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Abstract  40 

In the kidney, cells of thick ascending limb of the loop of Henle (TAL) are resistant to 41 

ischemic injury, despite high energy demands. This adaptive metabolic response is not 42 

fully understood even though the integrity of TAL cells is essential for recovery from 43 

acute kidney injury (AKI). TAL cells uniquely express uromodulin, the most abundant 44 

protein secreted in healthy urine. Here, we demonstrate that alternative splicing 45 

generates a conserved intracellular isoform of uromodulin, which contributes to 46 

metabolic adaptation of TAL cells. This splice variant was induced by oxidative stress 47 

and was up-regulated by AKI that is associated with recovery, but not by severe AKI 48 

and chronic kidney disease (CKD). This intracellular variant was targeted to the 49 

mitochondria, increased NAD+ and ATP levels, and protected TAL cells from hypoxic 50 

injury. Augmentation of this variant using antisense oligonucleotides after severe AKI 51 

improved the course of injury. These findings underscore an important role of condition-52 

specific alternative splicing in adaptive energy metabolism to hypoxic stress. Enhancing 53 

this protective splice variant in TAL cells could become a therapeutic intervention for 54 

AKI. 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 
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Introduction 63 

The kidney is one of the most energy-requiring organs(1, 2) with the second highest 64 

mitochondrial content and oxygen consumption following the heart(3, 4). This high energy 65 

consumption is needed for active transport mechanisms, contributing to urinary 66 

concentration and maintaining body hemostasis. Thick ascending limbs of the loop of 67 

Henle (TAL) cells, spanning from the medulla to cortex, are one of the most abundant 68 

epithelial cell types second to proximal tubule (PT) cells in the kidney. TAL cells have 69 

been reported to comprise approximately 20% of the cells in the kidney(5). TAL segments 70 

have high energy requirements for sodium reabsorption through Na-K-Cl cotransporter 71 

(NKCC2), which is coupled to sodium-potassium ATPase. Despite these high energy 72 

demands, TAL cells remain histologically preserved(6) and retain higher levels of ATP(7) 73 

compared to PT cells in experimental models of hypoxic acute injury. How TAL cells 74 

preserve energy generation during injury is not fully understood although several 75 

mechanisms have been proposed(7). In addition, the integrity of TAL cells is now 76 

recognized as a prognostic factor during kidney injury and repair by recent single-cell and 77 

spatial analysis(8, 9), clinical observations of TAL-specific molecules(10, 11) and an 78 

experimental model of TAL-specific injury(12). Therefore, protecting TAL cells from 79 

ischemic injury is important for improved recovery and outcomes. 80 

 81 

Uromodulin (UMOD, also known as Tamm-Horsfall protein, gene name: UMOD) is a 82 

highly conserved and abundant secretory protein in the kidney and is mainly expressed 83 

in TAL cells(13, 14). UMOD gene is composed of 11 exons, with exons 2 through 11 84 

forming the protein-coding region. Exon 10 encoding region harbors a 85 
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glycosylphosphatidylinositol (GPI)-anchoring site. Since the GPI anchor is a major 86 

apical sorting signal(15), UMOD protein is predominantly localized at the apical 87 

membrane. Membrane-bound UMOD positively regulates the activities of transporters, 88 

including NKCC2(16–18). Membrane-bound UMOD is then cleaved by a protease 89 

hepsin(19) and released into the urine as the most abundant urinary protein in healthy 90 

individuals. Urinary UMOD maintains urinary tract health by preventing infections and 91 

kidney stone formation(13). UMOD gene is strongly associated with kidney disease in 92 

genome-wide association studies(20), thereby suggesting a modulatory role in injury. 93 

Increasing clinical evidence supports a protective role of UMOD in AKI, where higher 94 

UMOD expression is linked to better renal outcomes(21–23). Consistent with these 95 

observations, we have shown in a knockout mouse model that UMOD deficiency 96 

aggravates AKI and impairs recovery(24–26). We have demonstrated that a fraction of 97 

UMOD is secreted into the interstitium and circulation, contributing to AKI recovery 98 

through its immunomodulatory effects(24, 26, 27). Therefore, enhancing our 99 

understanding of UMOD physiology will be beneficial for developing therapies that 100 

accelerate improved recovery from kidney injury. 101 

 102 

Despite a large interest in the UMOD gene and the regulators of its expression, 103 

alternative splicing of UMOD and its relevance in disease are not well understood. 104 

Alternative splicing expands the diversity of proteins with multiple subcellular 105 

localizations and functions(28–30). Here we identified a conserved alternatively spliced 106 

variant of UMOD which skips exon 10, thereby lacking the GPI-anchoring site. This 107 

isoform was induced by ischemic stress and is targeted intracellularly to the 108 
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mitochondria, where it enhanced mitochondrial energy generation and preserved the 109 

integrity of TAL cells during injury. We also identified antisense oligonucleotides that 110 

enhance this variant and demonstrated their efficacy in AKI. These findings will expand 111 

our understanding of how epithelial cells adapt to stress through alternative splicing.  112 

  113 
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Results 114 

Identification of alternatively spliced UMOD (AS-UMOD) 115 

Figure 1A shows the domains and gene structure of UMOD. The most common form of 116 

alternative splicing is cassette exons, where internal exons can either be included or 117 

excluded. To explore cassette exons in the UMOD gene, we screened differentially 118 

spliced exons in the UMOD gene using Nanopore long-read RNA-sequencing of the 119 

human and mouse kidneys (highlighted in yellow in Figure 1,B and C). We consistently 120 

found exon 10 skipping reads in both human and mouse kidneys. RNA-sequencing data 121 

suggested multiple patterns of exon 10 skipping variants, including variants which 122 

additionally involve alternative 5’/3’ splicing sites or exon 9 skipping. We focused on the 123 

exon 10 skipping variant without any other alteration, because this was 1) the only 124 

variant confirmed across all human (n = 3) and mouse (n = 4) samples, and 2) a variant 125 

that restores the reading frame since exon 10 is composed of multiples of 3 nucleotides 126 

(39 nt in humans and 42 nt in mice) (Supplemental Figure 1A). The conservation of this 127 

splice variant in both humans and mice indicates its functional importance(31, 32). 128 

Moreover, frame preservation suggests that the transcript will likely be translated into a 129 

protein without degradation by nonsense-mediated mRNA decay (NMD)(33). Since 130 

exon 10 encodes the GPI-anchoring site (Figure 1A), its absence is likely to alter the 131 

subcellular localization of UMOD protein, leading to a distinct function. We defined exon 132 

10 retaining UMOD (full-length UMOD) as canonical UMOD (C-UMOD) and exon 10 133 

skipping UMOD as alternatively spliced UMOD (AS-UMOD) (Figure 1D). In our data, 134 

approximately 2-3% of UMOD transcripts underwent exon 10 skipping (Figure 1E). 135 

Considering that UMOD is the most abundant transcript in the kidney(34), the relatively 136 
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low percentage of AS-UMOD still constitutes a substantial abundance. Another 137 

remarkable and consistent splice variant both in humans and mice was the competing 138 

splice acceptor sites of exon 2 of the UMOD gene (highlighted in blue in Figures 1,B 139 

and C). This splicing event happens before the start of coding sequence (CDS) and 140 

therefore will alter the 5’ UTR composition but not the CDS of the UMOD gene 141 

(Supplemental Figure 1B). The alteration of the 5’ UTR composition might affect the 142 

translation efficacy of the UMOD gene and therefore might have a biological relevance, 143 

although we did not conduct further analysis in this study. 144 

 145 

To validate and quantitate AS-UMOD mRNA expression, we designed specific PCR 146 

primers for C-UMOD and AS-UMOD (Supplemental Figure 2A). Their specificity was 147 

validated by qPCR using cDNA from cells which lack endogenous UMOD expression 148 

but overexpress one of the isoforms (Supplemental Figure 2, B and C). We then 149 

confirmed the presence of AS-UMOD mRNA in human and mouse kidneys by RT-PCR 150 

and subsequent Sanger sequencing (Figure 1, F-I).  151 

 152 

Acute kidney injury (AKI) induces AS-UMOD expression 153 

Given the association between UMOD and AKI, we examined if AS-UMOD expression 154 

is altered in AKI. We utilized murine renal ischemia-reperfusion injury (IRI) model, a 155 

well-established model of AKI(35). In renal IRI model, clamp time of the renal vascular 156 

pedicles is the major determinant of AKI severity(35), and allows the establishment of 157 

two different models(25, 36): mild IRI (22-minute clamp time) with rapid recovery likely 158 
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due to adaptive repair, and severe IRI (30-minute clamp time) with delayed recovery 159 

likely due to maladaptive repair. 160 

 161 

qPCR analysis showed that mild IRI up-regulates AS-Umod mRNA expression (Figure 162 

2A), but not C-Umod mRNA (Figure 2B), indicating a unique injury-related induction of 163 

AS-Umod. Interestingly, severe IRI failed to up-regulate AS-Umod (Figure 2A). To 164 

evaluate AS-UMOD expression at the protein levels, we raised AS-UMOD specific 165 

antibodies, in which the epitope is located on the boundary of UMOD exons 9 and 11 166 

and does not react with exon 10-containing peptide (Supplemental Figure 3, A and B). 167 

We also confirmed that commercial UMOD antibodies used in this study recognize both 168 

C-UMOD and AS-UMOD by characterizing their epitopes based on the manufacturer's 169 

information and epitope mapping (Supplemental Figure 3, C and D). 170 

Immunofluorescence analysis using these antibodies demonstrated that AS-UMOD is 171 

detectable at the protein levels in TAL cells after mild IRI (Figure 2C). Umod-/- mice did 172 

not show detectable signals even after mild IRI, indicating the specificity of UMOD and 173 

AS-UMOD antibodies (Supplemental Figure 3E). AS-UMOD induction was observed 174 

more frequently in cortical and subcortical TAL cells than medullary TAL cells 175 

(Supplemental Figure 4, A and B). Notably, AS-UMOD was localized in the cytoplasm of 176 

TAL cells, while (total) UMOD, predominantly composed of C-UMOD, was localized 177 

mainly at the apical membrane (Figure 2, C and D).  178 

 179 

To assess if AS-UMOD induction is a common observation in AKI, we developed LPS- 180 

and cisplatin-induced AKI models (Supplemental Figure 5, A-D). LPS and cisplatin 181 
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(single dose administration) cause remarkable proximal tubular injury(35, 37) and can 182 

induce stress to TAL cells(38, 39). In both these models, recovery typically occurs after 183 

AKI(40, 41). We found that AS-Umod but not C-Umod mRNA expression was up-184 

regulated both in LPS and cisplatin models (Figure 2, E-H), which is similar to mild IRI. 185 

These results indicate that AS-UMOD induction is not specific to ischemia-reperfusion 186 

but common to AKI that is associated with recovery. 187 

 188 

We next evaluated if AS-UMOD induction is observed in chronic kidney disease (CKD) 189 

models. AS-Umod mRNA expression was not altered in 8 weeks after severe IRI, which 190 

showed elevated urea levels and Col1a1 and Fibronectin1 mRNA expression when 191 

using 129/SvEv background mice (Supplemental Figure 5, E and F). Similarly, 192 

aristolochic acid nephropathy model, which caused elevated urea levels and Col1a1 193 

and Fibronectin1 mRNA expression at 4 weeks after injection, did not induce AS-Umod 194 

mRNA expression (Supplemental Figure 5, G and H). 195 

 196 

Furthermore, we assessed the dynamics of AS-UMOD in human kidney disease using 197 

specimens from the Kidney Precision Medicine Project (KPMP). Summary 198 

demographics of reference and disease kidney tissue specimens are presented in 199 

Supplemental Table 1. In line with the findings from mouse models, AS-UMOD mRNA 200 

expression was higher in AKI but not in CKD patients compared to healthy reference 201 

(Figure 2, I and J).  202 

 203 
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In summary, AS-UMOD induction commonly occurs in various forms of AKI associated 204 

with recovery. This isoform is not induced in severe IRI, which can be associated with 205 

maladaptive repair, or in CKD. AS-UMOD was an intracellular isoform of UMOD, and 206 

was mainly induced in the cortical region. 207 

 208 

Oxidative stress induces AS-UMOD expression 209 

To understand the molecular mechanism governing the splicing of UMOD gene, we 210 

utilized MKTAL cells, an immortalized mouse-derived TAL cell line which expresses 211 

endogenous UMOD(42, 43). We hypothesized that AS-UMOD expression is regulated 212 

by oxidative stress, since it is one of the common pathogenesis of IRI-, LPS- and 213 

cisplatin-induced AKI (35) and is linked to alternative splicing (44). We found that 3-214 

30μM hydrogen peroxide induced AS-Umod mRNA but not C-Umod mRNA expression 215 

while higher concentration of hydrogen peroxide decreased AS-Umod mRNA 216 

expression (Figure 2K). These findings suggest that mild but not severe oxidative stress 217 

drives alternative splicing of uromodulin, consistent with in vivo observation where mild 218 

but not severe IRI induced AS-UMOD expression (Figure 2A). 219 

 220 

We also tested the effect of hypoxia by itself without re-oxygenation on AS-UMOD 221 

induction. Hypoxia did not induce AS-Umod mRNA expression, but rather inhibited it 222 

(Figure 2L). We verified successful induction of hypoxia by increased Glut1 mRNA 223 

expression(45) and we used Hprt as a housekeeping gene for hypoxia experiment since 224 

hypoxia elevates Gapdh mRNA expression(46). 225 

 226 
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AS-UMOD is a cytoprotective intracellular isoform of UMOD 227 

To investigate the intracellular relevance of AS-UMOD, we utilized Madin-Darby canine 228 

kidney (MDCK) renal epithelial cells overexpressing UMOD, a well-established model 229 

for studying UMOD biology, including intracellular trafficking(47, 48), proteolytic 230 

cleavage(19) and extracellular secretion(47, 49). Another advantage of MDCK cells is 231 

that they do not express endogenous UMOD, eliminating any concerns of interference 232 

from the latter. 233 

 234 

MDCK cells stably expressing human C-UMOD or AS-UMOD were established by 235 

lentiviral transduction. We first confirmed that UMOD mRNA expression was 236 

comparable in both cell lines by using qPCR primers targeted UMOD exon 6 to detect 237 

both isoforms (Supplemental Figure 6A). Immunoblotting indicated that AS-UMOD had 238 

a lower molecular weight and was not secreted extracellularly, whereas C-UMOD was 239 

released into the medium (Figure 3, A and B). Consistent with these findings, 240 

immunofluorescence analysis showed that AS-UMOD is localized intracellularly, while 241 

C-UMOD is predominantly localized at the plasma membrane (Figure 3C). These 242 

results are in line with the intracellular localization of AS-UMOD in the mouse kidneys 243 

(Figure 2, C and D) and further supports that AS-UMOD is an intracellular isoform 244 

UMOD. 245 

 246 

We next investigated if this variant could be cytoprotective or cytotoxic. Mutations in 247 

UMOD gene cause intracellular localization of UMOD protein and drive one of the most 248 

common familial forms of kidney failures, autosomal dominant tubulointerstitial kidney 249 
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disease (ADTKD)(50). Mutant UMOD misfolds, accumulates intracellularly, induces 250 

endoplasmic reticulum (ER) stress, and finally leads to interstitial fibrosis(50). We 251 

hypothesized that AS-UMOD behaves differently from ADTKD-causing mutant UMOD, 252 

because mutations mostly occur in the N-terminal half of UMOD(13), relatively far from 253 

exon 10 (Figure 1A). To test this, we studied MDCK cells stably expressing UMOD 254 

C148W, a representative ADTKD-causing mutation. In line with previous studies(48, 255 

51–53), the ADTKD-causing mutant was localized intracellularly (Figure 3D), and 256 

triggered ER stress (GRP78 and XBP1s) and ER stress-induced cell death (CHOP and 257 

TRIB3) gene expression (Figure 3E). Unlike UMOD C148W, AS-UMOD did not induce 258 

this stress response (Figure 3E). Moreover, in contrast to UMOD C148W mutant, AS-259 

UMOD improved cell viability in hypoxia condition compared to C-UMOD (Figure 3F). 260 

These results suggest that AS-UMOD is a cytoprotective intracellular isoform of UMOD, 261 

unlike the disease-causing mutant UMOD. 262 

 263 

AS-UMOD partially localizes to the mitochondria and enhances mitochondrial 264 

energy generation 265 

To explore the cytoprotective mechanism of this intracellular isoform, AS-UMOD, we 266 

investigated its intracellular localization. Immunoblotting of subcellular fractions isolated 267 

by differential centrifugation(54, 55) (Figure 4A) and immunofluorescence analysis 268 

(Figure 4B) suggested that AS-UMOD is, at least partially, localized to the mitochondria, 269 

and this is a distinct localization from C-UMOD. We next examined the effect of AS-270 

UMOD on mitochondrial function. AS-UMOD increased both ATP/ADP ratio in 271 
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mitochondria (Figure 4C) and oxygen consumption rate (Figure 4D), indicating that AS-272 

UMOD enhances mitochondrial ATP generation. 273 

 274 

To assess how AS-UMOD up-regulates mitochondrial function, we studied its effect on 275 

mitochondrial biogenesis. AS-UMOD slightly but significantly increased mitochondrial 276 

number (Figure 4E), PGC1α (PPARGC1A) and NRF1 mRNA expression (Figure 4F), 277 

and mitochondrial protein (TOM20 and TIM23) expression (Supplemental Figure 6B). 278 

These results suggest that AS-UMOD could enhance mitochondrial biogenesis, thereby 279 

contributing, at least partially, to the increased ATP production. 280 

 281 

AS-UMOD is associated with SLC25 carriers  282 

To further understand how AS-UMOD enhances mitochondrial biogenesis and ATP 283 

generation, we performed affinity purification coupled to mass spectrometry (AP-MS) 284 

(Supplemental Figure 6C), a potent approach to determine the function of alternatively 285 

spliced variants(28). In line with its mitochondrial localization, AS-UMOD interactome 286 

showed enrichment of mitochondrial proteins compared to C-UMOD. Strikingly, all the 287 

unique mitochondrial interactors of AS-UMOD were members of the mitochondrial 288 

solute carrier family 25 (SLC25); aspartate glutamate carrier (SLC25A12, SLC25A13), 289 

glutamate carrier (SLC25A22), and ADP/ATP carrier (SLC25A4, SLC25A5, SLC25A6) 290 

(Figure 4G). We confirmed the interaction between AS-UMOD and SLC25 carriers by 291 

co-immunoprecipitation (Figure 4H). AS-UMOD also interacted with ER-resident 292 

proteins which are responsible for ER quality control. Among these, calnexin (CANX) 293 

and GRP78 (HSPA5) were common interactors for AS-UMOD and C-UMOD. Note that 294 
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CANX and GRP78 have previously been identified as interactors of C-UMOD (wild-type 295 

UMOD) by other groups(51, 52), supporting the fidelity of our AP-MS analysis. 296 

 297 

SLC25 carriers are crucial for mitochondrial energy generation by transporting 298 

metabolites across the impermeable inner membrane (Supplemental Figure 6D)(56). 299 

Glutamate carrier imports glutamate into the mitochondria. Aspartate glutamate carrier 300 

is also responsible for malate-aspartate shuttle (MAS),(57) which provide mitochondrial 301 

NADH, facilitating the electron transport chain(58) and subsequent generation of 302 

NAD+(59). NAD+ is a rate-limiting co-enzyme for mitochondrial function(60, 61) and 303 

considered to mutually activate with PGC1α(62). ADP/ATP carriers exchange cytosolic 304 

ADP and synthesized ATP(63). These carriers are abundantly expressed in mouse TAL 305 

cells based on previous RNA-sequence analysis of micro-dissected mouse tubular 306 

segments (Supplemental Figure 6E)(64) and single-cell RNA-sequencing analysis of 307 

mouse kidneys(65, 66), except for SLC25A6. 308 

 309 

AS-UMOD and activation of SLC25 carriers 310 

We then evaluated the impact of AS-UMOD on SLC25 carrier activities. The ratio of 311 

mitochondrial:cytosolic glutamate was higher in AS-UMOD expressing cells, which 312 

could support enhanced entry of glutamate into the mitochondria (Figure 4I). In addition, 313 

intracellular NAD+ levels were also higher in AS-UMOD expressing cells (Figure 4J). 314 

ADP/ATP carrier activity, assessed by ATP export after external ADP addition to the 315 

mitochondria, was increased in AS-UMOD expression cells (Figure 4K).  316 

 317 
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Altogether, AS-UMOD, localized at the mitochondria, increases ATP production. The 318 

association between AS-UMOD and SLC25 carriers might contribute to increased 319 

glutamate utilization and enhanced MAS activity, NAD+ generation, mitochondrial 320 

biogenesis, and ATP export, which could lead to increased ATP generation. 321 

 322 

Generation of Umod exon10 heterozygous knockout (Exon10 +/-) MKTAL cell line 323 

To further confirm the favorable metabolic role of AS-UMOD in TAL cells which express 324 

endogenous UMOD, we generated CRISPR/Cas9-mediated Umod exon10 knockout 325 

MKTAL cells (Figure 5). We utilized heterozygous exon10 knockout MKTAL cells in 326 

order to analyze the role of AS-UMOD in the existence of C-UMOD in TAL cells. We 327 

designed two sgRNA to cut the intronic region around exon 10 (Figure 5A). Successful 328 

heterozygous knockout of Umod exon 10 was confirmed by genotyping PCR (Figure 329 

5B) and subsequent Sanger sequencing (Figure 5C). AS-Umod mRNA expression was 330 

approximately 40-fold higher in Umod exon10 heterozygous knockout (exon10 +/-) cells 331 

(Figure 5D). Immunoblotting of exon10 +/- cell lysate showed a lower molecular weight 332 

band, which corresponds to AS-UMOD (Figure 5E). Extracellular secretion of UMOD 333 

was decreased in exon10 +/- cells, consistent with the increased intracellular AS-UMOD 334 

and decreased secretory C-UMOD (Figure 5F). Intracellular NAD+ level was trending 335 

higher in exon10 +/- cells (Figure 5G). Intracellular ATP levels (Figure 5H) and 336 

mitochondrial ATP/ADP ratio were increased in exon10 +/- cells (Figure 5I). These 337 

results are in line with the localization and the role of AS-UMOD, which have been 338 

shown by MDCK cells overexpressing AS-UMOD (Figures 3 and 4). 339 

 340 
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AS-UMOD does not interact with C-UMOD in MDCK cells 341 

We next conducted co-transduction of Myc-tagged AS-UMOD and HA-tagged C-UMOD 342 

in MDCK cells to assess whether these two isoforms interact. Co-immunoprecipitation 343 

with anti-HA antibody using MDCK cells expressing only Myc-AS-UMOD (100%) 344 

(negative control) or an equal amount of HA-C-UMOD (50%) and Myc-AS-UMOD (50%) 345 

did not show any interaction between the two isoforms (Figure 6A). Calnexin (CANX) 346 

was used as a positive control for co-immunoprecipitation since it interacts with UMOD 347 

(Figure 4G)(51). In line with the lack of interaction between two isoforms, MDCK cells 348 

expressing only Myc-AS-UMOD (100%) as well as MDCK cells expressing both Myc-349 

AS-UMOD (50%) and HA-C-UMOD (50%), showed higher intracellular ATP levels 350 

compared to MDCK cells expressing only HA-C-UMOD (100%) (Figure 6B). This 351 

suggests that increased ATP generation by AS-UMOD is not affected by C-UMOD. We 352 

next tested if AS-UMOD interferes with the extracellular secretion of C-UMOD using 353 

cells expressing only HA-C-UMOD (100%) or an equal amount of HA-C-UMOD (50%) 354 

and Myc-AS-UMOD (50%). As expected, intracellular HA-C-UMOD expression was 355 

approximately half in co-expression cells (Figure 6C). Secreted HA-C-UMOD in co-356 

expression cells was also approximately half in co-expression cells (Figure 6D) and was 357 

equivalent to cells solely expressing HA-C-UMOD when normalized by lysate HA-C-358 

UMOD abundance (Figure 6E). This suggests that AS-UMOD does not entrap the 359 

extracellular secretion of C-UMOD. This is in line with the data from MKTAL cells where 360 

extracellular secretion of UMOD was reduced to approximately 50% in heterozygous 361 

Umod exon10 knockout cells (Figure 5F). 362 

 363 
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Identification of splice-switching antisense oligonucleotides (SSOs) that induce 364 

AS-UMOD in MKTAL cells 365 

Given the favored metabolic roles of AS-UMOD, we hypothesized that its induction 366 

during injury is beneficial. To this end, we leveraged splice-switching antisense 367 

oligonucleotides (SSOs) that induce AS-UMOD. SSOs are a type of antisense 368 

oligonucleotides (ASOs), which are defined as small, synthetic, single-stranded nucleic 369 

acid polymers that bind to a complementary sequence in the transcript and modulate 370 

gene expression. SSOs mask the splice sites and regulatory sequence, leading to exon 371 

skipping or inclusion(67, 68). We designed five SSOs which target exon 10 and 372 

surrounding introns including 3’ and 5’ splice sites (Figure 7A). We identified four SSOs 373 

that markedly induced endogenous AS-Umod mRNA expression in MKTAL cells (Figure 374 

7B). We chose the most potent SSO (-13), which targets the 5’ splicing site (splice 375 

acceptor site) of exon 10, for subsequent analysis and named it Umod SSO. Umod 376 

SSO up-regulated AS-Umod mRNA and down-regulated C-Umod in a dose-dependent 377 

manner (Figure 7C). We also designed a scrambled SSO as a negative control for 378 

Umod SSO. 379 

 380 

Immunoblotting of MKTAL cell lysate showed that AS-UMOD induction using Umod 381 

SSO generated a lower molecular weight band, which corresponds to AS-UMOD 382 

(Figure 7D), suggesting successful AS-UMOD protein expression, similar to the 383 

heterozygous exon10 knockout MKTAL cells (Figure 5E). Immunoblotting of medium 384 

and immunofluorescence confirmed that Umod SSO leads to intracellular localization of 385 

UMOD (Figure 7, E and F), in line with the increased intracellular AS-UMOD and 386 
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decreased membranous/secreted C-UMOD. Treatment of MKTAL cells with Umod SSO 387 

also increased mitochondrial glutamate (Figure 7G), intracellular NAD+ (Figure 7H) and 388 

ATP levels (Figure 7I), which are consistent with the function of AS-UMOD revealed by 389 

MDCK cells overexpressing AS-UMOD (Figure 4) and heterozygous exon10 knockout 390 

MKTAL cells (Figure 5). The similar results obtained under conditions where the 391 

endogenous UMOD was absent (Figure 4) and present (Figures 5-7) could be explained 392 

by the lack of interaction between two isoforms (Figure 6A). 393 

 394 

AS-UMOD induction protects TAL cells in vivo and ameliorates severe IRI 395 

To test if AS-UMOD induction during AKI is beneficial, we sought to administer Umod 396 

SSO to IRI mice (Figure 8A). We chose severe IRI mice because they failed to up-397 

regulate AS-UMOD (Figure 2A) and therefore AS-UMOD augmentation is likely to be 398 

beneficial. A challenge is that systemically administered SSOs are filtered at the 399 

glomerulus, and efficiently reabsorbed by proximal tubule (PT) cells via unidentified 400 

receptors(69, 70), potentially limiting the delivery to the distal tubules. Indeed, Umod 401 

SSO injection to uninjured mice did not show significant induction (Supplemental Figure 402 

7A). Intriguingly, however, Umod SSO significantly induced AS-Umod mRNA 403 

expression when administered after IRI (Figure 8B), likely due to impaired reabsorption 404 

by injured PT cells. Immunofluorescence analysis confirmed the successful induction of 405 

AS-UMOD protein in the cytoplasm of TAL cells (Figure 8C). To confirm the uptake of 406 

SSO in TAL cells, we administered ATTO 647N-conjugated Umod SSO and verified that 407 

Umod SSO was localized in the perinuclear region of TAL cells (Supplemental Figure 408 

7B, white arrows). Note that SSO signal was most intense in the tubular lumen 409 
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(Supplemental Figure 7B, asterisks), often overlapping with casts, and not evident 410 

within LRP2-positive proximal tubular cells. This data strongly supports that, after 411 

severe IRI, SSO can be delivered to distal nephron segments due to impaired 412 

reabsorption by injured PT cells. 413 

 414 

We found that AS-UMOD augmentation mitigated AKI assessed by kidney function 415 

(Figure 8D), histological injury (Figure 8E) and injury-induced gene (Ngal and Spp1) 416 

expression (Figure 8F). We did not observe liver toxicity measured by serum alanine 417 

aminotransferase (ALT) levels both in uninjured mice (Supplemental Figure 7C) and IRI 418 

mice (Supplemental Figure 7D). 419 

 420 

Considering the intracellular localization and function of AS-UMOD, we hypothesized 421 

that Umod SSO mitigated AKI by primarily protecting TAL cells. To test this, we isolated 422 

and analyzed primary TAL cells(53, 71), and also examined the remaining cells as a 423 

control (non-TAL cells). Successful isolation of TAL cells was confirmed by exclusive 424 

Umod mRNA expression in TAL cell fraction (Supplemental Figure 7E). Spp1 425 

expression was reduced in TAL but not in non-TAL cells. Ngal expression showed a 426 

similar trend although it did not achieve statistical significance (Figure 8G). Moreover, 427 

only primary TAL cells showed higher intracellular ATP levels after Umod SSO 428 

treatment (Figure 8H), suggesting improved energy metabolism. Taken together, AS-429 

UMOD induction improved the course of severe AKI by protecting TAL cells, likely 430 

through metabolic adaptation. 431 

  432 
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Discussion 433 

TAL cells maintain ATP levels(7) and are resistant to ischemic injury(6) despite their 434 

high energy demand. This requires adaptive metabolic mechanisms that have not been 435 

fully understood. The present study demonstrated that exon 10 skipping of UMOD gene 436 

generates an intracellular isoform, which facilitates mitochondrial energetic adaptation 437 

during injury (visualized in Figure 9). Exon 10 skipping of the human UMOD gene has 438 

also been reported in the TCGA database in ExonSkipDB (Item: 439 

exon_skip_142609)(72). Our study established its presence, conservation, regulation, 440 

metabolic function and protective role. Interestingly, UMOD S614X, an artificially 441 

generated mutant UMOD that lacks all C-terminal sequences starting from the GPI-442 

anchoring site, became a soluble form and was secreted extracellularly(47). The 443 

difference between two non-GPI anchored UMOD (AS-UMOD and UMOD S614X) is the 444 

exclusive presence of C-terminal exon 11 in AS-UMOD. Therefore, in addition to exon 445 

10 skipping, the existence of exon 11 in AS-UMOD likely plays a role in its intracellular 446 

targeting. 447 

 448 

We propose that increased ATP generation by AS-UMOD is important during the 449 

reperfusion phase of injury but not hypoxia. This is supported by in vitro observation that 450 

AS-UMOD expression was induced by oxidative stress (Figure 2K) but was inhibited by 451 

hypoxia (Figure 2L). An increase in ATP production 24-72 hours after IRI, accompanied 452 

by increased mitochondrial biosynthesis markers, has been reported (73). Increasing 453 

mitochondrial metabolism, including biogenesis and NAD synthesis, is beneficial for 454 

improving the course of AKI and promoting recovery (60, 74). We propose that AS-455 
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UMOD protects TAL cells by facilitating mitochondrial metabolism and enhancing ATP 456 

generation during reperfusion injury. Of note, a certain level of physiological ROS is 457 

necessary for recovery after injury(74, 75). Considering that hydrogen peroxide induced 458 

AS-UMOD expression (Figure 2K) and AS-UMOD induction was only observed in AKI 459 

models which are linked with recovery (Figure 2A-H), it would be interesting to 460 

hypothesize that AS-UMOD could contribute to the protection conferred to TAL cells 461 

when induction of ROS occurs during AKI. The protective effect of AS-UMOD against 462 

hypoxic treatment in transduced MDCK cells (Figure 3F) could be explained by 463 

enhanced ATP stores (76) by AS-UMOD expression. 464 

 465 

Enhancing AS-UMOD with SSO is a potential therapeutic strategy for AKI by preserving 466 

the integrity of TAL cells through regulating UMOD expression and energy metabolism. 467 

AKI is a worldwide concern, yet therapeutic interventions are lacking. The main focus of 468 

AKI research has been PT cells, which are the most abundant cell type in the kidney(5) 469 

and are most vulnerable in experimental models of ischemic AKI(6). The importance of 470 

TAL integrity in AKI has been recently highlighted(8–12). Our results support that AS-471 

UMOD is a TAL-protective molecule during injury, and AS-UMOD induction using Umod 472 

SSO is a unique strategy which could contribute to successful recovery. The 473 

effectiveness of post-AKI administration of SSO on ameliorating the course of injury is 474 

clinically relevant. The long-term impact of protecting TAL segments and their 475 

interactions with other neighboring cells (e.g., immune cells and fibroblasts) are the 476 

scope of future study. We found that AS-Umod mRNA expression remained elevated 477 

two weeks after Umod SSO treatment compared to scrambled SSO treatment following 478 
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severe IRI (Supplementary Figure 7F), suggesting the potential for long-term 479 

intervention of Umod SSO. 480 

 481 

Our findings expand the current understanding of alternative splicing, and therefore, 482 

bears relevance to a broader cell biology context. Alternative splicing occurs in 1) 483 

cell/tissue-type-specific or 2) condition-specific manners. The cell/tissue-specific 484 

alternative splicing is a static cellular process and is typically associated with tissue 485 

identity(77). Cell type-specific alternative splicing is also linked to energy metabolism. 486 

For example, cancer cells utilize alternative splicing of pyruvate kinase to adapt to 487 

metabolic alteration(78). Condition-specific alternative splicing is a dynamic process, but 488 

its impact of on metabolic homeostasis has been underrecognized(77, 79). This study 489 

links stress-induced alternative splicing to mitochondrial metabolic adaptation. 490 

Augmentation of mitochondrial function and biogenesis is important for the recovery of 491 

several organ functions in acute and chronic disease conditions(74). Therefore, 492 

condition-specific alternative splicing might be a relevant cellular adaptation mechanism 493 

beyond the kidney. Further research will establish this paradigm as the development of 494 

transcriptome and genome sequencing technologies are now uncovering the impact 495 

and importance of alternative splicing(80). 496 

 497 

The present study uniquely demonstrates the efficacy of SSOs in targeting distal 498 

nephron segments. Recent technological advances in nucleic acid chemistry and 499 

pharmacology have led many SSOs to be clinically approved, making this technology as 500 

one of the most rapidly evolving therapeutic strategies(67). Despite the remarkable 501 
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successes in the clinical translation, effective delivery to the target sites remains a major 502 

challenge(68). Our data suggests that SSO delivery to distal nephron segments 503 

improves after IRI, probably due to the impaired reabsorption in PT cells. ASO/SSO 504 

treatment targeting distal nephron segments may be promising for patients with AKI or 505 

CKD where the function of PT cells is impaired. 506 

 507 

The unique association between AS-UMOD and mitochondrial transporters is 508 

reminiscent of the ability of C-UMOD (wild-type UMOD) to regulate the activity of the 509 

apical membrane transporters including NKCC2(16–18). C-UMOD is proposed to serve 510 

as a scaffold for NKCC2(16), because UMOD and NKCC2 exhibit close spatial 511 

proximity(17) and share lipid raft localization(81). It might be possible that UMOD 512 

interacts with membrane or mitochondrial transporters depending on the cellular 513 

conditions. The high expression of glutamate carriers in TAL cells (Supplemental Figure 514 

6E) is interesting because TAL cells can utilize glutamate(82) but they do not 515 

preferentially use it under physiological conditions. Endogenous glutamate utilization 516 

might be important in the setting of injury. Increased ATP export by AS-UMOD (Figure 517 

4K) also suggests the functional association between AS-UMOD and mitochondrial 518 

ADP/ATP carriers. However, it remains unknown whether SLC25 carrier is required for 519 

the metabolic role of AS-UMOD and this will be the subject of future detailed studies. 520 

 521 

The mechanism by which a portion of AS-UMOD targets the mitochondria remains 522 

unknown. Considering that AS-UMOD also interacts with ER proteins (Figure 4G) and 523 

AS-UMOD harbors an ER signal peptide at the N-terminus and, there are at least two 524 
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potential explanations: 1) AS-UMOD is initially sorted into ER and then a fraction of it is 525 

directed to mitochondria, and 2) AS-UMOD is a dual targeted-protein that can localize 526 

both in ER and mitochondria. We cannot exclude the possibility that AS-UMOD in ER 527 

could also affect mitochondrial function by, for example, interacting with mitochondria-528 

associated membranes (MAMs). The elucidation of the targeting/sorting mechanism of 529 

AS-UMOD in TAL cells, and its relevance in ER is the subject of future studies. 530 

 531 

In conclusion, we show that alternative splicing dynamically converts a secreted protein 532 

UMOD to an intracellular protein for metabolic adaptation of TAL cells during injury. In 533 

addition to providing a metabolic adaptation mechanism for TAL cells, this work 534 

underscores the importance of condition-specific alternative splicing in metabolic 535 

homeostasis. Enhancing alternative splicing of UMOD gene might be a therapeutic 536 

intervention to improve the course of AKI.  537 

  538 
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Materials and Methods 539 

Sex as a biological variable 540 

This study exclusively examined male mice. It is unknown whether the findings are 541 

relevant for females in two respects: differential UMOD expression and sensitivity to IRI. 542 

Total UMOD expression is higher in females than males both in humans and mice(43), 543 

and therefore the expression of the spliced variant will likely be different in females. In 544 

addition, females are less susceptible to AKI than males in rodents(83), and it is 545 

possible that the magnitude of AS-UMOD induction is different in males and females. 546 

For patient samples, we assessed both males and females, but the sample number was 547 

limited and was not enough to determine the difference by sex. We recognize the 548 

importance of sexual differences related to this study and plan to investigate it in the 549 

next years. 550 

 551 

Animal experiments 552 

We used 8- to 12-week-old wild-type male mice on a 129/SvEv background for most 553 

experiments except for those mentioned below. 129/SvEv background wild-type mice 554 

were purchased from Taconic Bioscience. Umod knockout mice (129/ SvEv Umod-555 

/-),(84) bred in house, were only used to validate the specificity of UMOD and AS-UMOD 556 

antibodies. We only used C57BL/6J wild-type mice (The Jackson Laboratory) for LPS-557 

induced AKI model and aristolochic acid nephropathy model. All animals were 558 

maintained in a temperature-controlled room with free access to food and water and a 559 

12-hour day/night cycle. IRI was performed by bilateral renal pedicle clamping as 560 

described previously with 22 minutes (mild IRI) and 30 minutes clamp time (severe 561 
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IRI)(25). Sham surgery was done by the same procedure without clamping. Animals 562 

were anesthetized with isoflurane. Induction occurred with 3% vapor at 1.5 l/min flow of 563 

oxygen. Animals were maintained on a rodent anesthesia circuit at 1-2% vapor at 1.5 564 

l/min flow of oxygen. Core temperature was maintained from 36.5-37.0°C utilizing a 565 

homeothermic warming pad. Daily saline supplementation was conducted after surgery. 566 

To establish LPS-induced AKI, 5mg/kg Lipopolysaccharides from Escherichia coli 567 

O111:B4 (L2630, Sigma-Aldrich), dissolved in saline (50-103-1363, Fisher Scientific), 568 

was injected via intraperitoneal injection. For cisplatin-induced AKI, 20mg/kg cisplatin 569 

(13119, Cayman Chemical), dissolved in saline, was injected via intraperitoneal 570 

injection. For aristolochic acid nephropathy model, a single dose of aristolochic acidⅠ571 

(A5512, Sigma-Aldrich) dissolved in DMSO, was injected via intraperitoneal injection. 572 

Serum creatinine, urea and ALT concentration were measured using QuantiChrom 573 

Creatinine Assay Kit (DICT500, BioAssay Systems), QuantiChrom Urea Assay Kit 574 

(DIUR100, BioAssay Systems), and EnzyChrom Alanine Transaminase Assay Kit 575 

(EALT100, BioAssay Systems), respectively. 576 

 577 

Nanopore long-read RNA sequencing  578 

The human reference kidneys from deceased donor nephrectomies were obtained from 579 

the Indiana Donor Network (Indiana University Institutional Review Board Approval 580 

No.1209009674). Human and mouse kidney tissues were homogenized in 800 µl of Tri 581 

Reagent using a Minilys tissue homogenizer at the highest speed for 45 seconds and 582 

then incubated for 5 minutes. Total RNA was extracted from 600 µl of the supernatant 583 

using the Direct-zol RNA miniprep Plus (Zymo Research), including on-column DNase I 584 
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digestion. The RNA was eluted in 100 µl of water and subjected to mRNA polyA 585 

enrichment using the Dynabeads mRNA DIRECT Micro kit (61021, Thermo Fisher 586 

Scientific). After two rounds of washing and enrichment of mRNA following the 587 

manufacture’s protocol, polyA+ mRNA was eluted in 10 µl of water. Approximately 200 588 

ng of polyA+ mRNA was subjected to reverse transcription and strand-switching was 589 

done using Maxima H Minus Reverse Transcriptase following the Nanopore protocol 590 

(SQK-DCS109). Following end-prep, adapter ligation, and AMPure XP bead binding, 591 

sequencing was conducted on R9.4.1 flow cells using the GridIon platform. 592 

 593 

The basecalling was done using Guppy basecaller: 594 

guppy_basecaller --compress_fastq --fast5_out -i ./fast5_pass/ -s ./fastq/ --device 'auto' 595 

--num_callers 1 --flowcell "FLO-MIN106" --kit "SQK-DCS109" 596 

Mapping was carried out using Minimap2: 597 

minimap2 -a -L -t 12 -x splice --junc-bed Mus_musculus.GRCm38.101.bed --MD mm10-598 

ont.mmi ./fastq/*.fastq.gz 2> ./minimap2.err > ./SAM/$sample.sam 599 

 600 

Subsequent transcript-level analysis was performed using Bambu. To Screen the 601 

differentially spliced exons in the UMOD gene, Sashimi plot were obtained by 602 

implementation into Integrated Genome Viewer (IGV) browser. mRNA sequencing 603 

reads were aligned to UMOD gene annotations. Reads less than 1% of the total reads 604 

were excluded for the analysis.  605 

 606 

Reverse transcription-PCR (RT-PCR) 607 
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Human and mouse kidneys were homogenized in 1ml of TRIzol Reagent (15596018, 608 

Thermo Fisher Scientific) using a Precellys tissue homogenizer at the highest speed for 609 

45 seconds. Total kidney RNA was isolated following by manufacturer’s instructions. 610 

cDNA was synthesized using High-Capacity cDNA Reverse Transcription Kit (4368814, 611 

Thermo Fisher Scientific) or ReverTra Ace (TYB-FSQ-201, Diagnocine). RT-PCR was 612 

performed using Premix Ex Taq DNA Polymerase (RR030A, Takara Bio) with 35 cycles. 613 

The sequence of PCR primers for AS-UMOD (exon 10 skipping UMOD) and C-UMOD 614 

(exon 10 retaining UMOD) in humans and in mice is as follows: 615 

Human AS-UMOD/C-UMOD forward: gtctacctgcactgtgaagtc 616 

Human AS-UMOD reverse: agactttcaggagccctttc 617 

Human C-UMOD reverse: aaaagcccttgagactgtgg 618 

Mouse AS-Umod/C-Umod forward: gtgactctacgagtgaacagtg  619 

Mouse AS-Umod reverse: cagatgctcaggagcccttg 620 

Mouse C-Umod reverse: aagcagccttggacactgag 621 

We used the same forward primers for AS-UMOD and C-UMOD. The forward primers 622 

were designed to bind to UMOD exon 8. The reverse primers for AS-UMOD were 623 

designed to bind to the boundary between exons 9 and 11. Importantly, to avoid 624 

reacting within exon 9 or 11 sequence of C-UMOD, the AS-UMOD reverse primers were 625 

designed to target only a couple of nucleotides (4 for humans, 5 for mice) of exon 9 626 

sequence at the 3' end of the primer, which is the crucial part for PCR reaction, while 627 

the rest 5’ side targets the exon 11 sequence. The reverse primers for C-UMOD were 628 

designed to target exon 10. The specificity of these primers was confirmed by qPCR 629 
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using cDNA from cells which lack endogenous UMOD expression but overexpresses 630 

one of the isoforms. 631 

 632 

Sanger Sequencing 633 

AS-UMOD cDNA was purified after RT-PCR using Gene Jet PCR gel purification 634 

system (K0691, Thermo Fisher Scientific). Sanger sequencing was conducted by 635 

ACGT. Alignment to the reference sequence was performed using Benchling 636 

(https://benchling.com/). 637 

 638 

Quantitative RT-PCR (qPCR) 639 

qPCR analysis was performed on the Thermal Cycler Dice Real Time System using 640 

THUNDERBIRD Next SYBR qPCR Mix (TYB-QPX-201, Diagnocine) or TaqMa Gene 641 

Expression Master Mix (4369016, Thermo Fisher Scientific). All the transcript levels 642 

were normalized to Gapdh mRNA levels.  643 

The sequence of SYBR primers is as follows: 644 

Mouse AS-Umod and C-Umod: the same primers used for RT-PCR 645 

Mouse Gapdh forward: agcgagaccccactaacatc 646 

Mouse Gapdh reverse: ggcggagatgatgacccttt 647 

Mouse Hprt forward: acattgtggccctctgtgtg 648 

Mouse Hprt reverse: ttatgtcccccgttgactga 649 

Mouse Glut1 forward: cagctgtcgggtatcaatgc 650 

Mouse Glut1 reverse: tccagctcgctctacaacaa 651 

Human AS-UMOD and C-UMOD: the same primers used for RT-PCR 652 
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Human UMOD forward (exon 6): aaacccatgccacttacagc 653 

Human UMOD reverse (exon 6): cggtcttcaggctgactttc 654 

Human GAPDH forward: caatgaccccttcattgacc 655 

Human GAPDH reverse: ttgattttggagggatctcg 656 

Human NKCC2 forward: tatgtggtgggatttgctga 657 

Human NKCC2 reverse: ctcccattccattccagcta 658 

Dog GRP78 forward: ggtgcccaccaagaagtctc 659 

Dog GRP78 reverse: ggagcaggaggaattccagt 660 

Dog XBP1s forward: gagtccgcagcaggtg 661 

Dog XBP1s reverse: ctgtcagaatccatgggg 662 

Dog CHOP forward: atgggggtacctgtgtttca 663 

Dog CHOP reverse: aggtgttcgtgacctctgct 664 

Dog TRIB3 forward: ggcactgagtacacctgcaa 665 

Dog TRIB3 reverse: gcgggaaaaaggtgtagagg 666 

Dog GAPDH forward: aacatcatccctgcttccac 667 

Dog GAPDH reverse: ggcaggtcagatccacaact 668 

Dog PGC1α (PPARGC1A) forward: ggtcaagatcaaggtcccca 669 

Dog PGC1α (PPARGC1A) reverse: acacaggggagaatttcggt 670 

Dog NRF1 forward: caaacacgccttcttcggaa 671 

Dog NRF1 reverse: agacggggttgggtttagag 672 

For Taqman qRT-PCR, we used the following Taqman probes: mouse Umod 673 

Mm00447649_m1 (targeting exons 2 and 3), mouse Ngal (Lcn2) Mm01324470_m1, 674 

mouse Spp1 (Osteopontin) Mm00436767_m1, mouse Kim-1 (Havcr1) 675 
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Mm00506686_m1, mouse Col1a1 Mm00801666_g1, mouse Fibronectin1 (FN1) 676 

Mm01256744_m1 and mouse Gapdh (4352339E). 677 

 678 

Quantitative RT-PCR (qPCR) of samples from the Kidney Precision Medicine Project 679 

(KPMP) 680 

Human kidney specimens collected by the KPMP consortium were acquired with 681 

informed consent and approved under a protocol by the KPMP single IRB of the 682 

University of Washington Institutional Review Board (Approval no. 20190213). For this 683 

analysis, we utilized available consecutive samples. We used residual RNA remaining 684 

after RNA quality index bioanalyzer analysis that is typically performed as part of the 685 

quality control for the tissue. To ensure the quality of RNA, we excluded RNA samples 686 

with an RNA integrity number < 2, or when leftover volume is < 1 ul. Reverse 687 

transcription-PCR and subsequent qPCR analysis were conducted as described above. 688 

Samples falling below the detection limit due to a low original RNA concentration were 689 

excluded from analyses. 690 

 691 

Cell culture 692 

Lenti-X 293T cells (632180, Takara Bio) and Madin-Darby canine kidney (MDCK) cells  693 

(a generous gift from Dr. Kai Simons at European Molecular Biology Laboratory(85)) 694 

were grown in DMEM (11965084, Thermo Fisher Scientific) supplemented with 10% 695 

FBS (A5209502, Thermo Fisher Scientific). MKTAL cells (a generous gift from Dr. 696 

Soline Bourgeois of University of Zurich (42)) were grown in DMEM/F12 (11320033, 697 

Thermo Fisher Scientific) supplemented with 5% FBS. These cells were maintained at 698 
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37°C in a humidified 5% CO2 incubator. Oxidative stress was induced using hydrogen 699 

peroxide (H1009, Sigma-Aldrich). Hypoxia treatment was conducted using a hypoxia 700 

chamber (STEMCELL) with 0.1% oxygen. The serum was depleted during the hypoxia 701 

treatment. LDH assay was performed using LDH-Glo Cytotoxicity Assay (J2380, 702 

Promega). 703 

 704 

Constructs, transfection (293T cells) and transduction (MDCK cells) 705 

293T cells transiently express mouse UMOD were generated by transfection. pTwist 706 

CMV vectors harboring mouse C-UMOD or AS-UMOD were synthesized by Twist 707 

Bioscience. No tags were inserted. These constructs were transfected into 293T cells 708 

using lipofectamine 2000 (11668030, Thermo Fisher Scientific). Cells were harvested 709 

48 hours after the transfection. MDCK cells stably expressing human UMOD were 710 

generated by lentivirus transduction. pTwist ENTR vectors with human C-UMOD, AS-711 

UMOD, UMOD C148W, sequence were generated by Twist Bioscience. No tags were 712 

inserted. UMOD sequence was then transferred into pLenti CMV Puro DEST (17452, 713 

Addgene) using LR reaction. These constructs were transfected into Lenti-X 293T cells 714 

with packaging vector psPAX2 (12260, Addgene) and enveloping vector pMD2.G 715 

(12259, Addgene) using lipofectamine 2000. Lentiviral supernatant was obtained 48 716 

hours after the transfection and was applied to MDCK cells using 6 μg/ml polybrene (sc-717 

134220, Santa Cruz Biotechnology). Experiments were conducted below four passages 718 

after transduction.  719 

 720 

Co-transduction of C-UMOD and AS-UMOD 721 
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pTwist Lenti SFFV Puro DEST vectors harboring human HA-C-UMOD and Myc-AS-722 

UMOD were synthesized by Twist Bioscience. We inserted the tags after the leader 723 

peptide, between T26 and S27, based on previous reports(47, 86). Transduction to 724 

MDCK cells was conducted as described above. We established three MDCK cell lines: 725 

MDCK cells express (1) HA-C-UMOD (100%), (2) HA-C-UMOD (50%) and Myc-AS-726 

UMOD (50%), and (3) Myc-AS-UMOD (100%). Co-immunoprecipitation was performed 727 

using HA Tag antibody (81290-1-RR, Proteintech). 728 

 729 

Generation of Umod exon 10 knockout cell lines 730 

Umod exon 10 knockout MKTAL cells have been established using CRISPR/Cas9 731 

system, as described previously(87), with modifications. We designed two single guide 732 

RNAs (sgRNAs) to cut the intronic region around exon 10. sgRNAs were synthesized by 733 

Synthego. The sequence of sgRNAs (including PAM) is as follows: 734 

sgRNA upstream: tggatcgtttgattcgtaggggg 735 

sgRNA downstream: gagtgtgtacaatctgcgtgagg 736 

sgRNAs and Cas9 2NLS nuclease (Synthego) were transfected into MKTAL cells with 737 

SF 4D-nucleofector X solution (V4XC-2032, Lonza) using Amaxa 4D-Nucleofector X 738 

(Lonza). Clonal isolation was performed, and genomic DNA was extracted using Quick 739 

DNA Miniprep kit (D3025, Zymo Research). We designed PCR primers to bind around 740 

the sgRNA target sites for genotyping. The sequence for PCR primers is as follows: 741 

Forward: ctttggtgcttaccgtggtt 742 

Reverse: aagaaaagggcagggtggat 743 
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Successful heterozygous knockout of Umod exon 10 was confirmed by PCR and 744 

subsequent Sanger sequencing of the PCR product. 745 

 746 

Splice-switching antisense oligonucleotides (SSOs) 747 

SSOs were designed by IDT based on their confidential algorithms. SSOs were 748 

synthesized as 2'-O-Methoxyethyl (2'-MOE) bases with phosphorothioate backbone by 749 

IDT. The sequence of SSOs is as follows: 750 

SSO (-56): TGAGGTATGTGACTTTCAAG 751 

SSO (-36): AAGACGAGAAACATGAGAAG 752 

SSO (-13) / Umod SSO: TGGACACCTTTGTATGAAAC 753 

SSO (2): TGGACACTGAGGCCTGGACA 754 

SSO (44): GTACAGAAAGAACCTAAACTTA 755 

Non-targeted SSO: GTGATCCGAGTAAGCTC 756 

Scrambled SSO (corresponds to Umod SSO): ATATGTTAGCGCCTATACGA 757 

MKTAL cells were treated with SSOs by reverse transfection using lipofectamine 2000. 758 

For in vivo administration, we used HPLC purified SSOs. Mice were administered SSOs 759 

by retro-orbital vein injection following a brief induction with isoflurane: 3% vapor at 760 

1.5ml/min flow of oxygen. To assess the distribution in the kidney, dye-labeled Umod 761 

SSO, where ATTO 647N-conjugated was conjugated at the 5’ end of Umod SSO, was 762 

also synthesized by IDT. 763 

 764 

Purification of mouse primary TAL epithelial cells 765 
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Primary TAL cell purification was conducted by single cell digest and subsequent 766 

magnetic cell separation as described previously(53, 71), with modifications. Mouse 767 

kidneys were decapsulated, minced, and then digested in a digestion buffer (2mg/ml 768 

Collagenase type I (SCR103, Sigma-Aldrich) and 100 U/ml DNase (79254, Qiagen) in 769 

serum-free DMEM/F12 (Sigma-Aldrich)) at 37 °C shaker for 60 min. They were vortexed 770 

every 15 min to facilitate digestion. After single cell digestion, DMEM/F12 with 10% FBS 771 

was added to halt the enzymatic digestion. Single cell suspension was collected using 772 

40μm cell strainer (352340, Falcon). Next, Dynabeads Biotin Binder (11047, Thermo 773 

Fisher Scientific) was conjugated with mouse anti-UMOD Biotinylated Antibody 774 

(BAF5175, R&D Systems). After washing with 1% BSA/PBS, beads were incubated with 775 

the single cell suspension at 4 °C for 60 min. Both UMOD-positive cells (on-bead) and 776 

UMOD-negative cells (supernatant) were washed and collected for downstream 777 

analysis: qPCR, ATP and protein concentration measurement. ATP levels were 778 

evaluated using CellTiter-Glo 2.0 (G9241, Promega) and normalized by protein 779 

concentration. 780 

 781 

Further details on the methods can be found in the Supplementary materials. 782 

 783 

Statistics, reproducibility and visualization 784 

Statistical analysis was performed in Excel and GraphPad Prism. No statistical methods 785 

were used to predetermine sample sizes, but our sample sizes are similar to those 786 

reported previously(26, 88). Quantitative data are presented as means ± SEM. 787 

Statistical significance was evaluated using unpaired t test (between two conditions) or 788 
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one-way ANOVA with embedded comparisons between two individual groups (among 789 

multiple conditions) with a significance level of p <0.05. Blinding was performed for the 790 

animal studies (surgery, SSO injection and harvest) and image quantification. Bubble 791 

Plot was created by SRplot.(89)  792 

 793 

Study approval 794 

Animal experiments and protocols were approved by the Indiana University Animal Care 795 

and Use Committee. Analysis of the human reference kidneys from deceased donor 796 

nephrectomies obtained from the Indiana Donor Network was approved by Indiana 797 

University Institutional Review Board (Approval No.1209009674). Analysis of human 798 

biopsy kidneys from the KPMP consortium was approved by University of Washington 799 

Institutional Review Board (Approval no. 20190213). 800 

 801 

Data availability 802 

RNA sequencing data are deposited in the NCBI’s Gene Expression Omnibus 803 

database. Human kidney Nanopore PCR-free direct cDNA sequencing: NCBI GEO 804 

GSE281264. Mouse kidney Nanopore PCR-free direct cDNA sequencing: NCBI GEO 805 

GSE244942 (87). Mass spectrometry data have been uploaded to the MassIVE 806 

repository and cross referenced in ProteomeXchange. Accession number 807 

MSV000094329. Data are currently password protected with user name 808 

MSV000094329_reviewer password Umod. Data values for all graphs are documented 809 

in the Supporting Data Values file. 810 

 811 
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Figure legends 880 

Figure 1: Identification of alternatively spliced UMOD (AS-UMOD). (A) The upper 881 

panel shows the primary structure and domains of UMOD. The four EGF-like domains 882 

are represented by the Roman numerals 1 through 4. D10C = domain with conserved 883 

ten cysteines; ZP = zona pellucida; IHP = internal hydrophobic patch; EHP = external 884 

hydrophobic patch; GPI = glycosylphosphatidylinositol. The lower panel shows the 885 

exon/intron structure of the UMOD gene from Refseq (NCBI database). (B-C) Sashimi 886 

plot visualizes differentially spliced exons of the UMOD transcript isolated from (B) 887 

human and (C) mouse kidneys. Each numeral on the semicircle represents the number 888 

of RNA sequencing reads. Reads indicating alternative splicing sites of exon 2 and exon 889 

10 skipping were highlighted in blue and yellow, respectively. n = 3 for human and n = 4 890 

for mouse kidneys. (D) Definition of Abbreviation. (E) Percent-splice-in (PSI) value of 891 

AS-UMOD calculated from Nanopore long-read RNA sequencing data (n = 3 for human 892 

and n=4 for mouse kidneys) (F) RT-PCR for AS-UMOD and C-UMOD from human 893 

kidney cDNA. (G) RT-PCR product of (F) was purified and subsequent Sanger 894 

sequencing confirmed the existence of AS-UMOD (exon 10 skipping UMOD) in human 895 

kidneys. (H) RT-PCR for AS-Umod and C-Umod from mouse kidney cDNA. (I) RT-PCR 896 

product of (H) was purified and subsequent Sanger sequencing confirmed the existence 897 

of AS-Umod (exon 10 skipping Umod) in mouse kidneys. Data were presented as mean 898 

± SEM. 899 

 900 

Figure 2: Acute kidney injury (AKI) induces AS-UMOD expression 901 
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(A,B) Relative mRNA expression of AS-Umod and C-Umod normalized to Gapdh in IRI 902 

mice. Wild-type mice underwent sham, mild IRI or severe IRI surgery, and were 903 

harvested 24 hours after the surgery. n = 9-10 per group. (C) Immunofluorescence of 904 

subcortical region of murine kidneys 24 hours after the surgery. White arrows indicate 905 

AS-UMOD, which is induced in the cytoplasm of TAL cells after mild IRI. n = 5 mice per 906 

group. Bars = 100 μm. (D) Apical membrane localization of UMOD and AS-UMOD, 907 

determined by the ratio of apical membrane: whole tubules mean signal intensity, was 908 

quantified using Image J. n = 20 tubules from 5 mild IRI kidneys for each group. (E,F) 909 

Relative mRNA expression of AS-Umod (E) and C-Umod (F) normalized to Gapdh in 910 

LPS-induced AKI mice. 5mg/kg LPS was injected via intraperitoneal injection and mice 911 

were harvested 24 hours after injection. n=6 per group. (G,H) Relative mRNA 912 

expression of AS-Umod (G) and C-Umod (H) normalized to Gapdh in cisplatin-induced 913 

AKI mice. 20mg/kg cisplatin was injected via intraperitoneal injection and mice were 914 

harvested 72 hours after injection. n=6 per group. (I,J) Relative mRNA expression of 915 

AS-UMOD (I) and C-UMOD (J) normalized to NKCC2 in human kidney samples from 916 

the Kidney Precision Medicine Project (KPMP). n=7-12 per group. (K) Relative mRNA 917 

expression of AS-Umod and C-Umod normalized to Gapdh in MKTAL cells treated with 918 

various concentrations of hydrogen peroxide (H2O2) for 6 hours. n = 4 per group. (L) 919 

Relative mRNA expression of AS-Umod, C-Umod and Glut1 normalized to Hprt in 920 

hypoxia conditions. MKTAL cells were cultured in control (normoxia) or hypoxia 921 

conditions for 6 hours. n=4 per group. Data were analyzed by unpaired t test (between 922 

two conditions, D-H and L) or one-way ANOVA with embedded comparisons between 923 
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two individual groups (among multiple conditions, A,B and I-K) and were presented as 924 

mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns: not significant.  925 

 926 

Figure 3: AS-UMOD is a cytoprotective intracellular isoform of UMOD. MDCK cells 927 

stably expressing C-UMOD or AS-UMOD were established by lentiviral transduction. 928 

(A,B) Immunoblotting of UMOD in MDCK cell lysate and medium, respectively. 929 

Coomassie staining was used as a loading control for medium. n = 4. (C) 930 

Immunofluorescence of C-UMOD and AS-UMOD in MDCK cells. n=3. Bars = 10 μm. 931 

(D) Immunofluorescence of UMOD C148W, an ADTKD-causing mutant in MDCK cells. 932 

n=3. Bars = 10 μm. (E) Relative mRNA expression of ER stress-related genes 933 

normalized to GAPDH expression. n = 3. (F) Lactate dehydrogenase (LDH) assay in 934 

MDCK cells. MDCK cells were cultured in normoxia or hypoxia conditions for 6 hours. 935 

LDH concentration in the media was measured and normalized to total cell number. n = 936 

3. Data were analyzed by unpaired t test (between two conditions, B) or one-way 937 

ANOVA with embedded comparisons between two individual groups (among multiple 938 

conditions, E and F) and were presented as mean ± SEM. *p<0.05, 939 

***p<0.001, ****p<0.0001, ns: not significant.  940 

 941 

Figure 4: AS-UMOD enhances mitochondrial energy generation. (A) 942 

Immunoblotting of MDCK cells expressing C-UMOD or AS-UMOD after subcellular 943 

fractionation. The same amount of protein was applied for each fraction. The ratio of 944 

mitochondrial: total (mitochondrial, cytosolic and membrane) uromodulin expression 945 

was quantified by densitometry analysis. n = 3. (B) Immunofluorescence of MDCK cells 946 
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expressing C-UMOD or AS-UMOD. Colocalization analysis between UMOD and 947 

mitochondria (Mitotracker) in MDCK cells. Manders’ tM1 represents a fraction of UMOD 948 

overlapping with mitochondria. n = 30 cells per group from three independent 949 

experiments. Scale bars = 10 μm. (C) ATP/ADP ratio of mitochondria isolated from 950 

MDCK cells. n = 4. (D) Mitochondrial respiration measurement in MDCK cells 951 

expressing C-UMOD or AS-UMOD using Seahorse. OCR: oxygen consumption rate, 952 

FCCP: carbonyl cyanide p-trifluoromethoxyphenylhydrazone. n = 3. (E) Transmission 953 

electron microscopy in MDCK cells expressing C-UMOD or AS-UMOD. Bar = 1 μm. 954 

Mitochondrial number per 100μm2 cell area (excluding nucleus) was quantitated. n = 18 955 

cells for each group from two independent experiments. (F) Relative mRNA expression 956 

of PGC1α and NRF1 normalized to GAPDH. n = 4. (G) Interactome map of C-UMOD 957 

and AS-UMOD in MDCK cells obtained from AP-MS analysis. (H) Co-958 

immunoprecipitation with anti-UMOD antibody to validate the AP-MS analysis. *, lower 959 

band is the target band for SLC25A22. n=2. (I) The ratio of mitochondrial:cytosolic 960 

glutamate levels in MDCK cells. n = 3. (J) NAD+ levels normalized to protein 961 

concentration. n = 3. (K) ADP/ATP carrier-mediated ATP export after ADP addition to 962 

the isolated mitochondria from MDCK cells. n=3. Data were analyzed by unpaired t test 963 

(between two conditions, A,B,D-F, and I-K) or one-way ANOVA with embedded 964 

comparisons between two individual groups (among multiple conditions, C) and were 965 

presented as mean ± SEM. *p<0.05, **p<0.01, ****p<0.0001. 966 

 967 

Figure 5: Generation of Umod exon10 heterozygous knockout (Exon10 +/-) 968 

MKTAL cell line. (A) Two sgRNA were designed to cut the intronic region around exon 969 
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10. (B,C) Genotyping PCR (B) and subsequent Sanger sequencing of the PCR product 970 

(C) confirmed successful heterozygous knockout of Umod exon 10. (D) Relative mRNA 971 

expression of AS-Umod and C-Umod normalized to Gapdh in wild-type (Exon10 +/+) 972 

and Umod exon10 heterozygous knockout (Exon10 +/-) MKTAL cells. n=4. (E,F) 973 

Immunoblotting of UMOD in cell lysate (E) and medium (F). Red asterisk corresponds to 974 

AS-UMOD. Coomassie staining was used as a loading control for medium. n = 3. (G) 975 

NAD+ levels normalized to protein concentration. n = 4. (H) ATP levels normalized to 976 

protein concentration. n=4. (I) ATP/ADP ratio of mitochondria isolated from Exon 10 +/+ 977 

and Exon 10 +/- MKTAL cells. n = 4. Data were analyzed by unpaired t test and were 978 

presented as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001. 979 

 980 

Figure 6: Co-transduction of C-UMOD and AS-UMOD. HA-C-UMOD and Myc-AS-981 

UMOD were co-transduced to MDCK cells and their interaction was evaluated. (A) Co-982 

immunoprecipitation with anti-HA antibody in MDCK cells expressing MYC-AS-UMOD 983 

only (lane 1) or an equal amount of HA-C-UMOD and Myc-AS-UMOD (lane 2). Calnexin 984 

(CANX) was used as a positive control of co-immunoprecipitation. Red asterisk 985 

corresponds to CANX. n=2. (B) Intracellular ATP levels normalized to protein 986 

concentration. n = 4. (C,D) Immunoblotting analysis of MDCK cells expressing HA-C-987 

UMOD only (lane 1) or equal amount of HA-C-UMOD and Myc-AS-UMOD (lane 2). 988 

Densitometric analysis of HA-C-UMOD is presented. n=3. (E) Secreted HA-C-UMOD 989 

normalized by intracellular HA-C-UMOD expression. n=3. Data were analyzed by 990 

unpaired t test (between two conditions, C-E) or one-way ANOVA with embedded 991 
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comparisons between two individual groups (among multiple conditions, B) and were 992 

presented as mean ± SEM. *p<0.05. 993 

 994 

Figure 7: Identification of splice-switching antisense oligonucleotides (SSOs) that 995 

induce AS-UMOD in MKTAL cells. (A) Design of SSOs to induce AS-Umod 996 

expression. Numbers in parentheses indicate position from the first base of exon 10. (B) 997 

Relative mRNA expression of AS-Umod normalized to Gapdh in MKTAL cells 998 

transfected with 30nM SSOs for 24 hours. Lipofectamine alone and non-targeted SSO 999 

were used as negative controls. n = 3. (C) Relative mRNA expression of AS-Umod and 1000 

C-Umod normalized to Gapdh in MKTAL cells transfected with various concentrations of 1001 

Umod SSO for 48 hours. Umod SSO corresponds to SSO(-13). n = 3. (D-I) MKTAL cells 1002 

were treated with 30nM scrambled SSO or Umod SSO for 48 hours. (D,E) 1003 

Immunoblotting of UMOD in cell lysate and medium, respectively. Red asterisk 1004 

corresponds to AS-UMOD. Coomassie staining was used as a loading control for 1005 

medium. n = 4. (F) Immunofluorescence of UMOD. n=2. Bars = 10 μm. (G) The ratio of 1006 

mitochondrial:cytosolic glutamate levels. n = 3. (H) NAD+ levels normalized to protein 1007 

concentration. n = 3. (I) ATP levels normalized to protein concentration. n = 3. Data 1008 

were analyzed by unpaired t test (between two conditions, E and G-I) or one-way 1009 

ANOVA with embedded comparisons between two individual groups (among multiple 1010 

conditions, C) and were presented as mean ± SEM. *p<0.05, **p<0.01, ****p<0.0001, 1011 

ns: not significant. 1012 

 1013 
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Figure 8: AS-UMOD induction protects TAL cells and ameliorates severe IRI. Wild-1014 

type mice underwent severe IRI and SSO treatment (25 mg/kg), and were harvested 72 1015 

hours after IRI. (A) Schematic of experimental design. (B) Relative mRNA expression of 1016 

AS-Umod and C-Umod normalized to Gapdh. n = 10-11 per group. (C) 1017 

Immunofluorescence of murine kidneys. White arrows indicate AS-UMOD which is 1018 

induced in the cytosol of TAL cells after Umod SSO treatment. n=4 mice per group. 1019 

Scale Bar = 50 μm. (D) Serum creatinine and urea concentration. n = 14-16 per group. 1020 

(E) PAS-stained kidney sections and quantification of injury. n = 9-11 per group. Scale 1021 

Bar = 500 μm. (F) Relative mRNA expression of injury-related genes normalized to 1022 

Gapdh in the whole kidney. n = 10-11 per group. (G,H) Primary TAL cells were isolated 1023 

by magnetic cell separation, and cells unbound to the beads were defined as non-TAL 1024 

cells. (G) Relative mRNA expression of injury-related genes normalized to Gapdh in 1025 

TAL and non-TAL cells. n = 7-8 per group. (H) ATP levels normalized to protein 1026 

concentration in TAL and non-TAL cells. n = 7-8 per group. Data were analyzed by 1027 

unpaired t test and were presented as mean ± SEM. *p<0.05, ****p<0.0001, ns: not 1028 

significant. 1029 

 1030 

Figure 9: Graphical visualization of alternative splicing of UMOD. C-UMOD is a 1031 

GPI-anchored protein and is sorted to the plasma membrane. C-UMOD regulates the 1032 

activities of membrane transporters, and maintains extracellular homeostasis once 1033 

secreted into extracellular region. AKI induces alternative splicing of uromodulin and 1034 

generates AS-UMOD, a non-GPI anchored isoform. AS-UMOD showed preferential 1035 

localization in the mitochondria compared with C-UMOD, facilitating mitochondrial 1036 
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energy generation as a metabolic adaptation to cellular injury. However, mitochondrial 1037 

localization of AS-UMOD remains partial, and we cannot exclude the possibility that AS-1038 

UMOD in ER could also affect mitochondrial function. The mechanism by which a 1039 

portion of AS-UMOD targets the mitochondria remains unknown. The schema was 1040 

created in BioRender. Nanamatsu, A. (2025) https://BioRender.com/k97g401. 1041 
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