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ABSTRACT 

 

AN ENU-INDUCED POINT MUTATION ON CHROMOSOME EIGHT CAUSES A 

NEPHRONOPHTHISIS-LIKE KIDNEY PHENOTYPE 

 

Ae-Ri Ji                  Advisors:  

University of Guelph, 2015                Geoffrey Wood and Colin McKerlie 

                                                    

                                                                    

The forward genetics ENU mutagenesis and phenotyping program at MRC Harwell is designed to 

produce and screen recessive mutant mouse pedigrees. We examined the histopathology of six selected 

pedigrees based on their clinical phenotypes. Homozygotes from pedigree MPC232 showed growth 

retardation, smaller organ size, increased serum BUN and creatinine, and renal dysplasia and hepatic oval 

cell/biliary hyperplasia as determined by histopathology. The phenotype was consistent and robust at 4-5 

weeks of age leading to renal failure. The renal histopathology was characterized by tubular ectasia at the 

corticomedullary junction and increased interstitial mesenchyme. Considering the renal phenotype, a 

defect of mesenchymal-epithelial transition (MET) during renal development or a cystic kidney disease 

was suspected. An embryonic and early postnatal development study confirmed no developmental defect 

between embryonic day 15.5 and postnatal day 11. In kidneys of homozygous mice at 4-5 weeks of age, 

ciliary defect in tubules, epithelial-mesenchymal transition in some tubules, interstitial fibrosis, and 

interstitial infiltrates of inflammatory cells was verified and validated by Masson’s trichrome staining, 

immunoblotting, and immunohistochemistry. The temporal and histological features of this renal 

dysplasia resemble human nephronophthisis. Genetic analysis was performed to identify the causative 

mutations. Candidate mutations were narrowed down to 4 loci on chromosome 8 using linkage analysis, 

Illumina genome sequencing, and comparative genomic analysis of G3 littermate mice. Additional 

genetic investigation using Sanger sequencing and SNaPshot (single nucleotide polymorphism 



genotyping) further narrowed the candidate mutations down to two A to T mutations, at 8:104324177 

(intron variant of Cmtm2b) and at 8:105912712 (missense variant of Pskh1). Little is known about either 

of these genes. However, a mutation in Pskh1 was recently found in mice with ciliopathies, and a protein 

interaction between PSKH1 and CDC6 has been proposed in humans. MPC232 homozygous mice 

showed a significant decrease in PSKH1 and CDC6 expression, and an increase in E-cadherin and β-

catenin. Further, augmented cytoplasm-only β-catenin suggested that disrupted β-catenin-related 

pathways mechanistically underlie the phenotype of the MPC232 pedigree. In summary, we characterized 

a mouse model of nephronophthisis and we propose a potential novel role of Pskh1 in its pathogenesis. 
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CHAPTER I. LITERATURE REVIEW 

 

1. N-ethyl-N-nitrosourea (ENU) mutagenesis 

A. Introduction to mouse mutagenesis 

  

 The mouse is a widely used mammalian model for the study of human development, physiology, 

and disease as it possesses numerous desirable traits including high fecundity, a fully characterized 

genome, facile genetic manipulation, and short life span1. This has resulted in an extensive accumulation 

of literature over several decades as well as a very good understanding of mouse biology and genetics. 

Comparative analyses of the mouse and human genomes have revealed that approximately 99 % of mouse 

genes have homologous genes in the human genome2, 3. This confirms that the mouse is a suitable genetic 

animal model for small or large-scale investigations to understand human genes and functional genomics. 

 The human genome project identified genes and their locations in the human genome4. As part of 

the human genome project in 2002, the mouse genome was the second mammalian genome to be 

sequenced5. These projects enabled the identification of approximately 20 500 protein coding human 

genes and about 25 000 protein coding mouse genes. The completion of the human and mouse genome 

sequencing projects opened a new era of biomedical research6-9. Mouse mutagenesis projects are ongoing 

to understand the functions of over half of the poorly known genes in the human genome as well as 

regulation of phenotypic variation according to the genetic variation1, 10. Thus, a major goal of mouse 

mutagenesis is to establish the pathophysiological functions of mouse orthologues of human genes in 

order to understand the genetic basis of disease better and to identify potential therapeutic targets11, 12. 

 Many large-scale mouse mutagenesis projects have been in progress since 199713, 14, and these can 

be divided into two approaches. One approach is phenotype-driven (often disease-oriented) mutagenesis 

that uses mutagens to cause random mutations across the genome with no a priori assumption or 
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hypothesis about individual gene function. Mutations can be induced with physical mutagens, including 

X-rays, gamma rays, and neutrons, or with chemical mutagens, including chlorambucil and N-ethyl-N-

nitrosourea (ENU)15. Amongst the chemical mutagens, ENU was chosen for two large-scale mouse 

mutagenesis projects; one at the Medical Research Council (MRC) in the United Kingdom and one at the 

Helmholtz Zentrum München German Research Center for Environment and Health in Germany13, 14, 

because ENU is the most potent “super” mutagen and typically causes single base-pair mutations at 

approximately 1-1.5 Mb intervals for as many as 50 new functional mutations per gamete 16-18. Candidate 

mutant mice are screened for abnormal phenotypes, followed by confirmation of inheritance by genetic 

crosses, and identification of the causative mutation(s) by candidate gene approaches. The other approach 

to large-scale mutagenesis is gene-driven mutagenesis, which has two major strategies; gene targeting, 

and gene trapping. Gene targeting relies on homologous recombination between exogenous DNA 

constructs and their associated genomic locus to produce specific modifications in the genome19. This 

allows for precision targeting of known genes in embryonic stem (ES) cells to generate mutant mice. In 

contrast to the site-direct mutation of the gene targeting strategy, gene-trap mutagenesis relies on a 

stochastic disruption of genes, caused by random integration of a gene-trap vector within genes expressed 

in ES cells20, 21. As a result of the human genome sequencing project, the predicted number of human 

genes decreased dramatically from between 100 000 and 150 000 to less than 20 5005. This allowed high-

throughput phenotype screening to be more feasible, although a gene-driven approach still requires a high 

level of expertise and intensive labour22. The large-scale mutagenesis programs of the NIH Knockout 

Mouse Project (KOMP), the European Conditional Mouse Mutagenesis Project (EuCOMM), and the 

North American Conditional Mouse Mutagenesis Project (NorCOMM), aimed to collectively produce a 

library of single exon gene deletions for every gene in the genome from 2006-201223.  

 Recent findings demonstrate that the majority of non-coding regions including promoters, 

enhancers, and introns have a significant role in regulating gene expression regardless of their distance 

from the gene24, 25. Gene-driven mutagenesis targets a segment of coding regions, but ENU causes random 

point mutations throughout the genome including non-coding regions. Therefore, ENU mutagenesis is a 
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powerful method that resolves the limitation of gene-driven mutagenesis, and makes it possible to fully 

dissect and understand gene function and to analyze gene-related mechanisms of disease. ENU induced 

mutagenesis will be discussed in more detail below. 

 

B. Phenotype driven mutagenesis - ENU 

 

 The alkylating agent ENU is a potent “super” mutagen, carcinogen, and toxin. Mutations caused by 

ENU typically involve nucleotide mispairing and substitution, mainly A-T to T-A transversions or A-T to 

G-C transitions, and rarely G-C to C-G transversions18. Approximately 70 % of point mutations caused by 

ENU are nonsynonymous mutations which are roughly divided into three categories; missense mutations 

(about 65 % of nonsynonymous mutations), splicing errors, and nonsense mutations26. Injection of ENU 

in the male mouse is usually used for the induction of mutations; less frequently ES cells are used. The 

response to ENU varies according to mouse strain, thus the dosage and the frequency of intraperitoneal 

injection depends on the mouse strain to reach the optimal balance between mutagenesis and toxicity27. 

 In ENU mutagenesis screening, large-scale screens or specific phenotype tests of interest are used 

to identify outliers across a spectrum of body systems. First, inheritance and penetrance of the phenotype 

must be confirmed. Penetrance is the ratio of individuals that inherit the mutation who also show the 

related phenotype(s). Then, subsequent or concurrent mapping to localize the point mutation responsible 

for the phenotype can proceed along with in-depth study of the phenotype and mechanism. Although 

ENU mutagenesis requires considerable effort for mapping mutations, state of the art sequencing methods 

such as next-generation sequencing alleviates the challenge of identifying the mutation responsible for the 

phenotype28. Genetic mapping of mutations are described in section I.1.E. 

 ENU mutagenesis offers several advantages when generating mutants. The most important feature 

of ENU is that it causes random point mutations across the genome in pre-meiotic spermatogonial stem 

cells29. Therefore, no prior assumptions are made about the underlying genes associated the observed 

phenotype(s) in the progeny of the mutagenized mouse. Secondly, ENU causes a high frequency of point 
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mutations at approximately 1-1.5 Mb intervals for as many as 50 new functional mutations per gamete18, 

30. Lastly, ENU mutation can result in a variety of consequences: hypermorphic, hypomorphic, 

neomorphic mutations, or embryonically lethal phenotypes. One example of a hypermorphic mutation is 

an ENU-induced point mutation in the Clock gene. These mice have profound defects in circadian 

homeostasis31, whereas Clock knockout mice show only mild circadian impairment32. Also, human 

diseases tend to show a partial loss of gene function, not a complete loss of it33, 34. For example, 

pulmonary cystic fibrosis with normal sweat chloride concentration is due to a C-to-T point mutation in 

an intron of the cystic fibrosis transmembrane conductance regulator (CFTR)35, and is not associated with 

complete loss of function of the CFTR. Therefore, ENU mutagenesis is clinically relevant to human 

diseases. 

 ENU mutagenesis screening projects are underway, and since 2005, ENU has been used in a 

genotype-driven approach known as ENU-based gene-driven mutagenesis36. ENU-based gene-driven 

mutagenesis identifies the ENU-induced mutations in a target gene by sequence-based screens using 

ENU-mutagenized frozen sperm or ES cell archives. ENU-based gene-driven mutagenesis makes it 

possible to generate allelic series of point mutations for every mouse gene complementing both genotype- 

and phenotype-driven approaches.  

 

C. Dominant and recessive screens 

 

 Dominant and recessive mutagenesis screens identify dominantly and recessively expressed 

phenotypes in mutant mice. Both strategies mutagenize a wild type (WT) male mouse (G0) and breed it to 

WT females. In a dominant screen, the first generation (G1) progeny of a mutagenized male is screened 

for abnormal phenotypes. Each G1 is the founder of a unique pedigree derived from a uniquely 

mutagenized germ cell. Recessive screens have more complex breeding schemes and logistics compared 

to dominant screens, but they can identify abnormal phenotypes in homozygous mutants that are not 

accessible in dominant screens37. In recessive screens, G1 male progeny are mated again to WT female 
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mice to produce G2 progeny. There is a 50 % chance that G2 mice will have the same mutation as their 

G0 founder male if the mutation is autosomal. G2 females are backcrossed to their G1 father or 

intercrossed to their G2 littermates, and 25 % of G3 mice have a chance to be homozygous for mutations 

present in their genome. 

 

D. Phenotyping 

 

 Once mutant mice are generated, they are screened for abnormal phenotypes. The Harwell ageing 

screen used the IMPReSS (International Mouse Phenotyping Resource of Standardized Screens) to 

characterize phenotypes of mutant mice38. IMPReSS defines two broad batteries of tests, each of which 

are referred to as pipelines. Pipelines for adult and embryonic phenotyping exist. Each pipeline consists of 

a mandatory procedure and an optional procedure. The mandatory procedure seeks to discover large 

numbers of mutant mice over several general phenotypic areas, while the optional procedure involves 

further sophisticated characterization of phenotypes. To find clinically relevant and biologically 

significant phenotypes, the mouse generations of either G1 for a dominant screen or G3 for a recessive 

screen are initially screened by the mandatory tests of the two pipelines. Once fertility is confirmed by the 

embryonic mandatory pipeline, tests in the adult mandatory pipeline are carried out on mice aged between 

4 and 16 weeks, and can be divided into in-life tests and terminal tests. Examples of mandatory in-life 

tests in the adult phenotype pipeline include weight curve test, dysmorphology test (X-ray and eye 

morphology), calorimetry, auditory tests (acoustic startle test and brainstem response test), and body 

composition test. At 16 weeks of age, mutant mice are sacrificed and subjected to terminal mandatory 

tests, examples of which include hematology, clinical blood chemistry, cardiovascular test, immunology, 

and gross pathology. 

 Mutant mice with phenotypes of interest, identified from primary phenotype screens, are then 

subjected to the optional procedure for further characterization39. The optional procedure is focused on 

particular domains such as metabolism, neuropsychiatry, the cardiovascular system, the respiratory 
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system, the immune system, in vivo dysmorphology, sensory systems, and cancer (histopathology). 

Histopathology analysis of mutant mouse pedigrees is important for both identifying mouse phenotypes 

and assessing whether they are relevant models of human diseases, since histopathology is considered 

essential to make a definitive diagnosis in some diseases, such as most cancers. Also, in the case of 

nephronophthisis, the definitive diagnosis is made by pathology or genetic analysis (though, many cases 

have no known causative genes) as its clinical signs are not specific40. Additionally, discovery and 

characterization of phenotypes can be done by histopathology in a relatively cost-effective way41. 

However, the challenge of histopathology continues to be that the process of necropsy, tissue collection, 

histology, and histopathological evaluation and interpretation requires intensive human labor as well as 

specialized expertise and experience to differentiate bona fide lesions from findings associated with the 

genetic background or other artifact41. 

 

E. Genetic mapping of mutations 

 

 After an outlier in a mutant pedigree has been identified, inheritance and penetrance of the 

mutation must be tested. Afterwards, mapping of the chromosomal location of the mutant locus needs to 

be performed. The mapping strategy of ENU mutagenesis is the same for both dominant and recessive 

screenings (G1 and G3 respectively). 

 For the initial mapping, linkage analysis is used to narrow the mapped region down to a list of 

candidate genes by using single nucleotide polymorphisms (SNPs) to scan the whole genome, on the 

basis of exploiting the genetic differences between strains42. The mutations that are responsible for the 

phenotypes are expected to be found in DNA that came from the ENU injected G0 male mouse inbred 

strain. For example, in MRC Harwell’s ENU mutagenesis (Figure I.1), the mutations will be in a region 

of the genome that came from the male ENU treated inbred mouse strain, C57BL/6N. From the initial 

linkage analysis, a region of approximately 20 Mb is usually conferred for candidate mutation42. 
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 For fine mapping, large numbers of backcrossed or intercrossed progeny are used to narrow down 

the candidate loci further (less than 1 Mb). Instead of using live male mice and either backcrossed or 

intercrossed progeny, so-called speed backcrossing using in vitro fertilization can be used43. Speed 

backcrossing efficiently produces large numbers of genetically almost identical offspring in a relatively 

short time. The advent of next generation sequencing (NGS, or second-generation sequencing) has 

revolutionized genome sequencing by allowing higher throughput in an extremely short time and with 

much less cost44. There are several different technology platforms such as the NextSeq, the miSeq, the 

HiSeq, the Ion PGM, the PacBio RS, and the SOLiD, but all of them are based on the same principal of 

parallel sequencing of millions of DNA fragments45-47. NGS detects sequence variations and structural 

variations (SVs) with much more sensitivity and specificity than array-based sequencing technology48. 

SVs are defined as sequence variations that are bigger than 100 bp, including genomic rearrangements 

such as insertions, retrotransposon elements, inversions, deletions, and segmental duplications. 

  



8 

Figure I.1. ENU mutagenesis at MRC Harwell for the Harwell ageing screen 

       

ENU mutagenesis breeding scheme for the Harwell ageing screen showed how recessive mutants were 

produced. ENU treated C57BL/6J males (black mouse) are mated to C3H/HeH WT (orange mouse) 

females to produce the first generation (G1) progeny. G1 heterozygous (khaki mouse) male mice are 

mated to WT females, and the heterozygous female progeny (G2) are then mated back to their G1 father. 

G3 mice are used to screen for recessive mutations that cause abnormal phenotypes. For dominant 

screening, G1 heterozygous mice can be used.  

  



9 

2. MRC Harwell ENU mutagenesis ageing screen 

 

 The ENU mutagenesis screen underway at MRC Harwell is a recessive screen specifically designed 

to screen for late-onset phenotypes associated with ageing and to investigate the relation of pleiotropic 

factors, such as environment and genetics that influence age-related diseases. Mouse models for ageing 

are needed because of our ageing society. There are unprecedented demands on health care and ageing-

related services because of a prolonged average life span and the rapidly increasing number of older 

adults49. To alleviate the increasing pressure on society from age related diseases, investigations to 

discover new, cost-effective, and better diagnostic, prognostic, and therapeutic strategies are needed. 

Most animal models for human diseases are acute or early onset, and there is a paucity of late onset 

models in many systems. The reasons for this lack of ageing mouse models involve not only the cost to 

keep mice alive for a long time for phenotyping but also the extended timeframe to carry out an 

experiment using such models. 

 The MRC Harwell ageing screen has produced 179 pedigrees using ENU treated mice as of May 

2015. A hundred fifty seven pedigrees have entered the ageing screen, and 22 pedigrees have been studied 

at a young age. Approximately 10-week-old C57BL/6J (B6) males (G0) are mated to C3H/HeH (C3) WT 

females to produce G1 progeny. G1 male mice are mated to WT females, and the female progeny (G2) 

are then mated back to their G1 father. Typically 7 male and 7 female mutant mice of G3 are used to 

screen for recessive mutations that cause abnormal phenotypes. The mutant mice are aged to 18 months, 

and recurrently screened for phenotype at 3, 6, 9, 12, and 18 months of age (Figure I.1). 

 As discussed above, the phenotyping methodology chosen is critical to the success of high 

throughput ENU mutagenesis screens. MRC Harwell has adopted the phenotyping assessment standard 

operating procedure of the IMPReSS, which is explained above. 

  

3. Kidney development 
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 The cellular components of kidneys and the pattern and genetic basis of renal development are 

relatively well known. Because particular aspects of the cellular and genetic basis of renal development 

are clearer than in other organs, the kidney has become a model organ for investigating the pattern of 

epithelial-mesenchymal interactions, epithelial cell polarization, and morphogenesis of epithelial cell 

branching. 

 Kidney development is divided into three successive developmental stages: pronephros, 

mesonephros, and metanephros50. The pronephros and mesonephros stages are not functional and are 

transient in mammals. The development of these three stages progresses from cranial-to-caudal in strips 

of cells called the intermediate mesoderm. At embryonic day 8 (E8) in mice, the intermediate mesoderm 

forms the nephric duct (ND), and the urinary system including kidney and urinary tract begins to be 

constructed (pronephros)51. In the pronephros stage, the cells start to undergo mesenchymal-to-epithelial 

transition (MET). This process is regulated by paired-box homeotic transcription factors PAX2 and 

PAX8, the zinc finger transcription factor GATA3, and the LIM class homeodomain transcription factor 

LHX152-55. PAX2 and PAX8 also play a role in nephron formation in the metanephros. In the 

mesonephros stage, the caudal pairs are comprised of unbranched tubules, and the constituent cells also 

go through MET thus forming the metanephros. 

 The metanephros continues to develop to become the definitive adult kidney. The metanephros is 

structurally comprised of three regions: an inner medulla including collecting ducts and long loops of 

Henle that are involved in urine concentration, an outer medulla including short loops of Henle and 

collecting ducts, and a cortex that includes the rest of the nephron. This structure of the metanephric 

kidney (metanephros) is functionally important for monitoring and regulating body fluid composition56. 

Thus, aberrant ureteric bud (UB) branching or nephron development results in congenital anomalies of 

the kidney and urinary tract, hypertension, and eventual progression to chronic renal failure61,57. 

 In the early metanephros, glial-derived growth factor (GDNF) is secreted from metanephric 

mesenchyme (MM), and this induces the UB to form from the ND on E28 in humans and E10.5 in mice, 

and causes the UB, an epithelial outgrowth, to invade the adjacent MM. The definitive adult kidney is 
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formed through reciprocal inductive interactions between the UB and MM58. The UB outgrowth branches 

repetitively, and produces the ureter, renal pelvis, and calyces. The subsequent branching (up to 11 

cycles) of the UB finally generates collecting ducts at E11.5 in mice59. The distal ureter is translocated 

from the ND and eventually connects with the bladder60. The UB tips are then surrounded by a cap of 

MM, and induce the adjacent MM to form the renal vesicle and S-shape body to eventually produce large 

numbers of nephrons61. 

 The molecular pathways of development of the metanephric kidney have been discovered over the 

last two decades, and are too broad to describe in detail here. Briefly, the MM secretes PAX2, Wilms’ 

tumour suppressor 1, FOXC1, SIX1, and other factors, and regulates formation, proliferation and survival 

of MM66,69. Moreover, UB outgrowth depends on a host of regulatory factors including transcription 

factors (EYA1, SIX1, SALL1, PAX2, HOX11), secreted factors (GDF11, nephronectin) and fibroblast 

growth factor (FGF) signaling. Early key factors of specification of MM are Eya1, SIX1/SIX4, and Odd1, 

and they are essential to form the correct morphology of the MM. Knockout mice of each of the above 

transcription regulators have shown aberrant development of the kidney and down-regulation of 

aforementioned factors that play a role in renal development. For instance, Six1 null mice showed 

differentiated MM but have reduced embryonic kidney size and markedly reduced expression of MM 

markers SALL1, PAX2, and SIX269,53. There is an overlapping redundancy with other signaling pathways 

in the metanephric development. Ureteric bud branching is regulated by GDNF, WNTs, bone 

morphogenetic protein (BMP) and FGF signaling, suggesting that the MM and UB are not completely 

divided in function, but interact reciprocally54. So, improper interaction between the UB and MM causes 

abnormal renal development. The GDNF signals are expressed by the ND, work through the Ret tyrosine 

kinase receptor, and have a significant role in UB branching. GDNF binding to the Ret tyrosine kinase 

receptor leads to activation of the phosphatidyl inositol 3-kinase (PI3K) and extracellular signal-related 

kinase (ERK) signaling pathways55. To form metanephric nephrons, the UB secretes WNT9b that acts 

through canonical β-catenin pathway to induce expression of FGF8, LHX1 and WNT4 in the MM58. 

Sequentially, WNT4 induces MET of MM cells and they differentiate into nephron epithelia. WNT 
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signaling is important in the formation of metanephric nephrons; inactivation of β-catenin results in renal 

aplasia or renal dysplasia, WNT9b is essential for pre-tubular aggregate formation, and WNT4 is critical 

for renal vesicle formation62, 63. SIX2 also plays a critical role at this stage by retaining MM cells from 

differentiation, so that UB branching and nephron formation is allowed to proceed64. However, although 

the canonical WNT/β-catenin pathway plays a critical role in metanephric kidney development, the 

signals need to be attenuated to induce MET of nephron progenitors at a later stage65, 66. Negative 

feedback downregulating WNT signaling is provided by the WNT4-PAX2/8-LHX-DKK1 pathway. 

Furthermore, WNT protein regulates renal development via several pathways other than the canonical β-

catenin pathway; the pathways involving WNT are the planar cell polarity pathway and the Ca2+-

dependent pathway, both of which are non-canonical WNT pathways. The canonical WNT/β-catenin 

pathway is important for development of distal tubules, whereas the Notch signaling pathway takes a 

central role in proximal tubule specification69. The Notch signaling pathway acts between the S-shaped 

body and renal vesicle to induce proximal-distal patterning by enhancing formation of podocytes, 

proximal tubules, and the loop of Henle67-69. 

 In conclusion, proper MET and morphogenesis of epithelial cells are critical in kidney 

development, and many molecular signaling pathways are involved. These pathways interact through 

complex relationships where signaling is reciprocal and redundant. Among the molecular basis of the 

kidney development, the WNT signaling plays a particularly important role, and will be discussed in more 

detail in section I.4.C. 

  



13 

4. Cystic kidney diseases 

A. Polycystic kidney disease  

 

 Polycystic kidney disease (PKD) includes various disorders characterized by progressive multiple 

cyst formation in the renal parenchyma. PKD is a heritable genetic disease and is divided into autosomal 

dominant polycystic kidney disease (ADPKD) and autosomal recessive polycystic kidney disease 

(ARPKD) in animals and humans, according to its mode of inheritance. PKD is similar in animals and 

humans; and although there are multi-species animal models for human PKD, it is best modeled in mice. 

Thus, this review is mainly based on humans and mice literature. 

 PKD is relatively common in humans; the incidence of ADPKD is about 1 in 400 to 100070, and 

that of ARPKD is about 1 in 20 000 to 40 000 worldwide and in all ethnicities71. ADPKD is typically 

seen in adults, while ARPKD occurs in utero or in children, often with congenital hepatic fibrosis72. PKD 

is an irreversible condition and results in end-stage renal disease (ESRD) in most cases. It is reported that 

approximately 70 % of ADPKD leads to ESRD70, and approximately 50 % of ARPKD leads to ESRD73. 

Both types of PKD result in bilateral renomegaly. Histopathologically, ADPKD shows multifocal cysts 

throughout nephrons70 whereas ARPKD exhibits a radial pattern of fusiform cysts in collecting tubules71. 

Clinically, hematuria, renal colic, urinary infection, and hypertension are commonly present. The 

extrarenal manifestations of cyst formations are common in PKD, and may be found in the liver and 

pancreas70, 74. 

 ADPKD in humans is caused by mutations in two genes, either polycystic kidney disease 1 (PKD1) 

or PKD2, with about 80 % of cases have a mutation in PKD175. PKD1 and PKD2 encode for polycystin-1 

(PC1) and polycystin-2 (PC2) proteins respectively76.  PC1 and PC2 form a complex, which is located at 

various sites in cells, such as the endoplasmic reticulum (ER), cilia, and basal body of cilia, including the 

primary cilia of renal epithelial cells77. PC1 and PC2 account for all cases of ADPKD, and mediate 

mechanosensation of Ca2+ signaling in the primary cilium of renal epithelial cells76. ARPKD is caused by 

mutations in the polycystic kidney and hepatic disease 1 (PKHD1) gene, which encodes the fibrocystin 
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(FPC) protein. FPC is located in primary cilia and basal bodies78. FPC is closely related to the PC 

complex, and functions upstream of PC2, a Ca2+-permeable cation channel in primary cilia79. Therefore, 

the principal pathogenesis of PKD involves ciliary dysfunction, and PKD is considered to be a type of 

ciliopathy. 

 Besides aforementioned ARPKD, there are other cystic kidney diseases that inherit in an autosomal 

recessive manner: nephronophthisis and nephronophthisis-related syndromes. However, the features are 

somewhat different from ARPKD.  

 

B. Nephronophthisis 

 

 Nephronophthisis is an autosomal recessive cystic kidney disease that is characterized by cystic 

formation at the corticomedullary junction with diffuse interstitial fibrosis and occurs in both males and 

females80. Nephronophthisis causes ESRD in children and adolescents, and is the most common genetic 

disorder that causes ESRD in the first three decades of life. Nephronophthisis estimated to occur at 1-2 

cases per 100 000 people 81. There are three types of nephronophthisis according to the temporal onset of 

ESRD. The infantile form is rare and ESRD is seen before 4 years of age82. The most frequently 

diagnosed type is the juvenile form, which exhibits ESRD at a mean age of 13 years of age83. Lastly, the 

adolescent form, also rare, shows ESRD at 19 years of age84. 

 Nineteen genes (NPHP1-19) that lead or are related to nephronophthisis have been described to 

date. The most frequent mutation is in JBTS4 (NPHP1), that causes juvenile nephronophthisis and causes 

about 20 % of nephronophthisis cases40, 85. Although there are only 19 genes that causes nephronophthisis, 

86 clinically pathogenic mutations in the genes are reported in humans, which include deletions, 

duplications, insertions, and single nucleotide variants86. In addition, most of the variants encode 

nephrocystin (NC) proteins87-90. Among the variation types, single nucleotide variants are prominent (67 

of the 86), which suggests that ENU mutant mice can be excellent models for nephronophthisis86. The 

genetic variations consequentially cause a frameshift, missense, nonsense, splice site, and/or ncRNA 
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variant86; for example, there are 12 variants in NPHP186 including a single nucleotide variant at 

chr2:11016304891 and a homozygous deletion of about 250 kb in the 2q13 region92. Mutations in more 

than one of the 19 genes can also result in nephronophthisis, for example concurrent genetic variation in 

NPHP14 (ZNF423), NPHP15 (CEP164) and NPHP10 (SDCCAG8) is observed in humans88. However, 

causative genes have not been identified in approximately 70 % of the human nephronophthisis cases40. 

 Clinically, after an unremarkable post-natal period, nephronophthisis may present general signs and 

symptoms of ESRD82. The general signs and symptoms of ESRD include: polyuria or secondary enuresis, 

polydipsia, fatigue, pruritus, nausea, vomiting, uremic gastritis, retarded growth, anemia, and loss of urine 

concentration. Renal failure occurs at around 13 years of age for the juvenile form as the disease 

progresses83. Grossly, the kidneys of nephronophthisis patients becomes bilaterally atrophic, which is 

different from typical PKDs, which cause renomegaly93. There are some variations in the 

histopathological lesions of nephronophthisis, but most cases of nephronophthisis (the juvenile form) 

show both tubular atrophy and tubular dilation (cystogenesis), which are surrounded by interstitial 

fibrosis106, 107. The areas of either dilated or atrophic tubules in nephronophthisis exhibit thickened and/or 

thinned basement membrane94, 95. Infantile nephronophthisis is characterized by a mix of typical features 

of nephronophthisis and ARPKD; it may present with renomegaly and general cyst formation throughout 

the kidney96, 97. Adolescent nephronophthisis shows similar features to the juvenile form. There is a wide 

range of extrarenal manifestations concomitant with nephronophthisis. For example, fibrocystic liver or 

cholangiofibrosis, retinal degeneration, cerebellar vermis hypoplasia/aplasia, and/or skeletal dysplasia are 

primary co-morbidities40.  

 Nephronophthisis is diagnosed based on integrative information from clinical signs and symptoms, 

renal biopsy, renal ultrasound showing small kidneys with corticomedullary cysts, and genetic 

investigation. The laboratory tests include assessment of renal function, complete blood counts (CBC), 

liver function, and coagulation testing. Renal biopsy or genetic investigation is required to make the 

definitive diagnosis of nephronophthisis81. 
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 Many syndromes are related to nephronophthisis, and they are classified according to the extrarenal 

lesions that are present in addition to the common feature of nephronophthisis. For instance, Meckel-

Gruber syndrome presents with occipital encephlocele and hepatic bile duct proliferation or liver 

fibrosis98, Joubert/COACH syndrome that includes cerebellar vermis aplasia, coloboma, nystagmus, and 

hepatic bile duct proliferation or liver fibrosis99, and Bardet–Biedl syndrome, which includes retinal 

dystrophy, polydactyly, obesity, hypogonadism, and hepatic bile duct proliferation or liver fibrosis100. 

Nephronophthisis and its related syndromes are considered by some to be ciliopathies similar to other 

PKDs (the so called “ciliary hypothesis” of nephronophthisis). Most NC proteins are located in the 

primary cilia together with PC proteins of ADPKD and FPC protein of ARPKD101.  

 Cilia are microtubule-based hair-like cytoplasmic protrusion found in almost all vertebrate cells102. 

There are three types of cilia: motile cilia found on epithelial cells in the respiratory tract, brain ventricles, 

and fallopian tubes; motile primary cilia in the embryonic node; and primary (non-motile) cilia on 

epithelial cells in renal tubules, bile and pancreatic ducts, retina, developing heart, and so on102. The 

motile cilia are composed of 9 microtubule doublets that surround a central pair (“9+2” arrangement), 

whereas primary cilia lack a central pair (“9+0” arrangement)102. Cilia are not only critical for 

photosensation, mechanosensation, osmotic sensation, and temperature sensation, but are also important 

for intracellular trafficking of vesicles and organelles along the ciliary axoneme, which consists of 

microtubules103, 104. Loss of cilia or aberrant ciliary proteins lead to a various disease spectrum called 

ciliopathies.   

 The liver manifestations of ciliary dysfunction overlap with congenital fibrocystic diseases (CFD), 

which includes the syndromes mentioned above105. The main feature of ciliary dysfunction in the liver is 

biliary malformation. Cholangiocytes have primary cilia, and when these are defective it leads to an error 

in signal transduction, resulting in decreased intracellular Ca2+ and increased cAMP106. Consequently, 

ciliary defects of cholangiocytes give rise to biliary hyperplasia, hepatic cystogenesis (dilated bile ducts), 

and cholangiofibrosis106. 
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 The ciliary hypothesis, which is proposed for cystogenesis in PKD, explains the signs and 

symptoms of the extrarenal manifestations of nephronophthisis, and broadens the disease spectrum. Many 

studies have investigated the underlying mechanisms, yet the exact role of cilia in pathogenesis and 

underlying mechanisms of nephronophthisis or cystogenesis are still largely unknown. There are several 

signaling pathways and mechanisms implicated in cystogenesis especially related to the role of cilia. In 

particular, WNT signaling, Hedgehog signaling, mTOR signaling, intracellular cAMP levels, and 

intracellular Ca2+ homeostasis are thought to be involved107-109. 

 

5. Epithelial to mesenchymal transition in kidneys 

 

Epithelial to mesenchymal transition (EMT) is a process of phenotypic conversion of 

differentiated epithelial cells to mesenchymal cells in embryonic development, wound healing, fibrosis, 

and carcinoma metastasis110, 111. Epithelial cells undergoing EMT lose expression of epithelial-specific 

proteins such as E-cadherin, zonula occludens-1 (ZO-1), and cytokeratin. Meanwhile, they gain 

mesenchymal-like features such as expression of vimentin, α-smooth muscle actin (α-SMA), and 

fibroblast-specific protein-1 (S100A4), and produce type I collagen in the intercellular matrix as well as 

fibronectin112. 

Epithelial cells are characterized by apical-basal polarity and strong cell-cell adhesions 

(immobile), which are critical in maintaining epithelial integrity113. The cell-cell adhesions are composed 

of tight junctions, adherens junctions, desmosomes, and scattered gap junctions. The adherens junction is 

composed of E-cadherin, which is a transmembrane protein, and catenins, including β-catenin, α-catenin, 

𝛾-catenin and p120-catenin113. The cadherin-catenin complex is an important Ca2+-dependent cell-cell 

adhesion complex that modulates extracellular and intracellular signals113. E-cadherin is phosphorylated 

by casein kinase 2 (CK2), a serine/threonine protein kinase, and phosphorylated E-cadherin stabilizes the 

E cadherin-catenin complex in the adherens junction114. During the EMT, E-cadherin is cleaved from the 
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adherens junction and degraded, and subsequently destabilized β-catenin is degraded or protected by the 

absence or presence of canonical WNT signaling113.  

In mice and humans, EMT is initiated by transcription factors, TWIST, ZEB1, ZEB2, SNAIL-1 

and SNAIL-2 (previously called SLUG), and results in the loss of epithelial features and the gain of 

mesenchymal features115, 116. Underlying mechanisms are mainly associated with Notch pathways, WNT 

pathways, the p53 family and microRNAs. In the EMT related to WNT pathways, EMT inducers (TWIST, 

ZEB1, ZEB2, SNAIL-1 and SNAIL-2) activate WNT signaling which activates the Notch signaling 

pathway. In turn, Notch activates transcription of the EMT inducers, so that the process of EMT continues. 

Amongst the complicated EMT signaling pathways, the focus of this thesis is the WNT signaling pathway, 

as it directly and reciprocally relates to EMT. WNT signaling will be discussed in section I.6. 

 

6. Underlying mechanisms of kidney diseases: the role of WNT signaling 

 

WNT signaling is an important signaling pathway that controls the fate of a cell throughout its 

life time. WNT signaling is involved in kidney development, the pathophysiology of cystic kidney 

diseases, and EMT. The critical roles of WNT signaling in kidney development during embryonic days 

were briefly mentioned in section I.3.  

WNT signaling can be categorized into two types of pathways according to the activation of β-

catenin; the canonical (β-catenin-dependent) and the non-canonical (β-catenin-independent) pathway. 

Depending on the intercellular mediators, the non-canonical WNT pathway can be classified largely into 

the planar cell polarity (PCP) pathway and WNT/ Ca2+ pathways. The planar cell polarity (PCP) pathway 

is suspected to be most highly involved in cystogenesis in PKD among all the possible underlying 

mechanisms117. 

The canonical signaling cascades are relatively well defined compared to the non-canonical 

pathway. The canonical cascade initiates when a WNT protein binds to a Frizzled receptor in the cell 

membrane in the presence of LRP5/6 co-receptor, and dishevelled (Dvl) is sequentially activated. The 
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activated Dvl dissociates the destruction complex, protecting β-catenin from degradation. The destruction 

complex is composed of Axin, adenomatous polyposis coli (APC), CK1, and glycogen synthase kinase 3β 

(GSK3β). It was thought that the stabilized β-catenin is accumulated in the cytoplasm and moved to the 

nucleus to trigger transcription of WNT target genes, T-cell factor /lymphocyte enhancer factor (Tcf/Lef) 

family118-120. However, recently, a new model of the canonical WNT pathway has been suggested121. In a 

newly suggested model, the destruction complex is still intact after WNT ligation. Instead, ubiquitination 

of β-catenin is now blocked, which leads to accumulation of newly synthesized or newly cleaved β-

catenin in the cytoplasm. Therefore, some β-catenins, which are not ligated to the destruction complex, 

translocate to the nucleus and promote transcription of WNT target genes. In the absence of WNT ligand 

stimuli, β-catenin is subsequently phosphorylated by the destruction complex, CK1 and then GSK3β, 

which are serine/threonine protein kinases. The phosphorylated β-catenin is ubiquitinated by β-TrCP, 

followed by degradation by the proteasome122. Consequently, the cytoplasmic and nucleic β-catenin 

expression is low when WNT signaling is off, and cytoplasmic and nucleic β-catenin is high when it is on, 

and this occurs in both the classical and new model of the canonical WNT pathway. 

The proteins encoded by NPHP2, NPHP3, and NPHP7 act as direct regulators of canonical WNT 

signaling by inhibiting the cascade123-125. In contrast, PC1 is augmented in cystic kidneys with an 

activated canonical WNT pathway126-128. Additionally, the loss of Ahi1(JBTS3) results in 

nephronophthisis (Joubert syndrome) by causing a defect in canonical WNT signaling in the late stages of 

nephronophthisis, which is characterized by increased β-catenin only in the cytoplasm129. Therefore, 

previous studies suggest that either activated or inhibited canonical WNT pathway can cause 

nephronophthisis or cystogenesis. 

The PCP pathway, one of the non-canonical WNT pathways, initiates when WNT ligates to a 

Frizzled receptor, followed by activating Rho family GTPases and JNK130. The PCP pathway literally 

denotes the orientation of epithelial cells in the plane, which is perpendicular to apical-basal polarity. The 

loss of PCP signaling may cause cystogenesis through mainly two processes: convergent extension (CE) 

and oriented cell division (OCD)130-132. CE is the restructuring of the adjacent cells by cellular movement 
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of intercalation in the developmental stages, resulting in abnormal tubular elongation and narrowed 

tubular lumen 133, and OCD is an alignment of the direction of cell division by orientating the mitotic 

spindle and centrosomes during mitosis134. PKD mutant mice showed defects in OCD in their dilated 

tubules, however, the mechanisms for initiation of cysts remains unclear as PKD mutant mice presented 

no OCD defect at the time of cyst initiation132. The protein encoded from NPHP2, inversin, inhibits the 

canonical pathway as well as promoting PCP signaling, and mutation in NPHP2 causes nephronophthisis 

indicating the significance of balance between the two pathways123. Therefore, although the PCP pathway 

is recently proposed to be mainly related to cystogenesis by many researchers, the underlying mechanism 

of cyst formation is still poorly understood135. 

β-catenin is not only a signaling component of the WNT cascade but also a structural component 

of cell adherens junctions, as its name “catenin” suggests (means chain in Latin, ‘catena’)136. The 

cadherin-catenin complex was introduced in section I.5 as an important cell adhesion complex that 

modulates extracellular and intracellular signals, and is crucial for determination of cell polarity and the 

direction of mitotic spindles in dividing cells137. Although the function of β-catenin in centrosomes is 

poorly understood compared to that in cell-cell adherens junction and in a WNT pathway, several studies 

have shown that β-catenin is also important in centrosome communicating during mitosis, coordinating 

functions of centrosomes, and the controlling cell cycle especially in the G2 stage138-140. Since α-catenin 

links β-catenin to the actin in adherens junctions113, β-catenin can influence the direction of mitotic 

spindles in dividing cells. In addition, β-catenin co-localizes with NC4 at the centrosome in dividing cells, 

at lateral cell junctions, and at primary cilia. Also, NC4 interacts with the key protein in nephronophthisis, 

NC1. All of these indicate that β-catenin is critical in maintaining normal tissue morphology, and 

implicates β-catenin in cystogenesis141. 

In conclusion, previous studies demonstrate that precise and sensitive regulation of WNT 

signaling plays an important role in the kidney, and disruption in either the canonical or the non-canonical 

WNT pathway can cause cystic kidney diseases including nephronophthisis. Therefore, the WNT 
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pathway has important roles not only in embryonic kidney development but also in kidney post-natal 

homeostasis. 

 

7. Pskh1 and Cmtm2b genes 

 

 After a mutant pedigree has been selected based on phenotypes, mapping of the location of the 

causative point mutation for the phenotype needs to be performed. In this study, MPC232 pedigree has 

been chosen for further phenotyping and genotyping. Among the candidate genes for the phenotype of 

MPC232 mutant mice, two genes, Pskh1 (protein serine kinase H1) and Cmtm2b (CKLF-like MARVEL 

transmembrane domain containing 2B), will be introduced in this section of the literature review. 

Many studies have been conducted on newly discovered genes after the human and mouse 

genomes were sequenced. However, more than half of the genes in both species are still poorly 

understood with respect to their function, gene or protein interaction, subcellular localizations, organ 

expressions, related disorder or disease. Pskh1 and Cmtm2b are two genes that are typical in that very 

little is known about them or the proteins they produce. Therefore, some information in this section is not 

from publication, but from data with lower to medium confidence from a repository of protein and gene 

interaction in model organisms and humans142. 

Mouse Pskh1 (protein serine kinase H1) is a protein coding gene and its genomic location is 

105900474 to 105931802 (31 329 bp length) on chromosome 8. The Pskh1 gene is a novel gene and the 

reference sequence of Pskh1 is not validated yet but is in provisional status142. The human orthologue of 

Pskh1 is the PSKH1 gene in region 16q22.1143. PSKH1 is also poorly understood, but more annotation is 

available compared to Pskh1. A study with COS-1 cells (human kidney cells) verified that PSKH1 protein 

is sensitive to Ca2+ concentration and can be activated by itself (auto-phosphorylation)143. PSKH1 protein 

is mainly localized to the Golgi apparatus, ER, nucleus, cell membrane, and cytoskeleton144. It is 

recognized that PSKH1 has 5 physical interactions with other proteins including CDC6145, 
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HSP90AA1146,NXF1147, RDH13148 and SNTA1149 protein, yet how PSKH1 interacts with those proteins, 

especially in the kidneys, is poorly understood. 

PSKH1 is suggested to be functionally involved in intracellular trafficking or cell-cell signaling150 

and controlling cell cycle and mitosis. PSKH1 plays a potential role in maintaining the Golgi apparatus, 

and in intracellular trafficking through the ER, the Golgi apparatus, and the plasma membrane150. PSKH1 

targets protein disulfide-isosomers150, which implies that PSKH1 may have a role in configuration of 

protein folding structure. Mutations in PSKH1 may produce abnormal secretory vesicles, and 

consequentially may cause an error in intracellular trafficking or cell-cell signaling. For instance, 

HSP90AA1, which physically interacts with PSKH1, is a molecular chaperone that is involved in cell 

cycle control and helping protein folding of specific target proteins146. PSKH1 interaction with 

HSP90AA1 therefore supports a function for PSKH1 in protein secretion. Other information to support a 

role for PSKH1 in intracellular trafficking is that PSKH1 is a splicing factor compartment-associated 

serine kinase. PSKH1 may have a role in RNA splicing (pre-mRNA processing) which affects 

intranuclear SR protein (serine/arginine-rich domain) trafficking143. Secondly, the possibility that PSKH1 

may be critical in mitosis is supported by two associations: the centrosomal localization of PSKH1 and 

the proteins that interact with PSKH1 (CDC6 and HSP90AA1). CDC6 regulates DNA replication, and 

maintains or activates the checkpoint mechanisms in the cell cycle, so the interaction of PSKH1 and 

CDC6 suggests a role in cell division145.  

 Cmtm2b is a protein encoding gene, located on chromosome 8 between 104322204 to 104330764 

(8561 bp length) including four exons. Cmtm2b is putatively an orthologue of CMTM2, together with 

Cmtm2a that belongs to the chemokine-like factor gene superfamily151. CMTM2 and Cmtm2b are both 

poorly characterized genes, therefore there is not much known about Cmtm2b, though CMTM2 is thought 

to be involved with testicular development and spermatogenesis152, 153. CMTM2 protein is localized to the 

nucleus, the plasma membrane, and the extracellular space144. The only known protein interaction of 

CMTM2 is with APP (amyloid beta precursor) protein which forms the amyloid plaques in Alzheimer’s 

disease154.  
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 In all, Pskh1/PSKH1 and Cmtm2b/CMTM2 are good examples of the poorly understood genes 

that are provided by the human and the mouse genome project. Thus, MPC232 mutant mice provide a 

potential means to study the functions of these genes and phenotypes that result from mutations in these 

genes.   
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HYPOTHESES I 

 

1. Histopathology screening of pedigrees, identified as outliers in a clinical ENU screen of the Harwell 

ageing screen, will validate a mutant mouse pedigree with consistent and bona fide phenotypes.  

2. One or more causative mutations for the phenotype can be identified from a selected ENU mutant 

mouse pedigree (MPC232) by genetic analyses.  

3. Characterization of the phenotypes of a selected ENU mutant mouse pedigree (MPC232 pedigree) will 

provide morphological data that correlate with the consequences of gene mutation or provide clues to 

understand gene functions.  
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CHAPTER II. CHARACTERIZATION OF THE PHENOTYPES  

OF THE ENU MUTANT MOUSE PEDIGREE 

 

1. Introduction 

 

The Medical Research Council (MRC) Harwell ageing screen has produced N-ethyl-N-

nitrosourea (ENU)-induce mutant mouse lines with recessive mutations. Mutant mice were examined for 

in-life phenotypes at the MRC Harwell using the standard operating procedure of the International Mouse 

Phenotyping Resource of Standardized Screens (IMPReSS) at several time points (3, 6, 9, 12, and 18 

months of age). The mouse lines with interesting phenotypes go through a different optional phenotyping 

screen. For example, mutant mouse lines with tumour phenotypes will undergo histopathology screening, 

as they need histopathology for a definitive diagnosis. Histopathology screening was applied to the 

mutant mouse lines at the Toronto Centre for Phenogenomics (TCP) by me to differentiate mutant mouse 

lines with consistent and bona fide phenotypes.  

 

2. Discovery and initial characterization of the candidate mutant mouse pedigrees 

A. Histopathology screening of mutant mouse pedigrees 

 

 Six ENU induced mutant mouse pedigrees from the Harwell ageing screen, MPC232, MP85, MP86, 

MPC87, MPC131 and MPC134, were selected as outliers for histopathological examination at the TCP 

based on the outcomes of the clinical phenotyping screen at MRC Harwell. MPC232, MPC87, and 

MPC134 showed early-onset phenotypes at 3 weeks to 8 months of age, and MP85, MP86, and MPC131 

showed phenotypes at around 18 months of age. Results of the clinical phenotyping pipeline, gross 

pathology provided by MRC Harwell for each mouse pedigree, and number of mice from other pedigrees 

that went through the histopathological examination are summarized in Table II.1. The MPC232 mutant 
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mice were very lethargic around weaning (3 to 4-week-old), and suspected to have kidney dysfunction 

based on the clinical screen data. For histopathological examination at TCP, all tissue collection and 

histological preparation was done at MRC Harwell and haematoxylin and eosin (H&E) stained slides or 

paraffin blocks were submitted to TCP. For histopathology, H&E slides from heart, lung, liver, kidneys, 

spleen, thymus, pancreas, stomach, small intestine, large intestine, and brain were screened from 3 mice 

(although some tissues were missing from individual animals) from the MPC232 pedigree. The 

histopathological findings of each pedigree are described in Table II.1 as well.  

 Among the mutant mouse pedigrees, all 3 mice from the MPC232 pedigree, 2 females and 1 male, 

showed a consistent and bona fide histopathological phenotype in the kidney and the liver around 

weaning age (Figure II.1). All histological sections of kidneys evaluated from the MPC232 pedigree 

showed renal dysplasia with moderate to severe hydronephrosis (Figure II.1A-B). The surface of the 

kidneys was irregular, and the renal pelvis was dilated (hydronephrosis). The border of the cortex and 

medulla was obscured. The cortex contained immature and disorganized spindle cells surrounding 

dysplastic or dilated tubules. The dilated tubules were present with plump and prominent basement 

membranes. The dilated tubules were sometimes convoluted, exhibiting extended and flattened epithelial 

cells, which were multifocally detached from adjacent epithelial cells and were sloughed into lumens. 

Epithelial cells lining the dilated tubules showed a few pyknotic nuclei or mitotic figures (minimal 

regeneration). The dilated tubules occasionally contained homogenous eosinophilic material (interpreted 

as protein casts) suggesting abnormal filtration. Approximately 70 % of glomeruli were small and closely 

packed with peripherally located prominent nuclei (fetal glomeruli), and were obscured with its structure. 

In the liver, affecting the periportal areas, there was mild to severe small oval to amorphous cell 

hyperplasia with or without small calibre bile duct profiles (oval cell and biliary hyperplasia) (Figure 

II.1C-D). The increased numbers of bile ducts rarely extend to bridge the portal triads (biliary 

hyperplasia). No significant microscopic changes were observed in other organs from the MPC232 

pedigree. Thus, among six mutant pedigrees generated at MRC Harwell, the MPC232 pedigree was 
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chosen for further characterization based on its consistent and robust renal and hepatic pathology 

phenotypes and ascribed to the early onset phenotypes around weaning age. 
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Table II.1. Initial discovery of mutant pedigrees from the MRC Harwell ageing ENU study 

Mouse 
line 

Gross 
pathology 

and general 
information 
from MRC 

Number of 
mice 

examined 
Age Histopathological finding Comment 

MPC 
232 

Very early 
onset, ↑BUN 
& ↑Creatinine  

3 3 week  

[Kidney] Renal dysplasia with hydronephrosis 
and protein casts 
[Liver] Oval cell hyperplasia with/without  
biliary hyperplasia 

H&E slides 
were 
provided; 
some 
organs 
were 
missing.  

MPC 
87 

↑BUN & 
↑creatinine 5 2 and 8 

month  

Not Consistent: 
[Spleen] Early-onset lymphoma,  
Myeloid extramedullary hematopoiesis  
[Kidney] Hydronephrosis,  
mild renal tubular degeneration  
[Ureter] Hydroureter  
[Pancreas] Pancreatic endocrine tumour 

MP85  Tumours 13 18 month 

Not consistent:  
[Spleen] lymphoma - possibly age related lesion  
[Pancreas]  
Pancreatic endocrine tumour  

MP86 Tumours 4 18 month No consistent specific lesions 

MPC 
131 

Very 
lethargic, 
growth 
retardation,  
↑ALP, ↓BMD, 
Some had 
tremors 

7 6 month No consistent specific lesions 

MPC 
134 

↑ ALT &  
↑ AST 4 3-4 month No consistent specific lesions 

 

  



29 

Figure II.1. Initial discovery of phenotypes in MPC232 

 

The kidney (A-B) and liver (C-D) phenotypes of MPC232 homozygous mouse at 3 weeks of age. H&E 

staining. A. The pelvis was severely dilated and the renal surface was irregular along with the ectatic 

tubules. Bar: 1 mm. B. The tortuous ectatic tubules (red arrow) are surrounded by mesenchymal-like 

disorganized spindle cells, and contain pink material in the lumen. There are hints of tubular formations 

(small tubules with narrow or no lumen, blue arrow) in the disorganized cells. The glomeruli are often 

poorly developed (fetal glomeruli, black arrow). Bar: 100 µm. C. The homozygous liver has small oval 

cell proliferation around the portal triad (red arrow). Bar: 400 µm. D. The proliferative oval cells form 

small ducts (bile ducts, red arrow) around the portal triad. Bar: 100 µm. 
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3. Characterization of the phenotypes of MPC232 

A. Introduction 

 

Many external factors can modify phenotype, so individual-to-individual differences can be 

observed in a pedigree. The external factors include physiological factors, epigenetic factors, and variable 

genetic factors. Epigenetic factors can produce phenotypical alterations, usually by causing DNA 

methylation or histone alterations155. Inheritable changes in DNA can cause inconsistency of gene 

expression in a pedigree. In this case, the mouse pedigree evolves into genetically and phenotypically 

distinct substrains as generation goes by (genetic drift)156. In our study, no significant changes to the 

individual phenotypes were expected since the effect of the external factors was minimalized; an equal 

environment was offered to the animals at TCP and the breeding scheme was short. Though, for the 

chances of altered phenotypes, characterization of the phenotypes of MPC232 at TCP was essential.  

To perform further studies, the MPC232 pedigree was imported to TCP from MRC Harwell by 

embryo cryopreservation, cryorecovery and embryo transfer to the pseudopregnant recipients. The CD-1 

strain was used as pseudopregnant foster mothers. The frozen embryos were from the heterozygous males 

and heterozygous females so that all three genotypes (wild, heterozygous and homozygous) of MPC232 

mutant mice were regenerated at TCP.  

The MPC232 pedigree exhibited consistent and robust phenotypes in kidney and liver, and renal 

dysplasia was the main manifestation. The kidney plays a critical role in regulation of water conservation 

and excretion, maintenance of electrolyte homeostasis, and production of various hormones. Any 

structural defects or disrupted function can cause end-stage renal disease (ESRD), if sufficiently 

prolonged or severe, regardless of the underlying disease mechanism. Therefore, the morphological and 

functional phenotypes of MPC232 mice need to be thoroughly characterized to set a mouse model and to 

understand the underlying mechanisms.  
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B. Materials & methods 

(1) Animal sources and husbandry  

 

The MPC232 mutant mice were generated at MRC Harwell by ENU mutagenesis. An 

intraperitoneal injection of ENU with 100 mg/kg/week doses was given to 10 week old B6 mice for  

3 weeks. The ENU injected male B6 inbred strain was bred to females of the C3H.Pde6b+ inbred strain. 

The C3H.Pde6b+ strain is a C3H substrain that contains a few small segments of the BALB/c genome at 

and around the rd1 locus, and thus prevents retinal degeneration that is a characteristic of C3H/HeH 

mice157. The first and the third generations were screened, and the MPC232 was detected in the third 

generation as a mutant with recessive mutations.  

The causative mutation for the phenotype in MPC232 was recessive so that embryos were 

collected from heterozygous females bred to heterozygous male littermates. A total of 30 frozen embryos 

in two straws were provided from MRC Harwell. One straw was thawed for embryo-cryorecovery, which 

was done by the Canadian Mouse Mutant Repository (CMMR) at TCP. The cryorecovered embryos were 

transplanted to two foster mothers (wild type CD-1 inbred strain) (Figure II.2). The newborn mice were 

maintained at TCP, and the mice were tagged with ear tags at 2-3 weeks of age for individual 

identification. The husbandry and all experimental procedures conformed to the standards of the Canadian 

Council on Animal Care.  
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Figure II.2. Breeding strategy of MPC232 at TCP 

 

Frozen embryos of the third generation (G3) were imported to TCP from MRC Hartwell. They were 

cryorecovered, and transplanted to foster mothers. The heterozygous mice of G3 were bred to C3H/HeJ 
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wild type mice to generate enough number of heterozygous mice for further breeding. Male and female 

homozygous mice at 4-5 weeks of age (G5) were generated by breeding heterozygous mice of G4 for 

further characterization of phenotypes. For a developmental study in embryos and postnatal mice, male 

and female homozygous mice of G6 were generated by breeding heterozygous mice of G5, and were used 

at embryonic day (E) 15.5, E18.5, postnatal day (PN) 4, PN7, and PN11. The developmental study will be 

further discussed in Chapter IV.   
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(2) Breeding of mice 

 

The third generation (G3) of the MPC232 pedigree obtained from embryo cryorecovery were 

genetically sorted for further phenotyping and/or breeding. The G3 homozygous mice obtained from the 

embryo cryorecovery were fully screened at 4 weeks of age, and the heterozygous and wild type mice 

were used for breeding. Twenty wild type C3H/HeJ mice were also used for G3 breeding in order to 

acquire enough G4 heterozygous mice for further breeding. The general scheme of the breeding is 

illustrated in figure II.2. Heterozygous G3 males were bred to wild type C3H/HeJ females, or wild type 

G3 males were bred to G3 heterozygous females. The wild type males of the fourth generation (G4) were 

terminated. The G4 heterozygotes were used to produce homozygous and wild type cohorts of the fifth 

generation (G5) for phenotype screening at 4-5 weeks of age.  

 

(3) Gross pathology phenotyping 

 

The homozygous mice and their littermate wild type mice were sacrificed at 4-5 weeks of age. 

Body weight and size were measured, and CO2 gas or anesthetic overdose was used to sacrifice mice. 

Tissues were removed and fixed, and the kidney was weighed after fixation to avoid any histopathological 

artifacts. Organs and tissues were grossly examined during the necropsy. The following tissues were 

collected in 10 % neutral formalin for histopathological phenotyping: left kidney, left lateral and median 

lobe of liver, heart, lungs, trachea, esophagus, tongue, stomach, small and large intestine, cecum, spleen, 

pancreas, reproductive organs, brain, eyes, dorsal skin, femur, femoral skeletal muscle, inguinal lymph 

node and adipose tissue. Right kidney, and right lateral, a section of median and caudate lobe of liver 

were collected for molecular experiments and stored at -80 °C. 

 

(4) Histopathological phenotyping  
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all tissues listed in section II.3.B.(3) were fixed for 48 hours in 10 % neutral formalin, was trimmed and 

collected. The tissues were then dehydrated and embedded in paraffin blocks. The tissues in paraffin 

blocks were cut in 4 µm thickness. Produced slides were baked at 60 °C for 6 hours, followed by tissue 

staining with H&E or immunohistochemistry. For full body examination, 2 homozygous and 2 wild type 

mice were used in addition to the full slide set of 3 homozygous mice from MRC Harwell, and all fixed 

tissues were examined. Examined tissues for full body histopathology examination are left kidney, left 

lateral and median lobe of liver, heart, lungs, trachea, esophagus, tongue, stomach, small and large 

intestine, cecum, spleen, pancreas, reproductive organs, brain, eyes, dorsal skin, femur, femoral skeletal 

muscle, inguinal lymph node and adipose tissue. 

Immunohistochemistry was performed using antibodies against CD45R (BD Biosciences, USA), 

CD3 (Abcam, Cambridge, MA, USA), F4/80 (Abcam, Cambridge, MA, USA), CD68 (Abcam, 

Cambridge, MA, USA), vimentin (Abcam, Cambridge, MA, USA), pan-cytokeratin (panCK) (Dako, 

Burlington, ON, Canada), alpha 1-fetoprotein (AFP) (Abcam, Cambridge, MA, USA) and α-SMA (Dako, 

Burlington, ON, Canada). Deparaffinized and rehydrated slides went through heat based antigen retrieval 

at 95 °C for 3 hours except the slides for anti-α-SMA, followed by incubation in 3 % hydrogen peroxide 

for 30 minutes. 3 % bovine serum albumin (Dako, Burlington, ON, Canada) was used for blocking 

solution, except for anti-α-SMA stained slides which used mouse IgG as a blocking reagent (Vector, 

North York, ON, Canada). The kidney and liver tissues were treated with avidin and biotin blocking 

(Vector, North York, ON, Canada) to prevent background staining. The primary antibody was applied at 

room temperature for 30 minutes and then refrigerated at 4 °C overnight. The dilution of primary 

antibody was 1:100 for anti-CD45R, 1:1000 for anti-CD3 (Abcam, Cambridge, MA, USA), 1:100 for 

anti-F4/80 (Abcam, Cambridge, MA, USA), 1:100 for anti-CD68 (Abcam, Cambridge, MA, USA), 1:500 

for anti-vimentin, 1:800 for anti-panCK, 1:200 for anti-AFP and 1:400 for anti-α-SMA. The secondary 

antibody was applied at room temperature for 30 minutes at a dilution of 1:200. The secondary antibodies 

were goat anti-rabbit IgG (Vector, North York, ON, Canada), except for anti-α-SMA which was horse 

anti-mouse (Vector, North York, ON, Canada). Avidin-biotin complex (ABC) solution (Vector, North 
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York, ON, Canada) was then applied at room temperature for 30 minutes, and 3-3′-diaminobenzidine 

(DAB) chromogen (Abcam, Cambridge, MA, USA) was applied for 10 minutes. Slides were then 

counterstained with Harris modified hematoxylin. Each primary antibody staining had four types of slides: 

positive control, negative control, homozygous tissues and tissues from littermate wild type mice.  

 

(5) Serum and urine biochemistry  

 

Urine samples were collected from 4 homozygous male mice and 4 wild type male mice at  

4-5 weeks old using bladder massaging. Urine samples were kept at 4 °C and analyzed within 24 hours. 

Creatinine and total protein were examined using a Beckman Coulter AU480 machine, and the total 

protein was also examined with a dipstick test (Chemostrip® 5, Roche diagnostics, Mississauga, ON, 

Canada).  

To collect blood samples for serum biochemistry, intraperitoneal anesthesia, 2.5 % Avertin 

(Sigma, Oakville, ON, Canada), was used at a dose of 0.3 ml/100 g body weight. Blood was taken 

directly from the left ventricle of heart of 5 homozygous mice (3 males and 2 females) and 5 wild type 

mice (3 males and 2 females). Blood was collected in e-tubes, and sat for an hour at room temperature to 

allow clotting. The blood samples were centrifuged at 5000 g for 10 minutes to separate serum. The 

serum was collected and stored at -20 °C for biochemistry. Serum biochemistry was conducted on the 

Beckman Coulter AU480 machine. The parameters analyzed were blood urea nitrogen (BUN), creatinine, 

total protein, albumin, bilirubin, alanine aminotransferase (ALT) and aspartate aminotransferase (AST). 
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(6) Statistics 

 

The results are expressed as mean ± standard error of mean (SEM). Significant differences 

between two groups were determined by a non-paired student's t-test. A p-value of less than 0.05 was 

considered statistically significant. 

 

C. Results 

(1) Breeding performance and gross pathology 

 

Among the 25 viable embryos from the MPC232 pedigree received at TCP, 6 males and  

4 females were born after embryo transfer. The wild type to heterozygous mating of G3 and/or C3H/HeJ 

females resulted in 91 G4 mice composed of 53 males and 38 females. The heterozygous to heterozygous 

mating of G4 mice generated a total of 144 G5 mice of which 14 were homozygous. The 14 homozygous 

mice (8 males and 6 females) and their littermate wild type mice were investigated. This pedigree tended 

to produce larger numbers of males than females and more wild type than homozygous mice, and not to 

follow the Mendelian ratios. 

The gross pathological examination at 4-5 weeks of age revealed distinctly smaller body size in 

homozygous mice in both sexes. The average body length, from nostril to anus, of homozygous mice was 

about 70 % of the length of wild type mice (Figure II.3A). The difference in body size started to show 

around 2-3 weeks of age. Homozygous mice showed generally smaller organs compared to their wild type 

littermates regardless of sex (Figure II.3B, F). Three male wild type mice and 3 male homozygous mice at 

29 days of age were used to compare the kidney weight and the body weight in the same sex and at the 

exactly same age. The homozygous mice weighed (13.960 ± 0.725 g) about 25% less than wild type mice 

(19.097 ± 0.412 g) (p = 0.00128) (Figure II.3C). The kidneys of homozygous mice weighed less  

(71 ± 2.944 mg) than half of those in wild type mice (147 ± 6.683 mg) (p = 0.00085) (Figure II.3D). The 

kidney to body weight ratio was 0.770 ± 0.032 and 0.575 ± 0.085 for wild type and homozygous mice  
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(p = 0.00587), respectively, indicating not only growth retardation but also atrophic kidneys in the 

homozygous mice (Figure II.3E). The internal organs, especially the kidneys and liver, were paler in the 

homozygous mice compared to wild types (suspected as anemia due to renal failure). Also, the kidneys of 

homozygous mice presented irregular surfaces. Gross pathology examination was performed genotype-

blindly, and homozygous mice were able to differentiate from wild type mice after 2-3 weeks of age by 

body and organ size, paleness of kidneys and liver, and irregular atrophic kidneys.   
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Figure II.3. Decreased body and organ size of MPC232 

 

A. The body size of the homozygous (HOM) mice at 4-5 weeks of age in both males and females was 

smaller than the wild type (WT) mice at the same age. B. Kidneys of homozygous mice at 4-5 weeks of 

age in both males and females were significantly smaller than wild type mice at the same age. Kidney of 
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homozygous mice showed paler colour and irregular surface. The attached organ on the left side was the 

adrenal gland, which was also smaller in homozygous. C-E. The body weight and the right kidney weight 

were measured in 3 homozygous and 3 wild type male mice at 29 days of age. C. The mean body weight 

of homozygous mice was notably decreased exhibiting about 75% of the weight of wild type mice.  

D. The mean weight of kidneys of homozygous mice was significantly lower than the weight of wild type 

mice. E. The kidney to body weight ratio was also significantly lower in homozygous mice, indicating 

renal atrophy. F. Gross pathology of internal organs. Generally, the organ sizes were smaller by length in 

homozygous mice. The kidney (blue arrow) and liver (white arrow) of homozygous mice were paler than 

those of wild type mice. Values are expressed as mean ± SEM. **: p < 0.01 vs. WT group 
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(2) Renal dysplasia 

 

Histopathology examination showed that all homozygous kidneys presented a consistent 

phenotype of renal dysplasia at 4-5 weeks of age (Figure II.4). The renal parenchyma was atrophic, and 

was reduced to approximately 50 % of the wild type kidney. The renal capsular surface was irregular, and 

the renal pelvis was mildly to moderately dilated (mild to moderate hydronephrosis). The general renal 

architecture was altered, and the corticomedullary junction was poorly defined. The kidneys showed two 

areas of seemingly different pathological presentation in a radial pattern from the inner medulla to the 

outer cortex (Figure II.4B). In a radial pattern from the inner medulla to the outer cortex, especially at the 

suspected corticomedullary junction, there were areas of tortuous dilated tubules that were surrounded by 

disorganized spindle cells (blue arrows in Figure II.4B). Dilated tubules occasionally exhibited prominent 

basement membranes (Figure II.4G). Plump epithelial cells that occasionally sloughed into the lumen 

multifocally lined dilated tubules lost its brush border and dissociated from adjacent epithelial cells, and 

were occasionally stratified (red arrows in Figure II.4G-H).  The plump epithelial cells often sloughed 

into the lumen, shown as droplet-like eosinophilic materials (degenerative cells), and intermittently 

exhibited a few pyknotic nuclei and a few mitotic figures (minimal regeneration). The dilated tubules 

occasionally contained homogenous eosinophilic material in their lumen (suspected as protein cast) 

suggesting either increased glomerular protein loss and/or decreased tubular protein resorption.  In a 

radial pattern, there are also areas of small tubules with inconspicuous or very small lumina (suspected to 

be undifferentiated tubules or atrophic tubules) surrounded by disorganized spindle cells that locate 

diffusely in the renal interstitium (red triangles in Figure II.4B). There were variably distorted glomeruli 

throughout the renal parenchyma. Occasionally in the presumed medullary region, there were both 

abnormal and normal glomeruli (suspected as glomerular dysplasia or atrophic medulla). Approximately 

40 % of glomeruli were normal whereas some glomeruli had normal structure but were hypertrophic 

while others were smaller with closely packed peripherally located prominent nuclei (interpreted as fetal 

glomeruli or atrophic glomeruli). Some glomeruli exhibited faded structure with thickened basement 
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membrane, and some glomeruli were very small and barely distinguishable from the surrounding spindle 

cells.  

The abundant disorganized cells in the renal interstitium of the homozygous mice were confirmed 

to be mesenchymal cells by immunohistochemistry for vimentin (Figure II.5). Glomeruli and a few 

interstitial mesenchymal cells were normally positive for vimentin as shown in the wild type158.  

Both the serum biochemistry and urinalysis exhibited typical signs of kidney disease in MPC232 

homozygous mice. The serum biochemistry denoted significant differences in BUN and creatinine 

(Figure II.6A). The serum level of BUN was 7.22 ± 0.47 mmol/L for the wild type group and 60.60 ± 

15.60 mmol/L for the homozygous group (p = 0.02669) and creatinine was 17.64 ± 0.75 µmol/L for the 

wild type group and 65.59 ± 9.67 µmol/L for the homozygous group (p = 0.01844). The serum 

biochemistry showed no significant differences between the groups in phosphorus, calcium, total protein, 

albumin, total bilirubin, ALT and AST levels. No significant difference between sexes was observed. 

About 100 µl of urine samples were collected in 24 hours from homozygous mice. Since 

minimum amount of urine to examine each parameter was about 40 µl, the urine analysis was limited to 

creatinine and protein. Urine specific gravity was not measured, and urine creatinine and urine protein 

showed a decrease in the homozygous group. The urine creatinine level was 499.46 ± 59.935 µmol/L for 

the wild type group and 148.07 ± 98.389 µmol/L for the homozygous group (p = 0.02088). The urine total 

protein was 19.138 ± 1.526 g/L for the wild type group and 10.390 ±4.607 g/L for the homozygous group 

(p = 0.09449). Also, the dipstick test for urine protein level presented no change in total protein level in 

the homozygous mice. Urine protein to creatinine ratio was 347.61 ± 27.503 for the wild type group, and 

3801.24 ± 2707.813 for the homozygous group (p = 0.16839), suggesting proteinuria in homozygous 

mice (Figure II.6B).  
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Figure II.4. Renal dysplasia of MPC232 at 4-5 weeks of age 

 

  
 

A, C, E: kidney from wild type (WT) mice, B, D, F-H: kidney from homozygous (HOM) mice. H&E 

staining. A. Wild type kidney exhibits clear corticomedullary junction (black arrows). Bar: 1mm. B. 

Homozygous kidneys were smaller than wild type kidney. Renal structure was generally altered in a 

radial patter from inner medulla to outer cortex with obscure corticomedullary junction. Dilated tubules 



44 

were located in a radial pattern, especially at the suspected corticomedullary junction, and surrounded by 

disorganized spindle cells (blue arrows). Small tubules with inconspicuous or very small lumina were 

located between areas of dilated tubules, and also surrounded by disorganized spindle cells (red triangles). 

The renal pelvis was expanded (mild hydronephrosis, black arrow). Bar: 1 mm. C. Renal pelvis, medulla, 

and cortex, from left side of figure. Bar: 1 mm. D. The renal parenchyma in homozygous mice was 

severely reduced in size compared to the wild type in figure II.5C. The renal surface was granular (black 

arrow), and there are enlarged, tortuous and dilated tubules (red arrows). The dilated tubules tend to be 

located at the corticomedullary junction. Bar: 800 µm. E. Renal cortex. Normal glomerulus was located in 

the centre (black arrow). Bar: 200 µm. F. Dysplastic glomeruli (red arrows), and small, tortuous and 

poorly formed tubules (blue arrows) that are dispersed in disorganized oval-to-spindle cells. Bar: 200 µm. 

G. Severely ectatic tubules multifocally are lined by jumbled epithelial cells (red arrows). The brush 

border was segmentally lost, and eosinophilic droplet-like materials exist in lumina (black arrow). Bar: 

200 µm. H. Severely ectatic proximal tubules lined by cuboidal epithelial cells with brush border (blue 

arrows). The brush border was segmentally lost (red arrow), and the epithelial cells with lost brush border 

often sloughed into the lumen (black arrows). Bar: 100 µm. 
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Figure II.5. Mesenchymal cells in the homozygous kidney 

 

Immunohistochemistry for vimentin detects mesenchymal cells in kidneys at 4-5 weeks of age. A-B. 

Kidney from wild type mice (WT). C-D. Kidney from homozygous mice (HOM). A. Renal cortex. 

Glomerulus was normally stained for vimentin. B. Few interstitial spindle cells are positive for vimentin 

in the renal medulla of wild type mice. Glomeruli and few mesenchymal cells between the renal tubules 

throughout the kidney were normally positive for vimentin. C-D. The homozygous kidney shows strong 

vimentin labeling in glomeruli and interstitial spindle cells. Bars: 200 µm.  
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Figure II.6. Serum biochemistry and urinalysis 

A. Serum biochemistry                                  B. Urine Protein/Creatinine              C. Dipstick test 

 

A. Serum from 5 wild type (WT) and 5 homozygous (HOM) mice, 3 males and 2 females in each groups, 

at 4-5 weeks of age was used. The factors that show differences compared to the wild type mice are 

shown above. The serum BUN and creatinine were increased in homozygous mice. B. Urine from 4 WT 

male mice and 4 HOM male mice at 4-5 weeks of age was used. The urine protein to creatinine ratio was 

increased in homozygous mice, suggesting proteinuria. C. The dipstick test showed no changes in total 

protein level, suggesting diluted urine. Values are expressed as mean ± SEM. **: p < 0.01 vs. WT group. 

*: p < 0.05 vs. WT group. 
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(3) Hepatic oval cell hyperplasia and/or biliary hyperplasia 

 

The MPC232 pedigree also showed abnormal liver histology at 4-5 weeks of age in both males 

and females (Figure II.8A-D). In the periportal area, small oval-to-spindle cells were variably increased in 

numbers and they formed small incomplete or complete calibre bile duct profiles (interpreted as oval cell 

hyperplasia with/without biliary hyperplasia). The ductular profiles extended between adjacent portal 

triads, but rarely bridged them. Variation in the severity of hepatic lesions was observed. However, the 

severity of liver phenotype did not correlate with the severity of kidney lesions. 

Immunohistochemistry using markers for AFP, CK7 and α-SMA confirmed oval cell hyperplasia 

and biliary hyperplasia (figure II.8E-J). The small oval-to-spindle cells were positive for AFP, indicating 

oval cells. Some of the oval-to-spindle cells and small calibre bile duct profiles were positive for CK7, 

indicating biliary epithelial cells. The α-SMA stained endothelial cells and hepatic stellate cells, and there 

was no hepatic stellate cells stained in the liver parenchyma.  

The serum biochemistry showed no differences in ALT and AST that indicate liver injury.  
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Figure II.7. Oval cell and biliary hyperplasia in the liver of MPC232 at 4-5 weeks of age 

 

A-D. H&E staining. E -J. Immunohistochemistry on serial sections of wild type and homozygous liver. 
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 A. Wild type liver shows no significant finding. Bar: 400 µm. B. Portal triad of wild type liver. Portal 

vein (PV), hepatic artery (HA), and bile duct (B) are marked in the picture. Bar: 100 µm. C. Homozygous 

liver shows clusters and streams of proliferative cells that surround and nearly bridge the portal triads 

(black arrows). Bar: 400 µm. D. The small oval-to-spindle cells often make numerous small ducts around 

the portal triad, which are better appreciated in figure II.8H. Bar: 100 µm. E-F. Oval cells are positive for 

AFP. Bar: 200 µm. G-H. Ducts are positive for panCK. Bar: 100 µm. I- J. Endothelial cells and some 

single spindle cells (hepatic stellate cells) are positive for α-SMA. Bar: 100 µm.  
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D. Discussion 

 

The MPC232 pedigree rederived at TCP showed similar phenotypes to the MPC232 pedigree at 

MRC Harwell. Renal dysplasia and hepatic oval cell hyperplasia and/or biliary hyperplasia were 

consistent in the pedigrees in both institutes, but the MPC232 homozygous mice at TCP showed milder 

hydronephrosis. Although there were individual differences, the general onset time of the phenotypes in 

the MPC232 at TCP was slightly different from the one at MRC Harwell as well. While many of the 

MPC232 mice at MRC Harwell were very lethargic shortly after weaning (3-4 weeks of age), most of the 

MPC232 homozygous mice at TCP were not lethargic until 4-5 weeks of age. This difference may be due 

to minor differences in the genetic background of wild type females used for breeding at each centre 

(C3H.pde6+ at MRC Harwell versus C3H/HeJ at TCP). Moreover, the milder hydronephrosis in the 

homozygous mice of MPC232 at TCP is suspected to be due to diluted genetic background of C57BL/6 

and due to genetic background close to C3H, as breeding continued. C57BL/6 strain tends to show 

incidental hydronephrosis as one of the most common non-neoplastic lesions: 9% females and 6% males 

of C57BL/6 mice showed hydronephrosis in a study159. Aside from the slight difference in onset time and 

the severity of hydronephrosis that are possibly attributable to the genetic background, the renal and 

hepatic phenotypes of MPC232 homozygous mice at both institutes were comparable. Therefore, based 

on the wild type and the homozygous phenotypes, the reproduction of the mutant pedigree at TCP was 

successful.  

MPC232 homozygous mice were runty and had smaller organs, including kidneys, at 4-5 weeks 

of age (growth retardation). Considering the published kidney to body weight ratio for C3H/HeJ at  

3 weeks of age (0.651)160, the kidney to body weight ratio of MPC232 wild type mice at 4-5 weeks of age 

(about 0.783) were considered to be normal for its age. The kidney to body weight ratio of homozygous 

mice (about 0.575) indicated that homozygous mice have growth retardation as well as atrophic kidneys. 

Kidneys and liver in homozygous mice were paler. This is suspicious for anemia due to progressive renal 
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failure, although biochemical markers for anemia were not examined. Overall, the phenotypes of gross 

pathology were considered to be a consequence of a renal failure.  

In histopathology the MPC232 homozygous mice showed renal dysplasia, and hepatic oval cell 

hyperplasia and/or biliary hyperplasia at 4-5 weeks of age. The renal dysplasia in homozygous mice 

includes: the areas of small tubules (suspected as medullary rays (red triangles in Figure II.4B)) and areas 

of ectatic tubules in a radial pattern from inner medulla to outer cortex (suspected as cortical labyrinths 

(blue arrows in Figure II.4B)); distinctively increased vimentin positive mesenchymal cells in the renal 

interstitium that surround the small or ectatic tubules and the fetal or degenerative glomeruli; and the 

ectatic tubules at the presumably corticomedullary junction, that often were lined by atypical epithelial 

cells and occasionally containing eosinophilic droplet-like or homogenous materials in their lumen 

(necrotic cell debris, protein casts).  

The increased serum creatinine and BUN (azotemia) was consistent with the renal histopathology.  

Based on the severity of renal dysplasia and presence of protein casts in the renal histopathology, 

proteinuria was expected. The increased urine protein to creatinine ratio in homozygous mice supports 

homozygous mice having proteinuria. There was no murine parameter of urine protein to creatinine ratio 

for C3H/HeJ at 4-5 weeks of age available to the best of author’s knowledge; however, the attained urine 

protein to creatinine ratio of wild type mice seems to be acceptable according to the normal urine protein 

and urine creatinine parameter in a 129S1 strain at 9-12 weeks of age158. However, total protein level was 

decreased in urinalysis and dipstick test showed normal protein level in homozygous mice. It is suspected 

that homozygous mice produced severely diluted urine, yet diluted urine cannot be definitive without data 

of urine specific gravity. Overall urine data suggested that homozygous mice had proteinuria and may 

have had diluted urine from abnormal filtration and reabsorption, which are features of renal failure.  

Additionally, the biomarkers for liver injury, ALT and AST, showed no differences, suggesting that the 

liver pathology has not yet affected liver function at this stage. 

These phenotypes of the MPC232 pedigree were all consistently distinct and severe at 4-5 weeks 

of age, suggesting a renal failure in MPC232 homozygous mice. Especially histopathology renal 
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phenotypes indicated at least two possible disease processes for the MPC232 pedigree: a defect in 

mesenchymal-to-epithelial transition (MET) during embryonic kidney development, and a cystic kidney 

disease such as nephronophthisis. 

Defects in MET during kidney development can be suspected based on the presence of poorly 

differentiated mesenchymal tissues. The persistent metanephric mesenchyme (abundant, diffuse, 

disorganized, and vimentin-positive mesenchymal cells in the interstitium) and the 

immature/undifferentiated tubules (small tubules with inconspicuous and/or narrowed lumens), and fetal 

glomeruli are characteristic of a developmental defect of kidneys. Since nephron precursors, such as renal 

vesicle, comma shape body or S shape body, are formed through MET, inadequate MET would result in a 

dysplastic kidney with abnormal function, displaying ectatic tubules, degenerative tubules, and fetal or 

degenerative glomeruli54. Based on the severity of the phenotypes and the early onset time of 4-5 weeks 

of age, a defect of renal development during MET in between E11.5 to E13.5 was suspected.  

Cystic kidney disease, especially nephronophthisis, was also suspected. The ectatic tubules are 

possibly due to cystogenesis, supported by the following observations. First of all, some of the renal 

histopathology of homozygous MPC232 mice exhibited a radial pattern of the disease, which was a 

typical of recessive cystic kidney diseases. Second, the ectatic tubules were mostly located at the 

presumably corticomedullary junction, which was a characteristic feature of nephronophthisis. Third, 

there was prominent interstitial fibrosis, which is a feature of nephronophthisis. Fourth, the size of 

kidneys of the homozygous mice was atrophic compared to the normal kidneys. Nephronophthisis 

presents atrophic kidneys, whereas PKD typically shows enlarged kidney. Fifth, the early onset time and 

extrarenal manifestation of oval cell and biliary hyperplasia were consistent with nephronophthisis. Sixth, 

cyst formation in homozygous MPC232 mice was not apparent enough to be compatible with PKD, 

which seemed compatible with nephronophthisis. Seventh, biliary hyperplasia, one of the common 

extrarenal manifestations of nephronophthisis in humans, supports the homozygous mice of MPC232 may 

have nephronophthisis. Taken together, the renal and hepatic lesions of MPC232 homozygous mice were 
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similar to those associated with nephronophthisis in humans81. Accordingly, an embryo developmental 

study might be essential to differentiate a developmental defect in MET from a cystic kidney disease. 

In either scenario of a defect of renal development or a cystic kidney disease, the growth 

retardation in homozygous mice can be considered to be a consequence of progressive renal failure. 

Another possible scenario for the growth retardation was that the mutated gene may directly and/or 

indirectly affects the signaling pathways related to body and organ size, such as the Hippo signaling 

pathway161 However, since the body size was not different between the homozygotes and wild types until 

after 2-3 weeks of age, the growth retardation was regarded as secondary to the renal dysplasia.  

The kidneys of MPC232 homozygous mice were suspected to have ongoing epithelial to 

mesenchymal transition (EMT) as they exhibited some attributes of EMT: polarity loss and attainment of 

mesenchymal-like feature (Figure II.5G-H). The ectatic renal tubules were often lined by cuboidal to 

round and plump epithelial cells. These epithelial cells were occasionally jumbled in multiple layers. 

Epithelial cells were multifocally dissociated from each other, despite being anchored to the basement 

membrane. On the basis of a hypothesis that a cystogenesis may be underlied in the MPC232, some renal 

phenotypes in homozygous mice (increased interstitial mesenchymal cells, atrophic tubules, and abnormal 

glomeruli with sclerosis) can be explained as features along with excessive EMT in progressive renal 

failure to the stage of ESRD. The prominent interstitial mesenchyme component is uncommon for typical 

cystic kidney diseases, but is consistent with nephronophthisis. To differentiate the excessive EMT in 

progressive renal failure versus the impaired MET of a developmental defect, further investigation, such 

as an EMT study with epithelial markers and mesenchymal markers, may be needed.   

The renal and hepatic phenotypes suggested aberrant β-catenin signaling in homozygous mice of 

MPC232. The canonical WNT/ β-catenin signaling plays an important role in renal development, and 

disruption of this signaling is a potential cause of a defect in MET during embryonic days. Also, both 

canonical and non-canonical WNT signaling are among the key mechanisms of cystogenesis in cystic 

kidney diseases129. The altered β-catenin signaling is supported by a hypothesis of ongoing EMT as well. 

Since the key proteins of the adherens junction are E-cadherin and β-catenin, disrupted cell-cell adhesions 
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release β-catenin to the cytoplasm, and the increased cytoplasmic β-catenin activates the canonical WNT 

signaling pathway. In addition to the rationales of deviant β-catenin from renal phenotypes, the aberrant 

β-catenin level was also suspected based on hepatic phenotypes because overexpression of β-catenin 

causes oval cell hyperplasia in liver162. Oval cells are adult hepatic stem cells that arise when hepatocytes 

or biliary epithelial cells are injured, and tend to differentiate to biliary epithelial cells or hepatocytes 

under an influence of microenvironment which is not clearly known144. Oval cells are involved in liver 

regeneration, development, and liver cancer. Studies have investigated the critical role of WNT/β-catenin 

signaling on oval cell differentiation, liver development, and mainly cancer development (including 

EMT)163. Therefore, the role of β-catenin signaling in renal and hepatic pathology in this mouse model 

needs further study.  

In summary, the MPC232 pedigree had renal dysplasia and hepatic oval cell hyperplasia and/or 

biliary hyperplasia. Based on the renal phenotypes featured by dilated tubules and increased interstitial 

mesenchymal cells, a defect in MET during kidney development or a cystic kidney disease is suggested.   
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CHAPTER III. IDENTIFICATION OF THE POINT MUTATION THAT  

CAUSES THE PHENOTYPES IN THE ENU MUTANT MOUSE PEDIGREE 

 

1. Introduction 

 

It is essential to identify the mutations that are responsible for the characterized phenotypes in 

MPC232 pedigree, as N-ethyl-N-nitrosourea (ENU) mutagenesis is phenotype-driven mutagenesis. The 

MPC232 pedigree, a product of the Harwell ageing screen, is generated via recessive mutations and ENU 

mutagenesis that induces random point mutations at approximately 1-1.5 Mb intervals in genomic DNA18. 

Thus, the process to identify the causative mutation is difficult, thus requiring numerous samples and 

various techniques. In brief, the process involves obtaining individual genetic information from 

homozygous mice from the MPC232 mutant pedigree, and comparing it with their phenotypes. The 

genetic information from a large number of mice is required to compare and detect the candidate point 

mutations. To identify the mutation that caused phenotypes, MRC Harwell screened the genome, which 

will be briefly mentioned blow, and chose 4 candidate point mutations. We investigated further at 

Toronto Centre for Phenogenomics (TCP) to determine the location of the point mutation, including 

breeding MPC232 to get sufficient number of mice and fine-mapping using the Sanger sequencing and 

the SNaPshot genotyping.  

 

2. Materials and methods 

A. Genomic DNA isolation 

 

Genomic DNA samples were obtained from mouse tail at 2 weeks of age. The DNA-lysis buffer 

was made from 1 % SDS, 0.1 M NaCl, 0.1M EDTA, 0.05 M Tris with pH 8 and sterile ddH2O. Lysis 

buffer (450 µl) and 10 µl of proteinase K at 20 mg/ml concentration were added to the tail samples and 
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incubated in a 55 °C water bath until the tail dissolved. Then, 200 µl of 5 M potassium acetate was used 

to stabilize the DNA. The DNA solution was vortexed, sat for 5 minutes, and was centrifuged at 12 000 g 

for 5 minutes. After centrifugation, the supernatant was transferred to fresh DNase free tubes, thoroughly 

mixed with 800 µl of isopropanol, incubated in the -20 °C freezer for 10 minutes, and spun down at  

120 000 g for 3 minutes. A small pellet consisting of precipitated DNA was visible at the bottom of the 

tube. The supernatant was carefully discarded, and the DNA was washed 2 times with 700 µl of 70 % 

ethanol in the same way as the isopropanol wash. The DNA pellet was air dried, suspended in tris-

ethylene diamine tetraacetic acid (TE) with pH 7.6, and stored at 4 °C. The DNA concentration and 

quality were measured using the NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA, USA). 

  

B. Polymerase chain reaction and DNA sequencing 

 

The locus M1 in the intergenic region, M2 in the intergenic region, M3 in the intron of the 

Cmtm2b and M4 in the exon of the Pskh1 were genotyped with advanced Sanger sequencing. The primers 

were designed to yield DNA amplicons of about 100-150 bp including the point mutation (Table III.1). 

The DNA concentration was set to 100 ng/ml. Each polymerase chain reaction (PCR) reaction was carried 

out in a total volume of 25 µl. DNase and RNase free water and the FastStart High Fidelity PCR system 

(Roche, Pleasanton, CA, USA) were used for the reaction. The prepared solution was incubated for  

2 minutes in 95 °C for initial denaturation, then through 35 cycles of 30 seconds at 95 °C (denaturation) 

and 30 seconds at 59 °C (annealing) and 30 seconds at 72 °C (elongation), and an additional 3 minutes at  

72 °C at the end of the 35 cycles.  

A 5 µl aliquot of the amplified PCR product was analyzed by gel electrophoresis with a 1.5 % 

agarose gel (Life technologies, Burlington, ON, Canada). A 100 bp DNA ladder (Invitrogen, Burlington, 

ON, Canada) and SYBR Safe DNA Gel stain (Invitrogen, Burlington, ON, Canada) were used to check 

the amplified DNA size.  
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The amplified DNA was then purified with the High Pure PCR Product Purification Kit (Roche, 

Pleasanton, CA, USA) according to the protocol enclosed in the kit. The amplified and purified DNA was 

sent to The Centre for Applied Genomics (TCAG) on a fee-for-service basis to perform DNA sequencing. 

Seven ng/µl of DNA was prepared, and DNA Sequencing was performed by capillary 

electrophoresis (Applied Biosystems, Carlsbad, CA, USA). The sequencing flow was composed of cycle 

sequencing, purification, capillary electrophoresis and data analysis.  

 

C. SNaPshot SNP genotyping  

 

Template DNA was prepared at a 50 ng/µl concentration and submitted to TCAG for SNaPshot 

SNP genotyping. A total of three primers were needed for each locus to amplify the nearest region of the 

point mutation (forward and reverse primer) and to detect the point mutation (snap primer). The primers 

were designed for the four candidate mutations, M2-M4 (Table III.2). The a small region of template 

DNA was amplified including the point mutation, the amplified DNA was purified, and single base 

extension was run with the ABI Prism SNaPshot Multiplex kit (Applied Biosystems, Carlsbad, CA, USA) 

according to the kit protocol. SNaPshot products were then fluorescence-labeled, separated using an ABI 

Prism 3130 DNA sequencer, and analyzed. The SNaPshot results were confirmed by sequencing using 

reverse primers, and products from the Applied Biosystems were used for all steps. 

 

D. Protein extraction and western blot  

 

The collected kidney samples from 4-5 week old wild type and homozygous mice were kept in  

-80 °C freezer, and used to extract proteins. The proteins were dissociated mechanically using stainless 

beads in the lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM EGTA, 2 mM EDTA, 1 % 

Triton X-100, 100 µg/ml soybean trypsin inhibitor, 100 µg/ml benzamidine hydrochloride, 1 mM PMSF, 
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50 µg/ml aprotinin, 50 µg/ml leupeptin, 50 µg/ml pepstatin A, 50 µg/ml antipain, 50 mM sodium fluoride, 

10 mM sodium pyrophosphate, and 10 mM sodium orthovanadate) with protease inhibitor (Roche, 

Pleasanton, CA, USA) at 4 °C. The lysates were separated at 12 000 g for 20 minutes at 4 °C, and the 

supernatants were collected.  

The protein concentration was measured by a Bradford assay (Bio-Rad, Mississauga, ON, Canada) 

and aliquots of 30 µg per sample were made. The protein samples were resolved by SDS-PAGE and 

transferred to nitrocellulose membranes. The membrane was treated with 5 % BSA in TBST buffer  

(20 mM Tris pH 7.6, 137 mM NaCl, 0.1 % Tween 20) to block non-specific binding, and probed with the 

primary antibody for PSKH1 (Abcam, Cambridge, MA, USA) overnight at 4 °C. Then, the HRP-

conjugated goat anti-rabbit secondary antibody was applied for 1 hour at room temperature, and 

Enhanced Chemiluminescence solution (Amersham Pharmacia Biotech, Piscataway, NJ, USA), was 

applied to detect signals. The membrane was reused to probe GAPDH (Santa Cruz, Santa Cruz, CA, USA) 

after soaking in Restore Western Blot Stripping Buffer (PIERCE Chemical, Waltham, MA, USA) for  

3 hours at room temperature. The Image J was used to quantify the relative protein expression compared 

to endogenous housekeeping gene.   

 

E. RNA isolation, cDNA synthesis and quantitative reverse transcriptase PCR  

 

RNA was extracted from kidney samples with TRIZOL reagent (Invitrogen, Burlington, ON, 

Canada) following the manufacturer’s protocol. Briefly, kidney tissues were homogenized in 1 ml of 

Trizol using 1 mm glass beads (Biospec, Bartlesville, OK, USA) and a Mini-Beadbeater-1 (Biospec, 

Bartlesville, OK, USA) and incubated for 5 minutes at room temperature. After that, lysates were shaken 

vigorously using the Mini-Beadbeater-1 after adding 200 µl of chloroform (Sigma, Oakville, ON, 

Canada). The lysates were centrifuged at 12 000 g for 15 minutes at 4 °C to collect the supernatant that 

contains RNA. To precipitate RNA, 500 µl of isopropanol (Sigma, Oakville, ON, Canada) was added and 

the mixture was incubated for 10 minutes at room temperature. The tubes were centrifuged at 12 000 g at 
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4 °C to get the RNA pellet. Next, 1 ml of 75 % ethanol was added to wash the RNA which was then 

centrifuged at 7500 g for 5 minutes at 4 °C. The RNA pellet was air-dried for about 10 minutes and 

dissolved in RNase-free water at 55 °C for 20 minutes. All tubes used were RNase-free. 

 The RNA was quantified using the NanoDrop spectrophotometer (Thermo Scientific, Waltham, 

MA, USA), and good quality RNA (ratio of A260/280 absorbance was over 1.8) in 1 µg/ml concentration 

was used to synthesize cDNA. The cDNA was synthesized using Superscript II reverse transcriptase 

(Invitrogen, Burlington, ON, Canada) according to the enclosed protocol.  

 The cDNA was diluted, and 10 ng/ml of RNA was use for quantitative reverse transcriptase PCR 

(qRT-PCR) which was conducted using a Power SYBR® Green RT-PCR Reagents Kit equipped with 

Viia7 (Applied Biosystems, Carlsbad, CA, USA) following the manufacturer’s protocol. Several designs 

and different concentrations (100 nM, 500 nM and 1 µM) of primers for Pskh1, Cmtm2b and Gapdh were 

tried to optimize the qPCR conditions. The primer sequences for Pskh1, Cmtm2b and Gapdh are listed in 

Table III.3. A triplicate of five serial 10x dilutions and negative controls were run to derive standard 

curves for each assay, and mean values were used. For relative quantitation of gene expression the 

Comparative CT Method (ΔΔ CT Method) was used, and the threshold cycle value (CT) of target genes 

was normalized to an endogenous reference gene (Gapdh).  

 

 

  



60 

Table III.1. Sequence of primers for Sanger sequencing 

Mutation Forward primer (5′→3′)  Reverse primer (5′→3′) 
M2 GCAGGATGGAGCATCTGTATCA  TCAGCC TCTATACAATGATGACGT 
M3 CTGCCACTACTATTTCTCTGTCCC TAATTGGCTCTTGGACTTCTGG 
M4 AGCCTCGCTGGAGAGGAT TTTGAGAGGGCCAACACTGT 

 

 

Table III.2. Sequence of primers for SNaPshot genotyping 

Mutation Forward primer (5′→3′) Reverse primer (5′→3′) Snap primer (5′→3′) 
M2 CTCAGCCTCAACCAACTCTG ACCCTCTGTTTCCCAATGTG GTTCTTGTCAAGAACTTGATCAG 
M3 TCTCCTGGACCCTTCTTCTG GGCTCTTTAAATGGCCCTATG CAGCCTCTGCTGCCTGTCA 
M4 CACTGCCTACAGAGCAGGTC GCAGGGAGGTGCATACTGAC GGCTGTGGGACAAGCAAGG 

 

 

Table III.3. Sequence of primers for qRT-PCR 

Gene Forward primer (5′→3′)  Reverse primer (5′→3′) 

Cmtm2b (M3) CTGGTATGATCCTCATGGGTGT AAAGGAGTTTCGGGTCCTGC  
Pskh1 (M4) GTGCCCGGAAGAAAGGTGA  GTAGGGTTTTCGCACCAGAAC 
Gapdh AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 
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F. Statistical analysis 

 

The western blot (WB) and qRT-PCR were carried out independently a minimum of three times, 

and the quantification of each value is expressed as the mean of all measures ± SEM. Statistical analysis 

was carried out using a non-paired student's t-test. A p value of less than 0.01 was considered statistically 

significant. 

 

3. Results 

A. Genetic analysis at MRC Harwell 

  

 The work carried out at Medical Research Council (MRC) Harwell is briefly described herein. 

Linkage analysis was performed using the Illumina medium density single nucleotide polymorphism 

(SNP) array that uses a panel of 900 SNPs. This array provides different genetic information in C57BL/6J 

and C3H.Pde6b+ mouse strains. Consequently, the mutation region was further narrowed down by a 

linkage analysis to locations between 101419945 – 113712788 in chromosome 8 (Appendix 1A-B). The 

GRCm38.p4 genome assembly was used throughout this thesis. MRC Harwell sequenced the relevant 

chromosomal region of the mutation in the G1 male mouse using Illumina-based sequencing to identify 

mutations (Appendix 1C). By comparing the location of point mutations with G1 male mouse sequencing 

data, the candidate mutations were narrowed down to 4 point mutations on chromosome 8 (Appendix 1D). 

These 4 point mutations are: A to G transition at 8:103027969 (M1), T to C transition at 8:103359532 

(M2), A to T transition at 8:104324177 (M3), A to T transition at 8:105912712 (M4), C to T transition at 

8:110105159, and T to A transition at 8:112515416. M1 and M2 are intergenic variants, M3 is an intron 

variant of Cmtm2b (CKLF-like MARVEL transmembrane domain containing 2B) gene, and M4 is a 

missense variant of Pskh1 (protein serine kinase H1) gene.  
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B. Mutations in Cmtm2b and Pskh1   

 

To compare phenotype to the genotype, all homozygous mice were categorized by their 

histopathological phenotypes. The DNA of embryo cryorecovered mice of the third generation was 

collected at the TCP and sequenced for all 6 candidate mutations using pyrosequencing at MRC Harwell 

(Appendix 1D). In this process, three loci (103027969 (M1), 110105159 and 112515416) on chromosome 

8 were ruled out and the candidate mutations were narrowed down to three possible locations: M2, M3 

and M4, as shown in Table III.4A. 

 As the phenotypes in MPC232 pedigree is expressed in recessive fashion, a total of 144 mice 

were attained by the fifth generation. Mice were analyzed for all three mutations of M2-M4 until the 9th 

mutant mouse (mouse ID, 179) that was heterozygous at M2. Therefore, the candidate mutations were 

narrowed down to two locations, M3 in intron of Cmtm2b and M4 in an exon of Pskh1, which are 

coloured red in Table III.4B.  

Sanger sequencing was used to genotype the fourth generation and some of the fifth generation. 

Later, both Sanger sequencing and SNaPshot were used to confirm the genotype result for the fifth 

generation, because some homozygous mice showed heterozygous-like traits that made interpretation 

difficult. Since SNaPshot showed clearer results than Sanger sequencing, it was used for the rest of the 

genotyping.  

All mice with a homozygous phenotype in the fifth generation had a homozygous genotype for 

M3 as well as for M4. Thus, it was impossible to separate the two mutations, and to designate one gene 

over another as a causal gene for the phenotype. Therefore, protein and mRNA expression of Pskh1 and 

Cmtm2b were assessed. 
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C. Protein expression of PSKH1 

 

The WB result of PSKH1 displayed clear differences between wild type and homozygous groups 

(Figure III.1). The protein level of PSKH1 was normalized to endogenous housekeeping protein, GAPDH. 

The expression of PSKH1 in the homozygous group was significantly less than that of the wild type 

group (Figure III.1).  

 There was no commercial antibody for CMTM2b, so the protein expression level of CMTM2b 

was not examined.  
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Table III.4. Investigation of point mutations 

A. Sequencing result from the embryo cryorecovery narrowed the candidate mutations down to three 

mutations (red coloured). 

Mouse 
ID Sex Phenotype 8:103027969 

(M1) 
8:103359532 

(M2) 
8:104324177 

(M3) 
8:105912712 

(M4) 8:110105159 8:112515416  

4737 

M 

WT/HET Failed  Failed Failed   Failed Failed Failed 

4738 WT/HET TC TC AT TA CT TA 

4739 WT/HET TC TC AT TA CT TA 

4740 WT/HET TC TC AT TA TT TA 

4741 WT/HET CC TC AT TA CT TA 

4742 WT/HET TT TT AA TT CC TT 

4743 

F 

HOM CC CC TT AA TT AA 

4744 WT/HET TT TT AA TT CC TT 

4745 WT/HET TT TT AA TT CC TT 

4746 WT/HET TC TC AT TA TT AA 

 

B. Final candidates of the causative mutations for the phenotype is in Cmtm2b and Pskh1. 

Mouse ID Sex Phenotype 8:103359532 (M2) 
(in intergenic region) 

8:104324177 (M3) 
(in Cmtm2b) 

8:105912712 (M4) 
(in Pskh1) 

179 F HOM TC TT AA 
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Figure III.1. PSKH1 protein expression 

 

A. The protein expression of PSKH1 from western blotting. B. The relative protein expression of PSKH1 

in Figure III.1A was quantified using Image J. The PSKH1 expression in homozygous mice (HOM) was 

approximately 58 % decreased compared to wild type mice (WT). Values are expressed as mean ± SEM. 

**: p < 0.01 vs. WT group.  
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D. mRNA expression of Pskh1 and Cmtm2b  

 

Unfortunately, the qRT-PCR results failed to confirm mRNA expression of Pskh1 or Cmtm2b. 

Pskh1 primers, which are listed in Table III.3, had equal melting points in all diluents. However, the 

primer efficiency was about 88 %, suggesting the data may not be reliable. The primers that showed the 

same melting points in all diluents were used for Cmtm2b, and are also listed in Table III.3. However, the 

Cmtm2b mRNA amplification starts to show up after 37 cycles in both the wild type and the homozygous 

groups, regardless of cDNA concentration. Therefore, the mRNA expression of Cmtm2b in kidney was 

too low to evaluate in our assay.   

 

4. Discussion 

 

The mutations that might have caused the phenotypes of MPC232 had been narrowed down to the 

A-T point mutation in an intron of Cmtm2b (8:104324177) and the A-T point mutation in an exon of 

Pskh1 (8:105912712). The two mutations could not be separated: all mice with phenotypes had both 

homozygous mutations in Cmtm2b and Pskh1, and all mice without phenotypes had none of the 

homozygous mutations. It may be due to that the two loci were close enough to each other (about 1 600 

000 base pairs) and inherited together. Although the low to medium depth of whole genome sequencing 

of founder C57BL/6 male mouse can be a drawback, coexistence of two homozygous mutations in all 

mice with phenotypes indicates that these two genes might be critical to cause the phenotypes.  

Pskh1 was prioritized for several reasons. First of all, considering the obvious and strong 

phenotype of MPC232, it is probable that the causative mutation may be on Pskh1, since its mutation is 

exonal. The point mutation in Pskh1 led to valine (a nonpolar aliphatic R group) to aspartic acid (a 

negatively-charged R group) mutation. Therefore, the change in amino acid strongly suggested a 

conformational change of the overall protein structure, and western blot revealed change in protein 

expression as well. Thus, it is likely that PSKH1 biology is disrupted and may potentially result in the 
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phenotype. In addition, it is much more intuitive to follow up on mutations in protein coding regions than 

the mutations in intron. Second, it is difficult to examine consequences of intron mutation. Previous 

studies have shown that intron and intergenic region mutations can result in gene expression alterations 

by disrupting their cis (on same DNA strand) or trans (on different DNA strand) regulatory functions, 

such as enhancer functions188. However, it is difficult to determine potential regulatory function of the 

loci and whether these are disrupted due to the introduced SNP.  

A balance between protein synthesis and degradation determines intracellular protein level. Since 

the mutation in Pskh1 was a missense mutation, the mutation may not change in PSKH1 synthesis, and 

thereby the mRNA level of Pskh1 may have remained unaffected. However, the significantly lower 

PSKH1 protein expression in homozygous mice than wild type mice of MPC232 may be due to that 

misfolded proteins are often degraded more rapidly. Though, the proteolytic mechanism in proteins with 

missense mutations is not fully understood164.  

Little is known about mouse Pskh1. Most of studies on Pskh1 have been done using human 

kidney cells. Assuming that molecular functions of PSKH1 proteins in humans and mice are same, the 

renal histopathology of renal dysplasia with dilated tubules shown by MPC232 homozygous mice makes 

sense for several reasons.  First of all, a possible mechanism that might have caused the phenotypes of the 

MPC232 homozygous mice is abnormally oriented cell division of kidney epithelial cells. Also, Pskh1 

gene may be more specific for kidney epithelial cells than others. It was suggested that PSKH1 is highly 

localized in the centrosome, which is the center for cytoplasmic microtubule formation. In epithelial 

development, it is important to have the correct mitotic angle of the centrosome when the cell divides165. 

Abnormal positioning of the centrosome in dividing cells results in defects of convergent extension (CE) 

and oriented cell division (OCD), and eventually generates atrophic tubules with narrow lumens and/or 

dilated and tortuous tubules; these are present in kidneys of MPC232 homozygous mice130. Second, the 

point mutation in Pskh1 may have caused defects in intracellular trafficking of proteins related to 

cystogenesis, and it may have caused the phenotypes of MPC232 homozygous mice. PSKH1 is localized 

in the endoplasmic reticulum (ER), the Golgi apparatus, and the plasma membrane. The Golgi apparatus 
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plays a role in posttranslational modification and packaging the secretory and transmembrane proteins 

from ER into vesicle for transportation. Accordingly, mutations in Pskh1 may cause errors in intracellular 

secretory pathways150. This idea is supported by many studies that indicate various serine-threonine 

kinases are involved in exocytosis and endocytosis pathways in the ER, the Golgi apparatus and the 

plasma membrane, since PSKH1 is a member of the serine-threonine kinase family166. Lastly, the other 

possible underlying mechanism of MPC232 homozygous mice might be that mutation in Pskh1 caused a 

disruption in intracellular Ca2+ concentration by dysfunctional transient receptor potential cation channel 

subfamily V member 4 (TRPV4). A recent study reported that epithelial cells of dilated collecting ducts 

from  rats with autosomal recessive polycystic kidney disease (ARPKD) had decreased basal Ca2+ 

concentration, abnormal localization of TRPV4, impaired TRPV4 activity and disrupted 

mechanosensitive Ca2+ signaling, compared to epithelial cells of non-dilated collecting ducts from 

ARPKD167. In addition to the listed function of TRPV4 in the epithelial cells of dilated tubules, TRPV4 

directly interacts with PC (polycystin) 2 168. PC1, PC2 and fibrocystin (FPC) can induce cystic kidney 

diseases; PC1 and PC2 compose Ca2+ permeable channels in the primary cilia and interacts with FPC to 

control Ca2+ influx76, 78. TRPV4 can be activated by a small amount of Ca2+ by direct binding to 

calmodulin. The increased intracellular Ca2+ level either activates TRPV4 via Ca2+-dependent protein 

kinase C or inhibits TRPV4 via a negative feedback mechanism169. Remarkably, PSKH1 is 50 % 

homologous to calmodulin kinase I and is sensitive to intracellular Ca2+ concentration150, suggesting a 

possible role of PSKH1 in controlling intracellular Ca2+ concentrations. Thereby, it is also feasible that 

the mutation in Pskh1 may have caused ciliary dysfunction from aberrant intracellular Ca2+ level, and 

may have generated the phenotypes of MPC232. Indeed, that mutation in PSKH1 was found in human 

ciliopathies170, and aforementioned features of PSKH1 correlate to the mechanisms of ciliopathy171. 

The mRNA level of Pskh1 and endogenous Gapdh could not be examined since the results were 

not reliable (the amplification efficiency of qRT-PCR was not acceptable). Optimization of qRT-PCR 

was attempted by assuring cDNA quality and manipulating cDNA concentration, primer concentration 

and melting temperature, yet it was unsuccessful.  
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Investigating Cmtm2b was difficult. First of all, very little is known about Cmtm2b to make any 

hypothesis. Second, there CMTM2b antibody was not commercially available, so protein expression 

levels were not evaluated. Third, mRNA expression was evaluated instead of protein expression under the 

hypothesis that the point mutation in intron of Cmtm2b affects CMTM2b protein expression. Yet, the 

mRNA of Cmtm2b was extremely low so, with the signal appearing after 37 cycles of amplification in 

both groups.  As such, the qRT-PCR result was not comparable or reliable for Cmtm2b transcription.  

The Mendelian genetics propose 25% of homozygous mice production. However, MPC232 

pedigree produced only 14 homozygous mice among a total of 144 mice at 4-5 weeks of age 

(approximately 10%), which is not accordant to Mendelian ratio. Death of homozygous mice might be 

one of the reasons for the lower number of homozygous mice in MPC232 pedigree. Few cases of 

maternal infanticide were observed for the neonatal mice with lethargic and poor behaviour, and 

embryonic death in utero was also observed. The individual difference with embryonic lethal or weak 

neonates may be attributed to ENU mutagenesis. Since ENU mutagenesis causes random point mutations, 

each mouse has different mutation set in their genome, and some mutation sets may ascribed to 

embryonic lethal and the disagreement with the Mendelian ratio.  

We have discussed whether either a point mutation in Pskh1 or in Cmtm2b may be the causative 

mutation for the phenotypes of MPC232, however, we cannot rule out that both mutations may be 

required together or may play important roles in producing the phenotype or in regulating other causative 

mutations that located in a great distance. To find the definitive causative mutation for the phenotypes in 

MPC232, the correlation of the detected point mutation and the mutant phenotypes needed to be further 

investigated. The genetically manipulated cells or animals that have mutations in Pskh1 or Cmtm2b need 

to be studied, and the mutation either in Pskh1 or Cmtm2b was expected to present the same 

morphological or functional phenotypes with the MPC232 homozygous mice. For example, siRNA can 

be used to knockdown the function of Pskh1 in kidney cells to verify if the point mutation in Pskh1 

causes the renal phenotypes in the MPC232 pedigree. Eventually, the functional importance of the 

mutations will need to be addressed through transgenic mouse studies generated through CRISPR-Cas9 
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system. During this, it would be crucial to induce both Pskh1 and Cmtm2b mutations and determine their 

functional importance. 

In conclusion, the causative mutation for the phenotypes in MPC232 was narrowed down to 

Pskh1 and Cmtm2b, but it is still inconclusive which gene causes the phenotypes. Further investigation is 

needed, but the point mutation in Pskh1 is highly suspected to be the causative mutation due to the 

intracellular location, the function of intracellular trafficking, and the involvement of intracellular Ca2+ 

concentration in humans, as well as the recent findings in human ciliopathies170. 
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RATIONALE AND HYPOTHESIS II 

 

 Histopathological phenotyping revealed that the MPC232 pedigree showed renal dysplasia and oval 

cell and/or biliary hyperplasia at 4-5 weeks of age in both sexes. In concurrence with the 

histopathological data, serum biochemistry and urinalysis indicate renal failure. The renal morphology of 

dilated tubules and prominent interstitial mesenchymal cells suggest that renal dysplasia is likely due to 

either a defect of mesenchymal to epithelial transition (MET) during embryonic development, or a cystic 

kidney disease with progressive end stage kidneys, such as nephronophthisis. The shared underlying 

signaling pathways of all phenotypes in MPC232 homozygous mice suggest that the β-catenin signaling 

is aberrant. Genetic mapping revealed that ENU induced an A to T point mutation in an exon of Pskh1 

and an A to T point mutation in an intron of Cmtm2b in MPC232 homozygous mice. Human PSHK1 

protein is involved in intracellular trafficking and intracellular Ca2+ concentration. In mice, however, both 

Pshk1 and Cmtm2b are poorly characterized.  

 Given the nature of the phenotypes and the ENU-mutated gene information, the second hypothesis 

is the point mutations in Pskh1 and/or Cmtm2b causes a defect in MET during the embryonic days or a 

cystic kidney disease through aberrant β-catenin signaling pathway.
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CHAPTER IV. CHARACTERIZATION OF A MOUSE MODEL OF EARLY ONSET RENAL 

DYSPLASIA AND EXPLORATION OF THE UNDERLYING MECHANISM  

 

1. Introduction 

  

The kidney has been used as a representative model organ for investigating the pattern of 

epithelial-mesenchymal interactions, epithelial cell polarization and morphogenesis of epithelial 

branching. While the genetic mechanisms that govern renal physiology are well understood, the 

pathogenesis of many kidney diseases, including nephronophthisis, and the inter-relationship between 

multiple genes in renal pathophysiology are still poorly understood81. Therefore, new mouse models to 

elucidate the genetic causes and pathogenesis of kidney diseases are needed.  

The MPC232 pedigree exhibited atrophic and dysplastic kidneys at 4-5 weeks of age in both 

sexes (see Chapter II). The renal histopathology was characterized by several features: abundant 

disorganized mesenchymal cells in renal interstitium; areas of ectatic tubules in radial pattern from inner 

medulla to outer cortex, mainly at the corticomedullary junction; and areas of small tubules with 

inconspicuous or very small lumina admixed with disorganized spindle cells. It also showed oval cell and 

biliary hyperplasia in the liver with individual variation in the severity at 4-5 weeks of age in both sexes. 

The mutations that cause the phenotypes have been potentially narrowed down to a point mutation in an 

exon of Pskh1 (protein serine kinase H1) and a point mutation in an intron of Cmtm2b (CKLF-like 

MARVEL transmembrane domain containing 2B), and MPC232 homozygous mice showed decreased 

PSKH1 protein expression (see Chapter III). Since the renal phenotypes are considered to be the main 

cause of the clinical signs and symptoms (Figure II.4), the renal phenotypes and their underlying 

mechanism(s) were focused on and studied in this chapter for two purposes: first, characterization of a 

mouse model, and second, exploring the gene function and associated mechanisms. 
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PSKH1/Pskh1 and CMTM2/Cmtm2b are relatively recently discovered genes in humans and mice. 

No information about their function in relation to pathogenesis in human diseases, including kidney (or 

liver) diseases, has been elucidated to date. A study suggested that PSKH1 protein may physically interact 

with cell division cycle 6 (CDC6) in epithelial cells undergoing epithelial to mesenchymal transition 

(EMT)145, 172. Another study proved that CDC6 suppresses CDH1/Cdh1 gene transcription in mice and 

various human carcinoma cells, resulting in decreased E-cadherin protein expression172. E-cadherin is a 

main component of adherens junction along with β-catenin, playing a critical role in epithelial integrity 

and polarity173. Destruction of adherens junctions leads to EMT, and consequentially increased 

cytoplasmic β-catenin either activates canonical WNT signaling or is degraded without WNT signaling 174. 

MPC232 homozygous mice were suspected either to have a developmental problem of mesenchymal to 

epithelial transition (MET) defect during renal development or to have nephronophthisis considering the 

early onset time and abundance of mesenchymal cells in the kidney. Aberrant WNT pathway signaling, 

especially attenuated PCP signaling, is considered to be the leading cause of cystogenesis117. Amongst 

pathways involved in MET in development of metanephric mesenchyme (MM), the over active canonical 

WNT/β-catenin signaling pathway is involved in disruption of MET between embryonic day (E) 12.5-

15.567. Moreover, the overexpressed canonical WNT/β-catenin signaling pathway results in oval cell 

hyperplasia in the liver62, 162. Accordingly, β-catenin signaling was investigated as the starting point to 

explore the underlying mechanism in MPC232 homozygous mice, and we hypothesized that decreased 

PSKH1 protein may cause aberrant canonical WNT signaling, and this may lead to the phenotypes of 

MPC232 homozygous mice.  

Hence, in this chapter, a developmental phenotyping study was performed to characterize the 

onset of disease in this mutant mouse, and experiments to explore the molecular mechanisms underlying 

the phenotypes were conducted. 
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2. Materials and Methods 

A. Animal sources, husbandry and breeding of mice 

 

Mice and breeding details were outlined in section II.2.B.(2). For the embryonic and juvenile 

studies conducted here, G5 heterozygotes were used for breeding, and offspring were screened at various 

embryonic days of age (Figure II.2). The copulatory plug was checked with a probe every morning to 

attain exactly timed embryos after setting up the breeding pairs.  

 

B. Genomic DNA isolation 

 

Genomic DNA of embryos was isolated from tail or hind limbs. The method for embryonic DNA 

isolation was the same as previously described for postnatal mice in section III.3.A.  

 

C. SNaPshot SNP genotyping  

 

Template DNA was prepared at 50 ng/µl concentration and submitted to TCAG for SNaPshot 

SNP genotyping. The same process as in section III.3.C was applied, and the same primers for M3 and 

M4 (Table III.2) were used. SNaPshot results were confirmed by sequencing using reverse primers, and 

products from the Applied Biosystems (Carlsbad, CA, USA) were used for all steps. 

 

D. Gross pathology and sample collection 

 

The procedure was the same as described in section II.2.B.(3) for mice at post-natal day (PN) 4, 

PN7 and PN11. To obtain embryos at E15.5 and E18.5, pregnant heterozygous dams were euthanized by 
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CO2. To avoid degeneration from a time delay, embryos were collected in the intact uterus without 

destroying the amniotic sac and stored in PBS at 4 °C until a necropsy was able to be performed on each 

embryo. Both kidneys were collected for histopathology and fixed in 10 % formalin. 

 

E. Histopathology and immunohistochemistry 

 

Tissues were prepared and stained for H&E and immunohistochemistry as described in section 

II.2.B.(4). Antibodies used for immunohistochemistry are summarized in Table IV.1. 

All staining solutions were made in the Pathology Phenogenomics Core at Toronto Centre for 

Phenogenomics with chemicals from the Fisher Scientific (Markham, ON, Canada) and Sigma (Oakville, 

ON, Canada) except as noted. 

Periodic acid-Schiff (PAS) was performed on formalin fixed tissue. After deparaffinization, the 

slides were oxidized in 0.5 % periodic acid for 5 minutes, and washed in distilled water. Then the slides 

were dipped in Schiff’s reagent (Leica, Buffalo Grove, IL, USA) for 15 minutes, rinsed directly under 

running tap water for 5 minutes, and counterstained with Harris’ haematoxylin for 1 minute. The slides 

were dehydrated and a coverslip was mounted.  

Masson’s trichrome was performed on deparaffinized formalin fixed tissue. The slides were re-

fixed in Bouin’s solution for 1 hour at 56 °C for better results. The slides were then rinsed in running tap 

water for 10 minutes, and stained in Weigert's iron hematoxylin solution for 10 minutes. Again, the slides 

were rinsed in running tap water for 10 minutes, and then soaked in phosphomolybdic-phosphotungstic 

acid solution for 10 minutes. Without rinsing, the slides were transferred to aniline blue solution and 

stained for 5 minutes. The slides were rinsed briefly in distilled water and differentiated in 1 % acetic acid 

solution for 3 minutes. Finally, the slides were dehydrated, and coverslipped. 

Embryonic and early postnatal developmental studies were performed on H&E stained kidney 

sections. The development study was examined by three pathologists who were blind to the genotype. 
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F. Protein extraction and western blot 

 

The method was same as in section III.3.D. The primary antibodies used were GAPDH (Santa 

Cruz, Santa Cruz, CA, USA), E-cadherin (cell signaling, Danvers, MA, USA), β-catenin (cell signaling, 

Danvers, MA, USA), and Cdc6 (Abcam, Cambridge, MA, USA). Antibodies used for 

immunohistochemistry are summarized in Table IV.1. 

 

G. Statistical analysis 

 

The western blot (WB) was performed independently three times. Image J was used for 

quantification, and each value is expressed as the mean of all measures ± SEM. The significance and 

difference of groups were determined by non-paired student's t-test. A p value of less than 0.05 in 

differences was considered statistically significant.  
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Table IV.1. Antibodies for immunohistochemistry 

 
Antigen Retrieval Primary Antibody 

Primary Antibody 

Dilution 

α-SMA No retrieval Dako, Canada 1:400 

Acetylated 

α-tubulin 
95 °C 3 hours Sigma, Canada 1:800 

CD45R 95 °C 3 hours Abcam, USA 1:100 

CD3 95 °C 3 hours Abcam, USA 1:1000 

CD68 95 °C 3 hours Abcam, USA 1:100 

Vimentin 95 °C 3 hours Sigma, Canada 1:500 

E-cadherin 95 °C 3 hours Cell signaling, USA 1:400 

N-cadherin 90 °C 3 hours + EDTA Abcam, USA 1:200 

β-catenin 95 °C 3 hours Cell signaling, USA 1:200 
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3. Results 

A. Absence of defects in mesenchymal to epithelial transition during kidney development. 

 

Mice at E15.5, E18.5, PN4, PN7 and PN11 were sacrificed to study kidney development in MPC232 mice. 

A total of 117 embryonic and juvenile kidneys were examined. The SNaPshot genotyping results and the 

number of mice used at various ages are in Table IV.2. Histopathology of the developmental study in 

embryos and early postnatal mice revealed no gross or histopathological difference among homozygous, 

heterozygous and wild type mice in all different ages (Figure IV.1). Kidneys at E15.5 presented more 

comma-shape bodies and S-shape bodies in outer renal parenchyma, and some loose spindle cells, 

suspected to be undifferentiated metanephric mesenchyme, in the interstitium. The kidneys at E18.5 

started to develop in a radial pattern from the inner medulla to the outer cortex, and showed more 

differentiated tubules in mice of all genotypes. The renal structure of cortex, medulla, and 

corticomedullary junction became apparent at PN4. The S-shape bodies were observed until PN7, and 

kidneys at PN11 were morphologically the same as normal adult kidneys. The renal histopathology of 

kidneys at early postnatal days was normal in all genotypes of mice. Therefore, the renal phenotype of 

MPC232 must occur in early adult life between PN11 and PN28 (2-4 weeks of age). There was no defect 

in mesenchymal to epithelial transition (MET) during kidney development, and this suggests that 

MPC232 may be a potential mouse model of nephronophthisis, one of cystic kidney diseases.  

 

B. Ciliary dysplasia in MPC232 homozygous mice 

 

Acetylated α-tubulin is a marker for exoneme in primary cilia175. The immunofluorescence for 

acetylated α-tubulin revealed longer, convoluted, and worm-like cilia in renal tubules of MPC232 

homozygous mice (Figure IV.2.(1).C-D) compared to the cilia in renal tubules of wild type mice (Figure 

IV.2.(1).A-B). The liver also showed similar pattern of ciliary morphology in bile ducts of wild type and 
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homozygous mice (Figure IV.2.(2)), yet the severity of ciliary dysplasia was subjectively milder than the 

severity in renal tubules.  

 

C. Interstitial fibrosis in MPC232 homozygous mice 

  

Immunohistochemistry for E-cadherin, N-cadherin and vimentin were performed to scrutinize 

EMT in the kidney and origin of dilated renal tubules (Figure IV.3-5). N-cadherin is normally expressed 

in the proximal tubules176. The tubules with brush borders in the renal cortex of wild type mice were 

positive for N-cadherin (proximal tubules), and all tubules in the renal medulla were inconspicuous for N-

cadherin (Figure IV.2A-B). In homozygous mice, most ectatic tubules were positive for N-cadherin 

although the intensity of staining was variable (Figure IV.3C) (red arrows in Figure IV.3D). Moreover, 

multifocal small tubules with inconspicuous or very small lumina, observed in the disorganized 

mesenchymal cells, showed inconspicuous N-cadherin expression in homozygous mice (blue arrows in 

Figure IV.3D). Meanwhile, E-cadherin is normally expressed in the distal and collecting tubules176. Many 

tubules in the renal medulla and several tubules in the renal cortex in wild type mice that are positive for 

E-cadherin are suspected to be the distal and collecting tubules (Figure IV.4A-B). Overall expression 

pattern in homozygous kidneys was similar to the expression for N-cadherin (FigureIV.4C). Both N-

cadherin and E-cadherin were not expressed in the interstitial mesenchymal cells, and the co-localization 

of N-cadherin and E-cadherin expression in dilated tubules in both groups was suspected at lower 

magnification (Figure IV.3C, 4C). Although there were differences in intensity, all epithelial cells of 

homozygous mice including the small tubules, which were not evident in H&E staining and negative for 

N-cadherin (blue arrows in Figure IV.3D), expressed E-cadherin in the cell membrane (Figure IV.4D-E). 

A loss of E-cadherin expression was occasionally and multifocally observed in the lateral and luminal 

membrane of epithelial cells lining the dilated tubules (Figure IV.4E). Immunohistochemistry on serial 

kidney sections of homozygous mice showed (Figure IV.5): First, the co-localization of E-cadherin and 

N-cadherin in the epithelial cells of most dilated tubules (red arrows); Second, co-localization of for E-
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cadherin, N-cadherin and vimentin in some tubules, indicating ongoing EMT (black circles); Lastly, E-

cadherin positive atrophic tubules dispersed amongst the mesenchymal components. 

Further immunohistochemistry and Masson’s trichrome were performed to investigate 

characteristics of the increased renal interstitium of MPC232 homozygous mice. Immunohistochemistry 

for α-SMA identifies smooth muscles, pericytes, myoepithelial cells and myofibroblasts177. Kidneys 

normally exhibit very few α-SMA positive slender spindle cells in the renal corpuscle (mesangial cells in 

glomerulus and myoepithelial cells in the juxtaglomerular apparatus) and in between tubules (pericytes) 

as shown in the kidneys of wild type mice (Figure IV.6). Kidneys of homozygous mice exhibited an 

increased number of α-SMA positive spindle cells between the tubules and surrounding the thickened 

glomerular membrane, suggesting increased myofibroblasts (Figure IV.6). Masson’s trichrome stained 

increased extracellular matrix in the interstitium of homozygous kidneys with green colour, which 

indicates collagen (Figure IV.7). The α-SMA and Masson’s trichrome stained the correlated location with 

vimentin in the renal interstitium (Figure II.8, Figure IV.6-7). Therefore, the increased diffuse spindle 

cells in the renal interstitium were mainly suspected to be collagen producing myofibroblasts, suggesting 

tissue remodeling. Therefore, general pathology underling the kidney phenotype of MPC232 homozygous 

mice was interstitial fibrosis.  

Unexpectedly, the protein expression of E-cadherin was increased based on the WB using whole 

kidney lysates. The relative protein level of E-cadherin to GAPDH in homozygous kidneys was increased 

1.70 fold compared to the wild type kidneys (Figure IV.8A). 

Moreover, infiltrated multifocal lymphocytes and macrophages, which were confirmed by 

immunohistochemistry, were observed in the renal interstitium (Figure IV.9). Rare CD45R positive B 

lymphocytes (green arrows in Figure IV.9A), a few CD3 positive T lymphocytes (red arrows in Figure 

IV.9B), and fewer CD68 positive active macrophages (foamy macrophages, black arrows in Figure IV.9C) 

were interspersed with the disorganized spindle cells,.  
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D. Decreased CDC6 expression in MPC232 homozygous mice  

 

One of the few published studies about the PSKH1 suggests that PSKH1 may interact with CDC6 

in humans145. Our results showed that both PSKH1and CDC6 expressions were decreased in MPC232 

homozygous mice (Figure IV.10). The relative CDC6 expression normalized to GAPDH expression was 

0.53 fold decreased in kidneys of homozygous mice compared to that in wild type kidneys. 

Immunohistochemistry showed that CDC6 was generally presented in all renal epithelial cells in wild 

type mice, with slightly stronger expression in distal and collecting tubules (Figure IV.11). The 

immunohistochemistry results corresponded to the WB data, displaying a dramatic decrease of CDC6 in 

the homozygous kidneys. 

 

E. Increased β-catenin expression in MPC232 homozygous mice 

 

As WNT signaling was suspected to be an underlying mechanism for the phenotypes in MPC232, 

β-catenin expression was investigated. The protein expression of β-catenin from whole kidneys was 

examined, and normalized to endogenous GAPDH (Figure IV.12). The average expression of β-catenin to 

GAPDH in kidneys of homozygous mice was increased, presenting 1.62 fold of that in kidneys of wild 

type mice. Immunohistochemistry for β-catenin exhibited positive β-catenin immunolabelling in the 

glomeruli and a few multifocal medullary epithelial cells in the kidneys of wild type mice (Figure 

IV.11A-B). In the kidneys of MPC232 homozygous mice, the protein expression of β-catenin was 

increased in the cytoplasm of dilated tubules and the thickened glomerular membranes (Figure IV.11C-D). 

Interestingly, β-catenin was not presented in the nuclei, but only in cytoplasm. In addition, the dilated 

tubules showed increased E-cadherin (Figure IV.4C-D) in kidneys of homozygous mice; co-localization 

of E-cadherin and β-catenin expression was highly suspected in the cell membrane and cytoplasm of 

epithelial cells in the dilated tubules (Figure IV.4C, Figure IV.13C). 
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Table IV.2. Genotyping result and number of mice for embryo and early postnatal study 

 
Total mouse number Wild type mice Homozygous mice Heterozygous mice 

E15.5 66 24 9 33 

E18.5 25 2 8 15 

PN4 16 5 4 7 

PN7 10 2 5 3 

PN11 23 4 6 13 

E: embryonic day, PN: postnatal day 
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Figure IV.1. Embryonic and early postnatal kidneys 
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No distinct changes in renal structure and developmental pattern were observed in embryonic and early 

postnatal kidneys between wild type (WT) and homozygous (HOM) mice. A-B. Overall, sagittal sections 

of WT and HOM kidney showed renal structures and development pattern. C-D. Magnified pictures 

showed renal components at different ages. Renal medulla and cortex were presented from the left to right 

in each days of age after PN4. (1) Embryonic day (E) 15.5. Undifferentiated spindle cells (metanephric 

mesenchyme) and mostly comma shape bodies (nephron precursors) were observed in both groups. Bars: 

A-B. 800 µm, C-D.200 µm. (2) E18.5. Few developed nephrons are observed. Comma shape bodies were 

developed to S-shape bodies, which mainly located in outer cortex. Bars: A-B. 500 µm, C-D.400 µm. (3) 

Postnatal day (PN) 4. Few S-shape bodies are still observed in the outer cortex. The renal medulla and 

cortex are distinguishable at PN4. Bars: A-B. 1 mm, C-D.200 µm. (4) PN7. Developing basophilic 

tubules were observed. No S-shape bodies were noticed. Bars: A-B. 1 mm, 200 µm. (5) Kidneys at PN11 

were fully developed normal adult kidneys. Bars: A-B. 1 mm, C-D. 200 µm. 
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Figure IV.2. Immunofluorescence for acetylated α-tubulin 

 (1) Kidneys 

 

Acetylated α-tubulin, a marker for cilia, is expressed in red fluorescence. A-B. Wild type (WT) mice 
showed normal cilia in renal tubules. C-D. Homozygous (HOM) mice seemed to have longer and 
convoluted cilia than wild type mice, especially in the dilated tubules. Bar: 100 µm 

(2) Liver 

  

Acetylated α-tubulin is expressed in red fluorescence, and the expression pattern in bile ducts was same in 
renal tubules. A-B. Wild type (WT) mice. C-D. homozygous (HOM) mice. Bar: 100 µm   
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Figure IV.3. Immunohistochemistry for N-cadherin on kidneys 

 

A. Renal cortex of wild type kidney. Proximal tubules normally expressed N-cadherin, but distal tubules 

expressed weak signal of N-cadherin. Bar: 200 µm. B. Renal medulla of wild type kidney (WT). Distal 

and collecting tubules showed weak signal for N-cadherin. Bar: 200 µm. C. Low magnification of 

homozygous kidney (HOM) shows N-cadherin expression pattern in the dilated tubules. Bar: 800 µm. D. 

The ectatic and poorly developed proximal tubules were positive for N-cadherin (black arrows). Some 

dilated tubules exhibited weak signal for N-cadherin, which is suspected to be distal tubules (red arrows). 

There was a small tubule with absence of lumen in the interstitium, which is suspected to be distal tubule 

according to intensity of signal (blue arrow). Bar: 200 µm.   
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Figure IV.4. Immunohistochemistry for E-cadherin on kidneys 

 

A. Renal cortex of wild type (WT) kidney. The distal tubules normally expressed E-cadherin in the 

cytoplasm. The proximal tubules were negative for E-cadherin. Bar: 200 µm. B. Renal medulla of WT 

kidney. The collecting tubules also expressed E-cadherin. Bar: 200 µm. C. E-cadherin expressed in 

similar pattern to N-cadherin in homozygous (HOM) kidney. Bar: 800 µm. D. The ectatic proximal 

tubules of HOM kidney were abnormally positive for E-cadherin especially in the cell junctions. The 

dilated distal tubules and small tubules also exhibited E-cadherin in the cell junction. Bar: 200 µm. E. The 

intensity of E-cadherin expression was different according to renal tubules. Bar: 200 µm.   
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Figure IV.5. Immunohistochemistry for E-cadherin, N-cadherin and vimentin on serial sections of 
kidney from a homozygous mouse 

 

A-C. The serial stained 

sections showed that E-

cadherin, N-cadherin and 

vimentin were commonly 

expressed in some tubules 

(black circles), indicating 

EMT. Dysplastic tubules (red 

arrows) were mostly negative 

for vimentin, and were 

positive for both E-cadherin 

and N-cadherin. C. Vimentin 

positive mesenchymal cells in 

the interstitium discrete 

vimentin negative epithelial 

cells. Some atrophic tubules 

were shown in among the 

mesenchymal cells.  

Bar: 400 µm. 
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Figure IV.6. Immunohistochemistry for α-SMA on kidneys 

 

A. Renal cortex and medulla of wild type (WT) mouse from left to right. Bar: 800 µm. B. Homozygous 

(HOM) kidney showed increased number of α-SMA positive spindle cells in interstitium throughout the 

kidney. Bar 1mm. C. Renal cortex of homozygous mouse exhibited increased α-SMA positive 

myofibroblasts in the renal interstitium and glomerular membrane. Bar: 200 µm. D. Renal medulla of 

homozygous mouse also showed increased α-SMA positive myofibroblasts in the interstitium, 

surrounding tubules. Bar: 200 µm.   
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Figure IV.7. Masson’s trichrome on kidneys 

 

Masson’s trichrome staining. A-B. Wild type (WT) kidney showed no collagen stained in blue. C-D. 

Homozygous kidney presented abundant collagen (blue) in the renal interstitium surrounding the ectatic 

and atrophic tubules (diffuse interstitial fibrosis). A,C. Bar: 2 mm. B,D. Bar: 200 µm.  
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Figure IV.8. Protein expression of E-cadherin in MPC232 mice 

 

Whole kidney lysates was used to scrutinize protein expressions in MPC232 mice. A. E-cadherin 

expression in 4 wild type (WT) and 4 homozygous (HOM) mice. B. The E-cadherin compared to 

endogenous GAPDH was increased in HOM mice. Protein expression in A-B was quantified using Image 

J. Values are expressed as mean ± SEM. *: p < 0.05 vs. WT group. 
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Figure IV.9. Inflammatory cells in kidneys of homozygous mice 

 

Immunohistochemistry on kidneys of homozygous mouse at 4-5 weeks of age. Infalmmatory cells were 

observed only in the disorganized spindle cells in renal interstitium A. Immunohistochemistry for CD45R 

for B lymphocytes (green arrows). B. Immunohistochemistry for CD3 for T lymphocytes (red arrows). C. 

Immunohistochemistry for CD68 for active foamy macrophages (black arrows). Bar: 200 µm.   
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Figure IV.10. Protein expression of CDC6 

 

A. Protein expression of renal CDC6 was evaluated in 6 wild type (WT) and 6 homozygous (HOM) mice 

by immunoblotting. B. CDC6 to GAPDH expression was quantified using Image J and presented 

decrease in HOM mice. Values are expressed as mean ± SEM. *: p < 0.05 vs. WT group. 

 

 

  



94 

Figure IV.11. Immunohistochemistry for CDC6 on kidneys of MPC232 mice 

 

A. Wild type (WT) kidney generally expressed CDC6 at 4-5 weeks of age. Bar: 200 µm. The expression 

of CDC6 showed no difference in renal cortex and medulla (from left to right in small box). Bar: 800 µm. 

B. CDC6 expression was generally decreased in homozygous kidney. Bar: 200 µm. 
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Figure IV.12. Protein expression of β-catenin in kidneys of MPC232 

  

A. Protein expression of β-catenin evaluated in 4 wild type (WT) and 4 homozygous (HOM) mice was 

significantly increased in kidneys of HOM mice. B. β-catenin to GAPDH expression was quantified using 

Image J and presented increase in HOM mice. Values are expressed as mean ± SEM.  

*: p < 0.05 vs. WT group. 
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Figure IV.13. Immunohistochemistry for β-catenin in kidneys of MPC232 

 

A-B. Renal cortex (A) and medulla (B) in wild type (WT) mouse. The glomeruli and few epithelial cells 

in the collecting tubules express relatively higher β-catenin in wild type. Bar: 200 µm. C. In low 

magnification of homozygous (HOM) kidney, increased β-catenin expression was shown in the dilated 

tubules. Bar: 800 µm. D. Elevated β-catenin expressions presented in cytoplasm of epithelial cells of 

dilated tubules but not in nuclei. Bar: 100 µm 
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4. Discussion 

 

The kidney lesion of MPC232 homozygous mice was suspected to be either a defect in MET 

between E12.5 and E15.5, or a cystic kidney disease (especially nephronophthisis) with progressive renal 

failure as described in Chapter II. The embryo and early postnatal kidney examination revealed that the 

kidney phenotype of MPC232 homozygous mice was not due to a defect in MET during kidney 

development. Further postnatal study after PN11 was not performed, but we can suspect the renal 

pathology abruptly developed between 2-4 weeks of age. Masson’s trichrome histology and 

immunohistochemistry for α-SMA and acetylated α-tubulin revealed that the kidneys of MPC232 

homozygous mice had severe interstitial fibrosis and ciliopathy. Based on renal histopathology it is most 

likely that disease progress was primarily started from renal tubules, then, secondarily affected on 

glomeruli, and consequentially caused interstitial fibrosis and inflammatory cell infiltrates. First, the 

ciliary dysplasia presented in renal tubules, suggesting tubules were primarily assaulted. Second, the 

quantity of the dysplastic tubules was relatively larger than the dysplastic glomeruli. Lastly, mice with the 

less severe renal dysplasia hinted that the tubular dysplasia may be initiated before other dysplastic 

lesions. Therefore, the temporal and histopathological renal phenotype was most consistent with 

nephronophthisis in humans. Also, the hepatic lesions supported this idea. Oval cell to biliary hyperplasia 

and ciliopathy in bile ducts were most similar to the extrarenal lesions associated to nephronophthisis in 

humans along with the renal phenotypes.  

A distinct feature of MPC232 mutant kidneys was excessive accumulation of mesenchymal cells 

in the renal interstitium, most of which were suggested to be myofibroblasts. Myofibroblasts are related to 

organ fibrosis and produce extracellular matrix (collagen)178, and fibrosis disturbs organ function. Since 

myofibroblasts are closely related to fibrosis, they have been targeted to control fibrosis in many 

investigations. The origin and function of myofibroblasts are not well understood, though, a recent study 

using various genetically engineered mouse models and a fate-mapping strategy suggested that 

approximately 50 % of myofibroblasts that account for renal fibrosis arise from proliferation of native 
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fibroblasts in the kidney, 35 % are derived from bone marrow, 10 % are converted from endothelial-to-

mesenchymal transition, and the remaining 5 % are transformed from EMT179. This study seems to be in 

agreement with the data of MPC232 homozygous mice. In the homozygous mice, EMT seemed to be 

limited to some tubules. Therefore, the data seems to be correlated to the aforementioned study that 

suggested 5% contribution of EMT to renal fibrosis.  

Additionally, there were a few lymphocytes and macrophages in the increased renal interstitium.  

To summarize, the accumulation of collagen, the proliferation of spindle cells in the renal interstitium and 

few inflammatory cells were suspected to be a pathologic tissue remodeling (prominent interstitial 

fibrosis), and this supports the idea that MPC232 may be a potential model of nephronophthisis.  

CDC6 is a critical regulator of DNA replication, and is in charge of activation and maintenance of cell 

cycle checkpoint mechanisms; accordingly, CDC6 plays a role in carcinogenesis180. Augmented protein 

expression of CDC6 was often observed in various epithelial origin tumours of humans with EMT, and it 

was reported that CDC6 inhibits CDH1 (E-cadherin) transcription in mice and human various 

tumorigenic epithelial cells172. As discussed earlier, a possible physical interaction is suggested between 

PSKH1 and CDC6145. In MPC232 homozygous mice, the protein expression of PSKH1 and CDC6 was 

Immunohistochemistry for CDC6 was correlated with the immunoblotting data, and showed that CDC6 

expression was not limited to certain cells or intracellular location but	 generally expressed in wild type 

kidneys. In many cases, kidneys with ongoing fibrosis typically showed decreased E-cadherin expression 

with increased EMT markers and increased β-catenin, which was released from the cadherin-catenin 

complex181-184. Therefore, increased E-cadherin was suspected in homozygous kidneys according to the 

previous study, whereas decreased E-cadherin was suspected considering the renal histopathology of 

ongoing EMT. In MPC232 homozygous mice, although there was excessive fibrosis and evidence of 

EMT in some tubules demonstrating EMT markers, the WB data turned out to be increased E-cadherin in 

whole kidneys, correlating to the previous study.  The increased E-cadherin along with the limited EMT 

in some tubules suggest that EMT may not be a main source of abundant fibroblasts, or may a main 

episode of the kidney remodeling. This data also suggested that PSKH1 levels may be involved in CDC6 
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levels in the kidney, and the protein expression of PSKH1 and CDC6 may be concomitant. Also, the 

decreased CDC6 suggested that the unusual increase in E-cadherin with EMT in some tubules is possibly 

due to the point mutation in Pskh1 suppressing CDC6 expression in MPC232 (Figure IV.12). 

In the MPC232 pedigree, the period between birth and PN11 showed no histopathological 

changes in kidneys among the groups. Since the histopathological investigation of early postnatal kidneys 

discontinued after PN11, the exact onset time or the disease progress pattern is unknown. The result was 

correlated with the onset time of in-life clinical signs and symptoms that have shown at 3-4 weeks of age, 

and suggested abrupt progress of disease in 2-4 weeks of age. Nephronophthisis can be divided into three 

types according to its disease onset. Regarding the rough onset time of the renal phenotypes (between 2-4 

weeks of age), rapid progression of disease development to ESRD and the life span of C3H/HeJ185, 

MPC232 homozygous mice could be relevant to be the juvenile nephronophthisis of three types of 

nephronophthisis. The juvenile nephronophthisis is the most common type of nephronophthisis exhibiting 

ESRD between 4-13 years of age83. Therefore, MPC232 pedigree may be a potential mouse model for the 

juvenile form of nephronophthisis.  

Another discrete feature of MPC232 mutant kidneys was co-presence of ectatic and atrophic 

tubules in mutant kidneys. The origin of the tubules was investigated using E-cadherin and N-cadherin 

expression and using renal morphology. Proximal tubules normally expressed N-cadherin and distal and 

collecting tubules normally expressed E-cadherin, whereas proximal tubules are normally unremarkable 

for N-cadherin and distal and collecting tubules are normally unremarkable for E-cadherin176. All 

epithelial cells including the small tubules with absent or inconspicuous or very small lumen expressed E-

cadherin, but the expression pattern was different from the normal expression pattern of E-cadherin in 

distal and collecting tubules. Especially, the small tubules in homozygous mice showed membrane-only 

E-cadherin expression. Most of the dilated tubules expressed both N- cadherin and E-cadherin. Thus, the 

origin of the tubules could not be differentiated by the intensity of either E-cadherin or N-cadherin 

expression.  Additionally, morphology of tubules was examined. Some dilated tubules were lined by 

cuboidal to round epithelial cells with lost brush border in places, indicating proximal tubules. Some 
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dilated tubules showed no brush border, possibly originated from distal tubules.  However, it was hard to 

differentiate by morphology either, because many of the renal epithelial cells in homozygous mice were 

metamorphic. 

The histopathology of metamorphic epithelial cells in some dilated tubules are featured by the 

presentation detached from adjacent epithelial cells, although the base of these cells was firmly anchored 

to the basement membrane, and this implied very likely impaired cell-cell adhesions. Amongst cell-cell 

adhesions, the interruption of adherens junction was investigated in this study. Disrupted adherens 

junction indicates cleavage of the catenin-cadherin complex, and it liberates β-catenin to the cytoplasm to 

potentiate canonical WNT signaling137. Typically, β-catenin is stabilized under WNT signal, accumulated 

in the cytoplasm, and translocate to the nucleus to trigger transcription from WNT target genes118-120. 

Otherwise, cytoplasmic β-catenin is ubiquitinated and degraded by proteasome118-120. The WB data in this 

study showed that β-catenin expression levels were significantly increased in MPC232 homozygous mice. 

Also, β-catenin and E-cadherin seemed to be exhibited at the same location in immunohistochemistry. 

Interestingly, β-catenin only localized in the cytoplasm of dilated tubules. Upon presence of WNT ligand, 

β-catenin typically accumulates in cytoplasm and translocates to nucleus to trigger transcription of WNT 

related genes. In absence of WNT, β-catenin is targeted for proteasomal degradation after 

phosphorylation and ubiquitination137. Thus, the canonical WNT signaling may be activated considering 

the augmented cystoplasmic β-catenin expression level, but transcription of WNT related gene seemed to 

be off, based on the limited localization of β-catenin in the cytoplasm. It is suggestive that the mutation in 

the homozygous mice may be related to the mechanisms for nuclear translocation of β-catenin. The 

mechanisms for nuclear translocation of β-catenin are poorly understood. The relation between the 

suspected causative gene (Pskh1, see Chapter III) and increased β-catenin will be discussed more in 

Chapter V. 

The WNT pathway is closely related to cystogenesis126, 128. The augmented β-catenin expression 

in the dilated tubules suggested that the canonical WNT pathway is involved in MPC232 homozygous 

mice, and supported that the underlying mechanisms may be related to cystogenesis. The fundamental 
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mechanisms of cystogenesis are dynamic and poorly understood. As shown in oriented cell division 

(OCD) studies, the associated pathways dynamically change according to the stage of cystogenesis in 

nephronophthisis126, 132. Another example of the dynamic and evolving mechanisms related to 

cystogenesis was shown in PKD (polycystic kidney disease) knockout mice, which did not have defects in 

OCD at the initiation of the cystogenesis132. A limitation of our study was that we examined homozygous 

mice at 4-5 weeks of age when cystogenesis has already occurred. Thus, it is hard to be definitively 

concluded that the canonical WNT pathway was the underlying mechanism in MPC232 homozygous 

mice, as we cannot exclude the possibility that the activated canonical pathway may be transitional, and 

switched from or to the PCP pathway, a non-canonical WNT pathway. In particular, the underlying 

mechanism may be possibly related to inversin, which function as a molecular switch between WNT 

signaling pathways in nephronophthisis. Further investigations may be needed to clarify the mechanisms 

of cystogenesis related to in MPC232 with other molecular components of the WNT signaling pathways 

including the PCP pathway at different onset ages to compare the related mechanisms previous to, in 

initiation of and subsequent to cyst formation.  

 Taken altogether, we have characterized a potential mouse model for nephronophghisis. The 

characteristic phenotypes of MPC232 mice were ciliary dysplasia, atrophic kidneys, dilated tubules at the 

corticomedullary junction and interstitial fibrosis. The EMT in some tubules, severe interstitial fibrosis 

and the aberrant β-catenin signaling seemed to be associated with the dysplastic kidneys of MPC232 

homozygous mice at 4-5 weeks of age. As homozygous mice showed decreased PSKH1 and CDC6, the 

suggested interaction between PSKH1 and CDC6 can be suspected to be positive relation. Our results 

also suggested that the atypical E-cadherin expression in kidneys with EMT may be due to suppressed 

CDC6 levels. Furthermore, considering the results from experiments for the underlying mechanisms, this 

mouse model would be useful to understand the mechanism of cystogenesis, the functional role of 

myofibroblasts in renal fibrosis and the mechanism of β-catenin nuclear translocation, especially 

associated to functions of Pskh1 gene only on the basis of Pskh1 may be the causative mutation. 
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CHAPTER V. SUMMARY AND GENERAL DISCUSSION 

 

Six N-ethyl-N-nitrosourea (ENU) induced mutant mouse pedigrees from the Medical Research 

Council (MRC) Harwell ageing screen were assessed, and among them the MPC232 mutant mouse 

pedigree was selected for further histopathological examination. MPC232 mutant embryos were 

successfully transferred and cryorecovered at Toronto Centre for Phenogenomics (TCP), and homozygous 

mice exhibited distinctive phenotypes at 4-5 weeks of age. Gross examination showed that MPC232 

homozygous mice had growth retardation, smaller organ size including bilateral atrophic kidneys and 

paler organs (suspected as anemia). Biochemical analysis demonstrated that serum urea and creatinine 

were increased, suggesting azotemia. Urinalysis showed proteinuria and suggested possible diluted urine, 

indicating renal failure. Histopathologically, MPC232 homozygous mice displayed renal dysplasia and 

oval cell or biliary hyperplasia. Generally, renal structure was obscured, and the width of renal 

parenchyma was less than half that of wild types. The renal surface was granular due to the dysplastic 

tubules. In a radial pattern from the pelvis to the renal cortical surface, an area of hypertrophic ectatic 

tubules were displayed in turn, and an area of small tubules with narrow or no lumen and disorganized 

round to spindle cells. The dilated tubules were lined by cuboidal to round epithelium, which showed 

decreased cell-to-cell adhesion, and the brush border of proximal tubules was often sloughing off in 

places. The ectatic tubules occasionally contain eosinophilic droplet-like or homogenous materials 

(necrotic cell debris, protein casts). Glomeruli were occasionally atrophic and obscured with a thickened 

glomerular capsule (fetal and degenerative glomeruli, glomerular sclerosis). Some parts of the tubular 

basement membrane were thickened as well. The prominent disorganized oval-to-spindle cells were 

positive for vimentin, indicating mesenchymal cells. Among the disorganized cells, there were few 

multifocal inflammatory cells, mainly macrophages and lymphocytes. The liver showed proliferative, 

small, oval-to-spindle cells that surrounded the portal triads. The proliferative cells turned out to be oval 

cells and biliary epithelial cells based on immunohistochemistry for AFP and panCK. Oval cells often 

made numerous small calibre ducts around the portal triad, and almost bridged to nearby portal triads. 
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However, negative immunohistochemistry results for α-SMA suggest no ongoing hepatic fibrosis. Based 

on the renal and hepatic phenotypes and its early onset time, a defect in renal development, especially an 

error in mesenchymal-to-epithelial transition (MET) during embryonic days, and a cystic kidney disease 

(especially nephronophthisis) was suspected62, 81.  

 From the embryonic and early postnatal studies of renal development ranging from E15.5 to 

PN11, we found no evidence that MPC232 homozygous mice have a defect in MET in embryonic days. 

This study also suggested an abrupt onset of disease between 2-4 weeks of age. Immunohistochemistry of 

MPC232 mutant kidneys showed that ciliary dysplasia in renal tubules (in bile ducts as well), and co-

expression of E-cadherin, N-cadherin and vimentin in some tubules (epithelial to mesenchymal transition 

(EMT)). The increased renal interstitium in homozygous mice showed increased α-SMA and vimentin 

expression, suggesting increased myofibroblasts. Masson’s trichrome also revealed abundant collagen in 

the renal interstitium of mutant mice. This suggests that the kidneys of MPC232 homozygous mice have 

severe diffuse interstitial fibrosis.. The origin of dilated tubules were difficult to differentiated because the 

epithelial cells lining the most dilated tubules were metamorphic and showed co-expression of E-cadherin 

and N-cadherin. Although EMT was suggested in some tubules from immunohistopathology, which 

typically exhibits decreased E-cadherin, western blot (WB) data showed increased E-cadherin in 

homozygous mice suggesting that EMT might not be the main pathological process at 4-5 weeks of age. 

Overall, MPC232 exhibited atrophic kidneys, dilated tubules at the corticomedullary junction, small 

tubules with absent or inconspicuous lumen, ciliary dysplasia, severe interstitial fibrosis and extrarenal 

manifestation such as biliary hyperplasia. Therefore, based on the the early-onset of disease between 2 

and 4 weeks of age and histopathological features,, the MPC232 pedigree is a mouse model for juvenile 

nephronophthisis in humans40.  

Investigation of mutation sites in MPC232 that caused these aforementioned phenotypes was 

performed. MRC Harwell indicated four point mutations on chromosome 8, and we further narrowed 

down the candidates to two A-T point mutations, one in an intron of Cmtm2b (8:104324177) and the 

other in an exon of Pskh1 (8:105912712) through fine-mapping. We prioritized Pskh1 mutation because 



104 

exonal mutation is much more intuitive to follow up than intronic mutation, and regarding the distinct and 

robust phenotypes. The mutation in Pskh1 was predicted to change its protein conformation by replacing 

one amino acid from a nonpolar (valine) to a polar (aspartic acid) type. 

Pskh1 is a poorly understood gene, and most studies have been conducted on its human 

homologue, PSKH1, using kidney cells. Human PSKH1 may play important role in intracellular 

trafficking, is sensitive to intracellular Ca2+ concentration, and is localized to centrosomes, suggesting its 

relation to cystogenesis (oriented cell division (OCD) and convergent extension (CE))153. Indeed, mutated 

Pskh1 is found in mice with ciliopathies170. Cystic kidney disease is considered to be a ciliopathy and 

nephronophthisis is a recessive cystic kidney disease in children and adolescents. Biliary hyperplasia is 

often observed as an extrarenal manifestation in many human nephronophthisis-related syndromes such as 

Bardet-Biedl syndrome and COACH syndrome. Therefore, the renal and hepatic phenotypes of MPC232 

were suggested to be involved in a Pskh1 mutation related to a ciliopathy. 

PSKH1 protein was suggested to have interaction with 5 genes including CDC6153. Concerning 

decreased PSKH1 and CDC6 expression in kidneys of MPC232 homozygous mice; we suspect that 

PSKH1 protein expression level may affect CDC6 expression level concomitantly, although further 

investigation is needed to confirm its relationship. CDC6 regulates DNA replication, and is overexpressed 

in epithelial origin tumours with EMT110, 172. A previous study revealed that CDC6 suppresses CDH1 

transcription leading to decreased E-cadherin in various human tumorigenic epithelial cells, suggesting 

that CDC6 has an important role in EMT. In MPC232 homozygous mice, E-cadherin expression of whole 

kidney was increased, despite an EMT in some tubules and a massive mesenchyme component 

(interstitial fibrosis). The increased E-cadherin expression in MPC232 was in agreement with the above 

CDC6 and E-cadherin study, and was possibly due to the point mutation in Pskh1 that may 

consequentially decrease CDC6 to alleviate the repression of Cdh1 transcription.  

Beta-catenin is a key component of the canonical WNT signaling pathway and the adherens 

junction. The overexpression of β-catenin implies enhanced canonical WNT signaling as well as 

disrupted cell adhesion (EMT). First, during the process of EMT, epithelial cells lose their characteristics, 
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such as cell-cell adhesions110. Adherens junction (a cell-cell adhesion) is composed of cadherin and 

catenin complexes110. Thus, β-catenin is cleaved from adherens junction and liberated to the cytoplasm 

during EMT. Immunohistochemistry of MPC232 homozygous mice for β-catenin seemed to show that β-

catenin was increased in the dilated tubules in a similar pattern to E-cadherin, supporting its association 

with EMT.  

The released β-catenin from the adherens junction disrupted potentiates the canonical WNT 

signaling114. In the absence of a WNT ligand, β-catenin is phosphorylated by GSK3β and CK1. Then,  

β-TrCP ubiquitinates the phosphorylated β-catenin. Finally, the ubiquininated β-catenin is degraded by 

the proteasome121. In the presence of WNT ligand, ubiquitination of β-catenin by β-TrCP is blocked based 

on the new model of the canonical WNT pathway. Consequentially, β-catenin accumulates in the 

cytoplasm, and translocates to nucleus to drive transcription of WNT related genes. Concerning the  

β-catenin fate in the cell cytoplasm or the cell membrane as part of the cadherin and catenin complex, 

phosphorylation status is a potential determinant. Various serine/threonine protein kinases are associated, 

for instance CK1, CK2 and GSK3β. CK1 and GSK3β phosphorylate β-catenin to allow degradation, and 

CK2 phosphorylates β-catenin as well as E-cadherin to stabilize the cadherin and catenin complex114, 122. 

Notably, PSKH1 is a serine/threonine protein kinase as well. Thus, PSKH1 may play a role in regulating 

β-catenin degradation and/or keeping stability of the cadherin and catenin complex, associated with EMT 

and the canonical WNT pathway.  

Interestingly in MPC232 homozygous mice, β-catenin showed limited cytoplasmic localization, 

suggesting that there was a failure of transcription of WNT related genes and inhibited nuclear 

translocalization of β-catenin. Similarly, in a mouse model of Jourbert syndrome, which is one of the 

nephronophthisis-related syndromes, Ahi1 knockout mice showed similar expression of β-catenin. It has 

been suggested that Jbn, which is encoded by Ahi1, interacts with β-catenin and facilitates the nuclear 

translocation of β-catenin129. Also, the Gαq/11βγ-PI3K-Rac1-JNK2 pathway stabilizes β-catenin and 

regulates the nuclear translocation of β-catenin by sharing WNT signaling via LRP5/6, Dvl and Frizzled 

receptor186. Since activated Rac1 phosphorylates β-catenin at Ser191 and Ser605 via JNK, we can 
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speculate that PSKH1 may be related to the cellular translocation mechanism considering PSKH1 is a 

serine/threonine protein kinase. The molecular details for these mechanisms are not clear to date. 

MPC232 homozygous mouse may be a good model to study it.  

MPC232 homozygous mice are also diagnosed with oval cell hyperplasia and biliary hyperplasia. 

Considering that increased β-catenin, activated canonical WNT pathway, induces proliferation of oval 

cells hyperplasia which is a precursor of biliary epithelial cells162, and that dysfunction of cilia causes 

biliary hyperplasia in many nephronophthisis related syndromes81, the characteristics of hepatic 

phenotype was correlating to that of renal phenotypes of suspected nephronophthisis. 

In conclusion, we characterized a mouse model for postnatal renal dysplasia most similar to 

juvenile nephronophthisis. Nephronophthisis is the most common genetic disorder that causes ESRD in 

the first three decades and often requires dialysis or kidney transplantation as treatment, since no effective 

treatment or preventative measures exist to date187. We suggested a possibility of a poorly understood 

gene, Pskh1, as a potential causative gene for nephronophthisis in our mouse model. Pskh1 was 

suspicious to play a critical role in EMT, as the decrease of PSKH1 may be related to decrease of CDC6 

protein expression, and PSKH1 may regulate E-cadherin expression via CDC6. Since MPC232 exhibited 

increased β-catenin only in the cytoplasm of dilated tubules, it can be suggestive that Pskh1 may have 

critical functions in kidney homeostasis via controlling β-catenin and in β-catenin nuclear translocation. 

Therefore, we suggest the MPC232 pedigree as a potential model to elucidate the novel function of 

Pskh1, the mechanism of nephronophthisis (cystogenesis, ciliopathy, and functional role of 

myofibroblasts in renal fibrosis) and the mechanism of β-catenin nuclear translocation, and to test novel 

therapeutic points of nephronophthisis. 
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Figure V.1. The underlying mechanism and PSKH1 in MPC232 kidneys  

 

Possibly, decreased PSKH1 may have resulted in decreased CDC6 in MPC232 homozygous mice, and 

the decreased CDC6 may have led to increased E-cadherin, which is consistent to the study that CDC6 

suppresses CDH1 transcription. In the dilated renal tubules of MPC232 homozygous mice, disrupted 

adjacent junction may have released β-catenin into the cytoplasm, and it may be stabilized by WNT 

signaling. Somehow, nuclear translocation of accumulated cytoplasmic β-catenin was blocked. The 

function of PSKH1 in disruption of adherens junction and β-catenin nuclear translocation is suggestive, 

and remained to be studied.  
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APPENDIXES 

 

Appendix 1. Investigation of point mutations at MRC Harwell 

A. Summarized example of Linkage analysis of MPC232 

SNPs in the whole genome of MPC232 mice were genotyped and compared to the SNPs of the C3H.pde6+ and the C57BL/6J founders to 

investigate the causative mutations for the phenotypes. 

Sample  
ID 

Rs3683945 
Chr1:3197400 

rs6269442 
Chr1:3492195 

Rs13475701 
Chr1:4526088 

rs13475706 
Chr1:5906465 … rs13483682 

Chr19:55161642 
rs6211533 

Chr19:56992410 
rs6191324 

Chr19:59321830 

1 
NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

BOTH 
SAME(AA):C57BL/6
J(AA):C3H.pde(AA) 

… 
C3H.pde 
(GG):C57BL/6J(CC):
C3H.pde(GG) 

C3H.pde 
(CC):C57BL/6J(AA):
C3H.pde(CC) 

NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

2 
NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

BOTH 
SAME(AA):C57BL/6
J(AA):C3H.pde(AA) 

… 
Het 
(CG):C57BL/6J(CC):
C3H.pde(GG) 

Het 
(AC):C57BL/6J(AA):
C3H.pde(CC) 

NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

3 
NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

BOTH 
SAME(AA):C57BL/6
J(AA):C3H.pde(AA) 

… 
Het 
(CG):C57BL/6J(CC):
C3H.pde(GG) 

Het 
(AC):C57BL/6J(AA):
C3H.pde(CC) 

NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

4 
NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

BOTH 
SAME(AA):C57BL/6
J(AA):C3H.pde(AA) 

… 
C57BL/6J 
(CC):C57BL/6J(CC):
C3H.pde(GG) 

C57BL/6J 
(AA):C57BL/6J(AA):
C3H.pde(CC) 

NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

5 
NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

BOTH 
SAME(AA):C57BL/6
J(AA):C3H.pde(AA) 

… 
C57BL/6J 
(CC):C57BL/6J(CC):
C3H.pde(GG) 

C57BL/6J 
(AA):C57BL/6J(AA):
C3H.pde(CC) 

NEITHER MATCH  
(--) :C57BL/6J(AA) 
:C3H.pde(GG) 

6 
C3H.pde 
(GG):C57BL/6J(AA):
C3H.pde(GG) 

C3H.pde 
(GG):C57BL/6J(AA):
C3H.pde(GG) 

C3H.pde 
(GG):C57BL/6J(CC)
:C3H.pde(GG) 

BOTH 
SAME(AA):C57BL/6
J(AA):C3H.pde(AA) 

… 
Het 
(CG):C57BL/6J(CC):
C3H.pde(GG) 

Het 
(AC):C57BL/6J(AA):
C3H.pde(CC) 

Het 
(AG):C57BL/6J(AA):
C3H.pde(GG) 

7 
Het 
(AG):C57BL/6J(AA):
C3H.pde(GG) 

Het 
(AG):C57BL/6J(AA):
C3H.pde(GG) 

Het 
(CG):C57BL/6J(CC)
:C3H.pde(GG) 

BOTH 
SAME(AA):C57BL/6
J(AA):C3H.pde(AA) 

… 
Het 
(CG):C57BL/6J(CC):
C3H.pde(GG) 

Het 
(AC):C57BL/6J(AA):
C3H.pde(CC) 

Het 
(AG):C57BL/6J(AA):
C3H.pde(GG) 

8 
Het 
(AG):C57BL/6J(AA):
C3H.pde(GG) 

Het 
(AG):C57BL/6J(AA):
C3H.pde(GG) 

Het 
(CG):C57BL/6J(CC)
:C3H.pde(GG) 

BOTH 
SAME(AA):C57BL/6
J(AA):C3H.pde(AA) 

… 
Het 
(CG):C57BL/6J(CC):
C3H.pde(GG) 

Het 
(AC):C57BL/6J(AA):
C3H.pde(CC) 

Het 
(AG):C57BL/6J(AA):
C3H.pde(GG) 

9 
C57BL/6J 
(AA):C57BL/6J(AA):
C3H.pde(GG) 

C57BL/6J 
(AA):C57BL/6J(AA):
C3H.pde(GG) 

C57BL/6J 
(CC):C57BL/6J(CC):
C3H.pde(GG) 

BOTH 
SAME(AA):C57BL/6
J(AA):C3H.pde(AA) 

… 
Het 
(CG):C57BL/6J(CC):
C3H.pde(GG) 

Het 
(AC):C57BL/6J(AA):
C3H.pde(CC) 

C57BL/6J 
(AA):C57BL/6J(AA):
C3H.pde(GG) 
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10 
Het 
(AG):C57BL/6J(AA):
C3H.pde(GG) 

Het 
(AG):C57BL/6J(AA):
C3H.pde(GG) 

Het 
(CG):C57BL/6J(CC)
:C3H.pde(GG) 

BOTH 
SAME(AA):C57BL/6
J(AA):C3H.pde(AA) 

… 
C57BL/6J 
(CC):C57BL/6J(CC):
C3H.pde(GG) 

C57BL/6J 
(AA):C57BL/6J(AA):
C3H.pde(CC) 

C57BL/6J 
(AA):C57BL/6J(AA):
C3H.pde(GG) 

11 
C3H.pde 
(GG):C57BL/6J(AA):
C3H.pde(GG) 

C3H.pde 
(GG):C57BL/6J(AA):
C3H.pde(GG) 

C3H.pde 
(GG):C57BL/6J(CC)
:C3H.pde(GG) 

BOTH 
SAME(AA):C57BL/6
J(AA):C3H.pde(AA) 

… 
Het 
(CG):C57BL/6J(CC):
C3H.pde(GG) 

Het 
(AC):C57BL/6J(AA):
C3H.pde(CC) 

Het 
(AG):C57BL/6J(AA):
C3H.pde(GG) 

*Green: Wild type, Blue: Heterozygous, Red: Homozygous 

 

B. Summarized result of Linkage analysis of MPC232 

The regions with red coloured letters are where the mutants show consistent homozygous mutations. Thus, the causative mutation of the phenotype 

will be located in these regions, which were sequenced.  

ID 
rs6287320 
Chr8: 
97392825 

rs13479947 
Chr8: 
99305891 

rs3706149 
Chr8: 
101419945 

rs3669235 
Chr8: 
102050269 

rs13479956 
Chr8: 
102332498 

rs3705275 
Chr8: 
103336314 

gnf08.108.0
32 Chr8: 
106806405 

rs3662808 
Chr8: 
109412323 

rs6237645 
Chr8: 
110017519 

rs13479995 
Chr8: 
113712788 

rs4227398 
Chr8: 
114373932 

1 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

BOTH 
SAME(--) 
:C57BL/6J(--
) :C3H.pde(--
) 

C57BL/6J 
(CC):C57BL/
6J(CC):C3H.
pde(AA) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(GG):C57BL/
6J(GG):C3H.
pde(AA) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

Het 
(AC):C57BL/
6J(AA):C3H.
pde(CC) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

2 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

BOTH 
SAME(--) 
:C57BL/6J(--
) :C3H.pde(--
) 

C57BL/6J 
(CC):C57BL/
6J(CC):C3H.
pde(AA) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(GG):C57BL/
6J(GG):C3H.
pde(AA) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(CC) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

3 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

BOTH 
SAME(--) 
:C57BL/6J(--
) :C3H.pde(--
) 

C57BL/6J 
(CC):C57BL/
6J(CC):C3H.
pde(AA) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(GG):C57BL/
6J(GG):C3H.
pde(AA) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(CC) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

4 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

BOTH 
SAME(--) 
:C57BL/6J(--
) :C3H.pde(--
) 

C57BL/6J 
(CC):C57BL/
6J(CC):C3H.
pde(AA) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(GG):C57BL/
6J(GG):C3H.
pde(AA) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(CC) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

5 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

BOTH 
SAME(--) 
:C57BL/6J(--
) :C3H.pde(--
) 

C57BL/6J 
(CC):C57BL/
6J(CC):C3H.
pde(AA) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(GG):C57BL/
6J(GG):C3H.
pde(AA) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

Het 
(AC):C57BL/
6J(AA):C3H.
pde(CC) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

6 C57BL/6J 
(AA):C57BL/

NEITHER 
MATCH (--) 

C57BL/6J 
(CC):C57BL/

NEITHER 
MATCH (--) 

NEITHER 
MATCH (--) 

NEITHER 
MATCH (--) 

C57BL/6J 
(AA):C57BL/

C57BL/6J 
(AA):C57BL/

C57BL/6J 
(AA):C57BL/

C57BL/6J 
(AA):C57BL/

NEITHER 
MATCH (--) 
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6J(AA):C3H.
pde(GG) 

:C57BL/6J(A
A):C3H.pde 
(GG) 

6J(CC):C3H.
pde(AA) 

:C57BL/6J(A
A):C3H.pde 
(GG) 

:C57BL/6J(A
A):C3H.pde 
(GG) 

:C57BL/6J(A
A):C3H.pde 
(GG) 

6J(AA):C3H.
pde(GG) 

6J(AA):C3H.
pde(GG) 

6J(AA):C3H.
pde(GG) 

6J(AA):C3H.
pde(CC) 

:C57BL/6J(A
A):C3H.pde 
(GG) 

7 
C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(CC):C57BL/
6J(CC):C3H.
pde(AA) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(CC) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

8 
C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(CC):C57BL/
6J(CC):C3H.
pde(AA) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(CC) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

9 
Het 
(AG):C57BL/
6J(AA):C3H.
pde(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

Het 
(AC):C57BL/
6J(CC):C3H.
pde(AA) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

Het 
(AC):C57BL/
6J(AA):C3H.
pde(CC) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

10 
C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(CC):C57BL/
6J(CC):C3H.
pde(AA) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

Het 
(AC):C57BL/
6J(AA):C3H.
pde(CC) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

11 
C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(CC):C57BL/
6J(CC):C3H.
pde(AA) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(GG) 

C57BL/6J 
(AA):C57BL/
6J(AA):C3H.
pde(CC) 

NEITHER 
MATCH (--) 
:C57BL/6J(A
A):C3H.pde 
(GG) 

*Green: Wild type, Blue: Heterozygous, Red: Homozygous 

 

C. Result of deep sequencing of the ENU treated founder male for MPC232 

A total of 179 SNPs between 8:103024703 and 8:113748124 were investigated by the Illumina sequencing. The red coloured letters show the most-

likely candidate locations based on the sequencing density (higher quality) and zygosity.  

Position on Ch8 REF ALT Quality Functional_Class Gene Amino Acids In 
Orthologues Ref SNPs Is Fully Known HET/ 

HOM 
Read 
Depth Alt freq 

103024703 T C 38.77 Intergenic variant . . . No HET 5 2 

103027969 T C 333.77 Intergenic variant . . . No HET 18 11 

103040867 T C 34.77 Intergenic variant . . . No HET 11 3 
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103124642 A T 42.77 Intergenic variant . . . No HET 11 4 

103181558 C G 43.77 Intergenic variant . . . No HET 11 3 

103222388 A G 55.77 Intergenic variant . . . No HET 11 3 

103359532 T C 247.77 Intergenic variant . . . No HET 18 8 

103389555 A T 54.77 Intergenic variant . . . No HET 12 3 

103414823 A G 94.82 Intergenic variant . . rs253454362 Yes HOM 7 5 

103414829 C G 41.77 Intergenic variant . . . No HET 7 4 

103445583 T G 38.77 Intergenic variant . . . No HET 13 4 

103465937 T G 33.77 Intergenic variant . . . No HET 5 2 

103484497 T C 30.74 Intergenic variant . . . No HOM 2 2 

103484511 G C 39.74 Intergenic variant . . rs231004236 Yes HOM 2 2 

103516068 A C 59.28 Intergenic variant . . . No HOM 4 4 

103715601 T A 106.77 Intergenic variant . . . No HET 8 4 

103967429 T C 95.77 Intergenic variant . . . No HET 7 4 

104070825 G C 71.77 Intergenic variant . . . No HET 9 5 

104120329 T A 86.88 Intron variant Cdh5 . . No HOM 6 4 

104133919 A C 50.28 Intron variant Cdh5 . . No HET 5 3 

104195883 C T 39.77 Intron variant Bean1 . . No HET 13 5 

104324177 T A 179.77 Intron variant Cmtm2b . . No HET 10 6 

104424082 G A 30.77 Intron variant Dync1li2 . . No HET 8 3 

104566386 C T 59.77 Intergenic variant . . . No HOM 5 4 

104574332 A C 107.77 Intergenic variant . . . No HOM 15 10 

104574340 A C 105.77 Intergenic variant . . . No HET 14 9 

104574346 G C 84.77 Intergenic variant . . . No HET 15 5 

104689276 C T 30.74 Intergenic variant . . . No HOM 3 3 

105067869 C A 57.77 Intergenic variant . . . No HET 12 3 

105099634 T G 36.74 Intergenic variant . . . No HOM 3 2 

105396823 G T 31.77 Intron variant Kctd19 . . No HOM 6 4 

105426570 G C 39.77 Intron variant Lrrc36 . . No HET 11 3 

105468073 A C 50.98 Intron variant Tppp3 . . No HOM 5 4 
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105468078 A C 61.28 Intron variant Tppp3 . . No HET 5 3 

105468082 A C 70.77 Intron variant Tppp3 . . No HET 7 4 

105468109 T C 48.77 Intron variant Tppp3 . . No HET 8 3 

105468115 A C 85.79 Intron variant Tppp3 . . No HET 8 5 

105468121 A C 81.77 Intron variant Tppp3 . . No HET 8 5 

105796523 T G 37.77 Intron variant Ranbp10 . . No HET 10 5 

105912712 T A 175.77 Missense variant Pskh1 Valine . No HET 11 6 

106000287 T A 50.77 Intron variant Dus2l . . No HET 7 3 

106024053 A T 44.77 Intron variant Dus2l . . No HOM 6 4 

106171423 A T 52.77 Intron variant Slc7a6 . . No HET 5 3 

106245354 A C 33.74 Intron variant Prmt7 . . No HOM 2 2 

106393190 A C 50.77 Intron variant . . . No HET 8 3 

106393204 T C 79.77 Intron variant . . . No HET 10 4 

106512779 A C 40.77 Intron variant Cdh3 . . No HET 7 4 

106512787 A C 57.28 Intron variant Cdh3 . . No HOM 5 4 

106593974 G T 37.77 Intergenic variant . . . No HET 7 4 

106699814 T A 34.77 Intron variant Tmco7 . . No HET 6 2 

106795561 T A 48.77 Intron variant Tmco7 . rs224081194 Yes HET 10 3 

106817209 T C 32.79 Intron variant Tmco7 . . No HOM 4 3 

106845248 G A 32.77 Intron variant Tmco7 . . No HET 6 2 

107088344 T A 34.77 Intron variant Terf2 . . No HET 10 6 

107088350 C T 31.77 Intron variant Terf2 . . No HET 9 4 

107088356 G A 35.77 Intron variant Terf2 . . No HET 9 3 

107096272 A C 34.77 Missense variant Terf2 Leucine . No HET 6 3 

107109783 T A 50.77 Intergenic variant . . . No HET 8 4 

107117024 T G 70.81 Upstream gene 
variant . . . No HET 11 6 

107241240 A G 32.98 Intergenic variant . . . No HOM 6 4 

107257880 T C 39.74 Downstream gene 
variant . . . No HOM 2 2 

107512962 A C 32.74 Intron variant Wwp2 . . No HOM 3 2 
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107512965 T C 63.28 Intron variant Wwp2 . . No HOM 3 3 

107553759 T A 43.77 Intron variant Wwp2 . . No HET 6 3 

107553763 T A 32.77 Intron variant Wwp2 . . No HET 6 3 

107809648 T A 47.77 Intergenic variant . . . No HET 9 3 

107823516 C A 59.78 Intergenic variant . . . No HET 6 3 

107858134 T A 32.77 Intergenic variant . . . No HET 12 3 

107860614 G T 36.77 Intergenic variant . . . No HET 15 3 

107889777 G A 84.77 Intergenic variant . . . No HET 12 6 

107897867 A G 30.77 Intergenic variant . . . No HET 8 2 

107897869 G A 30.77 Intergenic variant . . . No HET 8 2 

107924292 A G 50.77 Intergenic variant . . rs264814022 Yes HET 8 3 

107943809 G A 46.77 Intergenic variant . . rs216321566 Yes HET 5 3 

107943813 G A 56.77 Intergenic variant . . . No HET 5 3 

107943817 G A 56.77 Intergenic variant . . . No HET 5 3 

107956734 A G 32.77 Intergenic variant . . . No HET 6 2 

107956740 G A 38.77 Intergenic variant . . . No HET 6 2 

108054925 C A 86.77 Intergenic variant . . . No HET 8 4 

108142314 C T 72.28 Intergenic variant . . . No HOM 3 3 

108142317 C T 72.28 Intergenic variant . . . No HOM 3 3 

108142320 C T 72.28 Intergenic variant . . . No HOM 3 3 

108142323 C T 72.28 Intergenic variant . . . No HOM 3 3 

108142326 C T 72.28 Intergenic variant . . . No HOM 3 3 

108142329 C T 72.28 Intergenic variant . . . No HOM 3 3 

108142332 C T 72.28 Intergenic variant . . . No HOM 3 3 

108142335 C T 72.28 Intergenic variant . . . No HOM 3 3 

108142338 C T 72.28 Intergenic variant . . . No HOM 3 3 

108142341 C T 72.28 Intergenic variant . . rs52404925 Yes HOM 3 3 

108165745 A G 46.77 Intergenic variant . . . No HET 7 3 

108235562 T C 38.77 Intergenic variant . . rs238894357 Yes HET 4 2 

108363476 C A 31.77 Intergenic variant . . rs250765558 Yes HET 15 3 
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108387922 A C 33.77 Intergenic variant . . . No HET 12 4 

108413042 T C 43.77 Intergenic variant . . . No HET 7 3 

108468302 G A 58.8 Intergenic variant . . . No HOM 4 3 

108479851 A G 52.77 Intergenic variant . . . No HET 13 3 

108699459 A G 35.78 Intergenic variant . . . No HET 5 3 

108707984 A C 57.28 Intergenic variant . . . No HET 6 3 

108771328 T G 85.77 Intron variant Zfhx3 . . No HET 8 4 

108788896 A C 78.77 Intron variant Zfhx3 . . No HET 11 4 

108812251 T C 47.77 Intron variant Zfhx3 . . No HET 8 5 

108999116 C G 31.78 Intergenic variant . . . No HET 7 3 

109099957 A G 45.77 Intron variant . . . No HET 7 4 

109099961 A G 38.77 Intron variant . . . No HET 7 4 

109099968 C G 48.77 Intron variant . . . No HET 7 4 

109099971 C G 71.77 Intron variant . . . No HOM 7 5 

109099974 A G 69.77 Intron variant . . rs255200889 Yes HOM 7 5 

109099977 T G 67.28 Intron variant . . . No HOM 6 4 

109099983 T G 32.74 Intron variant . . . No HET 6 3 

109139250 T A 257.77 Intron variant . . . No HOM 12 8 

109180035 T C 256.77 Intron variant . . . No HOM 12 8 

109259837 T A 41.77 Intron variant . . . No HET 13 4 

109270029 G C 64.77 Intron variant . . . No HOM 6 4 

109270034 G C 70.77 Intron variant . . . No HOM 6 4 

109270039 A C 48.77 Intron variant . . . No HET 5 3 

109286045 T C 53.77 Intergenic variant . . . No HET 6 3 

109436673 T C 56.77 Intergenic variant . . rs256943656 Yes HET 7 3 

109444934 C T 50.77 Intergenic variant . . . No HET 9 3 

109452238 T A 248.77 Intergenic variant . . . No HET 17 9 

109506662 C G 144.84 Intron variant Pmfbp1 . . No HOM 7 6 

109768776 T C 50.77 Intergenic variant . . . No HET 7 3 

109778245 G T 58.77 Upstream gene Ap1g1 . . No HET 6 3 
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variant 

109874075 G T 83.77 Intron variant Phlpp2 . . No HET 11 5 

109884810 G A 44.77 Intron variant Phlpp2 . . No HET 14 3 

109920177 T G 71.77 Intron variant Phlpp2 . . No HET 9 4 

109958442 G C 113.03 Intron variant Marveld3 . . No HOM 10 7 

110034272 T C 38.77 Intron variant Chst4 . rs31217450 Yes HET 12 3 

110034273 T G 38.77 Intron variant Chst4 . . No HET 12 3 

110034274 G A 35.77 Intron variant Chst4 . . No HET 12 3 

110047140 T A 53.77 Intergenic variant . . . No HET 6 3 

110047142 C T 53.77 Intergenic variant . . . No HET 6 3 

110064684 T A 39.77 Intergenic variant . . . No HET 13 3 

110105159 C T 138.77 Upstream gene_ 
variant . . . No HET 13 6 

110106608 G A 71.77 Upstream gene_ 
variant . . . No HET 19 6 

110113210 G T 30.77 Downstream gene 
variant . . . No HET 19 4 

110114299 A C 73.77 Downstream gene 
variant . . . No HET 13 6 

110128480 C T 32.77 Intergenic variant . . . No HET 5 2 

110244973 G C 77.77 Intergenic variant . . . No HET 8 4 

110256346 A G 42.77 Intergenic variant . . . No HET 7 3 

110272720 T C 46.77 Intron variant Hydin . . No HET 11 3 

110421866 T C 175.77 Intron variant Hydin . . No HET 11 6 

110456377 G C 30.77 Intron variant Hydin . . No HET 6 2 

110484556 G A 35.77 Intron variant Hydin . . No HET 8 4 

110484603 C T 48.77 Intron variant Hydin . . No HOM 8 6 

110593866 A G 58.28 Intron variant Hydin . . No HET 8 4 

110766179 C A 61.78 Intron variant Il34 . . No HOM 10 8 

110895464 A C 57.77 Intron variant . . . No HOM 7 5 

110895466 T C 61.79 Intron variant . . . No HOM 6 5 

110895472 T C 80.03 Intron variant . . . No HOM 5 5 

111089067 T C 31.74 Intergenic variant . . . No HOM 7 7 
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111099400 C T 47.77 Intron variant Pdpr . . No HET 6 3 

111114502 T C 295.77 Intron variant Pdpr . . No HET 16 10 

111281485 C T 61.77 Intron variant Rfwd3 . . No HET 9 5 

111524823 A G 46.28 Upstream gene_ 
variant Wdr59 . rs255177950 Yes HOM 4 3 

111524835 A G 32.74 Upstream gene_ 
variant Wdr59 . . No HET 5 3 

111536443 C G 49.77 5_prime_UTR_vari
ant Znrf1 . . No HET 7 3 

111542994 T G 40.79 Intron variant Znrf1 . rs230373640 Yes HET 8 5 

111741636 G A 103.77 Intron variant Bcar1 . . No HET 9 4 

112113901 T G 37.77 Intergenic variant . . . No HET 5 3 

112113905 T G 44.77 Intergenic variant . . . No HET 5 3 

112199916 G C 104.77 Intergenic variant . . . No HOM 10 7 

112199928 A C 73.77 Intergenic variant . . . No HOM 9 6 

112357204 G C 47.77 Intergenic variant . . . No HET 9 3 

112401271 C T 129.77 Intergenic variant . . . No HET 10 5 

112515416 T A 374.77 Intergenic variant . . . No HET 17 11 

112627438 A G 40.77 Intron variant Cntnap4 . . No HOM 9 6 

112627444 A G 59.77 Intron variant Cntnap4 . . No HOM 11 8 

112778936 A G 78.77 Intron variant Cntnap4 . . No HOM 6 4 

112957251 T C 187.8 Intergenic variant . . . No HOM 7 6 

113085116 T G 85.77 Intergenic variant . . . No HET 9 5 

113085122 T G 48.84 Intergenic variant . . . No HET 8 3 

113115586 T C 133.77 Intergenic variant . . . No HET 9 5 

113149919 C T 44.77 Intergenic variant . . rs47444141 Yes HET 17 5 

113265562 A G 39.77 Intergenic variant . . . No HOM 6 4 

113265564 T G 58.77 Intergenic variant . . . No HOM 6 4 

113584071 A C 111.9 Intergenic variant . . . No HOM 6 6 

113584076 T C 55.28 Intergenic variant . . rs251075602 Yes HOM 5 4 

113652658 A C 48.77 Intron variant Syce1l . . No HET 5 3 

113748124 T G 44.98 Intron variant Adamts18 . . No HOM 6 4 
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*Red background: high density, Blue background: medium density, White background: low density 

 

D. Differentiation of the candidate point mutations of the MPC232 

The causative mutation for the phenotypes of MPC232 mice were narrowed down to 4 candidate mutations. The red coloured letters are 

homozygous in the mouse with a normal phenotype. Thus, those locations with homozygous mutations can be ruled out from the candidate mutation 

list. 

Mouse ID 8:103027969 
(M1) 

8:103359532 
(M2) 

8:104324177 
(M3) 

8:105912712 
(M4) 8:110105159 8:112515416  

14.3a AG TC AT AT CT TA 

14.3b AG TC AT AT CT TA 

14.3c AG TC AT AT TT AA 

14.3d AG TC AT AT CT TA 

13.6a AG TC AT AT CT TA 

14.3e AA TT AA AA CT TT 

14.3f AG TC AT AT CT TA 

14.3g AG TC AT AT CT TA 

14.3h AA TT AA AA TT TT 

13.7b AG TC AT AT F TT 

13.7c AG TC AT AT TT TT 

13.7d AA TT AA AA TT TT 

13.7e AA TT AA AA TT TT 

13.7a AG TC AT AT CT TA 

14.4b AA TT AA AA TT TT 

14.4c AA TT AA AA TT TT 

14.4d AG TC AT F CT TA 
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