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Abstract 15 

Kidney Ankyrin Repeat-containing Proteins (KANKs) comprise a family of four evolutionary 16 

conserved proteins (KANK1 to 4) that localize to the belt of mature focal adhesions (FAs) where 17 

they regulate integrin-mediated adhesion, actomyosin contractility, and link FAs to the cortical 18 

microtubule stabilization complex (CMSC). The human KANK proteins were first identified in 19 

kidney and have been associated with kidney cancer and nephrotic syndrome. Here, we report 20 

the distributions and subcellular localizations of the four Kank mRNAs and proteins in mouse 21 

tissues. We found that the KANK family members display distinct and rarely overlapping 22 

expression patterns. Whereas KANK1 is expressed at the basal side of epithelial cells of all tissues 23 

tested, KANK2 expression is mainly observed at the plasma membrane and/or cytoplasm of 24 

mesenchymal cells and KANK3 exclusively in vascular and lymphatic endothelial cells. KANK4 25 

shows the least widespread expression pattern and when present, overlaps with KANK2 in 26 

contractile cells, such as smooth muscle cells and pericytes. Our findings show that KANKs are 27 

widely expressed in a cell type-specific manner, which suggests that they have cell- and tissue-28 

specific functions. 29 

  30 
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Introduction 31 

Kidney Ankyrin Repeat-containing protein (KANK1 or ANKRD15) was originally identified as a 32 

growth suppressor in human renal cell carcinoma (RCC) [1]. In silico analyses subsequently 33 

identified three additional KANK proteins (KANK2-4) in vertebrates [2] and one ortholog in 34 

Drosophila melanogaster (dKank) and Caenorhabditis elegans (VAB-19), respectively [3, 4]. The 35 

KANK proteins consist of a unique and conserved KANK-N-terminal (KN) motif, variable numbers 36 

of central coiled-coil domains and five C-terminal ankyrin repeats (ANKs) [3].  37 

Genetic studies of the KANK family members have re-enforced the notion that they play 38 

prominent roles in kidney physiology and disease. Besides mutations in human KANK1 promoting 39 

growth in RCC [1, 5, 6], recessive mutations in human KANK1, KANK2 and KANK4 were linked to 40 

nephrotic syndrome (NS)[7]. Furthermore, KANK1 has been associated with neurodegenerative 41 

disease, such as cerebral palsy and spastic quadriplegic 2 (CPSQ2) [8]. Disruption of the Kank2 42 

gene in zebrafish leads to NS-like defects [7] and in vivo depletion of dKank in nephrocytes of 43 

Drosophila melanogaster results in the disruption of a highly specialized filtration structure that 44 

share notable similarities with the slit diaphragm of mammalian glomerular podocytes [7, 9]. In 45 

Caenorhabditis elegans, loss of the Kank orthologue VAB-19 causes multiple abnormalities 46 

including epidermal detachment, defective axon outgrowth and the formation of gaps in 47 

basement membrane during vulva development [10-12]. Altogether, these observations point to 48 

a broad involvement of KANKs in development. 49 

Studies with cultured cell lines revealed that KANK1-4 bind to and activate the integrin-binding 50 

and activating adaptor protein Talin, diminish actin stress fiber formation by inhibiting GEF-H1 51 

release from microtubules (MTs), and curb integrin mechanotransduction by blocking 52 

actomyosin attachment to Talin [13-15]. Interestingly, fibroblasts and HeLa cells do not recruit 53 

KANK1-4 to nascent adhesions (NAs) but to the outer border or belt of focal adhesions (FAs) as 54 

well as to central fibrillar adhesions (FBs) [13, 15]. The FA belt-localized KANK proteins directly 55 

bind to Liprin-β and KIF21α and thereby link FAs to the cortical microtubule stabilization complex 56 

(CMSC), which regulates exocytosis of cargo such as MT1-MMP in the vicinity of FAs [13, 15-18]. 57 

It was also reported that KANK1 binds to the insulin receptor substrate (IRS) p53, which in turn 58 
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prevents association of IRSp53 with GTP-loaded Rac, activation of Arp2/3, and lamellipodia 59 

formation [19, 20]. The human KANK2 was also shown to regulate steroid receptor-mediated 60 

gene transcription by binding and sequestering steroid receptor coactivators in the cytoplasm 61 

[21]. Mutation that disrupts this function affects skin and hair morphogenesis, hinting at KANK2 62 

as a candidate gene for palmoplantar keratoderma and wooly hair in humans [22]. 63 

The pleotropic effects of KANK family members indicate intricate expression patterns. The aim 64 

of the present paper was to generate specific anti-KANK antibodies and to determine the 65 

expression patterns of KANK proteins in mouse tissues at the protein and mRNA levels. The 66 

specificity of the antibodies was controlled with tissue sections from KANK-null mice whose 67 

phenotypes will be reported elsewhere. The results of our experiments revealed that KANK1 is 68 

expressed in epithelial cells, while KANK2 is mainly found in mesenchymal cells. KANK3 is 69 

exclusively expressed in endothelial cells of blood and lymphatic vessels, and KANK4 only in few 70 

tissues, often co-expressed with KANK2.  71 
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Results  72 

mRNA and protein expression of the KANK family in mouse tissues 73 

The tissue distributions of the murine Kank mRNA expression was analyzed by qRT-PCR in 74 

indicated tissues of 8-week old mice (Fig. 1A). Primer pairs for each Kank gene flanking short 75 

introns were designed to ensure amplification of mRNA. The experiments revealed that Kank1 is 76 

highly expressed in lung, skin and testis, slightly lower in adipose tissue, heart, kidney, ovary and 77 

stomach, and weakly in brain, liver and pancreas. Kank2 was also expressed in most tissues 78 

examined, with the highest levels in lung, intermediate levels in adipose tissue, heart and testis, 79 

and lower levels in brain, kidney, liver, ovary, pancreas, skin and stomach. Kank3 and Kank4 80 

displayed a restricted expression pattern with strong signals in lung, pancreas and testis. 81 

To investigate protein expression, we synthesized peptides specific for each KANK protein, 82 

coupled them to a carrier protein and immunized rabbits. The specificity of the polyclonal 83 

antiserum was confirmed by Western blot experiments using a recently established mouse 84 

kidney fibroblast (MKF) cell line that exclusively expresses KANK2 [15]. As shown in Fig. 1B, the 85 

anti-KANK2 antibodies detected a protein of around 120 kDa in lysates of scrambled shRNA 86 

treated MKF cells, which was absent upon stable expression of a specific Kank2 shRNA. To 87 

confirm the specificities of the other anti-KANK antibodies, a cDNA encoding the respective 88 

mouse Kank was expressed in Kank2-depleted MKF cells followed by Western blot analyses. The 89 

experiments revealed that our homemade antibodies recognized specific protein bands 90 

produced by each Kank cDNAs in the corresponding lysates with molecular weights of ~200 kDa 91 

for KANK1, ~100 kDa for KANK3, and ~150 kDa for KANK4. 92 

Next, we determined the protein expression in lysates from different mouse tissues (Fig. 1C). In 93 

line with the qRT-PCR results, we found that all four KANK family members are highly expressed 94 

in lung. KANK2 protein is more widely expressed when compared to KANK1, 3 and 4. Interestingly, 95 

KANK1 and KANK3 are produced in at least two different molecular weights in pancreas, heart 96 

and muscle. Despite the high protein level in lung, KANK4 expression is low in most other tissues. 97 

Altogether these findings indicate that the four KANK family members are found in all tissues 98 

tested, albeit with variable levels. Since whole tissue lysates were analyzed in both qRT-PCR and 99 
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Western blot studies, we next perform immunofluorescence on representative tissues to 100 

pinpoint in which cell-types the KANK family members can be found. 101 

Expression of KANK proteins in mouse kidney 102 

In humans, KANK1 mutations have been linked to RCC [1] and missense mutations in KANK1, 103 

KANK2 and KANK4 with nephrotic syndrome [7]. In line with a potential role in kidney, we found 104 

that KANK1-4 are expressed in kidney glomeruli (Fig. 2). KANK1 and KANK2 co-localize with 105 

Synaptopodin (SYNPO) in podocyte foot processes and are absent in PECAM+ endothelial cells 106 

(Fig. 2A-2B, and Fig. S1B). KANK1 is additionally produced by the surrounding tubular epithelial 107 

cells where the protein is located at the plasma membrane (Fig. S1A). KANK2 and KANK4 are co-108 

expressed throughout the cytoplasm of PDGFRβ+ mesangial cells and along the plasma 109 

membrane as well as in the cytoplasm of PDGFRβ+ pericytes surrounding the blood vessels, 110 

respectively (Fig. 2B1-B2, 2D, and Fig. S1C). Interestingly, KANK4 is absent in podocytes (data not 111 

shown), which express both KANK1 and KANK2 in their foot processes. KANK3 is expressed in 112 

PECAM+ endothelial cells at the membrane and is absent in both podocytes and mesangial cells 113 

(Fig. 2C, and data not shown). The specificity of the signals was corroborated by staining tissue 114 

sections of kidneys from nullizygous mice (Fig. S2). 115 

Altogether these expression data demonstrate that the KANK family members show distinct as 116 

well as partly overlapping expression patterns in kidney, indicating that mutations of the different 117 

KANK genes can indeed lead to kidney pathology. 118 

Localization of KANKs in podocyte-like cells cultured in vitro 119 

Since KANK1 and KANK2 are highly expressed in podocyte foot processes and are associated with 120 

nephrotic syndrome in humans, we decided to investigate the subcellular distributions of KANKs 121 

in mouse podocyte-like cells [23]. Laminin (LN) expression changes dynamically from LN111 to 122 

LN511 and finally to LN521 during glomerulogenesis in the glomerular basement membrane [24]. 123 

Podocytes are one of the major cell types secreting these LNs into the basement membrane. 124 

Interestingly, when the podocyte-like cells were seeded on LN511-coated surface, they 125 

assembled Paxillin+ ring-shaped podosomes in the cell center and FAs in their periphery. KANK1 126 

was readily detected in the podosome rings and weakly in peripheral FAs (Fig. 3A). However, 127 
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when the podocyte-like cells were seeded on LN111-coated surface, they fail to form podosomes, 128 

and instead only assemble FAs. Interestingly, podocytes seeded on LN111 distribute KANK1 in 129 

close vicinity of FAs, which likely represents CMSCs (Fig. 3C). Since LN521 was not available to us 130 

neither adhesion site formation nor KANK1 distribution on LN521 could be investigated. 131 

KANK2, on the other hand, is weakly present in some podosomes of LN511-seeded cells (Fig. 3B) 132 

and accumulates, similarly like in fibroblasts seeded on FN [15], in the belt of peripheral FAs and 133 

in central adhesion of LN111-seeded podocytes (Fig. 3D). Consistent with the immunostaining of 134 

kidney sections (Fig. 2), neither KANK3 nor KANK4 are expressed in the podocyte-like cells. The 135 

specificities of the immunosignals were confirmed by blocking the antibodies with peptides used 136 

to generate the KANK antisera (data not shown). 137 

KANK distributions in mouse lung and skin 138 

In the lung we also observed expression of all KANK family members in a cell type-specific manner. 139 

KANK1 is expressed at the basal side of bronchial epithelial cells and is absent in type I (T1+) and 140 

type II (TTF1+) alveolar epithelial cells (Fig. 4A), which express KANK2 at the plasma membrane 141 

(Fig. 4B and 4C; white arrowheads for T1 and yellow arrowheads for TTF1 positivity, 142 

respectively). KANK2 is also enriched at the plasma membrane of smooth muscle cells that line 143 

PECAM+ endothelial cells of large and small vessels (Fig. 4D; arrow and asterisk). PECAM+ 144 

endothelial cells only express KANK3, which is absent from all other cell types in lung (Fig. 4E, 145 

arrowheads). KANK4 is not expressed in epithelial cells but shares the expression with KANK2 at 146 

the plasma membrane of pericytes in capillaries (Fig. 4F). 147 

In the epidermis of the mouse skin, KANK1 is enriched at the plasma membrane of basal and 148 

present throughout the cytoplasm of suprabasal keratinocytes (Fig. 5A; arrowhead and arrow). 149 

A similar expression pattern is observed in the hair follicles (Fig. 5A, asterisk). Epidermal and hair 150 

follicle keratinocytes lack expression of the other KANK family members (Fig. 5B and 5C, and data 151 

not shown). KANK2 is expressed along the plasma membrane of dermal fibroblasts (Fig. 5B1, 152 

arrowhead), pericytes surrounding the capillaries (Fig. 5B1, arrow), and Vimentin+ cells 153 

surrounding the hair follicles (Fig. 5B2). KANK3 is exclusively expressed at the plasma membrane 154 
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of PECAM+ endothelial cells of dermal vessels (Fig. 5C), and KANK4 expression is barely detectable 155 

in mouse skin (data not shown). 156 

KANK expression in mouse brain 157 

In the brain parenchyma of adult mice, we only observed expression of KANK1 in GFAP+ 158 

astrocytes within the medulla oblongata (Fig. 6A), while no specific signals for KANK1 could be 159 

found in the cortex, midbrain and cerebellum. KANKs are absent in the foot process of astrocytes 160 

adjacent to the brain capillaries, whereas KANK2 is found in NG2+ pericytes (Fig 6B) and KANK3 161 

in PECAM+ endothelial cells of these capillaries (Fig. 6C). KANK4 was not detected in the brain 162 

(data not shown).  163 

KANK1 has been linked to cerebral palsy and spastic quadriplegic 2 (CPSQ2) where brain atrophy 164 

and ventriculomegaly had been observed by neuroimaging [8]. Ventriculomegaly can result from 165 

abnormal absorption and/or production of cerebrospinal fluid by the choroid plexus (ChP). 166 

Interestingly, in the brain harvested at embryonic day (ED) 14.5, KANK1 localizes to the basal side 167 

of ependymal cells (epithelial cells) of the ChP, while KANK2 and KANK3 are present in the stromal 168 

and endothelial cells of the ChP core, respectively (Fig.6D-F). KANK4 was not detected. In the 169 

telencephalic ChP of the adult brain, KANK1 is absent from ependymal cells, while KANK2 and 170 

KANK3 remain expressed in NG2+ pericytes and PECAM+ endothelial cells, respectively (data not 171 

shown). 172 

Expression of KANKs in the mouse vasculature 173 

Similarly like in kidney, lung, brain and all other organs analyzed so far, in the aorta, KANK2 is also 174 

strongly expressed throughout the cytoplasm of SMA+ muscle cells of the tunica media layer 175 

(Fig. 7A) and KANK3 in PECAM+ endothelial cells (Fig. 7B). KANK1 as well as KANK4 are absent in 176 

cells of the aorta (data not shown). 177 

In the mouse retina, KANK2 is expressed in the PDGFR+ pericytes (Fig. 7C, arrows) but not in the 178 

endothelial cells (Fig. S3A, arrowheads). KANK3, in contrast, is present in PECAM+ endothelial 179 

cells of the vascular tube as well as in sprouting tip cells (Fig. 7D, arrowheads indicating sprouting 180 

cells) and absent from PDGFR+ pericytes (Fig. S3B, arrows).  181 
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Finally, we stained tissue sections of spleen to test whether KANK3 is expressed in lymphatic in 182 

addition to blood endothelial cells. KANK3 is found at the plasma membrane of VEGFR3+ 183 

lymphatic endothelial cells (Fig. 7E). 184 

KANK protein distributions in mouse esophagus 185 

Since KANK4 is found in contractile mesangial cells (kidney) but absent from vascular NG2+ 186 

pericytes (brain) and SMA+ muscle cells (aorta), we decided to investigate the distribution of 187 

KANK proteins in the esophagus which consist of a stratified layer of epithelial cells that is 188 

surrounded by a thick layer of smooth muscle cells. Cross-sections revealed that KANK1 is 189 

enriched at the basal side and in the cytoplasm of the stratified squamous epithelial cell layers 190 

(Fig 8A, arrowhead indicating the basal side). KANK1 is absent in SMA+ smooth muscle cells, 191 

which strongly express KANK2 in the cytoplasm and along the entire plasma membrane (Fig. 8B). 192 

KANK3 was found in PECAM+ endothelial cells (Fig. 8C, arrowheads) and KANK4 was not 193 

expressed in the smooth muscle cells of the esophagus (Fig. 8D, asterisk indicating non-specific 194 

signals), indicating that KANK4 expression is restricted to a very limited population of contractile 195 

cells.  196 
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Discussion 197 

The KANK protein family consists of 4 members and was initially linked to nephrotic syndrome 198 

and kidney cancer [1, 6]. In the present paper, we report the generation of specific, polyclonal 199 

peptide antisera against mouse KANK1, 2, 3 and 4, which we used to determine their expression 200 

pattern in mouse tissues. The antibodies produced KANK isoform-specific signals on Western 201 

blots, and moreover, revealed a cell type-specific expression pattern in PFA-fixed mouse tissue 202 

sections. 203 

Our immunostaining demonstrated KANK1 expression in epithelial cells of all organs that were 204 

tested in this study. KANK1 localized to the basal side of basal keratinocytes, bronchial and 205 

esophageal epithelial cells, and around the entire plasma membrane and in the cytoplasm of 206 

suprabasal cells of the epidermis and esophagus. This staining pattern indicates that in some 207 

tissues KANK1 localizes to integrin adhesion sites at basal plasma membrane domains and in 208 

other tissues KANK1 expression extends to basolateral and apical plasma membrane domains. 209 

KANK2 was mainly found in mesenchymal cells including mesangial cells in kidney glomeruli 210 

(throughout the cytoplasm), pericytes, tissue fibroblasts (at the plasma membrane) and vascular 211 

smooth muscle cells (at the plasma membrane and in the cytoplasm). Notable exceptions were 212 

alveolar cells of the lung and podocytes of kidney glomeruli, in which KANK2 is strongly expressed 213 

along the plasma membrane. KANK3 is expressed in all tissues analyzed where it was exclusively 214 

found in endothelial cells of blood and lymphatic vessels. KANK4 expression is restricted to 215 

mesenchymal cells of few tissues including lung and kidney. In kidney, KANK4 co-localizes with 216 

KANK2 in the cytoplasm of mesangial cells and vascular pericytes. Mutations in KANK1, KANK2 217 

and KANK4 were shown to cause nephrotic syndrome in humans [1]. Although our 218 

immunostaining supports this notion, the cell type-specific expression of the KANKs hints at 219 

specific functions that, when lost, may lead to distinct kidney pathologies. 220 

Our experiments also revealed a substrate-dependent distribution of KANK1 and KANK2 in 221 

podocyte-like cells. This is of interest, as podocytes express and deposit different laminins in a 222 

highly dynamic manner during glomerulogenesis: the first LN deposited into glomerular 223 

basement membranes is LN111, which is then replaced by LN511, which in turn is finally 224 

substituted by LN521 [24]. Mouse podocyte cells (established by Nicolaou et al., 2012 [23]) 225 
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seeded on LN111 assembled numerous peripheral and central FAs, which accumulated KANK2 226 

along the FA belt [15] and KANK1 in CMSCs that are in close vicinity of FAs [13, 15]. Interestingly, 227 

podocyte cells cultured on LN511 assembled Paxillin-positive ring-shaped podosomes in the cell 228 

center and FAs in the cell periphery. KANK1 and KANK2 are expressed in the podosomal rings, 229 

and adjacent to the peripheral FAs. Unfortunately, adhesion site assembly as well as KANK1 and 230 

KANK2 distributions in podocytes seeded on LN521 could not be analyzed, as LN521 was not 231 

available to us. Nevertheless, our observations strongly indicate that mutations in KANK1 and 232 

KANK2, although expressed in the same cell type, probably affect the kidney filtration unit 233 

differently and hence, may cause specific subtypes of nephrotic syndromes. 234 

Interestingly, we found no KANKs expressed in neurons. A reason for the absence of KANKs in 235 

neurons may be due to the molecular composition of the MT attachment complex at plasma 236 

membranes of epithelial cells versus presynaptic membranes of neurons. At sites of exocytosis 237 

in epithelial cells, KANK1 is recruited to the CMSC through direct binding to Liprin-1. In neurons, 238 

exocytosis of neurotransmitters occurs at the active zone (CAZ) of the presynaptic membrane. 239 

CAZs share components of CMSC such as ELKS and Liprin-, however, neither LL5 nor the KANK-240 

binding Liprin- are found in CAZs [25, 26]. The absence of Liprin-, which recruits KANK1 to the 241 

CMSC in epithelial cells, is probably the reason why KANK1 is not required to co-ordinate MT 242 

attachment and hence, not needed in neurons. Interestingly, we observed KANK1 expression in 243 

GFAP+ astrocytes in the medulla oblongata, but not in astrocytes of other brain regions. The 244 

reason for this region-specific astrocyte expression of KANK1 is unclear. We also found that KANK 245 

proteins are expressed in the ChP: in embryonic ChP, KANK1 is expressed in ependymal cells 246 

developed from the neuroepithelium, KANK2 in stromal cells that are derived from the head 247 

mesenchyme and KANK3 in endothelial cells. KANK1 expression vanishes in the ChP of adult mice 248 

pointing to a specific role of KANK1 in ChP during fetal period. 249 

In summary, KANK proteins show a cell type-specific expression pattern, which rarely overlaps, 250 

suggesting their potential specific function(s) during mammalian development, postnatal 251 

homeostasis and diseases. To address the in vivo function of the KANK proteins, we generated 252 

KANK1-4-null mouse strains that are currently analyzed for their loss-of-function phenotypes. 253 
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These studies will certainly shed light on the functional properties of this new and interesting 254 

family of adaptor proteins.  255 
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Materials and Methods 256 

Tissue sampling  257 

Wild-type (WT) C57BL/6N mice were obtained from the animal facility at the Max-Planck Institute 258 

of Biochemistry, Martinsried, Germany. Mice were bred in a special pathogen-free mouse facility 259 

and all animal experiments were conducted in accordance with the protocol approved by the 260 

government of Upper Bavaria. 261 

Female KANK1-, KANK2-, KANK3-, KANK4-null and WT littermate mice were euthanized at 4 to 12 262 

months of age to isolate desired organs. For immunostaining, tissues were fixed in 263 

4% paraformaldehyde (PFA) for 4h at 4°C, equilibrated in 30% sucrose overnight at 4°C, 264 

embedded in Cryomatrix (Thermo Scientific, 6769006) and cryosectioned at 7-10 µm. 265 

Cell culture 266 

Stable depletion of Kank2 in the SV40 large T-immortalized mouse kidney-derived fibroblasts 267 

(MKF) [15] and the generation of the mouse podocyte-like epithelial cells [23] have been 268 

previously described and were used to analyze the specificity of the homemade KANK antibodies 269 

and the subcellular localization of KANKs. MKFs were cultured in DMEM (Gibco, 31966-021) 270 

supplemented with 10% FBS, Penicillin/Streptomycin (Gibco, 15140-122) and MEM NEAA (Gibco, 271 

11140-35). Mouse podocyte-like cells were cultured in Keratinocyte-SFM medium (Gibco, 10725-272 

018). 273 

Plasmids and transient transfection 274 

The expression plasmid for each mouse Kank was subcloned from peGFP-N1-KANKs (Sun et al., 275 

2016) into the pcDNA3.1(-) vector. Kank1 was cloned with restriction sites XhoI and EcoRI, Kank3 276 

with XbaI and EcoRI, and Kank4 with NheI and XhoI into the pcDNA3.1(-) vector. The plasmids 277 

were transfected using LipofectamineTM 2000 Transfection Reagent according to the 278 

manufacturer’s instructions (Invitrogen, 11668-019).  279 

Quantitative real time-PCR (qRT-PCR) 280 

Indicated mouse organs were isolated from 8-week old WT mice. Total RNA was extracted with 281 

RNeasy Mini extraction kit (Qiagen, 74104) and transcribed into cDNA with the iScript cDNA 282 

Synthesis Kit (Biorad, 170-8891). Real time PCR was performed with the LightCycler®480 283 
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Instrument II (Roche). PCR protocol: 5 min. 95°C; 40 x (15 sec 95°C, 15 sec 68°C (Kank1, 2, 4)/ 15 284 

sec 65°C (Kank3)); 15 sec 95°C; 15 sec 60°C; 15 sec 95°C; ∞ 4 °C. Samples were measured in 285 

triplicates. Kank levels in different tissues were first normalized to Gapdh levels and then plotted 286 

relative to the expression level of the tissue with the lowest level, which was set to 1. In the Kank1 287 

and Kank2 analyses, expression levels of spleen were set to 1, and in the Kank3 and Kank4 288 

analyses, expression levels of liver were set to 1. PCR primers are listed in Tab. S1. 289 

 290 

Antibody production and affinity purification 291 

Specific and unique peptides were synthesized for each KANK protein. Sequences are listed in 292 

Tab. S2. The peptides carried either an N- or C-terminal cysteine residue for coupling with the 293 

carrier protein. TiterMax Gold Adjvant (Sigma, T2684) was used for the first and incomplete 294 

Freund’s Adjuvant (Sigma, F5506) was used for the subsequent three immunizations of rabbits. 295 

Final serum was tested by Western blot and purified with the MelonTM Gel IgG purification Kit 296 

(Thermofisher, 45212) following manufacturer’s instructions.  297 

Protein isolation and Western blot 298 

Cells were washed once with PBS, lysed with RIPA buffer supplemented with protease inhibitors 299 

(Roche, 04693159001) and incubated for 20 min on ice followed by centrifugation for 20 min at 300 

maximum speed at 4°C. 301 

Tissue organs from mice were snap-frozen in liquid nitrogen, homogenized using the Ultra-Turrax 302 

T8 disperser (IKA) and lysed with RIPA buffer and further processed as described above. 303 

The cell and tissue lysates were then separated by 10% SDS gel, transferred onto pre-activated 304 

PVDF membranes (Immobilon-P, Merck KGaA, IPVH00010). After blocking with 3% BSA in PBST 305 

for 1 h at RT, membranes were incubated with the indicated primary antibodies overnight at 4°C. 306 

Anti-mouse or anti-rabbit-HRP secondary antibodies were applied for 1 h at RT and the 307 

membranes were developed with Chemiluminescent HRP substrate (Millipore, P90720). The 308 

antibody dilutions are listed in Tab. S3. 309 

Immunofluorescence 310 

Cryosections were washed with PBS three times and antigen retrieval was performed if necessary. 311 

The sections were permeabilized in 0.1% Triton X-100 for 15 min and blocked in PBS 312 
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supplemented with 3-5% BSA for 2h at RT. Sections were incubated with primary antibody 313 

overnight at 4°C, washed five times with PBS, incubated with secondary antibody for 2h at RT, 314 

washed five times with PBS and stained with DAPI for 10 min at RT. Finally, sections were 315 

mounted with Elvanol. Images were taken on a Zeiss (Jena) LSM780 confocal laser scanning 316 

microscope. The antibody dilutions are listed in Tab. S3.  317 

WT podocyte-like cells were cultured on 4-well chamber slides (ibidi, 80427) coated with either 318 

0.5 µg/cm2 laminin iMatrix-511 (LN5111) (Matrixome, 892 012) or 2 µg/cm2 mouse laminin 319 

LN111 (Invitrogen, 23017-015) for 1h at 37°C. The immunofluorescent staining was performed as 320 

described above. Staining for KANKs on these cells was controlled by blocking the primary KANK 321 

antibody with the peptides used to generate the antiserum (Tab. S2). Both, the KANK antibodies 322 

and the blocking peptides were incubated in a 1:30 ratio for 1h at RT before applying to the cells.  323 

Whole mount staining of postnatal retinas 324 

Eyes were isolated from WT mice at postnatal day 7 (P7), fixed in 4% PFA for 2h on ice. Retinas 325 

were dissected, flattened on drops of cold methanol, incubated in blocking solution (PBS 326 

supplemented with 0.3% Triton-X-100, 0.2% BSA, 5% goat serum) overnight at 4°C, incubated 327 

with primary antibodies overnight at 4°C, washed five times with PBS supplemented with 0.3% 328 

Triton-X-100 at RT, incubated with secondary antibodies at 4°C overnight, washed five times with 329 

PBS supplemented with 0.3% Triton-X-100 and mounted with Elvanol under the microscope.  330 
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Figure legends 408 

Fig. 1. Tissue distributions of Kank1-4 mRNAs and proteins. (A) Total RNA from 8-week-old 409 

C57/BL6 mice examined by qRT-PCR. Expression levels were first normalized to Gapdh levels and 410 

then plotted relative to the expression level of tissue with the lowest expression level, which was 411 

spleen in the Kank1 and Kank2 analyses, and liver in the Kank3 and Kank4 analyses. BM: bone 412 

marrow. (B) Characterization of homemade rabbit anti-mouse KANK1-4 antibody specificities 413 

using mouse kidney fibroblasts expressing Kank2. Stable shRNA-mediated Kank2 depletion (shK2) 414 

served as negative control for the KANK2 antibody. Scr: scramble shRNA control. Transient 415 

transfections of Kank1, Kank3 and Kank4 cDNAs (+) were used to probe antibody specificities for 416 

KANK1, 3 and 4. Arrowheads indicate the specific bands. (C) Western blot of mouse tissue lysates 417 

from adult C57/BL6 mice probed with homemade rabbit anti-mouse KANK1, 2, 3 and 4 antibodies.  418 

Fig. 2. KANK1-4 expression in mouse kidney. KANKs are shown in red, Synaptopodin (SYNPO)+ 419 

podocytes in blue, PDGFR+ mesangial cells and PECAM+ endothelial cells in green. Nuclei are 420 

counterstained with DAPI. (A) KANK1 is expressed in SYNPO+ glomerular podocytes. (B) KANK2 is 421 

expressed in SYNPO+ podocytes and PDGFR+ mesangial cells of glomeruli (B1) and in 422 

PDGFR+ pericytes surrounding arteries (B2). (C) KANK3 is exclusively present in PECAM+ 423 

endothelial cells of glomeruli. (D) KANK4 is expressed in PDGFR+ glomerular mesangial cells. 424 

Scale bars: 10 µm. 425 

Fig. 3. Subcellular localization of KANK1 and 2 in mouse podocyte-like cells. KANK1 and 2 are 426 

shown in red and Paxillin+ podosomes and focal adhesions in green. Nuclei are counterstained 427 

with DAPI. (A, B) Podocytes cultured on LN511 show strong KANK1 (A) and weak KANK2 (B) 428 

expression in the outer ring of Paxillin+ podosomes. (C, D) Podocytes cultured on LN111 display 429 

KANK1 in the vicinity of Paxillin+ FAs (C) and KANK2 in the belt of FAs and fibrillar adhesions (D). 430 

Scale bars: 20 µm.   431 

Fig. 4. KANK1-4 expression in mouse lung. KANKs are shown in red, T1+ type I alveolar cells in 432 

green or blue, TTF1+ type II alveolar cells in green, PECAM+ endothelial cells in green or blue, and 433 

PDGFR+ pericytes in green. Nuclei are counterstained with DAPI. (A) KANK1 is present at the 434 

basal side of bronchial epithelial cells and is absent in alveolar cells. (B-D) KANK2 is found in type 435 
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I alveolar cells (B; white arrowheads), type II alveolar cells (C; yellow arrowheads) and smooth 436 

muscle cells surrounding PECAM+ endothelial blood vessels (D; arrow). The asterisk (D) indicates 437 

capillaries decorated by KANK2 expressing pericytes. (E) KANK3 is only expressed in PECAM+ 438 

endothelial cells (arrowheads). (F) KANK4 staining is overlapping with PDGFR signals, but absent 439 

in T1+ cells (arrowheads). Scale bars: 20 µm. 440 

Fig. 5. KANK1-3 expression in mouse skin. KANKs are shown in red, PECAM+ endothelial cells and 441 

Vimentin+ fibroblasts in green, and Nidogen+ basement membranes in green or blue. Nuclei are 442 

counterstained with DAPI. (A) KANK1 is expressed in basal (arrowhead) and suprabasal 443 

keratinocytes (arrow). The asterisk indicates KANK1 expression in hair follicles. (B) KANK2 is 444 

present in Vimentin+ dermal fibroblasts (B1, arrowhead), pericytes surrounding capillaries (B1, 445 

arrow), and Vimentin+ fibroblasts surrounding hair follicles (B2, arrowhead). (C) KANK3 is 446 

restricted to PECAM+ endothelial cells. HF, hair follicle. Scale bars: 20 µm. 447 

Fig. 6. KANK1-3 expression in murine brain. KANKs are shown in red and GFAP+ astrocytes, NG2+ 448 

pericytes, PECAM+ endothelial cells, Nidogen+ basement membrane and PDGFR+ stromal cells 449 

in green. Nuclei are counterstained with DAPI. (A) KANK1 is detected in GFAP+ astrocytes of the 450 

medulla oblongata. (B) KANK2 is expressed in pericytes surrounding PECAM+ endothelial cells. (C) 451 

KANK3 expression is restricted to PECAM+ endothelial cells. (D) KANK1 is detected at the basal 452 

side of ependymal cells of ED14.5 telencephalic choroid plexus. (E) KANK2 is detected in PDGFR+ 453 

stromal cells, and (F) KANK3 in PECAM+ endothelial cells of the ED14.5 choroid plexus. Scale bars: 454 

20 µm.    455 

Fig. 7. KANK2 and 3 expression in murine vasculature. KANKs signals are shown in red, SMA+ 456 

smooth muscle cells, PECAM+ endothelial cells, PDGFR+ pericytes, and VEGFR3+ lymphatic 457 

endothelial cells in green. Nuclei are counterstained with DAPI. (A-B) KANKs expression in aorta. 458 

KANK2 is highly expressed in SMA+ smooth muscle cells (A) and KANK3 expression is restricted 459 

to PECAM+ endothelial cells (B). (C-E) KANKs expression in retina and spleen. (C) showing KANK2 460 

expression in adjacent PDGFR+ pericytes, (D) showing KANK3 staining in PECAM+ endothelial 461 

cells of the vascular tube and in tip cells indicated with arrowheads, and (E) showing KANK3 is 462 
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also expressed in VEGFR3+ lymphatic endothelial cells of the spleen. Asterisks in (B) and (D) 463 

indicate non-specific antibody signals. Scale bars: 20 µm. 464 

Fig. 8. KANK1-4 expression in mouse esophagus. KANKs are shown in red and SMA+ smooth 465 

muscle cells, pan-Cadherin (pan-Cad)+ epithelial cells and PECAM+ endothelial cells in green. 466 

Nuclei are counterstained with DAPI. (A) KANK1 expression is restricted to the stratified 467 

squamous epithelial cell layers. KANK1 is enriched at the basal side of the basal epithelial cell 468 

layer (arrowhead) and diffusely distributed in in the cytoplasm of suprabasal cells. (B) KANK2 is 469 

strongly expressed in SMA+ smooth muscle cells. (C) KANK3 is exclusively expressed in PECAM+ 470 

endothelial cells (arrowheads), and (D) KANK4 is not expressed in esophagus tissue. The asterisk 471 

marks non-specific antibody signals. Scale bars: 20 µm. 472 

 473 

   474 
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Supplementary Fig. 1. KANK1, 2 and 4 expression in murine kidney. KANKs are shown in red, 475 

Synaptopodin (SYNPO)+ podocytes in blue, and PECAM+ endothelial cells and PDGFR+ pericytes 476 

in green. Nuclei are counterstained with DAPI. (A) KANK1 is also expressed in epithelial cells of 477 

kidney tubules. (B) KANK2 is expressed in SYNPO+ podocytes of glomeruli but absent in PECAM+ 478 

endothelial cells. (C) KANK4 is expressed in PDGFR+ pericytes of blood vessels. Scale bars: 10 µm.  479 

Supplementary Fig. 2. KANK1-4 antibodies on kidney sections from KANK1-, 2-, 3-, 4-null mice. 480 

KANK1-4 are shown in red, and Synaptopodin (SYNPO)+ podocytes in green. Nuclei are 481 

counterstained with DAPI. No obvious signals are detected in respective KANK-null tissues, 482 

confirming antibody specificity. Scale bars: 20 µm.  483 

Supplementary Fig. 3. KANK2 and 3 expression in murine retina. KANKs signals are shown in red, 484 

PECAM+ endothelial cells and PDGFR+ pericytes in green. (A) No KANK2 expression in PECAM+ 485 

endothelial cells (arrowheads). (B) No KANK3 expression in PDGFR+ pericytes (arrows). Scale 486 

bars: 20 µm. 487 

  488 



23 
 

Supplementary Tables 489 

Table S1: Primers used for quantitative RT-PCR 490 

Gene Primer Sequence 

Gapdh 
Forward 5’-AAGGTCATCCCAGAGCTGAACG-3’ 

Reverse 5’-CCTCAGATGCCTGCTTCACCA-3' 

Kank1 
Forward 5’-GAACTCTGACTTCCAGAAAGCCA-3’ 

Reverse 5’-TACATTTAACAGTCCTCCTGACCG-3’ 

Kank2 
Forward 5’-GCATGAACATCAAGTGCTCGTT-3’ 

Reverse 5’-TTTGATGCGTGGCTTGTGG-3’ 

Kank3 
Forward 5’-ACCACACAGACAGAGCTGCCAGT-3’ 

Reverse 5’-CTGACTGGATTGTGCACCTGGA-3’ 

Kank4 
Forward 5’-GACTTGCATCCCAGCTGTGAGG-3’ 

Reverse 5’-TGGCACGCGTTAAGAAATTCCT-3’ 

 491 

Table S2: Mouse peptide sequence used to generate rabbit antisera  492 

Antibody Sequence 

KANK1 CPRLGRKTSPGPTHRG 

KANK2 CKRKEDPADPEVNQRN 

KANK3  GTPGPHNDKDAGDC 

KANK4 QGDEEKEPPKSYPYSC 

 493 

Table S3: Antibody dilutions 494 

1st Antibody Source Concentration  

KANK1 Homemade 1:1000 (WB), 1:2000 (IF) 

KANK1 Sigma, HPA056090 1:1000 (WB, IF) 

KANK2 Homemade 1:1000 (WB), 1:4000 (IF) 
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KANK2 Sigma, HPA015643 1:2000 (WB, IF) 

KANK3 Homemade  1:1000 (WB), 1:6000 (IF) 

KANK3 Sigma, HPA051153 1:1000 (WB, IF) 

KANK4 Homemade 1:1000 (WB), 1:4000 (IF)  

KANK4 Sigma, HPA014030 1:1000 (WB, IF) 

Tubulin Milipore MAB1864 1:1000 (WB) 

PECAM-1 PharMingen 553370 1:600 (IF) 

TTF1* NSJ Bioreagents V7084  1:200 (IF) 

T1 R&D systems AF3244 1:400 (IF) 

Synaptopodin Santa Cruz, sc-21537 1:200 (IF) 

PDGFR Abcam, ab91066 1:400 (IF) 

Nidogen Millipore, MAB1946-I 1:2000 (IF) 

SMA Sigma, A2547 1:400 (IF) 

Paxillin Transduction Laboratories, 610051 1:400 (IF) 

GFAP Abcam, ab4674 1:5000 (IF) 

NG2 Millipore, MAB5384 1:200 (IF) 

Pan-cadherin Santa Cruz, sc-1499 1:600 (IF) 

Vimentin Abcam, ab24525 1:2000 (IF) 

VEGFR3/FH-4 R+D Systems, AF743 1:200 (IF) 

2nd Antibody Source Concentration 

Donkey -rabbitCy3 Jackson Lab, 711-165-152 1:800 (IF) 

Donkey -ratAlexa488 Life technologies, A21208 1:800 (IF) 

Goat -ratAlexa647 Invitrogen, A21247 1:500 (IF) 

Donkey -mouseAlexa488 Invitrogen, A21202 1:800 (IF) 

Donkey -mouseAlexa647 Invitrogen, A31571 1:500 

Donkey -goatAlexa647 Invitrogen A21447 1:500 (IF) 

*Antigen retrieval is required (Citric buffer, pH 6.0, boil for 15 min)  495 

 496 
























	KANKs-Main text_marked
	Binder1
	Figure 1
	Figure 2_kidney
	Figure 3_cells
	Figure 4_lung
	Figure 5_skin
	Figure 6_brain
	Figure 7_aorta
	Figure 8_esophagus

	Supp Files
	Supp Fig. 1
	Supp Fig. 2
	Supp Fig. 3


