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ABSTRACT 46 

Using a zoobiquity concept, we directly connect animal phenotypes to a human disease 47 

mechanism: the reduction of local plasminogen levels caused by matrix 48 

metalloproteinase-9 (MMP9) activity is associated with the development of 49 

inflammation in the intestines of dogs and patients with inflammatory bowel disease. 50 

We first investigated inflammatory colorectal polyps (ICRPs), which are a canine 51 

gastrointestinal disease characterized by the presence of idiopathic chronic 52 

inflammation, in Miniature Dachshund (MD), and found 31 missense disease-associated 53 

SNPs by whole-exome sequencing. We sequenced them in 10 other dog breeds and 54 

found five, PLG, TCOF1, TG, COL9A2, and COL4A4, only in MD. We then 55 

investigated two rare and breed-specific missense SNPs (T/T SNPs), PLG: c.477G>T 56 

and c.478A>T, and found that ICRPs with the T/T SNP risk-alleles showed less intact 57 

plasminogen and plasmin activity in the lesions compared to ICRPs without the risk-58 

alleles but no differences in serum. Moreover, we show that MMP9, which is a NF-κB 59 

target, caused the plasminogen reduction and that intestinal epithelial cells expressing 60 

plasminogen molecules were colocalized with epithelial cells expressing MMP9 in 61 

normal colons with the risk-alleles. Importantly, MMP9 expression in patients with 62 

ulcerous colitis or Crohn’s disease also colocalized with epithelial cells showing 63 

enhanced NF-κB activation and less plasminogen expression. Overall, our zoobiquity 64 

experiments showed that MMP9 induces the plasminogen reduction in intestine, 65 

contributing to the development of local inflammation and suggesting the local MMP9-66 

plasminogen axis is a therapeutic target in both dogs and patients. Therefore, 67 

zoobiquity-type experiments could bring new perspectives for biomarkers and 68 

therapeutic targets.  69 
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INTRODUCTION 70 

Zoobiquity originated from the One Health Initiative, which was designed to 71 

increase collaboration between various disciplines of medicine including veterinary 72 

medicine. From this effort, many cross-species risk factors were discovered, such as the 73 

BRCA1 genetic mutation, which increases the risk of breast cancer in jaguars and 74 

humans (1,2). Other examples include obsessive-compulsive disorder in dogs, high rates 75 

of chlamydia in koalas, and horses plagued by self-harming behavior (3). These 76 

observations suggest new therapeutic targets for human diseases will come from the 77 

study of animal diseases. However, no report directly connects animal phenotypes to a 78 

human disease mechanism in non-zoonotic diseases. 79 

Inflammatory colorectal polyps (ICRPs) refer to a canine gastrointestinal disease 80 

that affects the descending colon and rectal mucosa. ICRPs cause idiopathic chronic 81 

inflammation and show an infiltration of immune cells from the blood along with tissue 82 

granulation (4). The most notable characteristic of ICRPs is their apparent breed-83 

specificity, with Miniature Dachshund (MD) accounting for more than 80% of cases in 84 

Japan, strongly suggesting the involvement of genetic and environmental factors 85 

including special food intake and gut microbiota alterations (4-6). Based on these 86 

unique characteristics, ICRPs are considered a breed-specific inflammatory bowel 87 

disease (IBD) (7). Despite the high suspicion of genetic susceptibility, the disease-88 

associated SNPs of ICRPs have not been well studied. Previous research has reported an 89 

association between the nucleotide-binding oligomerization domain 2 (NOD2) gene, a 90 

pattern recognition receptor, which is also associated with Crohn’s disease in humans 91 

(5). However, multiple genes, including common variants with low effect and rare 92 

variants with high effect, are associated with complex diseases such as IBD (8,9). 93 
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Furthermore, whole-exome sequencing and whole-genome sequencing have revealed 94 

rare and high impact variants in complex diseases including IBD in humans.  95 

The PLG gene encodes plasminogen, which is a zymogen form of serine protease 96 

plasmin. Plasminogen is composed of seven domains including a Pan-apple domain, 97 

five kringle domains and a serine protease domain (10). Although the main function of 98 

the plasminogen-plasmin axis is believed to be fibrinolysis, the axis is actually involved 99 

in many processes including cell migration, embryogenesis, angiogenesis, and wound 100 

healing (11-13). Interestingly, plasminogen deficiency in humans is not associated with 101 

an increased risk of thrombosis, but it is associated with wood-like pseudomembranous 102 

or ligneous conjunctivitis on the mucosa, most likely due to impaired fibrin clearance 103 

and wound healing (14-16), suggesting that inflammation processes are disrupted. At 104 

least 25 missense SNPs have been reported for the few dozen plasminogen deficiency 105 

cases reported (15,16). An analysis of SNPs in the PLG gene demonstrated that most of 106 

these variants are related to the impaired secretion or instability of plasminogen 107 

molecules, resulting in plasminogen deficiency (16). Some variants are located on 108 

kringle domains, suggesting the instability of plasminogen molecules is due to improper 109 

kringle folding (16). A previous study on the genetic risk factors in human patients with 110 

multiple sclerosis, a well-known chronic inflammatory disease of the central nerve 111 

system, showed that a missense SNP in PLG gene (p.G420D) is associated with the 112 

onset of the disease (17), suggesting that plasminogen molecules are involved in the 113 

inflammation development. Consistently, plasminogen activators and their inhibitors 114 

were present in intestinal lesion of IBD patients (18) and PLG-deficient mice were 115 

partly protected against colitis (19). However, no report describe how PLG is activated 116 

in local regions. 117 
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We previously found that activated immune cell-derived cytokines, such as IL-6, 118 

TNF-α and IL-17A, enhanced the expression of NF-κB targets, including inflammatory 119 

cytokines and chemokines, particularly in nonimmune cells, leading to the development 120 

of tissue-specific inflammatory diseases (20,21). We named this machinery the IL-6 121 

amplifier. Mechanistically, the IL-6 amplifier is stimulated by the simultaneous 122 

activation of NF-κB and STAT3 to hyper-activate NF-κB. IL-6 is an exclusive STAT3 123 

stimulator, but several NF-κB stimulators, including TNF-α, IL-17A, and growth 124 

factors, have been observed during local inflammation development together with 125 

activation of the IL-6 amplifier (20,22). Since its original discovery, evidence of the IL-126 

6 amplifier has been found in many mouse disease models and patient samples of 127 

several diseases including arthritis, multiple sclerosis, psoriasis, uveoretinitis, and 128 

chronic rejection (21,23-38). A later genome-wide screening to identify the genes that 129 

regulate the IL-6 amplifier found about 1,200 positive regulators and 500 target genes 130 

(20,35). We also found that MMP9 molecules are target candidates of the IL-6 amplifier 131 

(35).  132 

To perform zoobiquity experiments, we first identified disease-associated SNPs 133 

for ICRPs in MDs using whole-exome sequencing, focusing especially on rare and 134 

breed-specific variants. Our data suggested that missense SNPs in PLG gene are 135 

associated with ICRPs, because PLG molecules in the lesions were reduced, most likely 136 

in a manner dependent on MMP9. MMP9 expression in patients with ulcerous colitis or 137 

Crohn’s disease was similarly colocalized with epithelial cells with an enhanced-138 

activation of NF-κB and reduced plasminogen expression. Thus, the local MMP9-139 

plasminogen axis may contribute to the development of inflammation in the intestine of 140 
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dogs and humans. These findings suggest zoobiquity-type experiments will bring new 141 

perspectives for biomarkers and therapeutic targets.  142 
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MATERIALS AND METHODS 143 

Animals 144 

The diagnosis of ICRPs was based on previously established histological findings 145 

(4). Blood and colon tissue samples were collected from MDs with or without ICRPs, 146 

dogs of various breeds, and laboratory beagles (Supplementary Tables 1 and 2). A 147 

signed consent form was obtained from all owners of the clinical cases. All procedures 148 

were approved by the Hokkaido University Institutional Animal Care and Use 149 

Committee. 150 

 151 

DNA Extraction 152 

Genomic DNA (gDNA) was derived from the dog samples using a DNA Blood & 153 

Tissue Kit (QIAGEN, Hilden, Germany). 154 

 155 

Whole-Exome Sequencing 156 

For exome capturing, SureSelect Canine All Exon Coverage (Agilent 157 

Technologies, Wilmington, DE, USA) was used. Sequencing was performed using an 158 

Illumina HiSeq2500. Data quality was checked using the FASTQC program. Low-159 

quality bases (quality score of < 20) were trimmed from the 3'-end, and low-quality 160 

reads were filtered. Then the sequence reads were mapped to the dog genome assembly 161 

canFam3 (Broad CanFam3.1, September 2011) downloaded from the UCSC Genome 162 

Browser using BWA (0.7.6a). The mapped reads were submitted for post-processing 163 

analysis using Picard tools (1.129) and the Genome Analysis Toolkit (GATK 3.3). 164 

HaplotypeCaller utility in GATK was used for variant calling. Functional annotation of 165 
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the variants was carried out using ANNOVAR, with CanFam3 as the dog gene 166 

annotations. 167 

 168 

Sanger Sequencing 169 

Direct Sanger sequencing was performed on 31 variants selected from the results 170 

of the whole-exome sequencing analysis. Primer pairs were designed for each variant 171 

using Primer3Plus software (http://www.bioinformatics.nl/cgi-172 

bin/primer3plus/primer3plus.cgi; Supplementary Table 3). After the PCR reactions, the 173 

amplicons were purified using ExoSAP-IT Express PCR Cleanup Reagents (Thermo 174 

Fisher Scientific, Waltham, MA, USA) and then submitted for Sanger sequencing with 175 

BigDye Terminator v3.1 (Thermo Fisher Scientific) and ABI PRISM 3130 Genetic 176 

Analyzer (Applied Biosystems, Waltham, MA, USA). 177 

 178 

Over-expression of Recombinant Canine Plasminogen and Serine Proteases 179 

A canine plasminogen expression vector was prepared, and point mutations of 180 

PLG c.477G>T (p.E159D) and PLG c.478A>T (p.N160Y) were generated using PCR-181 

based mutagenesis. His-tagged canine matrix metalloproteinase-2 (MMP2), MMP3, 182 

MMP9, MMP12, urokinase plasminogen activator (PLAU), and cathepsin D (CTSD) 183 

expression vectors were also generated. Plasminogen and each His-tagged vector were 184 

transiently co-transfected into HEK293T cells. Twenty-four hours after the transfection, 185 

the cells were lysed in lysis buffer containing 50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 186 

1% NP40, and 3 mM EDTA with protease inhibitor cocktails (Sigma-Aldrich, St. Louis, 187 

MO, USA)            188 
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Immunoblot Analysis 190 

Serum was diluted 81 times, and 10 µL of diluted serum was separated using 191 

SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Millipore, Tokyo, 192 

Japan). Colon tissue samples were lysed in lysis buffer, and 20 µg of total protein was 193 

run. Blocking was performed using 5% nonfat milk for 1 hour at room temperature. The 194 

primary antibodies used in this study were rabbit anti-plasminogen antibody (1:4,000; 195 

proteintech, Tokyo, Japan) and rabbit anti-canine plasminogen specific for E159D and 196 

N160Y (against amino acids 152-163 of canine plasminogen, CRNPDNDDYGPW, 197 

1:4,000; Cosmo Bio Co., Tokyo, Japan). The protein signals were detected using ECL 198 

(Chemi-Lumi One L, nacalai tasque). The intensity of the bands corresponding to intact 199 

plasminogen molecules was analyzed using ImageJ (National Institutes of Health, 200 

Bethesda, MD). The intact plasminogen levels of the samples compared to the average 201 

level of samples with non-risk-alleles are shown in the figures. 202 

 203 

Serine Protease Zymography 204 

Plasmin activity of the serum and tissue samples was analyzed using a Serine 205 

Protease Zymography Kit (Life Laboratory, Yamagata, Japan) according to the 206 

manufacturer’s instructions. For serine protease zymography, serum diluted 20 times or 207 

10 µg of total protein of lysed colon tissue samples with 8 ng of human plasmin 208 

(Biovision, Milipitas, CA, USA) as a standard were loaded on the gels, and 209 

electrophoresis was conducted. After the gels were incubated in washing buffer with 210 

shaking at room temperature for 1 hour, they were reacted with reaction buffer at 37˚C 211 

for 24 hours. Then the gels were stained with staining solution at room temperature for 212 

30 minutes, followed by destaining. The plasmin activities were detected as clear bands. 213 
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The gels were scanned, and the intensity was analyzed using ImageJ by comparing with 214 

standard human plasmin. The intensities of the bands are shown as arbitrary units (AU). 215 

 216 

Immunohistochemistry 217 

Immunohistochemistry was performed on paraffin sections using rabbit anti-218 

plasminogen antibody (1:2,000; proteintech), rabbit anti-canine plasminogen specific 219 

for E159D and N160Y (against amino acids 152-163 of canine plasminogen, 220 

CRNPDNDDYGPW, 1:2,000), rabbit anti-MMP9 antibody (1:6,400; Abcam), rabbit 221 

anti-phospho-STAT3 antibody (Tyr705; 1:800; Cell Signaling Technology), and rabbit 222 

anti-phospho-p65 antibody (Ser536; 1:800; Sigma-Aldrich). For quantification of the 223 

plasminogen signals, the signal area of 10 signals/section was analyzed using ImageJ 224 

software. 225 

In addition to the canine tissue samples, immunohistochemistry was performed on 226 

paraffin sections of human patients with inflammatory diseases in the intestine such as 227 

ulcerous colitis and Crohn’s disease. For the human samples, positive areas in the colon 228 

epithelium were quantified using ImageJ. The percentage of positive areas in the lumen 229 

structures was calculated from 12 lumen structures for each patient (×10 objectives). 230 

The protocol was approved by the ethics committee of the Hokkaido University 231 

Graduate School of Medicine. 232 

 233 

Real-time PCR 234 

The CFX96 Touch Deep Well Real-Time PCR Detection System (BIO-RAD) and 235 

SYBR Green PCR master mix (Kapa Biosystems) were used to quantify the expression 236 

levels of target mRNA and internal control mRNA glycerol-3-phosphatase 237 
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dehydrogenase (GAPDH) for H4 human cells. The cells were plated in 96-well plates (7 238 

x 103 cells/well) and stimulated with 100 ng/mL of human IL-6 (Toure) plus 100 ng/mL 239 

of soluble IL-6R (R&D Systems) and/or 20 ng/mL of TNF-α (PeproTech) for 3 hours 240 

after 2 hours of serum starvation. Total RNA was prepared from the cells using a 241 

SuperPrep Cell Lysis for qPCR (TOYOBO). The PCR primer pairs used for the real-242 

time PCR were human IL-6 GGTACATCCTCGACGGCATCT and 243 

GTGCCTCTTTGCTGCTTTCAC, human MMP3 244 

CAAAACATATTTCTTTGTAGAGGACAA and TTCAGCTATTTGCTTGGGAA, 245 

and human MMP9 GAACCAATCTCACCGACAGG and 246 

GCCACCCGAGTGTAACCATA. 247 

The conditions for real-time PCR were 40 cycles at 95˚C for 3 s followed by 40 248 

cycles at 60˚C for 20 s. The relative mRNA expression levels were normalized to the 249 

levels of GAPDH mRNA. 250 

 251 

Statistical Analysis 252 

Two-tailed Student t test and Fisher’s exact test were used to analyze differences 253 

between two groups. One-way ANOVA was used for multiple comparisons. A value of 254 

P < 0.05 was considered significant.  255 
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RESULTS 256 

Identification of five MD-specific SNPs in the coding regions of genomic DNA 257 

To identify the gene(s) responsible for the ICRP pathology in MDs, we performed 258 

whole-exome sequencing on two ICRP-affected MDs (ICRP-MDs) and two laboratory 259 

beagles. We found 31 missense SNPs in 25 genes, including NOX3, PLG, TCOF1, 260 

ITGAD, CDH2, PTGER2, TSHR, GGTA1, ARHGAP8, PDGFB, UBE2N, DLA-64, TG, 261 

COL9A2, CYP4A11, RNASEH1, cOR52N9, GIF, CD40, IL29L, COL4A4, ZDHHC8, 262 

KLRA1, RPL4 and FGF5, were present in ICRP-MDs but not in beagles 263 

(Supplementary Table 4). We then sequenced the 31 SNPs in 10 other dog breeds: 264 

Cavalier King Charles Spaniel, Chihuahua, Jack Russell Terrier, Labrador Retriever, 265 

Miniature Schnauzer, Papillon, Shiba, Shih Tzu, Toy Poodle, and Welsh Corgi. Five 266 

SNPs, PLG, TCOF1, TG, COL9A2, and COL4A4, were not found in these ten breeds. 267 

 268 

Two PLG SNPs are associated with the ICRP pathology in MDs 269 

Because plasminogen is reported to be associated with inflammation, we focused 270 

on PLG SNP: c.478A>T (p.N160Y), which was present in two ICRP-affected MDs 271 

(Supplementary Table 4). The frequency of c.478A>T variant, including homozygote 272 

and heterozygote, was significantly higher in ICRP-MDs (n = 40) than control-MDs, 273 

which did not have the intestine pathology (n = 43) (P = 0.002). All homozygotes were 274 

present in ICRP-MDs (Figure 1). When direct sequencing was performed for the SNPs 275 

in the PLG gene, another SNP, PLG c.477G>T (p.E159D), was detected in all cases 276 

with PLG c.478A>T (p.N160Y), which indicates that these two SNPs have a complete 277 

linkage (Figure 2). The alignments of the amino acids among several mammals showed 278 
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that both amino acids were not conserved (Figure 2). However, these SNPs were not 279 

found among human genome sequences (data not shown).  280 

 281 

Plasminogen molecules and plasmin activities were decreased in colon lesions 282 

isolated from ICRP-MDs having the risk-alleles 283 

Because most missense variants in human PLG gene cause plasminogen 284 

deficiency systemically, we investigated serum plasminogen levels in ICRP-MDs with 285 

or without PLG SNPs. The plasminogen levels in sera isolated from ICRP-MDs were 286 

the same with or without the risk-alleles (Figure 3A). So too were serum plasmin 287 

activities (Figure 3B and Figure 3C). However, we found that intact plasminogen (82 288 

kDa) molecules were fewer in MDs having the risk-alleles (Figure 4A), suggesting that 289 

SNP-mediated amino acid substitutions in the plasminogen molecules induce their 290 

degradation in the lesions. Consistently, plasmin activities in the lesions were reduced 291 

in ICRP-MDs with the risk-alleles (Figure 4B and Figure 4C). Immunohistochemistry 292 

experiments showed that plasminogen molecules were detected in colorectal epithelial 293 

cells in the ICRP-lesions (Figure 5A), but the signal area was lower in dogs expressing 294 

the SNPs (P = 0.008) (Figure 5B). It is known that plasminogen molecules bind to 295 

various plasminogen receptors (39,40). We hypothesized that plasminogen molecules 296 

with risk alleles bind to different receptors, leading to different localization, as seen in 297 

Figure 5A. To detect plasminogen molecules with SNP-mediated amino acid 298 

substitutions directly, we established a rabbit polyclonal antibody against amino acids 299 

152–163. Intact and low molecular-weight bands of plasminogen molecules were 300 

detected only in lesions with the risk-alleles (Figure 6A). Furthermore, low molecular-301 

weight plasminogen molecules were detected in lamina propria cells only in the lesions 302 
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with the risk SNPs (Figure 6B and Figure 6C). These results show that the amino acid 303 

substitutions induced by the risk SNPs were correlated with the lower number of 304 

plasminogen molecules in the lesions of ICRPs.  305 

 306 

MMP9 is induced by the IL-6 amplifier in epithelial cells of the colon to cleave 307 

plasminogen molecules with the risk-alleles 308 

Because proteases cleave plasminogen molecules (41), we hypothesized that the 309 

risk-alleles increase the probability that plasminogen molecules are targeted by 310 

proteases. We therefore expressed several proteases, including MMP12, PLAU, CTSD, 311 

MMP2, MMP3, and MMP9, in 293T cells in the presence of plasminogen molecules 312 

with or without the risk-alleles and investigated plasminogen degradation. We found 313 

that MMP9 cleaved intact plasminogen molecules with the risk-alleles more than those 314 

without in vitro (Figure 7A), suggesting that MMP9 is at least one of several enzymes 315 

that digest plasminogen molecules. We also found that not only IL-6 but also MMP9 316 

were significantly enhanced by activation of the IL-6 amplifier in vitro (Figure 7B). 317 

Interestingly, intestinal epithelial cells with relatively normal structure and expressing 318 

MMP9 were colocalized with or localized near epithelial cells expressing nuclear 319 

phospho-STAT3, phosphor-NF-κB molecules and plasminogen molecules in colons 320 

with the risk-alleles but not in colons without the alleles (Figure 7C and Figure 7D). On 321 

the other hand, it was difficult to investigate the co-localization of MMP9, phospho-322 

STAT3, phosphor-NF-κB, and plasminogen molecules in polyp lesions with the risk-323 

alleles due to severe inflammation (Supplementary Figure 1). Although we hypothesize 324 

that intestinal cells have diverse sensitivity to IL-6 and TNF-α, those with the risk 325 

alleles may reduce plasminogen levels and activate the IL-6 amplifier in response to IL-326 
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6 and TNF-α, acting as a starting point for local inflammation. Consistently, we showed 327 

that MMP9, pSTAT3, and pp65 are colocalized in ICRP-MDs with the risk alleles as 328 

shown in Figure 7. These findings suggest that MMP9 expressed by the IL-6 amplifier 329 

cleaved plasminogen molecules in intestines with the risk-alleles.  330 

 331 

Higher amounts of MMP9, phospho-STAT3, and phosphor-NF-κB, and lower 332 

amounts of plasminogen molecules exist in intestine lesions of patients with 333 

ulcerous colitis or Crohn’s disease 334 

 Although we do not find the similar plasminogen SNPs in patients with 335 

intestinal bowel diseases, we here investigated whether the MMP9-plasminogen-IL-6 336 

amplifier axis identified in the intestine of MDs is also present in some IBD patients. 337 

Moreover this axis in MDs was triggered by the plasminogen risk alleles, however, we 338 

hypothesize that genetic and/or environmental factors trigger the activation of the axis 339 

in human cases. We then performed immunohistochemistry on samples from several 340 

patients with ulcerous colitis or Crohn’s disease (Table 1). Increased amounts of 341 

MMP9, phospho-STAT3, and phosphor-NF-κB and decreased amounts of plasminogen 342 

molecules were found in the intestine lesions of these patients (Figure 8). These 343 

observations suggest that the local MMP9-plasminogen axis plays a role in the 344 

development of ulcerous colitis and Crohn’s disease and that the findings in MDs 345 

represent a general concept for the disease pathogenesis. 346 

347 
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DISCUSSION 348 

To perform zoobiquity experiments, we first identified that two rare and breed-349 

specific missense SNPs, PLG: c.477G>T and c.478A>T, whose frequencies are 350 

significantly higher in MDs suffering from ICRPs. We also showed that the SNPs do 351 

not cause true hypoplasminogenemia or dysplasminogenemia but increase the 352 

degradation of plasminogen molecules in the ICRP lesions, most likely by MMP9 353 

cleavage. This conclusion is based on four findings. First, plasminogen levels and 354 

plasmin activity in sera isolated from ICRP-MDs with or without the SNPs were the 355 

same. Second, lower intact plasminogen expression and plasmin activity were found in 356 

the lesions of ICRP-MDs with the SNPs. Third, cleaved plasminogen molecules were 357 

present only in lesions with the SNPs. Lastly, MMP9 cleaved plasminogen molecules 358 

with amino acid substitutions induced by the risk SNPs. Because hypoplasminogenemia 359 

causes inflammatory diseases, including ligneous conjunctivitis, in humans, our 360 

findings suggest that reduced plasminogen levels in the ICRP lesions may explain the 361 

high prevalence of ICRPs in MDs. We next investigated whether a similar pathogenesis 362 

occurs in human diseases and showed that increased amounts of MMP9, phospho-363 

STAT3, and phosphor-NF-κB and decreased amounts of plasminogen molecules were 364 

found in intestine lesions of patients with ulcerous colitis or Crohn’s disease. Therefore, 365 

the local MMP9-plasminogen axis may play a role in the development of IBD even in 366 

humans. 367 

The most important point we learned from the plasminogen deficiency in 368 

patients and animal models is that the reduction of plasminogen induces inflammatory 369 

diseases in several organs depending on the genetic and/or environmental conditions 370 

(14-16). Therefore, a risk allele-mediated reduction of plasminogen in the intestine of 371 
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MDs may induce inflammation when accompanied by increased MMP9 and other 372 

inflammatory signals in the intestine. However, more study of the IL-6 amplifier-MMP9 373 

pathway is required to know the full details particular of its triggering mechanism. 374 

Although genetic studies in human patients with IBD have identified more than 375 

200 disease-associated loci so far, only few genes have been shown to be causative 376 

(42,43). The diversity of the pathology, including ulcerous colitis and Crohn’s disease, 377 

and the multifactor involvement, such as genetic factors and environmental factors, 378 

make it difficult to discover causative loci and to establish the related pathogenesis. The 379 

situation with canine IBD might be similar to human cases, although several breeds, 380 

such as Weimaraner, Rottweiler, German Shepherd, Border Collie, and Boxer, have 381 

been shown to be more susceptible to IBD, with odds ratios of 1.7 to 3.7 (44). ICRPs 382 

are quite breed-specific, with an odds ratio of 24.6 (4), which makes this disease a good 383 

candidate for studying genetic susceptibility. We found that the SNP-mediated 384 

plasminogen reduction is involved in the development of ICRPs via IL-6 amplifier-385 

induced MMP9 expression in the intestines of MDs. Moreover, some samples from 386 

patients suffering from ulcerous colitis or Crohn’s disease showed similar phenotypes in 387 

the intestines. Therefore, ICRPs in MDs may be used for zoobiquity research to identify 388 

therapeutic targets for IBD in humans. 389 

The number of patients is still small in our experiments, although subgroups of 390 

human IBD may be induced by a molecular mechanism similar to that of ICRPs in MDs 391 

via local reduction of plasminogen, because systemic plasminogen-deficiency can 392 

induce tissue specific inflammatory diseases in patients (14-16). More study of patient 393 

experiments is required to know how the local MMP9-plasminogen axis is involved in 394 

the development of IBD in human cases. 395 
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How is the IL-6 amplifier activated in the intestine of MDs with risk-alleles? We 396 

hypothesized that genetic factors and environmental factors, such as nutrition, gut 397 

microbiota, and housing conditions, may activate the IL-6 amplifier in MDs with the 398 

risk-alleles. It is reported that the fecal microbiota of MDs with ICRP are significantly 399 

altered compared with that of healthy MDs and MDs with ICRP after 400 

immunosuppressive therapy (6). This study further showed that the proportions of the 401 

phyla Actinobacteria and Fusobacteria were increased in MDs with ICRP, suggesting 402 

that the imbalance in gut microbiota is associated with ICRP pathology. Consistently, 403 

Fusobacterium species are known to be associated with IBD and the development of 404 

colorectal cancer in humans (45,46). Considering these reports, we hypothesize that the 405 

decrease in plasminogen molecules in the lesions of ICRP-affected MDs does not affect 406 

the gut microbiota directly, but the changes in the composition of gut microbiota could 407 

be a risk factor and trigger for the activation of the MMP9-plasminogen axis in MDs 408 

with risk-alleles.  409 

We previously reported some of the genes identified in the present study are 410 

possible positive regulators of the IL-6 amplifier (35). Therefore, it is possible that 411 

genetic and/or environmental factors activate the IL-6 amplifier in colon tissues having 412 

the risk-alleles to induce the MMP9-cleavage of plasminogen molecules with the amino 413 

acid substitutions. Similarly, the reduction of intact plasminogen in the intestine that 414 

develops ICRPs does so most likely with an enhanced activation of the IL-6 amplifier. 415 

Regarding the development of ulcerous colitis and Crohn’s disease, we consider both 416 

genetic and/or environmental factors may activate the IL-6 amplifier in colon tissues 417 

like ICRPs. 418 
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We hypothesize that NF-kB activation in the colon, which is triggered by genetic 419 

and environmental conditions, increased MMP9, a NF-kB target, to reduce the number 420 

of plasminogen molecules in dogs with the risk alleles, although the risk SNP does not 421 

increase the catalytic activity per a MMP9 molecule. Therefore, it is possible that a 422 

certain amount of NF-kB stimulators, including TNF-α and a STAT3 activator, IL-6, 423 

both of which are downstream of the NF-kB pathway, are induced from the early phase 424 

in a positive feedback response. However, for the development of the inflammatory 425 

pathology, NF-kB activation must cross a threshold, and induction of the IL-6 amplifier 426 

by the dysregulation of plasminogen activity is one such molecular mechanism for that 427 

crossing. Consistently, we showed the positive correlation between the levels of MMP9, 428 

pp65, pSTAT3, and the negative correlation between the levels of MMP9 and 429 

plasminogen in the intestines of ICRP-MDs and human IBD patients as shown in 430 

Supplementary Figure 2 and Supplementary Figure 3.  431 

Plasminogen deficiency in humans and mice is associated with inflammation 432 

development in the mucosa, most likely due to impaired fibrin clearance and wound 433 

healing (14-16). These findings suggest that inflammation processes are disrupted with 434 

less plasminogen function. Therefore, it is possible that fewer normal plasminogen 435 

molecules induce inflammation development. Consistently, almost 60% of ICRP-MDs 436 

were MDs with at least one risk allele, as shown in Figure 1. On the other hand, we 437 

hypothesize that artificial overexpression of the fragmented plasminogen in normal cells 438 

does not trigger the inflammation development because there is enough amount of 439 

normal plasminogen molecules. Moreover, because fragmented plasminogen molecules 440 

should have reduced function, we hypothesize that their overexpression or 441 
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supplementation in plasminogen-deficient conditions causes intestinal inflammation and 442 

may lead to polyps. 443 

We here showed that MMP9 directly digested plasminogen, leading to the 444 

dysregulation of plasminogen-mediated regulatory activity and activation of the IL-6 445 

amplifier in intestine in cases of the risk alleles. Additionally, it is known that tissue-446 

type plasminogen activator (tPA) induces the expression of MMP9 via the NF-kB 447 

pathway in inflammatory conditions (47,48). Moreover, the expression of tPA increases 448 

in inflammation lesions (49). Therefore, it is possible that the MMP9-plasminogen axis, 449 

which we identified here, is enhanced by the tPA-NF-kB axis in intestines, resulting in 450 

IBD. 451 

In conclusion, we identified rare and breed-specific SNPs that are associated with 452 

ICRP pathology and may be involved in the pathogenesis of disease in MDs. Amino 453 

acids substitutions induced by the SNPs promote cleavage by MMP9 to reduce the level 454 

of plasminogen in the lesions, resulting in the development of inflammation. A similar 455 

scenario is possible in the intestine of some patients with ulcerous colitis or Crohn’s 456 

disease. Therefore, zoobiquity-type experiments could bring new perspectives for 457 

biomarkers and therapeutic targets.  458 
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FIGURE LEGENDS 682 

Figure 1. A PLG SNP is associated with the ICRP pathology in MDs 683 

The frequency of PLG c.478A>T (p.N160Y) in ICRP-MDs (n = 40), control-MDs (n 684 

= 43), and other breeds (non-MDs; n = 40). Its frequency in ICRP-MDs was high 685 

compared to that in control-MDs (P = 0.002). 686 

 687 

Figure 2. Polymorphism of PLG genes 688 

(A) A sequence chromatogram of PLG c.478A>T (p.N160Y) in wild-type, 689 

heterozygote and homozygote samples. 690 

(B) A schema of the canine PLG gene and plasminogen protein. 691 

(C) An alignment of amino acid sequences in the kringle 1 domain of plasminogen 692 

including variant positions. UniProt (https://www.uniprot.org/) was used to align 693 

amino acids among several mammals. * completely conserved. : similar properties. 694 

 695 

Figure 3. Plasminogen molecules and plasmin activities in sera isolated from 696 

ICRP-MDs with risk-alleles were normal 697 

(A) Western blots of sera from 6 ICRP-MDs with non-risk-alleles (A/A) and risk-698 

alleles (T/T) of PLG c.478A>T. An antibody for plasminogen (the epitope of amino 699 

acids 461–810) was used. An image of intact plasminogen molecules (82 kDa) and the 700 

relative levels of intact plasminogen molecules are shown. Data are representative of 701 

two independent experiments. 702 

(B) Serine protease zymography of the sera from 9 ICRP-MDs with non-risk-alleles 703 

(A/A) and risk-alleles (T/T) of PLG c.478A>T. Pm, human recombinant plasmin.  704 

(C) Plasmin activity levels. Data are representative of three independent experiments. 705 
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NS: not significant. 706 

 707 

Figure 4. Plasminogen molecules and plasmin activities were lower in colon 708 

lesions isolated from ICRP-MDs with risk-alleles 709 

(A) Western blots of the lesions of 8 ICRPs with non-risk-alleles (A/A) and risk-alleles 710 

(T/T) of PLG c.478A>T. An antibody for plasminogen (the epitope of amino acids 711 

461–810) was used. Intact plasminogen molecules (82 kDa) and many lower molecular 712 

weight bands are shown. The relative levels of intact plasminogen molecules are 713 

shown on the right. Data are representative of two independent experiments. *p<0.05. 714 

(B) Serine protease zymography of the lesions from 11 ICRP-MDs with non-risk-715 

alleles (A/A) and risk-alleles (T/T) of PLG c.478A>T. Pm, human recombinant 716 

plasmin. 717 

(C) Plasmin activity levels. Data are representative of three independent experiments. 718 

**p<0.01. 719 

 720 

Figure 5. Plasminogen levels were lower in colon lesions isolated from ICRP-MDs 721 

with risk-alleles 722 

(A) Representative immunohistochemistry images of lesions of ICRPs with non-risk-723 

alleles (A/A) and risk-alleles (T/T) of PLG c.478A>T. An antibody for plasminogen 724 

(the epitope of amino acids 461–810) was used.  725 

(B) The signal area of plasminogen molecules in the lesions. **p<0.01. 726 

 727 

Figure 6. Plasminogen molecules were detected in ICRP lesions with risk-alleles 728 

(A) Western blots of the lesions of 8 ICRPs with non-risk-alleles (A/A) and risk-alleles 729 
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(T/T) of PLG c.478A>T. An antibody specific for amino acids 152–163 of T/T (D159 730 

and Y160) was used. Intact plasminogen molecules (82 kDa) and many low molecular 731 

weight plasminogen bands are shown.  732 

(B) Representative immunohistochemistry images of the lesions. An antibody against 733 

amino acids 152–163 containing two amino acid substitutions (E159D and N160Y) 734 

was used.  735 

(C) Quantification of the colon epithelium in (B) using ImageJ. The percentage of 736 

positive areas was calculated from 4 lumen structures. ** p<0.01 (Student’s t-test). 737 

 738 

Figure 7. MMP-9 cleaves plasminogen molecules with risk-alleles and was 739 

induced by the IL-6 amplifier in colon with risk-alleles 740 

(A) Western blots of 293T cells expressing canine MMP12, PLAU, CTSD, MMP3, 741 

MMP2, or MMP9 plus plasminogen molecules with non-risk-alleles (A/A) and risk-742 

alleles (T/T). The levels of intact plasminogen molecules with the risk-alleles 743 

compared to those without are shown below. 744 

(B) A nonimmune cell line (H4) was stimulated with human IL-6 plus soluble IL-6R 745 

and/or TNF-α for 3 h. The mRNA expressions of IL-6 and MMP9 were measured by 746 

real-time PCR. Data are representative of three independent experiments, each with 747 

four subjects. ** p <0.01. 748 

(C) Representative immunohistochemistry images of the colons of ICRPs with non-749 

risk-alleles (A/A) or risk-alleles (T/T). Antibodies for MMP9, phopho-STAT3, 750 

phosphor-NF-κB (phopho-p65), and plasminogen with and/or without risk-alleles 751 

were used.  752 

(D) Quantification of the colon epithelium in (C) using ImageJ. The lumen structures 753 
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that were positive for phopho-STAT3 and phosphor-NF-κB were selected, and the 754 

percentage of areas positive for each molecule was calculated. The mean ± SD from 755 

the 6 lumen structures is shown. * p<0.05, ** p<0.01 (Welch test or Student’s t-test). 756 

 757 

Figure 8. Plasminogen levels in the intestine of patients suffering from ulcerous 758 

colitis or Crohn’s disease 759 

(A) Representative immunohistochemistry images of human ulcerous colitis, Crohn’s 760 

disease, and healthy control. Antibodies for MMP9, phopho-STAT3, phosphor-NF-761 

κB, and plasminogen were used. The arrowheads indicate representative examples of 762 

cells positive for MMP9, phospho-STAT3, phosphor- NF-κB, and plasminogen. 763 

(B) Quantification of the colon epithelium in (A) using ImageJ. The percentage of 764 

positive areas was calculated. The mean ± SD from 12 lumen structures is shown.  765 

** p<0.01, *** p<0.001 (Welch test or Student’s t-test). H: healthy control, UC: 766 

ulcerous colitis, and CD: Crohn’s disease.  767 

 768 

Supplementary Figure 1. Representative immunohistochemistry images of the 769 

colon lesion of ICRPs with risk-alleles (T/T) 770 

Antibodies for MMP9, phopho-STAT3, phosphor-NF-κB, and plasminogen with 771 

and/or without risk-alleles were used.  772 

 773 

Supplementary Figure 2. Correlation analysis on the images of the colons of 774 

ICRPs with non-risk-alleles (A/A) or risk-alleles (T/T) 775 

The signals positive for MMP9, phopho-STAT3, phosphor-NF-kB (phopho-p65), 776 

plasminogen (whole), and plasminogen (aa 152-163) at the same lumen structures 777 
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were quantified. The percentages of the positive areas in the images of the colons of 778 

ICRP with non-risk-alleles (open circles) and with risk-alleles (gray triangles) are 779 

plotted, and the regression lines are depicted in the figures. The Pearson correlation 780 

coefficient (r) and p-value (p) are shown on the right of each figure. The levels of 781 

MMP9 were positively correlated with those of phospho-p65 or phospho-STAT3, but 782 

the levels of plasminogen (whole) were negatively correlated with those of MMP9, 783 

phospho-p65, or phospho-STAT3 in the colons of ICRPs with and without the risk-784 

alleles. 785 

 786 

Supplementary Figure 3. Correlation analysis on the images of colons of the 787 

patients with the human ulcerous colitis (UC) and Crohn’s disease (CD), and 788 

those of healthy control (HC) 789 

The signals positive for MMP9, phopho-STAT3, phosphor-NF-kB (phopho-p65), and 790 

plasminogen (whole) at the same lumen structures were quantified. The percentages 791 

of the positive areas in the images of the human ulcerous colitis (gray triangles), 792 

Crohn’s disease (black squares), and healthy control (open circles) are plotted, and the 793 

regression lines are depicted in the figures. The Pearson correlation coefficient (r) and 794 

p-value (p) are shown on the right of each figure. The levels of MMP9 were positively 795 

correlated with those of phospho-p65 or those of phospho-STAT3, but the levels of 796 

plasminogen were negatively correlated with those of MMP9 in the colons of the UC 797 

and CD patients and HC. 798 
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Figure 8
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Table 1. Demographic and clinical data of human patients.

Patient Age Gender Race Diseases Clinical score
1* 30 Female Native Japanese Ulcerous colitis Severe
2 33 Male Native Japanese Ulcerous colitis Moderate
3 39 Female Native Japanese Crohn’s disease Moderate

*Histopathologically normal regions of the colon from the patient 1 were used as the healthy control sample.
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