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Additional file 4. Functional Classification of Key Genes Among the Top 20 Most Highly Expressed in the Native Urethra and Graft Regions
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	 Symbol
	Full Name
	Function in Graft Healing Context
	Reference

	Control condition (untreated without dehiscence)
	Mmp12
	Matrix Metalloproteinase 12
	Extracelular matrix degradation, fibrosis prevention, macrophage recruitment, angiogenic balance regulation
	(1-3)

	
	Adam12
	ADAM metallopeptidase domain 12
	Extracelular matrix remodeling, integrin-mediated cell adhesion
	(4)

	
	Lrrc15
	Leucine-Rich Repeat Containing 15
	Extracelular matrix deposition, fibroblast activation, mesenchymal activation
	(5)

	
	Sprr3
	Small Proline-Rich Protein 3
	Extracelular matrix deposition, fibroblast proliferation 
	(6)

	
	Tnn
	Tenascin-N / Tenascin-W
	Cell migration, vascular remodeling
	(7)

	
	Epha1
	EPH receptor A1
	Cell migration, vascular remodeling
	(8, 9)

	
	Krt17
	Keratin 17
	Keratinocyte proliferation, migration in tissue regeneration via AKT/mTOR
	(10, 11)

	
	Dsc3
	Desmocollin 3
	Cell-cell adhesion, mechanical stability, epithelial cohesion maintenance, barrier integrity
	(12)

	
	Card14
	Caspase Recruitment Domain Family Member 14
	NF-κB activation, inflammatory signaling modulation, epithelial proliferation
	(13)

	
	Plbd1
	Phospholipase B-domain containing 1
	Immune cell infiltration, lipid metabolism
	(14, 15)

	
	Ighg1
	Immunoglobulin Heavy Constant Gamma 1
	Local immune activation, tissue defence
	(16)

	DEH condition (untreated with dehiscence)
	Lce3d
	Late Cornified Envelope Protein 3D
	Keratinocyte differentiation
	(17)

	
	Loricrin
	Loricrin
	Late-stage keratinocyte differentiation, mechanical resistance
	(18, 19)

	
	Cpa4
	Carboxypeptidase A4
	Proteolysis, modulation of cell differentiation
	(20)

	
	S100a7a
	S100 Calcium-Binding Protein A7A
	Pro-inflammatory response
	(21, 22)

	
	Il36rn
	Interleukin-36 Receptor Antagonist
	Inflammatory regulation
	(23)

	
	Alox12b
	Arachidonate 12-Lipoxygenase, 12R Type
	Lipid metabolism, immune activation
	(24, 25)

	
	Smpd3
	Sphingomyelin Phosphodiesterase 3
	Induction of apoptosis, inflammatory response and fibrosis through ceramide production
	(26-28)

	
	Gsta2
	Glutathione S-Transferase A2
	Oxidative stress response
	(29)

	
	Mt4
	Metallothionein 4
	Oxidative stress response, epithelial differentiation
	(30, 31)

	
	Klk12/
Klk14
	Kallikrein-Related Peptidase 12 and 14
	Proteolysis-driven epithelial remodeling, angiogenesis, barrier stability imbalance
	(32-34)

	
	Fabp4
	Fatty Acid-Binding Protein 4
	Macrophage-mediated inflammation, vascular dysfunction
	(35, 36)

	
	Sprr3
	Small Proline-Rich Protein 3
	Extracelular matrix deposition, fibroblast proliferation 
	(6)

	LDIR condition (LDIR exposure and without dehiscence)
	Mmp7
	Matrix Metallopeptidase 7
	Keratinocyte migration, extracelular matrix remodeling, endothelial invasion and angiogenesis via VEGF signaling
	(37, 38)

	
	Tmprss11g / Tmprss4
	Transmembrane Serine Protease 11G and 4
	Epithelial remodeling, extracelular matrix integrity, adhesion and tissue homeostasis regulation
	(39-41)

	
	Cthrc1
	Collagen Triple Helix Repeat Containing 1
	Extracelular matrix remodeling, endothelial migration, vascular stabilization
	(42, 43)

	
	Tnn
	Tenascin-N / Tenascin-W
	Cell migration, vascular remodeling
	(7)

	
	Lamb3
	Laminin Subunit Beta-3
	Keratinocyte attachment stabilization, epithelial adhesion, re-epithelialization
	(44)

	
	Mal2
	Mal, T-cell differentiation protein 2
	Cell migration, epithelial remodeling, membrane trafficking
	(45, 46)

	
	Krt6a
	Keratin-6A
	Keratinocyte activation, adhesion stabilization, migration dynamics regulation
	(47, 48)

	
	Nectin4
	Nectin Cell Adhesion Molecule 4
	Cell adhesion, epithelial integrity, endothelial migration via integrin-β4 interaction
	(49, 50)

	
	Krt10
	Keratin-10
	Differentiation marker re-expressed after repair to restore epidermal homeostasis and barrier maturation
	(51)

	
	Dmkn
	Dermokine
	Keratinocyte differentiation, barrier integrity
	(51, 52)

	
	Ly6d
	Lymphocyte Antigen 6 Family Member D
	Marker of immune cell proliferation and differentiation, predominantly expressed in B cells, T cells and dendritic cells
	(53)

	
	Plbd1
	Phospholipase B Domain Containing 1
	Linked to immune cell infiltration and immune-modulated tissue repair
	(14)

	
	Lamc2
	Laminin Subunit Gamma-2
	Basement membrane stabilization, endothelial adhesion, neovascularization
	(54, 55)

	
	Anos1
	Anosmin-1
	VEGFR2-mediated endothelial cell proliferation and tube formation
	(56)

	
	Fgfbp1
	Fibroblast Growth Factor Binding Protein 1
	FGF-mediated angiogenesis, vascular expansion
	(57)

	
	Rbp2
	Retinol-Binding Protein 2
	Cell proliferation and differentiation, and immune balance via retinoic acid production
	(58)

	LiSWT condition (LiSWT-exposure and without dehiscence)
	Dsg1
	Desmoglein-1
	Cell-cell adhesion, mechanical stability, epithelial differentiation, barrier integrity
	(59, 60)

	
	Dsc2
	Desmocollin-2
	Cell-cell adhesion, mechanical stability, epithelial cohesion maintenance, barrier integrity
	(12)

	
	Dmkn
	Dermokine
	Keratinocyte differentiation
	(52)

	
	Sprr1b
	Small proline-rich protein 1B
	Epithelial differentiation, barrier reinforcement
	(61)

	
	Loricrin
	Loricrin
	Late-stage keratinocyte differentiation, mechanical resistance
	(18, 19)

	
	Defb4 / Defb14
	Defensin beta 4 and 14
	Antimicrobial activity, pathogen clearance, immune modulation
	(62, 63)

	
	Csta
	Cystatin A
	Epithelial barrier integrity and immune regulation via cysteine protease activity, preventing excessive tissue degradation and inflammation
	(64, 65)

	
	Pinlynp
	Phospholipase A2 Inhibitor And LY6/PLAUR Domain Containing
	Regulation of lipid metabolism, immune signaling
	(66)

	
	Psapl1
	Prosaposin-like 1
	Sphingolipid metabolism, lysosomal degradation, potential role in cellular remodeling
	(67)

	
	Klk12
	Kallikrein-related peptidase 12
	Proteolytic remodeling, epithelial reshaping, angiogenesis
	(32)

	
	Rbp2
	Retinol-binding protein 2
	Cell proliferation and differentiation, immune balance via retinoic acid production
	(58)






References

1.	Pellicoro A, Aucott RL, Ramachandran P, Robson AJ, Fallowfield JA, Snowdon VK, et al. Elastin accumulation is regulated at the level of degradation by macrophage metalloelastase (MMP-12) during experimental liver fibrosis. Hepatology. 2012;55(6):1965-75.
2.	Stawski L, Haines P, Fine A, Rudnicka L, Trojanowska M. MMP-12 deficiency attenuates angiotensin II-induced vascular injury, M2 macrophage accumulation, and skin and heart fibrosis. PLoS One. 2014;9(10):e109763.
3.	Stetler-Stevenson WG. Matrix metalloproteinases in angiogenesis: a moving target for therapeutic intervention. J Clin Invest. 1999;103(9):1237-41.
4.	Mygind KJ, Nikodemus D, Gnosa S, Kweder R, Albrechtsen NJW, Kveiborg M, et al. ADAM12-Generated Basigin Ectodomain Binds beta1 Integrin and Enhances the Expression of Cancer-Related Extracellular Matrix Proteins. Int J Mol Sci. 2024;25(11).
5.	Ray U, Pathoulas CL, Thirusangu P, Purcell JW, Kannan N, Shridhar V. Exploiting LRRC15 as a Novel Therapeutic Target in Cancer. Cancer Res. 2022;82(9):1675-81.
6.	Saraswati S, Lietman CD, Li B, Mathew S, Zent R, Young PP. Small proline-rich repeat 3 is a novel coordinator of PDGFRbeta and integrin beta1 crosstalk to augment proliferation and matrix synthesis by cardiac fibroblasts. FASEB J. 2020;34(6):7885-904.
7.	Tucker RP, Degen M. The Expression and Possible Functions of Tenascin-W During Development and Disease. Front Cell Dev Biol. 2019;7:53.
8.	Cheng N, Brantley DM, Chen J. The ephrins and Eph receptors in angiogenesis. Cytokine Growth Factor Rev. 2002;13(1):75-85.
9.	Kuijper S, Turner CJ, Adams RH. Regulation of angiogenesis by Eph-ephrin interactions. Trends Cardiovasc Med. 2007;17(5):145-51.
10.	Kim S, Wong P, Coulombe PA. A keratin cytoskeletal protein regulates protein synthesis and epithelial cell growth. Nature. 2006;441(7091):362-5.
11.	Romashin DD, Tolstova TV, Varshaver AM, Kozhin PM, Rusanov AL, Luzgina NG. Keratins 6, 16, and 17 in Health and Disease: A Summary of Recent Findings. Curr Issues Mol Biol. 2024;46(8):8627-41.
12.	Kowalczyk AP, Green KJ. Structure, function, and regulation of desmosomes. Prog Mol Biol Transl Sci. 2013;116:95-118.
13.	Mellett M. Regulation and dysregulation of CARD14 signalling and its physiological consequences in inflammatory skin disease. Cell Immunol. 2020;354:104147.
14.	Burger B, Sagiorato RN, Cavenaghi I, Rodrigues HG. Abnormalities of Sphingolipids Metabolic Pathways in the Pathogenesis of Psoriasis. Metabolites. 2023;13(2).
15.	Wei M, Zhou G, Chen L, Zhang Y, Ma W, Gao L, et al. The prognostic and immune significance of PLBD1 in pan-cancer and its roles in proliferation and invasion of glioma. J Cancer. 2024;15(12):3857-72.
16.	Bashirova AA, Zheng W, Akdag M, Augusto DG, Vince N, Dong KL, et al. Population-specific diversity of the immunoglobulin constant heavy G chain (IGHG) genes. Genes Immun. 2021;22(7-8):327-34.
17.	Bergboer JG, Tjabringa GS, Kamsteeg M, van Vlijmen-Willems IM, Rodijk-Olthuis D, Jansen PA, et al. Psoriasis risk genes of the late cornified envelope-3 group are distinctly expressed compared with genes of other LCE groups. Am J Pathol. 2011;178(4):1470-7.
18.	Ishitsuka Y, Roop DR. Loricrin: Past, Present, and Future. Int J Mol Sci. 2020;21(7).
19.	Nithya S, Radhika T, Jeddy N. Loricrin - an overview. J Oral Maxillofac Pathol. 2015;19(1):64-8.
20.	Wang K, Ding Y, Liu Y, Ma M, Wang J, Kou Z, et al. CPA4 as a biomarker promotes the proliferation, migration and metastasis of clear cell renal cell carcinoma cells. J Cell Mol Med. 2024;28(7):e18165.
21.	Lei H, Wang Y, Zhang T, Chang L, Wu Y, Lai Y. TLR3 activation induces S100A7 to regulate keratinocyte differentiation after skin injury. Sci China Life Sci. 2017;60(2):158-67.
22.	Lu Z, Zheng S, Liu C, Wang X, Zhang G, Wang F, et al. S100A7 as a potential diagnostic and prognostic biomarker of esophageal squamous cell carcinoma promotes M2 macrophage infiltration and angiogenesis. Clin Transl Med. 2021;11(7):e459.
23.	Saito K, Iwata Y, Fukushima H, Watanabe S, Tanaka Y, Hasegawa Y, et al. IL-36 receptor antagonist deficiency resulted in delayed wound healing due to excessive recruitment of immune cells. Sci Rep. 2020;10(1):14772.
24.	Olkowicz M, Karas A, Berkowicz P, Kaczara P, Jasztal A, Kurylowicz Z, et al. Upregulation of ALOX12-12-HETE pathway impairs AMPK-dependent modulation of vascular metabolism in ApoE/LDLR(-/-) mice. Pharmacol Res. 2024;210:107478.
25.	Zheng Z, Li Y, Jin G, Huang T, Zou M, Duan S. The biological role of arachidonic acid 12-lipoxygenase (ALOX12) in various human diseases. Biomed Pharmacother. 2020;129:110354.
26.	Filosto S, Castillo S, Danielson A, Franzi L, Khan E, Kenyon N, et al. Neutral sphingomyelinase 2: a novel target in cigarette smoke-induced apoptosis and lung injury. Am J Respir Cell Mol Biol. 2011;44(3):350-60.
27.	Jiang J, Gao Y, Wang J, Huang Y, Yang R, Zhang Y, et al. Hepatic sphingomyelin phosphodiesterase 3 promotes steatohepatitis by disrupting membrane sphingolipid metabolism. Cell Metab. 2025.
28.	Wu N, Feng M, Yue S, Shi X, Tang N, Xiong Y, et al. DNA methylation of SMPD3-based diagnostic biomarkers of NASH and mild fibrosis. Genes Dis. 2024;11(1):99-102.
29.	Hayes JD, Flanagan JU, Jowsey IR. Glutathione transferases. Annu Rev Pharmacol Toxicol. 2005;45:51-88.
30.	Yang R, Roshani D, Gao B, Li P, Shang N. Metallothionein: A Comprehensive Review of Its Classification, Structure, Biological Functions, and Applications. Antioxidants (Basel). 2024;13(7).
31.	Agren MS, Chafranska L, Eriksen JO, Forman JL, Bjerrum MJ, Schjerling P, et al. Spatial expression of metallothionein, matrix metalloproteinase-1 and Ki-67 in human epidermal wounds treated with zinc and determined by quantitative immunohistochemistry: A randomised double-blind trial. Eur J Cell Biol. 2021;100(3):151147.
32.	Kryza T, Parent C, Pardessus J, Petit A, Burlaud-Gaillard J, Reverdiau P, et al. Human kallikrein-related peptidase 12 stimulates endothelial cell migration by remodeling the fibronectin matrix. Sci Rep. 2018;8(1):6331.
33.	Kryza T, Bock N, Lovell S, Rockstroh A, Lehman ML, Lesner A, et al. The molecular function of kallikrein-related peptidase 14 demonstrates a key modulatory role in advanced prostate cancer. Mol Oncol. 2020;14(1):105-28.
34.	Falkowski K, Bielecka E, Thogersen IB, Bochenska O, Plaza K, Kalinska M, et al. Kallikrein-Related Peptidase 14 Activates Zymogens of Membrane Type Matrix Metalloproteinases (MT-MMPs)-A CleavEx Based Analysis. Int J Mol Sci. 2020;21(12).
35.	Rodriguez-Calvo R, Girona J, Alegret JM, Bosquet A, Ibarretxe D, Masana L. Role of the fatty acid-binding protein 4 in heart failure and cardiovascular disease. J Endocrinol. 2017;233(3):R173-R84.
36.	Saavedra P, Girona J, Bosquet A, Guaita S, Canela N, Aragones G, et al. New insights into circulating FABP4: Interaction with cytokeratin 1 on endothelial cell membranes. Biochim Biophys Acta. 2015;1853(11 Pt A):2966-74.
37.	Rohani MG, Parks WC. Matrix remodeling by MMPs during wound repair. Matrix Biol. 2015;44-46:113-21.
38.	Ito TK, Ishii G, Saito S, Yano K, Hoshino A, Suzuki T, et al. Degradation of soluble VEGF receptor-1 by MMP-7 allows VEGF access to endothelial cells. Blood. 2009;113(10):2363-9.
39.	Xiao H, Zhang Z, Peng D, Wei C, Ma B. Type II transmembrane serine proteases 4 (TMPRSS4) promotes proliferation, invasion and epithelial-mesenchymal transition in endometrial carcinoma cells (HEC1A and Ishikawa) via activation of MAPK and AKT. Anim Cells Syst (Seoul). 2021;25(4):211-8.
40.	Tanabe LM, List K. The role of type II transmembrane serine protease-mediated signaling in cancer. FEBS J. 2017;284(10):1421-36.
41.	Kim S, Kang HY, Nam EH, Choi MS, Zhao XF, Hong CS, et al. TMPRSS4 induces invasion and epithelial-mesenchymal transition through upregulation of integrin alpha5 and its signaling pathways. Carcinogenesis. 2010;31(4):597-606.
42.	Qin S, Zheng JH, Xia ZH, Qian J, Deng CL, Yang SL. CTHRC1 promotes wound repair by increasing M2 macrophages via regulating the TGF-beta and notch pathways. Biomed Pharmacother. 2019;113:108594.
43.	Liu YJ, Du J, Li J, Tan XP, Zhang Q. CTHRC1, a novel gene with multiple functions in physiology, disease and solid tumors (Review). Oncol Lett. 2023;25(6):266.
44.	Miner JH, Yurchenco PD. Laminin functions in tissue morphogenesis. Annu Rev Cell Dev Biol. 2004;20:255-84.
45.	An L, Gong H, Yu X, Zhang W, Liu X, Yang X, et al. Downregulation of MAL2 inhibits breast cancer progression through regulating beta-catenin/c-Myc axis. Cancer Cell Int. 2023;23(1):144.
46.	Lopez-Coral A, Del Vecchio GJ, Chahine JJ, Kallakury BV, Tuma PL. MAL2-Induced Actin-Based Protrusion Formation is Anti-Oncogenic in Hepatocellular Carcinoma. Cancers (Basel). 2020;12(2).
47.	Rotty JD, Coulombe PA. A wound-induced keratin inhibits Src activity during keratinocyte migration and tissue repair. J Cell Biol. 2012;197(3):381-9.
48.	Wang F, Chen S, Liu HB, Parent CA, Coulombe PA. Keratin 6 regulates collective keratinocyte migration by altering cell-cell and cell-matrix adhesion. J Cell Biol. 2018;217(12):4314-30.
49.	Chatterjee S, Sinha S, Molla S, Hembram KC, Kundu CN. PARP inhibitor Veliparib (ABT-888) enhances the anti-angiogenic potentiality of Curcumin through deregulation of NECTIN-4 in oral cancer: Role of nitric oxide (NO). Cell Signal. 2021;80:109902.
50.	Siddharth S, Nayak A, Das S, Nayak D, Panda J, Wyatt MD, et al. The soluble nectin-4 ecto-domain promotes breast cancer induced angiogenesis via endothelial Integrin-beta4. Int J Biochem Cell Biol. 2018;102:151-60.
51.	Pechter PM, Gil J, Valdes J, Tomic-Canic M, Pastar I, Stojadinovic O, et al. Keratin dressings speed epithelialization of deep partial-thickness wounds. Wound Repair Regen. 2012;20(2):236-42.
52.	Utsunomiya A, Chino T, Utsunomiya N, Luong VH, Tokuriki A, Naganuma T, et al. Homeostatic Function of Dermokine in the Skin Barrier and Inflammation. J Invest Dermatol. 2020;140(4):838-49 e9.
53.	Upadhyay G. Emerging Role of Lymphocyte Antigen-6 Family of Genes in Cancer and Immune Cells. Front Immunol. 2019;10:819.
54.	Pei YF, Liu J, Cheng J, Wu WD, Liu XQ. Silencing of LAMC2 Reverses Epithelial-Mesenchymal Transition and Inhibits Angiogenesis in Cholangiocarcinoma via Inactivation of the Epidermal Growth Factor Receptor Signaling Pathway. Am J Pathol. 2019;189(8):1637-53.
55.	Robinson CJ, Thiagarajan L, Maynard R, Aruketty M, Herrera J, Dingle L, et al. Release of miR-29 Target Laminin C2 Improves Skin Repair. Am J Pathol. 2024;194(2):195-208.
56.	Matsushima S, Shimizu A, Kondo M, Asano H, Ueno N, Nakayama H, et al. Anosmin-1 activates vascular endothelial growth factor receptor and its related signaling pathway for olfactory bulb angiogenesis. Sci Rep. 2020;10(1):188.
57.	Tassi E, McDonnell K, Gibby KA, Tilan JU, Kim SE, Kodack DP, et al. Impact of fibroblast growth factor-binding protein-1 expression on angiogenesis and wound healing. Am J Pathol. 2011;179(5):2220-32.
58.	Larange A, Cheroutre H. Retinoic Acid and Retinoic Acid Receptors as Pleiotropic Modulators of the Immune System. Annu Rev Immunol. 2016;34:369-94.
59.	Smith EA, Fuchs E. Defining the interactions between intermediate filaments and desmosomes. J Cell Biol. 1998;141(5):1229-41.
60.	Polivka L, Hadj-Rabia S, Bal E, Leclerc-Mercier S, Madrange M, Hamel Y, et al. Epithelial barrier dysfunction in desmoglein-1 deficiency. J Allergy Clin Immunol. 2018;142(2):702-6 e7.
61.	Zabini A, Zimmer Y, Medova M. Beyond keratinocyte differentiation: emerging new biology of small proline-rich proteins. Trends Cell Biol. 2023;33(1):5-8.
62.	Semple F, Dorin JR. beta-Defensins: multifunctional modulators of infection, inflammation and more? J Innate Immun. 2012;4(4):337-48.
63.	Cieslik M, Baginska N, Gorski A, Jonczyk-Matysiak E. Human beta-Defensin 2 and Its Postulated Role in Modulation of the Immune Response. Cells. 2021;10(11).
64.	Magister S, Kos J. Cystatins in immune system. J Cancer. 2013;4(1):45-56.
65.	Yang F, Hu Y, Shi Z, Jin H, Hu K, Ye G, et al. CSTA: A Biomarker Regulating Esophageal Stricture Epithelial Barrier, Potential Medication Target. bioRxiv. 2023:2023.10.23.563568.
66.	Liu Z, Jiang C, Lei Z, Dong S, Kuang L, Huang C, et al. Phospholipase A2 inhibitor and LY6/PLAUR domain-containing protein PINLYP regulates type I interferon innate immunity. Proc Natl Acad Sci U S A. 2022;119(1).
67.	Darmoise A, Maschmeyer P, Winau F. The immunological functions of saposins. Adv Immunol. 2010;105:25-62.

