PTHrP signaling in this pathway, targeted inhibition of PTHrP signaling in acinar cells may 

present a novel therapeutic strategy aimed at preventing pancreatic inflammation and 

fibrosis, irrespective of the primary risk factor(s) involved. This may ultimately prevent 

development of CP.
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Figure 1. Effect of TGF-β on PTHrP mRNA and protein levels in acinar cells and PSCs
(A,D) Cells were treated with TGF-β (3 ng/ml) for the indicated time intervals. PTHrP 

mRNA levels were measured by reverse transcription/real-time PCR. Values are expressed 

relative to the vehicle control value, set arbitrarily at 1.0. (B,E) Western blot analysis for 

PTHrP in cells treated with TGF-β (1 or 3 ng/ml) for 18 h. − = vehicle control. The figure is 

representative of data obtained from 3 independent experiments. (C,F) Densitometric 

analysis of Western blots. 10 = primary cells. Values are expressed relative to the 0 time 

point (A, D) or the −TGF-β control value (C, F), set arbitrarily at 1.0. Each point or bar is 

the mean ± SEM of three independent experiments. ***, P < 0.001 vs. 0 time-point (A,D); 

**, P < 0.01 vs. control (C,F).

Bhatia et al. Page 17

Pancreas. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
(A,B) Effect of TGF-β on PTHrP promoter activity in AR42J and irPSCc3 cells. Cells 

were transfected with the indicated promoter-driven luciferase reporter constructs plus 

Renilla luciferase construct, then treated with TGF-β (3 ng/ml). Luciferase activity was 

measured after 2 h. Empty vector control values were subtracted from the respective firefly 

and Renilla luciferase values. Values were then normalized to Renilla luciferase activity, and 

are expressed as the firefly/Renilla ratio. P = promoter. Each bar is the mean ± SEM of three 

experiments. ***, P < 0.001 vs. −TGF-β. (C) ChIP assay of chromatin from AR42J and 
irPSCc3 cells treated with TGF-β. Cells were treated with TGF-β for 1 h. 

Immunoprecipitation was performed using an anti-Smad2/3 antibody (Smad) and an anti-

acetyl histone H3 antibody (N-AcHis). Normal IgG was used as antibody control. DNA 

enriched by ChIP was subjected to real-time PCR using a PTHrP P3 promoter primer. Data 

are presented as fold-enrichment vs. the IgG value, set arbitrarily as 1.0. Each bar is the 

mean ± SEM of three experiments. ***, P < 0.001 vs. IgG control, #, P < 0.001 vs. vehicle 

control. (D,E) Effect of inhibiting Smad3 signaling in AR42J and irPSCc3 cells on TGF-
β-mediated upregulation of PTHrP mRNA levels. Cells pre-treated with SIS3 (10 μM) for 

1 h were then treated with TGF-β for 2 h. PTHrP mRNA levels were measured by reverse 

transcription/real-time PCR. Values are expressed relative to the vehicle control value, set 

arbitrarily at 1.0. Each bar is the mean ± SEM of three independent experiments. ***, P < 

0.001 vs. control; #, P < 0.001 vs. TGF-β alone.

Bhatia et al. Page 18

Pancreas. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
(A, B) Effect of inhibition of PTHrP signaling on the TGF-β-mediated increase in IL-6 
and ICAM-1 mRNA levels in acinar cells. Cells were pre-treated with 10−5 M PTHrP 

(7-34) for 1 h, then treated in the presence of PTHrP (7-34) with TGF-β (3 ng/ml) for 2 h. 10 

= primary cells. (C,D) Effect of TGF-β on IL-6 and ICAM-1 mRNA levels in 
PTHrPΔacinar cells and PTHrP+/+ acinar cells. IL-6 and ICAM-1 mRNA levels were 

measured by reverse transcription/real-time PCR. Values are expressed relative to the control 

value (A, B) or the respective 0 time value (C,D), set arbitrarily at 1.0. Each bar or point is 

the mean ± SEM of three independent experiments. ***, P < 0.001 vs. control (A,B) or 0 

time-point (C,D); #, P < 0.01 vs. TGF-β alone (A,B) or PTHrP+/+ value (C,D).
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Figure 4. 
Effect of inhibition of PTHrP signaling on the TGF-β-mediated increase in procollagen 
I (A) and fibronectin (B) mRNA levels in PSCs. Cells were pre-treated with 10−5 M 

PTHrP (7-34) for 1 h, then treated in the presence of PTHrP (7-34) with TGF-β (3 ng/ml) for 

2 h. 10 = primary cells. Procollagen I and fibronectin mRNA levels were measured by 

reverse transcription/real-time PCR. Values are expressed relative to the control value, set 

arbitrarily at 1.0. Each bar is the mean ± SEM of three independent experiments. ***, P < 

0.001 vs. control; #, P < 0.01 vs. TGF-β alone.
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Figure 5. Effect of PTHrP on gremlin mRNA levels in acinar cells and PSCs
(A) Acinar cells were treated with PTHrP (1-36) (10−7 M) for the indicated time intervals. 

(B) Gremlin mRNA levels in acinar cells isolated from PTHrPΔacinar and PTHrP+/+ mice. 

(C) Western blot analysis for gremlin in acinar cells and PSCs treated with PTHrP for 24 h, 

and in cells isolated from PTHrPΔacinar and PTHrP+/+ mice. − = control. The figure is 

representative of data obtained from 3 independent experiments. (D) Densitometric analysis 

of Western blots. (E) PSCs were treated with PTHrP (1-36) (10−7 M) for 24 h. 10 = primary 

cells. (A,B,E) mRNA levels were measured by reverse transcription/real-time PCR. Values 

are expressed relative to the 0 time point (A), the PTHrP+/+ value (B), the - PTHrP (1-36) 

value for acinar cells (D), and the - PTHrP value (E), set arbitrarily at 1.0. Each point or bar 

is the mean ± SEM of three independent experiments. ***, P < 0.001 vs. 0 time-point (A) or 

PTHrP+/+ value (B); **, P < 0.01 vs. respective - PTHrP (1-36) value (D); *, P < 0.05 vs. 

PTHrP+/+ (D).
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Figure 6. Effect of inhibiting PTHrP signaling on the TGF-β-mediated increase in gremlin levels 
in acinar cells
(A) Cells were pre-treated with 10−5 M PTHrP (7-34) for 1 h, then treated in the presence of 

PTHrP (7-34) with TGF-β (3 ng/ml) for 2 h. 10 = primary cells. (B) Gremlin levels in acinar 

cells from PTHrPΔacinar mice and PTHrP+/+ mice treated with TGF-β for the indicated time 

intervals. (A,B) Gremlin mRNA levels were measured by reverse transcription/real-time 

PCR. Values are expressed relative to the control value (A) or the PTHrP+/+ 0 time-point 

(B), set arbitrarily at 1.0. Each bar or point is the mean ± SEM of three independent 

experiments. ***, P < 0.001 vs. control (A) or 0 time-point (B); #, P < 0.01 vs. TGF-β alone 

(A) or PTHrP+/+ value (B).
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Figure 7. Effect of inhibiting gremlin action on the effects of TGF-β and PTHrP on IL-6 and 
ICAM-1 levels in AR42J cells
(A) Western blot analysis for pSmad3 and total Smad3 levels in cells pre-incubated with 

a neutralizing anti-gremlin antibody (3 μg/ml) for 2 h, then treated with gremlin (1 μg/ml) 

for 10 min. The figure is representative of data obtained from 3 independent experiments. 

(B,C) Effect of inhibiting gremlin signaling on IL-6 and ICAM-1 mRNA levels. Cells 

pre-treated as in (A) were treated with gremlin for 30 min. (D,E) Effect of inhibiting 
gremlin signaling on the TGF-β- (D) and PTHrP- (E) mediated upregulation of IL-6 
and ICAM-1 levels. Cells pre-treated as in (A) were treated with TGF-β (2 h) or PTHrP (1 

h). In (B–E), mRNA levels were measured by reverse transcription/real-time PCR. Values 

are expressed relative to the control value, set arbitrarily at 1.0. Each bar is the mean ± SEM 

of three independent experiments. *** P, < 0.001 vs. control (B–E); #, P < 0.05 vs. gremlin 

(B,C), TGF-β (D), or PTHrP (E) alone.
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Figure 8. Effect of BMP-2 on PTHrP mRNA levels in PSCs
Primary (10) PSCs and irPSCc3 cells were treated with BMP-2 (50 ng/ml) for the indicated 

time intervals. PTHrP mRNA levels were measured by reverse transcription/real-time PCR. 

Values are expressed relative to the vehicle control value, set arbitrarily at 1.0. Each point is 

the mean ± SEM of three independent experiments. ***, P < 0.001 vs. 0 time-point.
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