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1. Main Text

Alport syndrome is an inherited disorder in humans characterized by progressive renal dysfunction, accompanied by
visual impairments. Chronic kidney disease represents a significant clinical challenge in both human and veterinary medicine.
Although understanding of the genetic basis of hereditary nephropathies is expanding, the underlying molecular mechanisms
vary depending on the mode of inheritance, complicating the development of universal diagnostic and therapeutic strategies. The
domestic dog, with its well-characterized genome and spontaneously occurring pathogenic variants, serves as a valuable
translational model. Comparative analysis of COL4A5 gene variants in dogs and humans not only advances our understanding
of disease pathogenesis but also supports the development of targeted treatment strategies for both veterinary and human
medicine.

The aim of this study was to analyze the current knowledge on hereditary kidney failure in the domestic dog, with
particular emphasis on the X-linked variant caused by a single mutation in the COL4A5 gene. The objectives included a
bioinformatic comparison of the molecular basis of the canine X-linked variant and its relevance to the pathogenesis of Alport
syndrome in humans.

Hereditary nephritis in the domestic dog, associated with dysfunction of the glomerular basement membrane resulting from
an abnormal structure of type 1V collagen, is characterized by three different mechanisms of inheritance (Tab.1). In the autosomal
recessive form, occurring among others in English cocker spaniel dogs, and autosomal dominant, described among others in bull
terrier dogs, the causative mutations concern the COL4A4 gene, encoding one of the six alpha chains of type IV Collagen (Fig.
1). In the case of X-linked inheritance, characteristic of Samoyed dogs, the causative mutation is located in the COL4A5 gene,
crucial for the synthesis of the Collagen a6 (1V) chain. The high degree of homology of the COL4A5 gene sequence between
dogs affected with hereditary nephropathy and patients with Alport syndrome indicates the possibility of using animal models
in translational studies, enabling simultaneous analysis of molecular and clinical aspects of the disease in both species.

Tab. 1. The gene group responsible for encoding the a chains of type IV collagen in the domestic dog.
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Fig. 1. Six type IV collagen genes (COL4A1-COL4AGB), organized in pairs on three chromosomes, encode six a chains with a C-terminal non-collagenous
domain. These chains assemble into triple-helical molecules (Tryggvason, 2009).



2. Methods and results

For bioinformatic analyses, nucleotide and amino acid sequences available in the GenBank database under accession
number NM_001002979.1 were used. Primers defining amplification sites, selected based on literature data, were designed with
the Primer3 software. Sequence analysis and the characterization of the encoded proteins were performed using the BLAST tool.
DNA sequences were further analyzed for restriction enzyme recognition sites with NEBcutter, which allows the identification
of restriction sites. The STRING v.12.0 platform was applied to evaluate the strength of COL4ADS protein interactions with other
proteins, as well as the co-expression level of COL4A5 with other genes at the mRNA level in the domestic dog.

Fig. 2. Protein interaction network of COL4AS5 in domestic dog (STRING v12. - https://string-db.org/).
Tab. 2. Predicted interaction strength of proteins with COL4AS5 in the domestic dog and in humans.

Protein Dog::tic Human
COL4A2 | Collagen o2 (V) chain 0.934 0.826
COL4A6 | Collagen a6 (IV) chain 0.912 0.982
GP6 Platelet glycoprotein VI 0.907 0.904
ITGA3 Integrin a3 subunit 0.854 0.789
PELO Pelota homolog 0.851 -
ITGB Integrin B subunit 0.823 0.818
ITGA2 Integrin «.2 subunit 0.768 0.744
ITGA8 Integrin .8 subunit 0.752 0.734
ITGAS Integrin a.5 subunit 0.742 0.718
ITGA6 Integrin a6 subunit 0.741 0.825

Gene COL4AS5 forms protein interaction primarily with type IV collagen chains and integrins, which mediate cell
adhesion to the extracellular matrix and intercellular signaling (Fig.2). In the domestic dog, gene co-expression analysis
revealed moderate values, particularly between COL4A5 and COL4A2/COL4AG, confirming their shared role in type IV
collagen structure (Tab.2). In humans, co-expression values were notably higher. The most important biological process
associated with COL4AS is cell adhesion to the extracellular matrix, highlighting its role in maintaining the integrity and
proper function of the glomerular basement membrane.

Analysis of interaction networks and co-expression confirmed the central role of COL4A5 in the function of the
glomerular basement membrane and in the pathogenesis of hereditary nephropathies in dogs and Alport syndrome in
humans. Differences in co-expression levels between species suggest regulatory divergences that may underlie variations in
clinical manifestations. The high structural and functional similarity of COL4A5 in dogs and humans supports the use of the
domestic dog as an animal model for COL4A5-related diseases.



3. References

1. Baumal R., Thorner P., Valli V.E., McInnes R., Marrano P., Jacobs R., Binnington A., Bloedow A.G. Renal disease in carrier
female dogs with X-linked hereditary nephritis. Implications for female patients with this disease; Am. J. Pathol. 1991; 139 (4):
751 764.

2. Benali S.L., Lees G.E., Nabity M.B., Arico A., Drigo M., Gallo E., Giantin M., Aresu L. X-Linked Hereditary Nephropathy
in Navasota Dogs: Clinical Pathology, Morphology, and Gene Expression During Disease Progression; Veterinary Pathology
2016; 53 (4): 803-812.

3. Bernard M.A., Valli V.E. Familial renal disease in Samoyed dogs; Can. Vet. J. 1977; 18 (7): 181-189.

4. Boutaud A., Borza D. B., Bondar O., Gunwar S., Netzer K. O., Singh N., Ninomiya Y., Sado Y., Noelken M. E., Hudson B.
G. Type IV collagen of the glomerular basement membrane. Evidence that the chain specificity of network assembly is encoded
by the noncollagenous NC1 domains; J. Biol. Chem. 2000; 275 (39): 30716 30724.

5. Cheli Y., Kanaji S., Jacquelin B., Chang M., Nugent D.J., Kunicki T.J. Transcriptional and epigenetic regulation of the integrin
collagen receptor locus ITGA1-PELO ITGAZ2; Biochim. Biophys. Acta. 2007; 1769 (9-10): 546-558.

6. Chew D.J., DiBartola S.P., Boyce J.T., Hayes H.M. Jr, Brace J.J. Juvenile renal disease in Doberman Pinscher dogs; J. Am.
Vet. Med. Assoc. 1983; 182 (5): 481-485.

7. Chu C.P., Hokamp J.A., Cianciolo R.E., Dabney A. R., Brinkmeyer-Langford C., Lees G.E, Nabity M.B. RNA-seq of serial
kidney biopsies obtained during progression of chronic kidney disease from dogs with X-linked hereditary nephropathy; Sci.
Rep. 2017; 16776.10 (1): 2381.

8. Clark S.D., Nabity M.B., Cianciolo R.E., Dufek B., Cosgrove D. X-Linked Alport Dogs Demonstrate Mesangial Filopodial
Invasion of the Capillary Tuft as an Early Event in Glomerular Damage; PL0oS One. 2016; 11 (12): e0168343.

9. Cosgrove D., Liu S. Collagen IV diseases: A focus on the glomerular basement membrane in Alport syndrome; Matrix Biol.
2017; 57-58: 45-54.

10. Cowgill L.D., Segev G., Vaden S., Ross S., Dufayet C., Cohn L. A., Nabity M., Farace G., Szlosek D., Ouyang Z., Peterson
S., Beall M., Yerramilli, M., Polzin D. Differentiation of stable kidney function versus progressive dysfunction in dogs; J. Vet.
Intern. Med. 2023; 37 (6): 2241-2250.

11. Cox M.L., Lees G.E., Kashtan C.E., Murphy K.E. Genetic cause of X-linked Alport syndrome in a family of domestic dogs;
Mamm. Genome. 2003; 14 (6): 396-403.

12. Davidson A.G., Bell R.J., Lees E.G., Kashtan C.E., Davidson G.S., Murphy K.E. Genetic cause of autosomal recessive
hereditary nephropathy in the English Cocker Spaniel; J. Vet. Intern. Med. 2007; 21: 394-401.

13. Danilewicz M. Ki¢ebuszkowe choroby nerek klinicznie przebiegajace z duzym biatkomoczem i/lub zespotem nerczycowym,;
Polish Journal of Pathology Supplement 2011; 32-40.

14. DiBartola S.P., Chew D.J., Boyce J.T. Juvenile renal disease in related Standard Poodles; J. Am. Vet. Med. Assoc. 1983;
183 (6): 693-696.

15. Gershony L., Oberbauer A. Review of the Current State of Genetic Testing - A Living Resource; material edukacyjny
przygotowany przez American Kennel Club Canine Health Foundation 2020.

16. Greer K.A., Higgins M.A., Cox M.L., Ryan T.P., Berridge B.R., Kashtan C.E., Lees G.E., Murphy K.E. Gene expression
analysis in a canine model of X-linked Alport syndrome; Mamm. Genome. 2006; 17 (9): 976-990.

17. Harvey S.J., Mount R., Sado Y.,Naito I., Ninomiya Y., Harrison R., Jefferson B., Jacobs R., Thorner P. S. The inner ear of
dogs with X-linked nephritis provides clues to the pathogenesis of hearing loss in X-linked Alport syndrome; Am. J. Pathol.
2001; 159 (3): 1097-1104.

18. Hashikami K., Asahina M., Nozu K., lijima K., Nagata M., Takeyama M. Establishment of X-linked Alport syndrome model
mice with a Col4a5 R471X mutation; Biochem. Biophys. Rep. 2018; 17: 81-86.

19. Hertz J.M. Alport syndrome. Molecular genetic aspects; Dan. Med. Bull. 2009; 56 (3): 105-152.
20. High K.A. Clinical gene transfer studies for hemophilia B; Semin. Thromb. Hemost. 2004; 30: 257-267.

21. Hood J.C., Savige J., Hendtlass A., Kleppel M.M., Huxtable C.R., Robinson W.F. Bull terrier hereditary nephritis: a model
for autosomal dominant Alport syndrome; Kidney Int. 1995; 47 (3): 758-765.

22. Hood J.C., Savige J., Seymour A.E., Dowling J., Martinello P., Colville D., Sinclair R., Naito I., Jennings G., Huxtable C.
Ultrastructural appearance of renal and other basement membranes in the Bull terrier model of autosomal dominant hereditary
nephritis; Am. J. Kidney. Dis. 2000; 36 (2): 378-391.

23. Hood J.C., Huxtable C., Naito I., Smith C., Sinclair R., Savige J. A novel model of autosomal dominant Alport syndrome in
Dalmatian dogs; Nephrol. Dial. Transplant. 2002; 17 (12): 2094-2098.



24. Hood J.C., Dowling J., Bertram J.F., Young R.J., Huxtable C., Robinson W., Savige J. Correlation of histopathological
features and renal impairment in autosomal dominant Alport syndrome in Bull terriers; Nephrol. Dial. Transplant. 2002; 17 (11):
1897-1908.

25. Hudson B.G., Tryggvason K., Sundaramoorthy M., Neilson E.G. Mechanisms of disease: Alport's syndrome, Goodpasture's
syndrome, and type 1V collagen; New England Journal of Medicine 2003; 348 (25): 2543—-2556.

26. Jansen B., Thorner P.S., Singh A., Patterson J.M., Lumsden J.H., Valli V.E., Baumal R., Basrur R.K. Animal model of human
disease: hereditary nephritis in Samoyed dogs; Am. J. Pathol. 1984; 116 (1): 175-178.

27.Jansen B., Thorner P., Baumal R., Valli V., Maxie M.G., Singh A. Samoyed hereditary glomerulopathy (SHG). Evolution of
splitting of glomerular capillary basement membranes; Am. J. Pathol. 1986; 125 (3): 536-545.

28. Jansen B., Valli V.E., Thorner P., Baumal R., Lumsden J.H. Samoyed hereditary glomerulopathy: serial, clinical and
laboratory (urine, serum biochemistry and hematology) studies; Can. J. Vet. Res. 1987; 51 (3): 387-393.

29. Lavoué R., van der Lugt J.J., Day M.J., Georges M., Busoni V., Merveille A.C., Poujade A., Pecters D. Progressive juvenile
glomerulonephropathy in 16 related French Mastiff (Bordeaux) dogs; J. Vet. Intern. Med. 2010; 24 (2): 314-322.

30. LeBleu V.S., Kanasaki K., Lovisa S., Alge J.L., Kim J., Chen Y., Teng Y., Gerami Naini B., Sugimoto H., Kato N., Revuelta
I., Grau N., Sleeman J.P., Taduri G., Kizu A., Rafii S., Hochedlinger K., Quaggin S.E., Kalluri R. Genetic reprogramming with
stem cells regenerates glomerular epithelial podocytes in Alport syndrome; Life Sci. Alliance. 2024;7 (6): €202402664.

31. Lees G.E., Wilson P.D., Helman G., Homco L.D., Frey M.S. Glomerular Ultrastructural Findings Similar to Hereditary
Nephritis in 4 English Cocker Spaniels; J. Vet. Int. Med. 1997; 11 (2): 80-85.

32. Lees G.E., Helman R.G., Kashtan C.E., Michael A.F., Homco L.D., Millichamp N.J., Ninomiya Y., Sado Y., Naito I., Kim
Y. A model of autosomal recessive Alport syndrome in English cocker spaniel dogs; Kidney Int. 1998; 54 (3): 706-719.

33. Lees G.E., Helman R.G., Kashtan C..E, Michael A.F., Homco L.D., Millichamp N., Camacho Z.T., Templeton JW.,
Ninomiya Y., Sado Y., Naito I., Kim Y. New form of X-linked dominant hereditary nephritis in dogs; Am. J. Vet. Res.
1999;60(3):373-383.

34. Lees G.E. Inherited kidney diseases in dogs and cats; wyktad na Tufts' Canine and Feline Breeding and Genetics Conference,
2005.

35. Littman M.P. Emerging perspectives on hereditary glomerulopathies in canines; Adv. Genomics and Genetics 2015; 5: 179-
188.

36. Lowe J. K., Guyon R., Cox M. L., Mitchell D. C., Lonkar A. L., Lingaas F., André C., Galibert F., Ostrander E. A., Murphy
K. E. Radiation hybrid mapping of the canine type | and type IV collagen gene subfamilies; Funct. Integr. Gen. 2003; 3: 112-
116.

37. de Morais H.S., DiBartola S.P., Chew D.J. Juvenile renal disease in golden retrievers: 12 cases (1984-1994); J. Am. Vet.
Med. Assoc. 1996; 209 (4): 792-797.

38. Nabity M.B., Lees G.E., Cianciolo R., Boggess M.M., Steiner J.M., Suchodolski J.S. Urinary biomarkers of renal disease in
dogs with X-linked hereditary nephropathy; J. Vet. Intern. Med. 2012; 26 (2): 282-293.

39. Nabity M.B., Lees G.E., Boggess M.M., Yerramilli M., Obare E., Yerramilli M., Rakitin A., Aguiar J., Relford R. Symmetric
Dimethylarginine Assay Validation, Stability, and Evaluation as a Marker for the Early Detection of Chronic Kidney Disease in
Dogs; J. Vet. Intern. Med. 2015; 29 (4): 1036-1044.

40. Nowend K. L., Starr-Moss A. N., Lees G. E., Berridge B. R., Clubb F. J., Kashtan C. E., Nabity M. B., Murphy K. E.
Characterization of the genetic basis for autosomal recessive hereditary nephropathy in the English Springer Spaniel; J. Vet.
Intern. Med. 2012; 26 (2): 294-301.

41. Ostrander E.A., Giniger E. What man’s best friend can teach us about human biology and disease; Trends Genet. 1997; 61:
475-480.

42. Pelander L., Haggstrom J., Larsson A., Syme H., Elliott J., Heiene R., Ljungvall I. Comparison of the diagnostic value of
symmetric dimethylarginine, cystatin C, and creatinine for detection of decreased glomerular filtration rate in dogs; J. Vet. Intern.
Med. 2019; 33 (2): 630-639.

43. Picut C.A., Lewis R.M. Comparative pathology of canine hereditary nephropathies: an interpretive review; Vet. Res.
Commun. 1987; 11 (6): 561-581.

44, Pokidysheva E.N., Redhair N., Ailsworth O., Page-McCaw P., Rollins-Smith L., Jamwal V.S., Ohta Y., Bachinger H.P.,
Murawala P., Flajnik M., Fogo A.B., Abrahamson D., Hudson J.K., Boudko S.P., Hudson B.G. Collagen IV of basement
membranes: II. Emergence of collagen IVa345 enabled the assembly of a compact GBM as an ultrafilter in mammalian kidneys;
J. Biol. Chem. 2023; 299 (12): 1054 1059.

45. Ponta H., Sherman L., Herrlich P.A. CD44: from adhesion molecules to signalling regulators; Nature Reviews Molecular
Cell Biology 2003; 4 (1): 33-45.

46. Sambrook J., Russell D.W. Molecular cloning: a laboratory manual; CSHL Press, 2001; 4: 445-541.



47. Steward A.P., Macdougall D.F. Familial nephropathy in the Cocker Spaniel; J. Small Anim. Pract. 1984; 25: 15-24.

48. Szklarczyk D., Gable A.L., Lyon D., Junge A., Wyder S., Huerta-Cepas J., Bork P. STRING v11: protein—protein association
networks with increased coverage, supporting functional discovery in genome-wide experimental datasets; Nucleic acids
research 2019; 47 (D1): D607-D613.

49. Switonski M. Impact of gene therapy for canine monogenic diseases on the progress of preclinical studies; J. Appl. Genet.
2020; 61 (2): 179-186.

50. Switonski M., Loba W. Diagnostyka molekularna choréb dziedzicznych psa we wspolczesnej weterynarii; Zycie
Weterynaryjne 2021; 96-107.

51. Thorner P., Baumal R., Binnington A., Valli V.E.., Marrano P., Clarke H. The NC1 domain of collagen type IV in neonatal
dog glomerular basement membranes. Significance in Samoyed hereditary glomerulopathy; Am. J. Pathol. 1989; 134 (5): 1047-
1054.

52. Thorner P. S., Zheng K., Kalluri R., Jacobs R., Hudson B.G. Coordinate gene expression of the a3 a4 a5 chains of collagen
type 1V; Biol. Chem. 1996; 271: 13821 13828.

53. Tryggvason K., Patrakka J., (editors: Lifton R.P., Somlo S., Giebisch G.H., Seldin D.W.) Chapter 4 - Alport’s Disease and
Thin Basement Membrane Nephropathy; Genetic Diseases of the Kidney, Academic Press 2009; 77-96.

54. Tsai K.L., Clark L.A., Murphy K.E. Understanding hereditary diseases using the dog and human as companion model
systems; Mamm. Genome 2007; 18 (6-7): 444-451.

55. Valli V.E., Baumal R., Thorner P., Jacobs R., Marrano P., Davies C., Qizilbash B., Clarke H. Dietary modification reduces
splitting of glomerular basement membranes and delays death due to renal failure in canine X-linked hereditary nephritis; Lab.
Invest. 1991; 65 (1): 67-73.

56. Vanacore R.M. Chemical chaperones to the rescue of Alport syndrome?; Kidney Int. 2024; 106 (3): 359-361.

57. Wasilewska M., Szatkowska I., Czerniawska-Piatkowska E., Zaborski D. Molekularne podtoze dziedzicznych nefropatii u
psOw rasy spanie; Med. Weter. 2019; 75 (12): 719-723.

58. Wiersma A.C., Millon L.V., van Dongen A.M., van Oost B.A., Bannasch D.L. Evaluation of canine COL4A3 and COL4A4
as candidates for familial renal disease in the Norwegian elkhound; J. Hered. 2005; 96 (7): 739-774.

59. Zheng K., Thorner P.S., Marrano P., Baumal R., Mclnnes R. Canine X chromosome linked hereditary nephritis: A genetic
model for human X-linked hereditary nephritis resulting from a single base mutation in the gene encoding the a5 chain of
collagen type I1V; Proc. Natl. Acad. Sci. Genetics USA 1994; 91: 3989-3993.

60. Zheng K., Perry J., Harvey S.J., Sado Y., Ninomiya Y., Jefferson B., Jacobs R., Hudson B.G., Thorner P.S. Regulation of
collagen type IV genes is organ-specific: evidence from a canine model of Alport syndrome; Kidney Int. 2005; 68 (5): 2121
2130.

61. Zhong Y., Xu F., Wu J., Schubert J., Li M.M. Application of Next Generation Sequencing in Laboratory Medicine; Ann.
Lab. Med. 2021; 41 (1): 25-43.

Bioinformatic tools:

1. BLAST - https://blast.ncbi.nlm.nih.gov/

2. GenBank - https://www.nchi.nIm.nih.gov/genbank/
3. NEBcutter - https://nc3.neb.com/NEBcutter/

4. Primer 3 - https://primer3.ut.ee/

5. STRING v. 12.0 - https://string-db.org



