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ABSTRACT 

 
 
Ubiquitin C-terminal hydrolase L1 is a deubiquitinating enzyme that salvages ubiquitin 

from substrates and maintains intracellular ubiquitin pools. While the role of ubiquitin C-

terminal hydrolase L1 is well characterized in neurons, there is an increasing scope of 

evidence to suggest that ubiquitin C-terminal hydrolase L1 also plays a role in renal 

function and glomerular disease, however, its specific role in these settings remains 

incompletely elucidated. In the present thesis we explored the role of ubiquitin C-

terminal hydrolase L1 in a mouse model of glomerular disease, ACTN4-associated focal 

segmental glomerulosclerosis and the role of ubiquitin C-terminal hydrolase L1 in renal 

function. Deletion of ubiquitin C-terminal hydrolase L1 in a mouse model of ACTN4-

associated focal segmental glomerulosclerosis significantly improved indices of podocyte 

injury, a likely result of ubiquitin pool attenuation and sustained α-actinin-4 levels. 

However, global ablation of ubiquitin C-terminal hydrolase L1 in mice led to altered 

renal hemodynamics, namely glomerular hyperfiltration, most likely attributed to nerve 

dysfunction and loss of arterial resistance. Finally, mice lacking ubiquitin C-terminal 

hydrolase L1 exhibited perturbations in phosphate homeostasis as these showed evidence 

of hyperphosphatemia and phosphaturia, indicating altered renal phosphate balance. 

Altogether, these data show that while ubiquitin C-terminal hydrolase L1 plays a 

maladaptive role in glomerular disease, it also functions as a crucial regulator of renal 

hemodynamics and renal phosphate handling, suggesting that it may have distinct 

functions in diseased and non-diseased kidneys. 
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GENERAL INTRODUCTION 

 

UBIQUITIN C-TERMINAL HYDROLASE L1 

 

Molecular Roles of Ubiquitin C-Terminal Hydrolase L1 

Ubiquitin C-terminal hydrolase L1 (UCHL1), formerly protein gene product 9.5 (PGP 

9.5), belongs to the ubiquitin C-terminal hydrolase (UCH) class of deubiquitinating 

enzymes. The UCH subgroup comprises three other members including UCHL3, UCHL5 

(UCH37) and BAP1 (Bishop et al., 2016, Day et al., 2010). As a deubiquitinating 

enzyme, UCHL1 hydrolyses C-terminal esters and N-terminal amides of ubiquitin (Ub) 

that are tagged to proteins. The length of UCHL1's crossover loop limits its hydrolysis 

activity to mono-ubiquitinated substrates and as such, UCHL1 is not involved in 

disassembling poly-ubiquitin (poly-Ub) chains tagged to proteins (Zhou et al., 2012). 

This crossover loop contains a cysteine 90, aspartate 176 and histidine 161 that bridge 

access to the catalytic site. These residues are conserved in all UCH family members, 

however, the length of the crossover loops differ. As a result of its shorter crossover loop, 

UCHL1 demonstrates weak hydrolase activity, limiting it to mono-ubiquitinated 

substrates (Zhou et al., 2012). A crucial role for UCHL1 lies in its ability to bind to and 

stabilize mono-ubiquitin (mono-Ub) thereby maintaining Ub pools in the cell. UCHL3 is 

the most closely related paralog to UCHL1, sharing 52% identity to UCHL1 (Wilkinson 

et al., 1989). Similar to UCHL1, it is involved in hydrolysing small adducts of Ub tagged 

to substrates, but may also be involved in processing larger Ub conjugates as a result of 

its larger crossover loop (Grou et al., 2015, Larsen et al., 1998). UCHL3 is distributed in 
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lung, red cells and significant levels are also found in the brain (Wilkinson et al., 1989, 

Wilkinson et al., 1992). UCHL5 and BAP1, on the other hand, each possess a larger 

crossover loop that enables these to hydrolyse poly-Ub from substrates, thereby 

negatively regulating proteasomal degradation (Zhou et al., 2012). UCHL5 plays a role in 

recycling Ub from proteasomal degradation through direct interaction with the Ub-

proteasome (Burgie et al., 2012, Yao et al., 2006). BAP1 plays a role in histone 

ubiquitination and transcriptional regulation (Fukuda et al., 2016, Yu et al., 2010). As 

such, UCHL1 is unique among its family members in its ability to maintain Ub pools. 

 

Studies in Uchl1-deficient mice have demonstrated that loss of UCHL1 expression led to 

reduced Ub in the cerebellum (Osaka et al., 2003). Additionally, a D30K UCHL1 

mutation (that results in lower Ub-binding affinity) reduced Ub pools in SH-SY5Y 

neuronal cells. Ablation of UCHL1's hydrolase domain through a C90S mutation (while 

the Ub-binding affinity remained intact) led to sustained Ub levels, supporting the 

conclusion that UCHL1 binds to and maintains Ub pools both in vivo and in vitro (Osaka 

et al., 2003). UCHL1 is also involved in processing polymeric Ub (Larsen et al., 1998). 

 

UCHL1 Distribution in Neurons 

UCHL1 expression predominates in the brain where it comprises a marked 1-5% of total 

neuronal protein. UCHL1 is detected in mouse neural epithelia as early as embryonic day 

8.5-9. Its expression remains ubiquitous in terminally differentiated neurons throughout 

the brain and in both motor and sensory neurons of adult mice. UCHL1 distribution 

extends from the neuronal cytoplasm to the finest axonal branches that innervate a 
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respective tissue. Additionally, Wilson et al observed that UCHL1 is also expressed in 

the nuclei of a small percentage of neurons (Wilson et al., 1988). 

 

Uchl1-Deficient Models 

Studies in the gracile axonal dystrophy (gad) mouse have provided the greatest insight to 

UCHL1's role in neurons. The gad mouse was discovered by chance in an inbred strain of 

lab mice that began to demonstrate sensory ataxia at 12 weeks of age, followed by motor 

ataxia at 16 weeks of age. These mice developed significant neurodegeneration, which 

manifested first as hind limb paralysis, eventually spreading to the forelimbs. The mice 

did not survive past 6 months of age (Mukoyama et al., 1989). The phenotype was later 

attributed to an in-frame deletion of exons 7 and 8 of the Uchl1 gene, corresponding to 

amino acid residues 154 to 196, including the catalytic histidine at position 161 (Saigoh 

et al., 1999). While the truncated version of UCHL1 was transcribed, no UCHL1 protein 

was detected, suggesting total ablation of UCHL1 in these mice (Saigoh et al., 1999).   

 

Post-mortem histological analysis of gad mice revealed an axonal "dying back" type of 

degeneration, similar to Wallerian degeneration (Oda et al., 1992). Specifically, 

spheroidal inclusion bodies were detectable in axons emanating from the dorsal root 

ganglions of the gracile tract, which comprises the longest axons of the central nervous 

system (Ichihara et al., 1995, Mukoyama et al., 1989, Yamazaki et al., 1988). Other 

primary sensory neurons were also affected, including second order neurons from the 

dorsal nucleus, dorsal spino-cerebellar tracts and trigeminal tracts, afferent neurons from 

muscle spindles and efferent motor neurons (Kikuchi et al., 1990, Oda et al., 1992). 
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Within these neurons, β- and γ-synuclein, β-amyloid and Ub-positive aggregates were 

observed in spheroid deposits (Osaka et al., 2003, Wang et al., 2004). Together, these 

data point to a crucial role for UCHL1 in axonal transport, as spheroids are generally 

indicative of impaired axonal transport, leading to the accumulation of proteins involved 

in neuronal firing upstream of axon termini and subsequent dysregulation of 

neuroeffector communication (Coleman, 2005). In the nm3419 mouse, a premature stop 

codon was introduced, resulting in the deletion of the seventh exon of the Uchl1 gene and 

no detectable UCHL1 protein expression. Similar to gad mice, nm3419 mice displayed 

neurodegeneration, motor defects, attenuated Ub levels in brain extracts and ER stress in 

corticospinal motor neurons (Jara et al., 2015, Walters et al., 2008). Chen et al also found 

a similar phenotype in another Uchl1-/- mouse model that lacks exons 6-8 (and the first 

6bp of exon 9) of the Uchl1 gene. In the absence of UCHL1, synaptic transmission at the 

neuromuscular junction was impaired and muscle denervation was evident. Moreover, 

tubulovesicular structures were evident in presynaptic nerve termini (Chen et al., 2010). 

More recently, the Gray lab has developed Uchl1-/- mice where a 16kbp fragment of 

exon 4 was replaced by a selectable marker pgk-neo-pgk (phosphoglycerate kinase 

promoter/neomycin phosphotransferase/phosphoglycerate kinase 3′ untranslated region), 

leading to neurodegeneration, similar to gad mice. Uchl1 deletion also led to axonal 

swellings in the striatum, perturbations in Ub pools and a significant reduction in 

glutathione levels. Studies of the Uchl1 null enteric nervous system showed significant 

morphological changes associated with increased gastrointestinal transit time, rendering 

Uchl1 null mice a useful model of gut aging. Moreover, their data suggest that reduced 
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glutathione levels may increase susceptibility of Uchl1-/- mice to oxidative stress 

(Coulombe et al., 2014). 

 

UCHL1 in Non-Neuronal Cells 

UCHL1 expression is low in somatic tissues, with the exception of testes and ovaries.  

In the human testis, UCHL1 expression is prominent in spermatogonia and Leydig cells 

where its function is still unclear. In ovaries, UCHL1 is thought to play a role in oocyte 

maturation and the prevention of polyspermy. Gad mice display a 10-fold increase in 

polyspermy at fertilization (Ellederova et al., 2004, Sekiguchi et al., 2006). An increasing 

body of evidence has demonstrated abnormal UCHL1 expression in cells undergoing 

stress (Wilson et al., 1988). For instance, UCHL1 is expressed in cancer cells originating 

from tissues where UCHL1 is normally absent (Jang et al., 2011, Kim et al., 2009, 

Miyoshi et al., 2006, Tezel et al., 2000, Yamazaki et al., 2002).  

 

In diseased tissues there is also a strong correlation between UCHL1 induction and Ub 

pools. Recent findings describe significant UCHL1 expression in diseased non-neuronal 

kidney cells, specifically in podocytes, suggesting a role for UCHL1 in glomerular 

disease (1). Additionally, Bradbury et al demonstrated significant UCHL1 protein levels 

in the healthy human kidney (after the brain and testis) but the contribution of neuronal 

UCHL1 to this has not been investigated (Bradbury et al., 1985). Renal innervation is 

required to maintain glomerular hemodynamics and renal function and neuronal UCHL1 

may therefore play a role to these ends (2). These points will be addressed in detail in 

projects (1) and (2) outlined below. 
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THE ROLE OF UCHL1 IN GLOMERULAR DISEASE (1) 

 

The Glomerulus 

The glomerulus is the principal filtration unit of the kidney that provides the foremost 

barrier to filtration in the nephron. Blood enters into the glomerulus through the afferent 

arteriole, circulates through a network of capillary loops where filtration occurs, and 

finally, exits the glomerulus by the efferent arteriole before continuing downstream to the 

peritubular capillaries where tubular secretion and reabsorption take place. The 

glomerular capillaries form a network of capillary loops held together by mesangial cells. 

The glomerular capillaries are lined with a layer of fenestrated endothelial cells, a 

glomerular basement membrane (GBM) and podocytes (and their foot processes (FP)), 

together forming the tripartite glomerular filtration barrier (GFB). This specialized 

filtration barrier blocks the passage of large macromolecules and plasma proteins while 

permitting water and small solutes to be filtered into the urinary filtrate. The urinary 

filtrate is then collected into Bowman's space, which is surrounded by a Bowman's 

capsule lined by parietal epithelial cells (PECs), and leads downstream into the proximal 

tubule and through the remainder of the nephron (Figure 1) (Kurts et al., 2013).   

 

The Podocyte 

Podocytes (also known as visceral glomerular epithelial cells) are terminally 

differentiated cells that lie on the extravascular side of the glomerular capillary. 

Podocytes are characterized by a large cell body that gives rise to major processes that  
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further extend into primary FP that cover the GBM. This highly specialized morphology 

is crucial, as podocytes must constantly counteract the distending forces of the 

glomerular capillary (Greka et al., 2012, Pavenstadt et al., 2003). Furthermore, podocyte 

FPs interdigitate and join laterally to FPs of adjacent podocytes forming uniform slits 

between them. These slits are interconnected by an extracellular structure known as the 

slit diaphragm (SD), which provides a final barrier to filtration. The SD provides an 

isoporous filter to control the size and selectivity of molecules (30-40µm) passing though 

the filtration barrier (Furukawa et al., 1991, Rodewald et al., 1974).  

 

Figure 1. The glomerulus. Blood enters the glomerulus through the afferent arteriole 
where it passes through a network of capillary loops maintained together by mesangial 
cells. The glomerular capillaries are lined with a layer of fenestrated endothelial cells, 
a glomerular basement membrane and podocytes (and their foot processes). Together 
these form the glomerular filtration barrier. The filtered load passes through the 
glomerular filtration barrier before entering the Bowman’s space, which is surrounded 
by a layer of parietal epithelial cells (Bowman’s capsule), and continues downstream 
into the proximal tubule (lined by proximal tubule epithelial cells) and through the 
remainder of the nephron. 
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The Podocyte Cytoskeleton and the Slit Diaphragm 

The podocyte cytoskeleton plays a crucial role in maintaining podocyte integrity. The 

podocyte cell body and its major processes are mainly composed of intermediate 

filaments and microtubules. Podocyte FPs, on the other hand, comprise a large network 

of contractile F-actin microfilaments that bind to filaments in the major processes and 

emanate into the FP. The F-actin cytoskeleton is organized in bundles by bivalent actin 

cross-linking proteins such as dystrophin or α-actinin-4. The specific assembly of F-actin 

filaments extending to the base of podocyte FPs permits binding of F-actin to integrins 

(predominantly α3β1 integrin) and α- and β-dystroglycans, those in turn bind and affix 

the FPs to the GBM. On the lateral side of the podocyte FP, F-actin also binds to several 

adapter proteins that extend into and help to form the SD (Cortes et al., 2000, 

Drenckhahn et al., 1988, Kobayashi et al., 1998, St John et al., 2001). Not only does the 

SD provide structural integrity and a barrier for filtration, it also comprises a signaling 

network of proteins in adjacent podocyte FPs. The SD proteins include zonula occludens-

1, nephrin, CD2-associated protein (CD2AP), P-cadherin, synaptopodin and podocin 

among others. Maintenance of the podocyte cytoskeleton and by extension the SD is 

crucial to maintain proper function of the GFB (Pavenstadt et al., 2003). 

 

Podocyte Injury 

Podocyte injury is the hallmark of several glomerular diseases including minimal change 

disease, focal segmental glomerulosclerosis (FSGS), membranous glomerulopathy, 

diabetic nephropathy and lupus nephritis. Podocyte injury may stem from various insults, 

internal or external, ultimately leading to variations including (but not limited to) 
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alterations of SD architecture, interference with the GBM, changes to the negative 

surface charge of podocytes, variations in Ca2+ homeostasis and disruptions of the actin 

cytoskeleton. Podocytes in turn react according to a specific pattern, by retracting their 

FPs into their cell bodies, forming a flattened epithelium. As a result, the integrity of the 

GFB becomes compromised, allowing larger plasma proteins and macromolecules to be 

filtered through into the urinary filtrate and into the urine, a condition known as 

proteinuria. Podocytes may also undergo hypertrophy and detach from the GBM leading 

to denuding of the glomerular capillary and glomerulosclerosis (Greka et al., 2012). 

Several human genetic mutations to podocyte-specific proteins can lead to a similar 

injury pattern, and have provided insight to the understanding of podocyte injury. 

Mutations in the nephrin and podocin genes, for instance, disrupt the SD, causing early 

onset proteinuria, glomerular lesions and FSGS in humans (Boute et al., 2000, Kestila et 

al., 1998). Moreover, mutations to several podocyte-specific gene products including 

CD2AP, inverted formin-2, transient receptor potential cation channel subfamily C 

member 6, synaptopodin and α-actinin-4 result in FSGS, a condition that manifests as 

adult-onset proteinuria and progressive glomerular scarring (Brown et al., 2010, Dai et 

al., 2010, Kaplan et al., 2000, Kim et al., 2003, Winn et al., 2005). 

 

α-Actinin-4 

α-Actinin-4 belongs to the family of α-actinins, a family comprised of four isoforms (α-

actinins-1-4, encoded by the ACTN1-4 genes, respectively). α-Actinins cross-link F-actin 

and bridge it to the plasma membrane (Abe et al., 1973, Dixson et al., 2003, Otey et al., 

2004). In humans, α-actinin-4 is the only α-actinin isoform expressed in the kidney 
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(Kaplan et al., 2000). In the mouse kidney, α-actinin-1 and α-actinin-4 are expressed. 

Their roles are however not functionally redundant as global deletion of ACTN4 leads to 

severe glomerular injury in mice (Kos et al., 2003). α-Actinin-1 is a non-muscle α-actinin 

that is thought to play a role in focal adhesions, such as anchoring F-actin to proteins 

including talin, vinculin and β-integrins (Chen et al., 1982, Honda et al., 1998, Langanger 

et al., 1984, Lazarides et al., 1975, Meigs et al., 1986). Conversely, α-actinin-2 is 

expressed in cardiac and skeletal muscle, whereas α-actinin-3 expression is limited to 

skeletal muscle (Beggs et al., 1992). α-Actinin-2 and α-actinin-3 are both Ca2+-insensitive 

α-actinins that cross-link F-actin in Z-discs of striated muscle cells (Endo et al., 1984).   

 

α-Actinin-4 is a head-to-tail homodimer that cross-links and bundles F-actin. α-Actinin-4 

houses three actin-binding sites (ABS), ABS1, ABS2 and ABS3 and a phosphatidyl 

inositide (PI)-binding site within two calponin-homology domains (CHD), CHD1 and 

CHD2 at its N-terminus. The CHD are followed by four spectrin-like repeats, R1-R4 and 

two EF-hand calcium regulation domains, EF1 and EF2 at the C-terminus (Djinovic-

Carugo et al., 1999, Pelletier et al., 2003). Normally, α-actinin-4 adopts a closed 

conformation between CHD1 and CHD2, which exposes ABS2 and ABS3 to F-actin 

binding, whereas ABS1 remains buried and inaccessible to F-actin. α-Actinin-4's function 

to bind to F-actin allows stress fibre formation and F-actin anchoring (via α-actinin-4) to 

the cell's focal adhesions. Disruption of α-actinin-4 results in breakage of these links and 

loss of actin stress fibres (Rajfur et al., 2002). Thus, α-actinin-4 has an important role in 

regulating cell motility, endocytosis and adhesion, as α-actinin-4 deficiency impairs these 

processes (Rajfur et al., 2002, Weins et al., 2007).  
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Mutations in the ACTN4 gene are associated with a familial autosomal dominant form of 

FSGS (Dai et al., 2009, Winn et al., 1999). Although α-actinin-4 is widely expressed, the 

effects of mutations in the ACTN4 gene are exclusively apparent in the podocyte. 

Homozygous mice deficient for α-actinin-4 exhibit progressive podocyte FP effacement 

and severe glomerular disease with FSGS-like lesions by 10 weeks of age, leading to 

death by several months of age (Kos et al., 2003). Conditionally immortalized ACTN4-/- 

podocytes express podocyte markers similar to controls; however, adhesion to 

components of the GBM is significantly impaired, providing the most likely explanation 

for podocyte loss and subsequent glomerular injury in ACTN4-/- mice (Dandapani et al., 

2007). Furthermore, missense mutations (i.e. W59R, K228E, T232I, K255E, T259I, 

S262P, Q348R, V801M and R837Q) of the ACTN4 gene result in FSGS in both humans 

and similarly in mice (Kaplan et al., 2000, Mathis et al., 1998, Michaud et al., 2003, 

Weins et al., 2005). These missense mutations are associated with a gain of function, 

increasing α-actinin-4's binding affinity for F-actin. Further work has demonstrated that 

the missense mutations cause a conformational change to α-actinin-4's protein structure, 

exposing the third actin-binding site (ABS1) that is normally buried and inaccessible to 

F-actin, thereby allowing α-actinin-4 to bind to F-actin with all three of its ABS (Kaplan 

et al., 2000, Weins et al., 2007). As a result, mutant α-actinin-4/F-actin aggregates begin 

to form, leading to the redistribution of α-actinin-4 from the podocyte cell periphery to 

the cell body (Figure 2) (Michaud et al., 2006, Weins et al., 2005). The Kennedy lab has 

previously developed mice with podocyte-specific K256E-α-actinin-4 transgene 

expression (where K256E is the mouse ortholog to the human K255E mutation). Indeed,  
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similar to the pathophysiology of FSGS in humans, a proportion of these mice develop 

proteinuria and glomerular disease with FSGS lesions (Michaud et al., 2003). The 

expression of K256E-α-actinin-4 in conditionally immortalized mouse podocytes impairs 

spreading, motility and peripheral projection formation, providing evidence on how 

cytoskeletal defects due to the disruption of α-actinin-4 can lead to podocyte damage and 

FP effacement in vivo (Michaud et al., 2006). Interestingly, the estimated half-life of the 

mutant α-actinin-4 protein is shortened compared to the wild type. To this end, it has 

been shown that the mutant α-actinin-4 is degraded via the Ub-proteasome system (UPS) 

(Cybulsky et al., 2009, Yao et al., 2004). However, these aggregates may eventually 

exhaust the UPS, as mutant α-actinin-4/F-actin aggregates continue to accumulate, 

presumably “choking” or impairing the Ub-proteasome (Cybulsky et al., 2009).   
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Figure 2. K256E-α-actinin-4 mutation. α-Actinin-4 normally adopts a closed 
conformation between CH1 and CH2 allowing it to form actin bundles. The K256E 
mutation disrupts the wild type lysine-tryptophan hinge, causing a change in 
conformation that exposes a third actin-binding site, ABS1. K256E-α-actinin-4 binds 
to F-actin with all three of its ABS, forming K256E α-actinin-4/F-actin aggregates. 
Adapted from Weins et al., 2007. 
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UCHL1 in the Kidney 

While UCHL1 expression is largely neuronal, there is an increasing amount of data to 

support that UCHL1 is also expressed in healthy and diseased kidneys, specifically in 

diseased glomeruli. In the kidney, UCHL1 localization differs according to the species in 

question. Wilson et al led one of the first reports describing UCHL1 in the rat distal 

tubule and PECs surrounding the Bowman's capsule (Wilson et al., 1988). Shirato et al 

corroborated these findings by demonstrating strong UCHL1 expression in PECs of the 

adult rat kidney. Additionally, during rat nephrogenesis, UCHL1 was expressed in PECs 

and to a lesser extent, in presumptive podocytes of the S-shaped body, suggesting a role 

for UCHL1 in PEC and podocyte development. UCHL1 expression was also depicted in 

cellular crescents and cells adhered to the glomerular tuft in rat glomerular disease 

models such as Masudi-nephritis and puromycin aminonucleoside nephrosis, providing 

the first evidence that UCHL1 is associated with glomerular disease (Shirato et al., 2000). 

In healthy human renal biopsies, UCHL1 is expressed in the macula densa, PECs and 

proximal tubules (Diomedi-Camassei et al., 2005, Meyer-Schwesinger et al., 2009). 

 

In vitro, UCHL1 levels are detectable in undifferentiated conditionally immortalized 

mouse podocytes. Upon differentiation, UCHL1 levels decline, similar to the 

developmental pattern observed in rat podocytes in vivo. Loss of UCHL1 in differentiated 

podocytes correlates with increased expression of podocyte-specific markers such as α-

actinin-4, nephrin and synaptopodin. Similarly, UCHL1 inhibition promotes membrane 

protrusion formation accompanied by podocyte FP-associated protein redistribution to 

the plasma membrane, in a time and dose-dependent manner (Meyer-Schwesinger et al., 
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2009). Consistent with these findings, Diomedi-Camassei et al showed UCHL1 

immunopositivity in metabolically active cells of human renal conditions such as tubular 

hypertrophy, cellular regeneration and crescent formation. Importantly, UCHL1 levels 

strongly correlated with Ub levels in these locales (Diomedi-Camassei et al., 2005). 

 

UCHL1 in Diseased Podocytes 

Terminally-differentiated podocytes lack UCHL1 expression in vivo and in vitro. Upon 

disease induction, specifically in glomerular disease, UCHL1 upregulation is evident in 

podocytes, as demonstrated in rats and humans (Meyer-Schwesinger et al., 2009, Shirato 

et al., 2000). The first studies utilized colloidal gold labelling to show UCHL1 

upregulation in podocytes of humans biopsies with IgA nephropathy and lupus nephritis. 

Similarly, Meyer-Schwesinger et al demonstrated podocyte UCHL1 induction (along 

with elevated Ub levels) in numerous human proteinuric glomerular diseases, where 

Alport's syndrome, membranous glomerulonephritis, idiopathic FSGS, SLE class V, 

TBM disease (among other glomerular diseases) showed the strongest UCHL1 

immunopositivity (Meyer-Schwesinger et al., 2009). Together these data suggest a role 

for UCHL1 in metabolically active podocytes subjected to diseased conditions. 

 

Studies investigating UCHL1 inhibition in glomerular disease further suggest that 

UCHL1 plays a detrimental role in the pathogenesis of glomerular lesions. In Passive 

Heyman's nephritis (PHN), a rat model of membranous nephropathy, podocyte UCHL1 is 

upregulated, coincident with an increase in poly-ubiquitinated proteins in glomerular 

lysates. The chymotrypsin-like activity of the Ub-proteasome was increased 4 days post-
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disease induction followed by a significant decline in activity 6-365 days post-disease 

induction. These phenotypic changes were associated with podocyte FP effacement and 

albuminuria. UCHL1 inhibition with the pharmacological inhibitor LDN57444 restored 

Ub-proteasome activity and ameliorated albuminuria and podocyte FP effacement 

(Meyer-Schwesinger et al., 2011). In diseased conditions, UCHL1 may therefore play a 

maladaptive role in podocytes by promoting increased Ub pools to facilitate the 

degradation of cytotoxic proteins via the UPS. However, these may eventually 

overwhelm the UPS, leading to the accumulation of damaged proteins, podocyte damage, 

albuminuria and glomerular disease. UCHL1 inhibition may therefore restore UPS 

activity in podocytes via lowering of Ub pools. Together these data support the notion 

that UCHL1 induction in glomerular disease is maladaptive.   

 

Rationale (1) 

Work from the Kennedy lab shows that the FSGS-associated mutant K256E-α-actinin-4 

predominates in the podocyte cell centre where it forms aggregates that are targeted for 

Ub-mediated proteosomal degradation (Cybulsky et al., 2009, Michaud et al., 2006). 

Similarly, podocyte UCHL1 induction is associated with the sequestration of wild type α-

actinin-4 from the plasma membrane to the cell centre. Meyer-Schwesinger et al also 

demonstrated that UCHL1 is upregulated in podocytes of patients with FSGS and this 

induction was accompanied by a concomitant increase in podocyte Ub pools (Meyer-

Schwesinger et al., 2009). As such, we postulate that UCHL1 may be upregulated in 

podocytes expressing the FSGS-associated K256E-α-actinin-4. UCHL1 induction in this 

context may be an adaptive mechanism, serving to promote Ub pools for UPS-mediated 
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degradation of K256E-α-actinin-4/F-actin aggregates. Furthermore, UCHL1 inhibition in 

PHN rats significantly reduced poly-ubiquitinated proteins and restored Ub-proteasome 

activity compared to rat PHN controls (Meyer-Schwesinger et al., 2011). As such, these 

data imply that UCHL1 induction promotes maintenance of Ub pools, poly-ubiquitination 

of proteins and aggregate formation that may in turn impair the Ub-proteasome, as 

UCHL1 inhibition significantly improved Ub-proteasome activity, podocyte FP 

effacement and the degree of albuminuria in this model. Similarly, we propose that 

UCHL1 also plays a maladaptive role in ACTN4-associated FSGS wherein UCHL1 

exacerbates the formation of K256E-α-actinin-4/F-actin aggregates that impair the UPS, 

thereby leading to albuminuria, podocyte injury and glomerulosclerosis (Figure 3). Based 

on these findings we hypothesize the following:  

 

  

Figure 3. Proposed mechanism: The role of UCHL1 in ACTN4-associated FSGS. 
UCHL1 upregulation serves to promote ubiquitin (Ub) pools for the degradation of 
cytotoxic proteins, including K256E-α-actinin-4, via the Ub-proteasome. Over time, 
however, K256E-α-actinin-4 poly-ubiquitinated aggregates accumulate thereby 
impairing the Ub-proteasome. 
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Hypothesis (1) 

Podocyte UCHL1 is upregulated in mice overexpressing podocyte-specific K256E-α-

actinin-4 (K256E-ACTN4pod+) where it promotes Ub pools for the degradation of K256E-

α-actinin-4/F-actin aggregates. However, these may eventually overwhelm the UPS, 

leading to podocyte injury and glomerular scarring. Uchl1 deletion in K256E-ACTN4pod+ 

mice should therefore ameliorate indices of podocyte and glomerular injury. 

 

THE ROLE OF UCHL1 IN RENAL HEMODYNAMICS (2) 

 

Renal Blood Flow 

Renal blood flow (RBF) accounts for 20-22% of the cardiac output, translating to 

1100ml/min in a 70kg man. Blood enters through the renal artery located at the hilum of 

the kidney and passes through a network of renal arteries that include the interlobar 

arteries, arcuate arteries and interlobular arteries, before passing through the afferent 

arterioles, glomerular capillaries, efferent arterioles, and finally, the peritubular 

capillaries. The high hydrostatic forces of the glomerular capillaries promotes glomerular 

filtration, whereas downstream of these, low hydrostatic forces in the peritubular 

capillaries promote tubular reabsorption. The highest vascular resistances occur in the 

interlobular arteries, afferent arterioles and notably, in the glomerular capillaries. The 

peritubular capillaries then connect to the venous system through the interlobular veins, 

after which the blood passes through the arcuate veins, interlobar veins and finally, into 

the renal vein, which exits the kidney at the hilum, parallel to the renal artery and ureter 

(Guyton et al., 2006). 
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Glomerular Filtration Rate 

Glomerular filtration rate (GFR) is defined as the product of the net filtration pressure 

and the glomerular capillary filtration coefficient (Kf). The net filtration pressure includes 

the glomerular capillary hydrostatic pressure (PG; 60mm Hg; promotes filtration), the 

glomerular capillary colloid osmotic pressure (πG; 32mm Hg; opposes filtration), the 

hydrostatic pressure in the Bowman's capsule (PB; 18mm Hg; opposes filtration) and the 

colloid osmotic pressure from proteins in the Bowman's capsule (πG; 0mm Hg; promotes 

filtration). Kf is dependent on the hydraulic conductivity across the glomerular capillary 

and the glomerular capillary surface area. GFR is expressed mathematically as GFR = Kf 

x (PG - πG - PB + πB). Under healthy conditions, the net filtration pressure across the 

glomerular capillary is 10mm Hg. Thus, the major determinant of GFR is PG across the 

glomerular capillary. PG can be adjusted by altering afferent and efferent arteriole  

 

 

 

 

  

Figure 4. Glomerular hemodynamics. Increased/decreased resistance of the afferent 
or efferent arterioles (denoted aa and ea, respectively) will have differential effects on 
glomerular capillary hydrostatic pressure (PG), glomerular filtration rate (GFR) and 
renal blood flow (RBF), as outlined above. G denotes the glomerulus. 
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resistance. Increasing afferent arteriole resistance decreases PG and reduces GFR while 

reducing afferent arteriole resistance increases PG and elevates GFR. Conversely, 

increasing efferent arteriole resistance increases PG and elevates GFR, while decreasing 

efferent arteriole resistance decreases PG and reduces GFR (Figure 4). Moderate efferent 

arteriole constriction will raise GFR, however, upon severe efferent arteriole constriction, 

there is a gradual increase in plasma protein levels that increases πG, opposing filtration 

and reducing GFR. Of note, increased arterial pressure can increase GFR by raising PG, 

however, autoregulation generally counteracts these effects (Guyton et al., 2006). 

 

Autoregulation 

The ability of the kidneys to autoregulate RBF and GFR allow it to keep these parameters 

constant despite fluctuations in arterial pressure. The kidney achieves this through two 

different mechanisms. The first, the myogenic mechanism, is activated upon increases in 

vessel wall tension. This initiates vascular smooth muscle cell contraction of the pre-

glomerular arterioles, mainly the afferent arterioles, to help prevent overdistension of 

vessel walls. As a result, afferent arteriole constriction reduces PG, thereby decreasing 

GFR. RBF is reduced in this setting. The second, tubuloglomerular feedback (TGF), 

maintains GFR by regulating increases in extracellular volume, specifically through the 

detection of chloride ions at the macula densa. TGF is activated following increases in 

arterial pressure that cannot be completely compensated for by the myogenic mechanism 

(Burke et al., 2014). The TGF mechanism depends on a special arrangement of cells at 

the vascular pole of the glomerulus: the macula densa cells and the juxtaglomerular cells. 

Macula densa cells are a group of highly specialized epithelial cells located at the end of 
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the thick ascending limb/beginning of the distal tubule. These detect changes in chloride 

ions and initiate subsequent signaling cascades. The juxtaglomerular cells of the afferent 

and efferent arterioles come into contact with the macula densa cells and together form 

the juxtaglomerular apparatus (JGA). The juxtaglomerular cells are granular in 

appearance due the presence of renin secretory granules. Finally, the extra-glomerular 

mesangial cells maintain this structure (Peti-Peterdi et al., 2010). GFR elevations are 

associated with increased tubular flow rate and, by pressure natriuresis, the likelihood of 

sodium and chloride reabsorption in the proximal tubule is decreased (Roman et al., 

1988, Williams et al., 2007). Macula densa cells subsequently sense the increased distal 

chloride delivery through the Na-K-Cl cotransporter 2 (NKCC2) and initiate signaling 

cascades that lead to adenosine/ATP release and afferent arteriole constriction 

(Oppermann et al., 2006, Oppermann et al., 2007, Schlatter et al., 1989). This is a 

negative feedback mechanism that normalizes GFR (Burke et al., 2014). 

 

In contrast, GFR reductions attenuate the TGF mechanism. A drop in GFR is associated 

with a reduced tubular flow rate and increased sodium and chloride reabsorption in the 

tubules. This in turn reduces chloride delivery at the macula densa, which responds by 

initiating afferent arteriole dilation and efferent arteriole constriction. Together, these 

normalize RBF and GFR. Afferent arteriole dilation is achieved by attenuating 

adenosine/ATP release and by stimulating nitric oxide (NO) release through macula 

densa-derived neuronal nitric oxide synthase (nNOS). Efferent arteriole constriction is 

dependent on renin release by the juxtaglomerular cells, which serves to promote 
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angiotensin II (Ang II) formation and efferent arteriole vasoconstriction through the 

angiotensin type 1 receptor (AT1R) (Burke et al., 2014, Peti-Peterdi et al., 2010). 

 

The Renin Angiotensin System 

Renin release from the juxtaglomerular cells is the first and the rate-limiting enzyme of 

the renin angiotensin system (RAS) pathway. Renin secretion is controlled by several 

mechanisms including renal sympathetic nerve stimulation of the JGA, low perfusion 

pressure and low salt delivery at the macula densa. Briefly, renin enters the circulation 

where it converts angiotensinogen (produced by the liver) to angiotensin I (Ang I), where 

Ang I is converted to Ang II by the angiotensin-converting enzyme 1 (ACE1) in the lungs 

(Figure 5). Ang II exerts a potent vasoconstrictive effect on the peripheral vasculature 

thereby increasing arterial pressure and sodium retention. It also increases cardiac output. 

In the kidney, Ang II may predominantly constrict the efferent arteriole as AT1R 

expression is greater compared to the afferent arteriole, thereby normalizing renal 

perfusion by increasing GFR. However, some studies show that Ang II equally constricts 

both afferent and efferent arterioles (Carmines et al., 1986, Schweda et al., 2007).  

 

Ang II's effects through the AT1R are well defined. The AT1R is a Gq-coupled receptor 

that promotes phospholipase C (PLC) activation and inositol trisphosphate (IP3) 

production, the release of intracellular calcium stores and protein kinase C (PKC) 

activation. Ang II's effects through the AT2R are less known, but it appears that AT2R-

mediated signaling has vasodilatory effects, promoting renal NO formation, bradykinin 

and eicosanoid synthesis (Siragy et al., 1997, Siragy et al., 1999, Siragy et al., 2000). 
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Cyclooxygenase-2 

Renin release is influenced by cyclooxygenase-2 (COX-2)-derived prostaglandins (PG). 

Briefly, the COX-2 enzyme converts arachidonic acid to PGH2, which is metabolized to 

biologically active prostanoids, PGE2, PGI2, PGD2, PGF2 and thromboxane A2 (TxA2), 

which act on their respective receptor(s) to exert distinct signal transductions. Among 

these, the effects of PGE2 (through the EP receptors 1-4) in renal pathophysiology are 

best understood (Figure 6) (Hao et al., 2008). COX-2-derived PGE2 from macula densa 

cells acts primarily through EP4 Gs-coupled receptors on the juxtaglomerular cells to  

Figure 5. The renin angiotensin system. Angiotensinogen (produced by the liver) is 
converted by renin (secreted by renal juxtaglomerular cells) to angiotensin I (Ang I), 
which is then converted to angiotensin II (Ang II) by the angiotensin-converting 
enzyme 1 (ACE1; in the lungs). Ang II acts through the angiotensin type 1 receptor 
(AT1R) to promote vasoconstriction, increased arterial pressure and volume 
expansion. Ang II’s effects through the AT2R are vasodilatory. The angiotensin-
converting enzyme 2 (ACE2) can also convert Ang II to Ang 1-7, which acts through 
the Mas receptor (MasR) to promote vasodilation and anti-fibrotic effects. 
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increase cAMP and stimulate renin secretion (Wang et al., 1999). COX-2-deficient mice 

show reduced renin expression associated with attenuated plasma renin activity (Kim et 

al., 2007). Macula densa COX-2 is constitutively expressed, however, under low dietary 

salt conditions, high renin, diuretics or ACE inhibition, COX-2 is induced (Cheng et al., 

2001, Kim et al., 2007, Mann et al., 2001, Reinalter et al., 2002, Yang et al., 1998).  

Renin induction by PGE2 is undoubtedly an important mechanism to help regulate GFR 

following volume depletion. Moreover, COX-2 also regulates GFR independently of its 

ability to promote renin secretion. COX-2 inhibition following high protein loading-

induced hyperfiltration reduced GFR but had no effect on renin levels, indicating the 

involvement of an alternate mechanism. COX-2 via PGE2 primarily mediates a 

vasodilatory effect in the renal vasculature, and these studies determined that this 

includes the afferent arteriole (through EP2 and EP4 receptors) (Yao et al., 2006). COX-2 

Figure 6. Cyclooxygenase/prostaglandin-mediated stimulation of EP receptors. 
Arachidonic acid derived from membrane phospholipids is converted to prostaglandin 
E2 (PGE2) by cyclooxygenases-1 and -2 (COX-1/2). PGE2 in turn stimulates the G-
coupled EP receptors 1-4 to increase/decrease cyclic AMP or increase intracellular 
calcium, thereby promoting vasoconstriction or vasodilation. 
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is also a target of negative feedback by the RAS. Ang II inhibits COX-2 through AT1R 

signaling (Cheng et al., 1999, Zhang et al., 2006). However, upon AT1R inhibition, Ang 

II-associated AT2R-derived signaling induces COX-2 (Zhang et al., 2006). 

 

Nitric Oxide 

In addition to PGE2 release by the macula densa cells, nNOS-derived NO is released as a 

counteregulatory mechanism to autoregulation. NO also counterbalances Ang II-

associated vasoconstriction of the afferent and efferent arterioles (Manning et al., 1993, 

Patzak et al., 2001). In the kidney, NO is a potent vasodilator derived from nNOS in the 

macula densa or endothelial nitric oxide synthase (eNOS) in the renal endothelium 

(Majid et al., 2001). Non-selective NOS inhibition with Nω-Nitro-L-arginine methyl ester 

(L-NAME) significantly elevated renal vascular resistance (Alberola et al., 1994, 

Baumann et al., 1992, Berthold et al., 1999). In macula densa preparations perfused with 

a high salt solution, L-NAME significantly increased afferent arteriole constriction, 

suggesting that NO attenuates afferent arteriole resistance upon TGF activation (Ren et 

al., 2001). Selective nNOS inhibition promoted hypertension and a transient sensitization 

of TGF, highlighting a role for NO in regulating afferent arteriolar tone (Ollerstam et al., 

1997). Acute nNOS inhibition in rats led to a significant reduction in GFR, without 

affecting RBF, renal vascular resistance or blood pressure (Sigmon et al., 2000). 

 

The notion that Ang II constricts both the afferent and efferent arterioles is controversial. 

AT1Rs are expressed on both arterioles and multiple studies have shown proportional 

constriction of both arterioles. However, as NO primarily dilates the afferent arteriole, 



 25 

this may offset Ang II-mediated constriction, allowing for Ang II-mediated constriction 

of the efferent arteriole to predominate (Ichihara et al., 1998, Patzak et al., 2005). 

 

Renal Sympathetic Nerve Activity 

Renal sympathetic activity directly regulates GFR and RBF by promoting constriction of 

the renal vasculature, decreasing both GFR and RBF. Sympathetic nerves richly 

innervate the renal vasculature. These also come into contact with the juxtaglomerular 

granular cells and the renal tubules. Efferent renal preganglionic fibres arise from the 

intermediolateral column of the spinal cord (T9-T13), descending the spinal segments 

before exiting the spinal cord at T11-L3. These preganglionic fibres then interconnect to 

the paravertebral, splanchnic, celiac and superior mesenteric ganglia and the prevertebral 

ganglia where these contact postganglionic neurons that emanate to the kidney (Barajas et 

al., 1984, Barajas et al., 1992). The nerves enter the kidney via the renal artery and 

further divide into bundles that run parallel to renal vessels. A single network of fibres is 

readily identifiable at the afferent and efferent arterioles (with predominance at the 

afferent arteriole), juxtaglomerular cells and the tubules (proximal, thick ascending limb 

of the loop of Henle, distal tubule and the collecting duct) (Barajas et al., 1984). Neural 

stimulation promotes renin secretion at the JGA while in the renal tubules, neural 

stimulation promotes sodium reabsorption. In the kidney, norepinephrine (NE) is the 

most abundant neurotransmitter released at the neuroeffector junctions and its actions are 

mediated through the α1- (α1A-, α1B- and α1D-), α2- (α2A-, α2B- and α2C-) and β- (β1-, β2- 

and β3-) G-coupled adrenoceptors (Figure 7). Activation of these receptors leads to PLC 

and phospholipase A (PLA) activation, and subsequent opening of calcium channels, 
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combined with the release of intracellular calcium stores, ultimately promoting vascular 

smooth muscle cell contraction (Barajas et al., 1984, Johns et al., 2011).  

 

Renal afferent nerves have been characterized according to substance-P or calcitonin 

gene-related peptide immunopositivity. These are also the main putative renal afferent 

nerve neurotransmitters (Barajas et al., 1992, Franco-Cereceda et al., 1987). Substance-P-

positive nerves are located along the wall of the proximal ureter, the renal pelvis and the 

interlobar branches of the renal artery where they are thought to mediate chemoreceptor 

function (Barajas et al., 1992). Calcitonin gene-related peptide-positive nerves are located 

around major renal arteries and veins, and the glomeruli and their associated vessels, 

where they are thought to promote baroreceptor activation following changes to vessel 

and interstitial pressures (Franco-Cereceda et al., 1987). In various species, including 

Figure 7. Renal efferent innervation. Renal efferent nerve termini are located on 
juxtaglomerular cells, proximal tubule cells and vascular smooth muscle cells of 
resistance arteries and arterioles. Norepinephrine (NE) is the main neurotransmitter 
released at the renal neuroeffector junctions, acting through α1- or β1-adrenoceptors to 
mediate downstream signal transductions. Adapted from Johns et al., 2011. 
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rats, renal afferent nerves emanate to the spinal cord, enter the dorsal root ganglion (T6-

L2) and terminate within lamina I-III of the ipsilateral spinal cord where these synapse to 

nerves that relay to the brain (Ciriello et al., 1983). Renal afferent nerve stimulation 

mediates baroreflexes, vascular tone and the production of anti-diuretic hormone 

(Caverson et al., 1987, Ciriello et al., 1986, Housley et al., 1987, Simon et al., 1989).  

 

Renal sympathetic nerve stimulation plays an important role in renal hemodynamics. 

Stimulation of the renal nerve promotes vasoconstriction, associated with a 15-20% 

decrease in RBF and an increase in renin secretion and sodium reabsorption (Handa et al., 

1985, Hesse et al., 1984, Johns et al., 1976). In this setting, GFR is unaltered due to 

activation of Ang II-mediated vasoconstriction of the efferent arteriole. However, upon 

ACE1 inhibition with captopril, renal nerve stimulation significantly reduced GFR in rats 

(Handa et al., 1985). Conversely, the effects of renal denervation on RBF and GFR are 

uncertain and may vary according to the animal's state of consciousness. Studies in 

anesthetised rats and rabbits have shown that renal nerve ablation caused little change on 

renal hemodynamics (Johns et al., 2011, Kompanowska-Jezierska et al., 2001, Salman et 

al., 2010). In conscious rats, however, renal denervation increased RBF while these were 

performing their daily activities such as feeding and grooming (Yoshimoto et al., 2004). 

Furthermore, in a cohort of patients subjected to bilateral renal denervation, where NE 

spillover decreased by 50%, GFR trended higher (Krum et al., 2009). In mice, renal 

denervation alone had no impact on GFR. However, denervated mice subjected to 

lipopolysaccharides (LPS)-induced renal injury showed a significant protection against 



 28 

LPS-mediated decreases in RBF and GFR (Wang et al., 2002). Therefore, the degree of 

renal sympathetic tone can positively and negatively regulate renal hemodynamics. 

 

UCHL1 in Renal Nerves 

While UCHL1 has been widely studied in neurons, its function in the renal nerves is not 

known. UCHL1 is likely required for axonal transport and Ub maintenance in this 

compartment. As previously mentioned, UCHL1 protein levels are significant in human 

kidney homogenates after the brain and testes and this is most likely not exclusively 

attributed to UCHL1 expression in the macula densa, but also due to UCHL1 expression 

in renal axons surrounding the renal vasculature (Bradbury et al., 1985). Several studies 

have focused on UCHL1 localization in the nephrons of healthy rats, mice and humans, 

however, the presence and function of UCHL1 in the renal nerves remains unclear. 

Limited evidence shows neuronal UCHL1 expression in the kidney, although Shirato et 

al noted UCHL1 expression in axons located at the vascular pole of healthy rat glomeruli, 

suggesting a role for UCHL1 in glomerular hemodynamics (Shirato et al., 2000). 

 

Rationale (2) 

The kidney is richly endowed with renal vessels that require regulation by renal 

sympathetic nerves. Indeed, renal sympathetic stimulation is required to promote renin 

release, sodium reabsorption and renal vascular resistance (Barajas et al., 1984, Johns et 

al., 2011). As UCHL1 is involved in axonal trafficking and Ub maintenance, loss of 

Uchl1 may therefore impair neurotransmission at the neuroeffector junctions of the 

kidney (Osaka et al., 2003, Wang et al., 2004). Interestingly, Uchl1-deleted mice undergo 
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neurodegeneration of the dorsal root ganglion of the gracile tract, a region that comprises 

renal afferent nerves (Ciriello et al., 1983, Ichihara et al., 1995, Mukoyama et al., 1989, 

Yamazaki et al., 1988). Moreover, as neurodegeneration progresses in Uchl1-deleted 

mice, efferent nerve function also becomes impaired, as manifested by motor ataxia, and 

as such, renal efferent nerves may also be affected (Mukoyama et al., 1989). We 

therefore speculate that UCHL1 may play an important role in regulating neural control 

of renal hemodynamics, including RBF and GFR (Figure 8). 

  

 

 

 

 

 

Hypothesis (2) 

UCHL1 is required for renal nerve maintenance and function. Loss of Uchl1 in mice will 

promote dysregulated/reduced renal sympathetic tone thereby impairing renal vascular 

resistance. We hypothesize that Uchl1 deletion in mice leads to increased RBF and GFR 

as a result of decreased renal sympathetic tone.  

Figure 8. Proposed mechanism: How loss of Uchl1 alters renal hemodynamics.  
A. Neuronal stimulation promotes vasoconstriction of the afferent arteriole (aa), 
decreasing glomerular capillary hydrostatic pressure (PG), glomerular filtration rate 
(GFR) and renal blood flow (RBF). B. Loss of Uchl1 results in dysfunctional/ reduced 
neurotransmission at the aa subsequently leading to loss of vascular resistance. As 
such, PG and GFR increase, resulting in hyperfiltration. RBF is also increased. Ea 
denotes the efferent arteriole. G denotes the glomerulus.  
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CHAPTER 1 
 

Ubiquitin C-terminal hydrolase L1 deletion ameliorates glomerular injury in mice 
with ACTN4-associated focal segmental glomerulosclerosis   



 31 

General Description 

 

FSGS is one of the leading causes of glomerular disease that affects both children and 

adults. It is characterized by the progressive scarring of the glomeruli, leading to 

podocyte injury and albuminuria. Podocyte UCHL1 is upregulated in the glomeruli of 

patients affected by FSGS indicating that UCHL1 may play a role in the pathogenesis of 

glomerular lesions. UCHL1 is required for Ub maintenance and loss of Uchl1 is 

associated with significant Ub pool depletion in vivo and in vitro. UCHL1 induction may 

therefore play a maladaptive role in FSGS by overfueling the Ub-proteasome. In the 

present study we sought to determine whether UCHL1 was upregulated in a mouse model 

of ACTN4-associated FSGS, specifically in mice that overexpress mutant K256E-α-

actinin-4 selectively in podocytes. We hypothesized that Uchl1 deletion in mice 

overexpressing podocyte-specific K256E-α-actinin-4 would ameliorate indices of 

podocyte injury, such as albuminuria and glomerular scarring.  
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ABSTRACT 

 

Renal ubiquitin C-terminal hydrolase L1 (UCHL1) is upregulated in a subset of human 

glomerulopathies, including focal segmental glomerulosclerosis (FSGS), where it may 

serve to promote ubiquitin pools for degradation of cytotoxic proteins. In the present 

study, we tested whether UCHL1 is expressed in podocytes of a mouse model of ACTN4-

associated FSGS. Podocyte UCHL1 protein was detected in glomeruli of K256E-

ACTN4pod+ / UCHL1+/+ mice. UCHL1+/- mice were intercrossed with K256E-

ACTN4pod+ mice and monitored for features of glomerular disease. 10-week-old K256E-

ACTN4pod+ / UCHL1-/- mice exhibited significantly ameliorated albuminuria, 

glomerulosclerosis, tubular pathology and blood pressure. Interestingly, while UCHL1 

deletion diminished both tubular and glomerular apoptosis, WT1-positive nuclei were 

unchanged. Finally, UCHL1 levels correlated positively with poly-ubiquitinated proteins 

but negatively with K256E-α-actinin-4 levels, implying reduced K256E-α-actinin-4 

proteolysis in the absence of UCHL1. Our data suggest that UCHL1 upregulation in 

ACTN4-associated FSGS fuels the proteasome and that UCHL1 deletion may impair 

proteolysis and thereby preserve K256E/wt-α-actinin-4 heterodimers, maintaining 

podocyte cytoskeletal integrity and protecting the glomerular filtration barrier. 

 

Keywords 

UCHL1, α-actinin-4, K256E, ubiquitin, glomerular disease, podocyte   
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1. INTRODUCTION 

 

α-Actinin-4 cross-links and bundles F-actin [1, 2] regulating key cytoskeletal dependent 

processes [3, 4]. Mutations in the ACTN4 gene are associated with a familial autosomal 

dominant form of focal segmental glomerulosclerosis (FSGS) [5-7]. FSGS-linked 

mutations in the ACTN4 gene, such as the K255E mutation (K256E in mice), expose a 

third actin-binding site, increase its affinity for actin and promote α-actinin-4/actin 

aggregate formation in podocytes [5, 8-10]. While the K256E-α-actinin-4 protein can 

homodimerize, it can also heterodimerize with wt-α-actinin-4 such that wt-α-actinin-4 

bound to the mutant form can be detected in K256E-α-actinin-4/actin aggregates. While 

these aggregates undergo poly-ubiquitination and proteasomal degradation thereby 

reducing overall expression levels of K256E-α-actinin-4, over time, these become 

supersaturated and “choke” the ubiquitin-proteasome system (UPS) thereby leading to 

their accumulation, as demonstrated in vitro [10, 11]. Mice with podocyte-specific 

overexpression of K256E-α-actinin-4 develop albuminuria, podocyte foot process (FP) 

effacement and FSGS lesions [12]. However the precise subcellular mechanism(s) that 

underlie α-actinin-4/actin aggregate-dependent podocyte injury remain incompletely 

elucidated. 

 

Podocyte ubiquitin C-terminal hydrolase L1 (UCHL1) is upregulated in a subset of 

human glomerulopathies, including primary FSGS [13]. Among an array of other 

ubiquitin (Ub)-regulating functions is a salvage function wherein the UCHL1 enzyme 

hydrolyzes small C-terminal adducts from Ub [14, 15]. UCHL1 also binds and stabilizes 
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mono-Ub in vitro and maintains intracellular Ub pools [16]. Significant UCHL1 

expression has been reported in podocytes of patients with glomerular diseases, such as 

IgA nephropathy, FSGS etc. [13, 17, 18]. UCHL1 upregulation upon podocyte injury 

may serve to generate/promote availability of free monomeric Ub for poly-ubiquitination 

and degradation of aggregates/cytotoxic proteins via the UPS. Interestingly, UCHL1 

deficiency in gracile axonal dystrophy (gad) mice, which have an in-frame deletion 

comprising exons 7 and 8 of the UCHL1 gene and no detectable UCHL1 protein, is 

linked to the accumulation of cytotoxic proteins and impaired protein turnover in neurons 

[19]. Similarly, UCHL1 overexpression leads to protein inclusion formation in neuronal 

cells [20]. Despite conflicting findings for UCHL1 in neurons, recent findings in the 

kidney, specifically in a rat model of membranous nephropathy, demonstrate that UCHL1 

upregulation coincides with poly-ubiquitinated protein accumulation and UPS activity 

decline. Pharmacological inhibition of UCHL1 in this model restores UPS activity, 

decreases poly-ubiquitinated proteins and ameliorates the overall glomerular pathology 

[21]. Taken together these data suggest a maladaptive role for UCHL1 in glomerular 

disease. 

 

Based on these findings, we propose that UCHL1 induction in the presence K256E-α-

actinin-4/actin aggregation is maladaptive for protein turnover. In the present study, we 

tested the hypothesis that UCHL1 deletion in a mouse model of ACTN4-associated FSGS 

reduces indications of filtration barrier injury and glomerular lesions.   
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2. MATERIALS AND METHODS 

 

2.1. Mice Studies  

Mice were housed at the Animal Care facility at the University of Ottawa. Protocols were 

approved and undertaken according to Canadian Council on Animal Care guidelines. 

Euthanasia was performed by anesthetizing mice by inhalation of isofluorane and 

perfusion with 20ml PBS through the left ventricle.  

 

2.2. Immunofluorescence / Immunohistochemistry of Paraffin-Embedded Sections 

Harvested kidneys were incubated in a 4% paraformaldehyde/PBS solution for 24 hours 

and processed for paraffin embedding. Kidney sections were rehydrated through graded 

ethanol solutions (100%, 90% and 70%; v:v), boiled in 10mM/1mM/0.05% 

Tris/EDTA/Tween-20 pH 9.0 or sodium citrate 0.01M pH 6.0 and incubated with 0.3% 

H2O2 in MeOH. For UCHL1 immunofluorescence, 2µm sections were incubated with 

mouse anti-PGP9.5 1:400 (Abcam, Toronto, ON) and anti-α-actinin-4 1:200 (Abcam, 

Toronto, ON) o/n at 4°C, then incubated with secondary Cy3-donkey anti-mouse 1:100 

and Alexa Fluor 488-donkey anti-rabbit 1:100 (Jackson ImmunoResearch Laboratories, 

West Grove, PA) for 1 hour at room temperature. For UCHL1 immunohistochemistry, 

5µm sections were incubated with mouse anti-UCHL1 1:600 (Novus Biologicals, 

Oakville, ON) o/n at 4°C, then processed according to the ImmPRESS Reagent Anti-

mouse Ig (rat adsorbed) kit (Vector Laboratories, Burlingame, CA) and finally processed 

with diaminobenzidine/H2O2 (Sigma-Aldrich, Oakville, ON). Cortical renal sections were 

visualized blinded with a Zeiss Axio Imager A1 microscope. 
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2.3. K256E-ACTN4pod+ / UCHL1-/- mice 

The fourth exon of the murine UCHL1 gene was replaced by inserting a neomycin 

resistance gene with a selectable marker for embryonic stem cells. Mice were established 

on 129v/J and C57Bl/6 genetic backgrounds (Gray and Coulombe, submitted). 

UCHL1+/- mice were intercrossed with K256E-ACTN4pod+ mice [12]. K256E-ACTN4pod+ 

mice were maintained on a C3H background. The pups and littermate controls used for 

this study were of mixed backgrounds, including 129v/J, C57Bl/6 and C3H. Genotyping 

was performed by PCR of genomic DNA isolated from ear snips of 3-week-old mice. For 

UCHL1: 5’-CTGGACCACCATCTGCTTAC-3’ (forward primer), 5’-

CAGCTTGTCTTGGTTGTTGG-3’ (wild type reverse primer) and 5’-

AAGCGAAGGAGCAAAGCTGC-3’ (UCHL1-/- reverse primer). For K256E-

ACTN4pod+: 5’-GAGAAAGAACTGTTAACGGG-3’ (forward primer) and 5’-

AGTTAGTCGCCCATGCTTC-3’ (reverse primer). Mice were obtained at the expected 

Mendelian ratio.  

 

2.4. RNA Isolation and Quantitative PCR 

Cortical kidney tissue was homogenized with a COE Capmixer and processed for RNA 

isolation with the RNeasy Mini kit (Qiagen, Toronto, ON) and converted to cDNA with 

the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Burlington, 

ON). qPCR was performed using the Real-Time qPCR Master Mix-SYBR Advantage 

qPCR Premix (Clontech, Mountainview, CA). UCHL1 primers were designed to span 

exons 4-6 of the UCHL1 gene. UCHL1 forward primer (439F): 5’-
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TGGTACCATCGGGTTGATCC-3’ and reverse primer (723R): 5’-

TGGTTCACTGGAAAGGGCAT-3’. Control RNA from rodent, obtained from the 

TaqMan Rodent GAPDH Control Reagents, served as a global control (Applied 

Biosystems, Burlington, ON). GAPDH served as a loading control using primers from 

the TaqMan Rodent GAPDH Control Reagents (Applied Biosystems, Burlington, ON).  

 

2.5. Albumin/Creatinine Ratios 

Spot urine was obtained from mice at 4 and 10 weeks of age. Albumin concentration was 

measured by ELISA (Bethyl Laboratories, Montgomery, TX) and normalized to 

creatinine content measured by the Creatinine Companion kit (Exocell, Philadelphia, 

PA). 

 

2.6. Plasma Creatinine 

At sacrifice, mouse blood was collected using heparinized syringes. Blood samples were 

centrifuged at 5000rpm for 10 minutes at 4°C and the supernatant was collected. Mouse 

plasma was stored at -80°C for subsequent use. For plasma creatinine determination, 

mouse plasma was analyzed commercially by IDEXX (IDEXX Labs, Toronto, ON).  

 

2.7. Kidney Histology 

Kidneys were dissected, cut into <0.5 cm portions and incubated in a 4% 

paraformaldehyde/PBS solution for 24 hours before being processed for paraffin 

embedding. Paraffin-embedded blocks were cut into 4-5µm sections and stained with 

periodic-acid Schiff (PAS) stain. Analysis of glomerulosclerosis was performed using a 
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Zeiss Axio Imager A1 microscope. Glomeruli were subdivided into categories based 

upon the proportion of mesangial matrix occupying the glomerular tuft (healthy, 25-40% 

matrix; segmental sclerosis, 40-75% matrix; and global sclerosis, >75% matrix). The 

relative difference between Bowman’s capsule area and the glomerular tuft area was 

computed using Alpha Innotech software and was determined by substracting the total 

glomerular tuft area from the total Bowman’s capsule area. Tubulointerstitial 

inflammation was scored from 0-3, where 0, healthy tubules with few interstitial cells; 1, 

healthy tubules with some interstitial cells (<10% of field); 2, tubulointerstitial 

inflammation (10-25% of field) with some tubular damage; and 3, significant 

tubulointerstitial inflammation (25-50% of field) with some tubular invasion and 

destruction. Renal sections were analyzed in a blinded fashion. For electron microscopy, 

dissected kidneys were incubated in 2.7% glutaraldehyde/PBS, rinsed in a sodium 

cacodylate buffer, followed by OsO4, water, uranyl acetate and dehydrated with ethanol 

and acetone and embedded in spur resin. Sections were visualized with a Hitachi 7100 

transmission electron microscope. The number of podocyte foot processes per glomerular 

basement membrane (GBM) length and GBM thickness was analyzed as previously 

described [22, 23], using Axiovision software. 

 

2.8. Systolic Blood Pressure 

Tail cuff plethysmography (BP-2000 Visitech Sytems, Apex, NC) was used to measure 

systolic blood pressure. Mice were trained at 5 weeks of age and baseline measurements 

were taken at 6 weeks of age. Blood pressure was assessed at 7 and 10 weeks of age. 

Measurements were collected over 3-5 consecutive days. 
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2.9. Cell Culture 

Undifferentiated conditionally immortalized human podocytes (passage <15) were 

cultured at 33˚C on collagen-I-coated dishes supplemented with RPMI-1640 containing 

10% fetal bovine serum, 100U/ml penicillin, 100µg/ml streptomycin (InvivoGen, San 

Diego, CA) and 10U/ml γ-interferon (Sigma-Aldrich, Oakville, ON). For differentiation, 

podocytes were thermoshifted to 37˚C and cultured on collagen-I-coated dishes 

supplemented with RPMI-1640 containing 2% fetal bovine serum, 100U/ml penicillin, 

100µg/ml streptomycin (InvivoGen, San Diego, CA). Podocytes were differentiated on 

10cm dishes at a cell density of 1x105 cells per dish, for a minimum of 10 days. COS7 

cells were cultured in DMEM containing 10% fetal bovine serum, 100U/ml penicillin, 

100µg/ml streptomycin (InvivoGen, San Diego, CA). Cells were grown on 10cm dishes 

at a starting cell density of 2x105 cells per dish and harvested after a maximum of 2 days 

during which appropriate treatments took place. 

 

2.10. Adenoviral Infection 

At day 10 post-thermoshift or 24 hours after seeding, differentiated podocytes or COS7 

cells, respectively, were incubated with adenovirus at an appropriate multiplicity of 

infections (MOI) to yield overexpression of GFP, WT- and K256E-α-actinin-4 as 

previously described [8]. The adenoviral infection was incubated for 24, 48 or 72 hours 

where appropriate. 
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2.11. UCHL1 siRNA Knockdown 

UCHL1 siRNA oligonucleotides (Qiagen, Toronto, ON) and scrambled oligonucleotides 

(Santa Cruz Biotechnology, Santa Cruz, CA) were incubated in serum-free RPMI-1640 

with HiPerfect transfection reagent (Qiagen, Toronto, ON), as per the manufacturer’s 

instructions, for 10 minutes at room temperature to allow complex formation. Complexes 

were added to differentiated conditionally immortalized human podocytes seeded on 

10cm dishes. Complexes were incubated for 72 hours at which time cells were harvested 

and processed for western immunoblotting. For co-transfection/infection, cells were 

incubated with the appropriate siRNA for 24 hours at which time the appropriate 

adenovirus was administered (without changing the media). Cells were incubated for an 

additional 48 hours, for a total of 72 hours.   

 

2.12. Protein Isolation 

Cortical kidney tissue was homogenized with a COE Capmixer and resuspended in RIPA 

lysis buffer (150mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS and 

50mM Tris pH 8.0), supplemented with protease inhibitor cocktail 1:100 (Sigma-Aldrich, 

Oakville, ON). Glomeruli were isolated from kidney as previously described [24]. 

Differentiated conditionally immortalized human podocytes and COS7 cells were washed 

once with PBS and scraped in lysis buffer (10mM Tris, pH 7.4, 150mM NaCl, 1mM 

ethyleneglycol tetraacetate, 1mM ethylenediaminetetraacetic acid, 1% Triton X-100, 

0.5% Nonidet P-40) and RIPA lysis buffer (150mM NaCl, 1% Triton X-100, 0.5% 

sodium deoxycholate, 0.1% SDS and 50mM Tris pH 8.0), respectively, and 

supplemented with protease inhibitor cocktail 1:100 (Sigma-Aldrich, Oakville, ON). 
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Protein lysates were incubated at 4°C for 10 minutes. Extracted proteins (50µg of renal 

lysates and 20µg of glomerular and cellular lysates) were processed for SDS-PAGE on 

appropriate percentage gels. 

 

2.13. Immunoblotting 

Immunoblotting of renal tissue was performed using rabbit anti-Ub (Cederlane, 

Burlington, ON) or rabbit anti-UCHL1 1:1000 (Millipore, Darmstadt, Germany) or rabbit 

anti-HA 1:125 (Invitrogen, Burlington, ON) o/n at 4°C. For cells, immunoblotting was 

performed using mouse anti-HA7 1:10000 (Sigma-Aldrich, Oakville, ON) for 1 hour at 

room temperature and rabbit anti-UCHL1 1:1000 (Millipore, Darmstadt, Germany) o/n at 

4°C. β-actin served as a loading control for all immunoblots, using mouse anti-β-actin 

1:10000 (Sigma-Aldrich, Oakville, ON) for 1 hour at room temperature. Secondary 

antibodies included HRP-goat anti-rabbit 1:10000 (Jackson ImmunoResearch 

Laboratories, West Grove, PA), HRP-goat anti-mouse 1:10000 (Jackson 

ImmunoResearch Laboratories, West Grove, PA) and were added appropriately 

following primary antibody incubations, for 1 hour at room temperature. Densitometry of 

western blots was computed using Alpha Innotech software. 

 

2.14. Immunofluorescence on Frozen Sections  

Dissected kidneys were frozen in Tissue Tek O.C.T. compound (Sakura Finetek, 

Torrance, CA) in 2-methylbutane. Embedded kidney tissues were sectioned at 10µm. For 

immunofluorescence, sections were dried, washed with PBS and blocked with 10% 

donkey serum (Jackson ImmunoResearch Laboratories, West Grove, PA) in 1% 
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BSA/PBS for 1 hour at room temperature. Sections were incubated with rabbit anti-WT1 

1:200 (Santa Cruz Biotechnology, Santa Cruz, CA) o/n at 4°C. After washing with PBS, 

sections were incubated with Alexa Fluor 488-donkey anti-rabbit 1:500 (Jackson 

ImmunoResearch Laboratories, West Grove, PA) for 1 hour at room temperature. WT1-

positive nuclei were quantified by counting the total number per glomerulus using 

Axiovision software. Sections were visualized with a Zeiss Axioskop 2 MOT 

epifluorescence microscope (Zeiss, Germany). 

 

2.15. TUNEL 

Dissected kidneys were incubated in a 4% paraformaldehyde/PBS solution for 24 hours 

before being processed for paraffin embedding. Kidneys were cut into 4-5µm sections 

and stained according to the TUNEL Apoptosis Detection for paraffin-embedded tissue 

sections, biotin-labeled POD protocol (GenScript, Piscataway, NJ). Apoptosis was 

quantified by counting the number of TUNEL-positive tubular nuclei per renal section 

and the total TUNEL-positive glomerular nuclei per glomerular section. Sections were 

analyzed in a blinded manner. 

 

2.16 Differential Centrifugation 

Differentiated conditionally immortalized human podocytes were scraped in lysis buffer 

(10mM Tris, pH 7.4, 150mM NaCl, 1mM ethyleneglycol tetraacetate, 1mM 

ethylenediaminetetraacetic acid, 1% Triton X-100, 0.5% Nonidet P-40) supplemented 

with protease inhibitor cocktail at 1:100 (Sigma-Aldrich, Oakville, ON). A volume of the 

whole cell lysate was reserved for the input (I) and for protein determination. The 
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remaining volume was centrifuged for 15 minutes at 13000rpm to isolate Triton-soluble 

(TS) and Triton-insoluble (TI) fractions. The supernatant (the TS fraction) was collected 

and the pellet (the TI fraction) was resuspended in an equal volume of lysis buffer. 20µg 

of protein was resolved by SDS-PAGE. Densitometry was computed as described above 

and by normalizing HA/β-actin for all fractions before normalizing TS/TI. 

 

2.17. Statistics 

Values are expressed as the mean or mean percentage ± SE. Statistical comparisons were 

carried out by one-way ANOVA followed by either Bonferroni or Newman-Keuls post-

tests or with a t-test for analyses including exclusively two groups. For albuminuria, a 

longitudinal analysis using a random coefficients model and a linear trend for the mean 

response statistical test was performed.  
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3. RESULTS 

 

3.1. UCHL1 is expressed in glomeruli of K256E-ACTN4pod+ / UCHL1+/+ mice 

UCHL1 induction is associated with podocyte injury in a subset of glomerulopathies, 

including FSGS [13, 17, 18]. While healthy podocytes express little UCHL1, podocyte 

injury may trigger UCHL1 upregulation for degradation of cytotoxic proteins. We 

verified UCHL1 expression in glomeruli of mice with ACTN4-associated FSGS. 

Immunohistochemistry revealed 3±2 UCHL1-positive cells per glomerulus in nonTG / 

UCHL1+/+ mice which was significantly increased to 7±4 UCHL1-positive cells per 

glomerulus in K256E-ACTN4pod+ / UCHL1+/+ albuminuric mice (p<0.001) (Figure 1a 

and b). To verify podocyte-specific expression of UCHL1, a double immunofluorescence 

staining procedure was performed using appropriate antibodies against UCHL1 and the 

podocyte marker α-actinin-4. Indeed, podocyte-specific expression of UCHL1 was 

detectable in glomeruli of K256E-ACTN4pod+ / UCHL1+/+ mice. UCHL1 expression 

appeared mainly nuclear but was occasionally detectable in podocyte cytoplasm (Figure 

1c). Immunoblotting of glomerular lysates also revealed increased UCHL1 protein levels, 

associated with increased poly-ubiquitinated proteins, in K256E-ACTN4pod+ / UCHL1+/+ 

glomeruli as compared to nonTG / UCHL1+/+ mice (p<0.001) (Figure 1d-f). We next 

tested whether increases in UCHL1 were observable in cell lines expressing the K256E-

α-actinin-4 mutant. We infected COS7 cells with adenovirus containing constructs for 

WT- and K256E-α-actinin-4 at a range of MOI and found that the levels of WT- or 

K256E-α-actinin-4 increased as the MOI increased. COS7 cells overexpressing K256E-α-

actinin-4 showed UCHL1 protein upregulation versus uninfected and WT-α-actinin-4   
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Figure 1. UCHL1 is expressed in glomeruli of K256E-ACTN4pod+ / UCHL1+/+ 
mice. (a) Immunohistochemistry reveals extensive UCHL1 induction in glomeruli 
(likely podocytes, arrowheads) of 10-week-old K256E-ACTN4pod+ / UCHL1+/+ mice 
(n=3 per group). A minimum of 20 glomeruli were analyzed per mouse. 
Magnification, 640x. (b) Graph depicting increased UCHL1-positive glomerular cells  
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infected controls (Figure 1g). Specifically, COS7 cells overexpressing K256E-α-actinin-4 

at a MOI of 20, 50 and 100 show significant UCHL1 protein induction (by approximately 

2-fold) as compared to COS7 cells overexpressing WT-α-actinin-4 at equivalent MOI 

(p<0.01, p<0.001 and p<0.01, respectively) (Figure 1h). No differences in UCHL1 levels 

were observed in conditionally immortalized human podocytes overexpressing either 

GFP, WT- or K256E-α-actinin-4 and subjected to differential centrifugation, suggesting 

that podocytes may behave differently in vitro (Figure 1i). Finally, to test whether 

UCHL1 upregulation results from increased transcription, qPCR was performed and 

confirmed no differences in UCHL1 mRNA levels in renal and glomerular lysates of 

K256E-ACTN4pod+ / UCHL1+/+ mice (Figure 1j and k), suggesting that UCHL1 levels 

in K256E-ACTN4pod+ / UCHL1+/+ mice (p<0.001 vs. nonTG / UCHL1+/+ mice).  
(c) UCHL1 induction in glomeruli is confirmed in podocytes of K256E-ACTN4pod+ / 
UCHL1+/+ mice, as determined by double immunofluorescence using antibodies 
against UCHL1 and the podocyte marker α-actinin-4 (n=3-4 per group). A minimum 
of 20 glomeruli were analyzed per mouse. Magnification, 630x. (d-e) UCHL1 
induction in glomeruli of K256E-ACTN4pod+ / UCHL1+/+ mice is confirmed by 
western immunoblotting of glomerular lysates (p<0.001 vs. nonTG / UCHL1+/+ mice) 
(n=3-4 per group). (f) Representative immunoblot showing elevated poly-
ubiquitinated protein levels in 10-week-old K256E-ACTN4pod+ / UCHL1+/+ mice as 
compared to nonTG / UCHL1+/+ mice (n=3 per group). (g) COS7 cells 
overexpressing HA-tagged K256E-α-actinin-4, infected at various MOI (20, 50 and 
100) for 24 hours, illustrate increased UCHL1 protein levels as compared to WT-α-
actinin-4 and uninfected controls. β-actin served as a loading control (n=3). (h) Graph 
depicting UCHL1 protein levels, as determined by densitometry, that are significantly 
increased in K256E-α-actinin-4 overexpressing COS7 cells as compared to WT-α-
actinin-4 overexpressing COS7 cells at equivalent MOI (p<0.01 for MOI=20, p<0.001 
for MOI=50 and p<0.01 for MOI=100). (i) Human podocytes overexpressing GFP, 
WT- and K25E-α-actinin-4 (MOI=30) and subjected to differential centrifugation 
show no differences in UCHL1. A representative immunoblot using anti-HA confirms 
the infection efficacy (n=3). β-actin served as a loading control for all immunoblots. 
UCHL1 mRNA levels were not significantly different in renal (j) and glomerular (k) 
lysates of K256E-ACTN4pod+ / UCHL1+/+ mice as determined by qPCR. UCHL1 
mRNA levels were normalized to GAPDH mRNA (n=3 per group). 
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are increased post-translationally. 

 

3.2. Development of UCHL1 knockout mice 

In ACTN4-associated FSGS, UCHL1 induction may promote formation of poly-

ubiquitinated K256E-α-actinin-4 aggregates that choke the UPS [11]. UCHL1 deletion is 

predicted to restore the UPS. To test this hypothesis, we used mice generated by 

Coulombe and Gray with global UCHL1 deletion (UCHL1-/-), where a selectable marker 

conferring neomycin resistance was inserted within the catalytically essential 4th exon of 

the mouse UCHL1 gene (Coulombe and Gray, in preparation). UCHL1 mRNA 

expression in renal cortex of nonTG / UCHL1+/+ mice was not detected by qPCR in 

nonTG / UCHL1-/- mice (Figure 2a). Furthermore, UCHL1 protein levels were 

undetectable by western blot (Figure 2b and c) and immunohistochemistry (Figure 2d) of 

renal cortex of nonTG / UCHL1-/- mice, while nonTG / UCHL1+/+ mice exhibited some 

detectable UCHL1. Similar to the phenotype observed with gad mice, homozygous 

UCHL1 null mice show progressive neurodegeneration that affects gait around 6-12 

weeks of age. These mice are fertile, although the females fail to care for pups, and are 

generally viable for 6 months. 

 

3.3. Albuminuria is reduced in K256E-ACTN4pod+ / UCHL1-/- mice  

K256E-ACTN4pod+ / UCHL1+/+ mice were intercrossed with UCHL1+/- mice to generate 

K256E-ACTN4pod+ / UCHL1-/- mice. Urinary albumin/creatinine ratios (ACR) were 

determined at 4 and 10 weeks of age. As previously reported, ~50% of K256E-

ACTN4pod+ / UCHL1+/+ mice develop albuminuria at 4 weeks of age that is maintained  
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through 10 weeks of age. In this model, albuminuria correlates with K256E-α-actinin-4 

transgene mRNA levels [12]. nonTG / UCHL1+/+ and nonTG / UCHL1-/- mice 

littermate controls were not albuminuric. nonTG / UCHL1+/+ mice displayed mean ACR 

values of 152±11µg/mg and 173±30µg/mg at 4 and 10 weeks of age, respectively. 

Similarly, nonTG / UCHL1-/- mice displayed mean ACR values of 131±14µg/mg and 

107±15µg/mg at 4 and 10 weeks of age, respectively. In contrast, mean ACR values for 

K256E-ACTN4pod+ / UCHL1+/+ mice were elevated at 4 and 10 weeks (2905±1592µg/mg 

and 2519±1037µg/mg). ACR levels for K256E-ACTN4pod+ / UCHL1-/- mice were also 

Figure 2. UCHL1 is absent from renal cortex of nonTG / UCHL1-/- mice.  
(a) qPCR reveals an amplicon migrating at ~300bp, likely UCHL1 mRNA (predicted 
amplicon size ~284bp) in renal cortex of nonTG / UCHL1+/+ mice (lanes 1-3), that is 
absent in nonTG / UCHL1-/- mice (lanes 4 and 5). Control RNA from rodent, obtained 
commercially, served as a global control (lane C). GAPDH mRNA served as an 
internal control. DNA markers (bp) are depicted in lane 0. (b-c) While the UCHL1 
protein is detectable in nonTG / UCHL1+/+ mice, western immunoblotting and 
densitometry analysis reveals its absence in renal cortex of nonTG / UCHL1-/- mice 
(n=3-4 per group). Differentiated human podocytes infected with adenovirus 
containing a construct for K256E-α-actinin-4, to yield overexpression of K256E-α-
actinin-4, served as a positive control for UCHL1 protein detection (+). β-actin served 
as a loading control. (d) Immunohistochemistry of UCHL1 confirms its absence in 
glomeruli of nonTG / UCHL1-/- mice. UCHL1-positive cells are indicated in 
glomeruli of nonTG / UCHL1+/+ mice by arrowheads (n=3 per group). Magnification, 
640x. 
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elevated to K256E-ACTN4pod+ / UCHL1+/+ mice levels at 4 weeks (4406±2998µg/mg). 

However, by 10 weeks, ACR values were significantly reduced to 569±131µg/mg for 

K256E-ACTN4pod+ / UCHL1-/- mice (p<0.01 vs. K256E-ACTN4pod / UCHL1-/- mice 

mean ACR at 4 weeks of age) (Figure 3a). Of note, while the ACR levels of 4-week-old 

K256E-ACTN4pod+ / UCHL1-/- mice were greater than ACR levels of K256E-ACTN4pod+  

/ UCHL1+/+ mice at 4 weeks, this difference was not statistically significant. Similar 

findings showing albuminuria amelioration in UCHL1 deleted mice were obtained when 

urine samples were resolved by SDS-PAGE (Figure 3b). Plasma creatinine 

concentrations for nonTG / UCHL1+/+ and K256E-ACTN4pod+ / UCHL1+/+ mice were 

determined to be 15.4±1.3 and 16.2±1.4µM, respectively. Plasma creatinine levels for 

nonTG / UCHL1-/- mice (14.2±2.1µM) were slightly higher than K256E-ACTN4pod+ / 

UCHL1-/- mice (11.2±0.7µM), however no significant statistical differences were 

determined between all four mice groups (Figure 3c). 

 

3.4. Glomerular pathology and filtration barrier damage are attenuated in K256E-

ACTN4pod+ / UCHL1-/- mice 

K256E-ACTN4pod+ / UCHL1+/+ mice present with characteristic histopathological 

features of FSGS that include glomerular scarring and downstream tubular damage [12]. 

Indeed, analysis of PAS-stained renal sections of 10-week-old mice confirmed these 

findings. K256E-ACTN4pod+ / UCHL1+/+ mice displayed features of glomerular and 

tubular damage, including tubular dilatation and accumulation of proteinaceous casts 

[12]. K256E-ACTN4pod+ / UCHL1-/- mice showed evidence of attenuated glomerular 

injury and ameliorations in overall renal pathology (Figure 4a, Supplemental Figure 1).  



 52 

Since non-albuminuric K256E-ACTN4pod+ / UCHL1+/+ mice do not display histologic 

features of FSGS, only mice that exhibited ACR > 500 µg/mg were selected for analysis. 

In K256E-ACTN4pod+ / UCHL1+/+ mice the proportion of healthy glomeruli was 

significantly reduced (33±5%; p<0.01) while the proportion of glomeruli exhibiting 

segmental and global sclerosis were significantly increased (36±4% and 31±9%,  

Figure 3. Reduced albuminuria in K256E-ACTN4pod+ / UCHL1-/- mice.  
(a) Urinary albumin levels, normalized to creatinine content were elevated in a subset 
of K256E-ACTN4pod+ / UCHL1+/+ mice (n=18) at 4 and 10 weeks of age. While 
urinary albumin/creatinine ratios (ACR) were elevated in K256E-ACTN4pod+ / 
UCHL1-/- mice at 4 weeks of age, these were attenuated significantly by 10 weeks 
(n=13; p<0.01 vs. K256E-ACTN4pod+ / UCHL1-/- mice ACR at 4 weeks). No 
significant changes were observed for nonTG / UCHL1+/+ and nonTG / UCHL1-/- 
mice between 4 and 10 weeks of age, n=19 and n=16, respectively. (b) Coomassie 
Brilliant blue staining of urine samples processed by SDS-PAGE indicates an intense 
band migrating at ~67kDa (likely albumin) in K256E-ACTN4pod+ / UCHL1+/+ mice 
which is reduced in samples obtained from K256E-ACTN4pod+ / UCHL1-/- mice at 10 
weeks (n=3 per group). Molecular weight markers (kDa) are depicted in lane 1 while 
standard concentrations (µg) of bovine serum albumin (BSA) are depicted in lanes 2 
and 3. (c) Plasma creatinine concentrations were not significantly different between 
mice groups at 10 weeks of age (n=5 per group).  
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Figure 4. Glomerulosclerosis is attenuated in K256E-ACTN4pod+ / UCHL1-/- mice. 
(a) A representative PAS-stained glomerular section (upper panel) and renal cortical 
section (lower panel) of a 10-week-old mouse from each mouse group. PAS stained 
sections indicate widespread renal pathology in 10-week-old K256E-ACTN4pod+ / 
UCHL1+/+ mice, consisting of glomerulosclerosis, proteinaceous casts (arrowhead) 
and tubular dilatation (arrow). Tubulointerstitial damage was less frequent in K256E-
ACTN4pod+ / UCHL1-/- mice. Magnification, 640x (upper panel) and 200x (lower 
panel). (b) Glomerular scoring reveals a reduced proportion of healthy glomeruli 
(p<0.001 vs. nonTG / UCHL1+/+ mice) and an increased proportion of segmental 
(p<0.05 vs. nonTG / UCHL1+/+ mice) and globally sclerotic (p<0.05 vs. nonTG /  
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respectively; p<0.05) vs. nonTG / UCHL1+/+ mice. In contrast, K256E-ACTN4pod+ / 

UCHL1-/- mice exhibited an ameliorated glomerular phenotype. Specifically, segmental 

and global glomerulosclerosis were significantly reduced (14±4%; p<0.05 and 17±9% of 

glomeruli, respectively), while 69±9% of glomeruli exhibited healthy histology (p<0.01) 

as compared to K256E-ACTN4pod+ / UCHL1+/+ mice. >85% glomeruli were scored as 

healthy in nonTG / UCHL1+/+ and nonTG / UCHL1-/- mice (Figure 4b). A similar 

difference was seen with relative glomerular tuft to Bowman’s capsule surface area. 

K256E-ACTN4pod+ / UCHL1+/+ mice showed a significantly increased surface area 

between Bowman’s capsule and the glomerular tuft (p<0.05) as compared to nonTG / 

UCHL1+/+. This relative area was normalized in K256E-ACTN4pod+ / UCHL1-/- mice 

(p<0.05) (Figure 4c). No significant systolic blood pressure differences were observed in 

nonTG / UCHL1+/+ (115±5, 109±3 and 112±3 mmHg at 6, 7 and 10 weeks) or nonTG / 

UCHL1-/- mice (106±6, 106±5 and 108±2 mmHg at 6, 7 and 10 weeks). However 

systolic blood pressure was significantly elevated in K256E-ACTN4pod+ / UCHL1+/+ 

mice to 121±5, 118±6 and 118±4 mmHg at 6, 7 and 10 weeks of age respectively, vs. 

nonTG / UCHL1+/+ mice (p<0.001). This elevation was attenuated in K256E-ACTN4pod+  

UCHL1+/+ mice) glomeruli in K256E-ACTN4pod+ / UCHL1+/+ mice. K256E-
ACTN4pod+ / UCHL1-/- mice displayed an increased proportion of healthy (p<0.01) 
and a decreased proportion of segmental (p<0.05) and global sclerotic glomeruli vs. 
K256E-ACTN4pod+ / UCHL1+/+ mice. A minimum of 60 glomeruli were analyzed per 
mouse (n=5 per group). (c) The relative difference between the Bowman’s capsule 
area and the glomerular tuft area is increased in K256E-ACTN4pod+ / UCHL1+/+ mice 
at 10 weeks (n=8; p<0.05 vs. nonTG / UCHL1+/+ mice) and normalized in K256E-
ACTN4pod+ / UCHL1-/- mice (n=8; p<0.05 vs. K256E-ACTN4pod+ / UCHL1+/+ mice). 
n=10 and n=9 for nonTG / UCHL1+/+ and nonTG / UCHL1-/- mice, respectively.   
(d) Systolic blood pressure is increased in K256E-ACTN4pod+ / UCHL1+/+ mice (n=7; 
p<0.001 vs. nonTG / UCHL1+/+ mice) at 6, 7 and 10 weeks of age. This increase is 
attenuated in K256E-ACTN4pod+ / UCHL1-/- mice (n=8; p<0.01 vs. K256E-ACTN4pod+ 
/ UCHL1+/+ mice). n=7 and n=9 for nonTG / UCHL1+/+ and nonTG / UCHL1-/- 
mice respectively. 
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/ UCHL1-/- mice to 112±5, 112±6 and 111±4 mmHg at the same time points (p<0.01 vs. 

K256E-ACTN4pod+ / UCHL1+/+ mice) (Figure 4d). Electron microscopy analyses of 

K256E-ACTN4pod+ / UCHL1+/+ mice glomeruli (ACR > 500 µg/mg) revealed significant 

podocyte FP effacement and GBM thickening, similar to previous observations [12]  

Supplemental Figure 1. Tubulointerstitial inflammation was mildly attenuated in 
in K256E-ACTN4pod+ / UCHL1-/- mice. (a) Representative images of PAS-stained 
renal sections depicting the tubulointerstitial inflammation scoring system employed. 
Score 0 is defined by normal renal tubules with few visible interstitial cells, score 1 is 
defined by the accumulation of monocytes in the interstitial space, occupying <10% 
field, with relatively intact tubules, score 2 is defined by interstitial inflammation (10-
25% field of view) and some tubular damage while score 3 defines significant 
tubulointerstitial inflammation (25-50% field of view), comprising tubular invasion 
and destruction. Magnification, 640x. (b) Representative images of PAS-stained renal 
sections for all mice groups. Magnification, 640x. (c) Graph depicting 
tubulointerstitial inflammation scoring, which was significantly increased in K256E-
ACTN4pod+ / UCHL1+/+ mice as compared to nonTG / UCHL1+/+ mice (p<0.01). 
This increase was attenuated (but not significantly) in K256E-ACTN4pod+ / UCHL1-/- 
mice. A minimum of 10 fields of view were analyzed per mouse. n=3-4 per group. 
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Figure 5. Foot process fusion is ameliorated in K256E-ACTN4pod+ / UCHL1-/- 
mice. (a) Electron microscopy reveals foot process (FP) effacement and some 
irregular glomerular basement membrane (GBM) blebbing (arrowhead) in K256E-
ACTN4pod+ / UCHL1+/+ mice at 10 weeks. FP architecture appears relatively intact in 
K256E-ACTN4pod+ / UCHL1-/- mice (n=3 per group). Scale bar represents 2µm.  
(b) Representative micrographs depicting areas of severe podocyte FP effacement 
(arrowhead, upper left panel) and GBM thickening (asterisk, lower left panel) in 10-
week-old K256E-ACTN4pod+ / UCHL1+/+ mice which are attenuated in K256E-
ACTN4pod+ / UCHL1-/- mice (upper and lower right panels). Scale bar represents 
500nm. n=3 per group (c) Graph depicting the number of podocyte FP per micron of 
GBM length. The number of FP per GBM length were significantly decreased in 
K256E-ACTN4pod+ / UCHL1+/+ mice (p<0.01) vs. nonTG / UCHL1+/+ mice. The 
decrease in FP per GBM length was attenuated in K256E-ACTN4pod+ / UCHL1-/- mice 
(p<0.05 vs. K256E-ACTN4pod+ / UCHL1+/+ mice). 2-3 glomeruli were analyzed per  
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(Figure 5a and b). In fact, while nonTG / UCHL1+/+ and nonTG / UCHL1-/- mice 

showed 1.78±0.05 and 1.76±0.06 FP/µm GBM, K256E-ACTN4pod+ / UCHL1+/+ mice 

exhibited a decrease to 0.69±0.20 FP/µm GBM (p<0.01 vs. nonTG / UCHL1+/+ mice). 

Loss of UCHL1 in K256E-ACTN4pod+ / UCHL1-/- mice restored foot process architecture 

as these exhibited 1.48±0.20 FP/µm GBM (p<0.05 vs. K256E-ACTN4pod+ / UCHL1+/+ 

mice) (Figure 5b and c). Additionally, GBM thickness was significantly increased in 

K256E-ACTN4pod+ / UCHL1+/+ mice to 290±38nm (p<0.01 vs. nonTG / UCHL1+/+ 

mice) vs. 151±0.39nm for nonTG / UCHL1+/+ and 150±2.1nm for nonTG / UCHL1-/- 

mice. GBM thickening was significantly reduced in K256E-ACTN4pod+ / UCHL1-/- mice 

to 185±1.6nm (p<0.05 vs. K256E-ACTN4pod+ / UCHL1+/+ mice) (Figure 5b and d). 

 

3.5. UCHL1 expression positively correlated with poly-ubiquitinated proteins but 

negatively correlated with K256E-α-actinin-4  

In vitro data show that UCHL1 levels positively correlate with Ub expression, suggesting 

that UCHL1 may in fact fuel the UPS and activate protein degradation [16]. Since 

UCHL1 is increased in ACTN4-associated FSGS, we tested whether increased UCHL1 in 

glomeruli of K256E-ACTN4pod+ / UCHL1+/+ mice correlated with increased Ub levels. 

Immunoblotting for Ub revealed slightly elevated levels of renal poly-ubiquitinated 

proteins in K256E-ACTN4pod+ / UCHL1+/+ mice renal lysates vs. nonTG / UCHL1+/+ 

mice. In contrast, K256E-ACTN4pod+ / UCHL1-/- mice exhibited significantly reduced 

group. (d) Graph depicting GBM width, where K256E-ACTN4pod+ / UCHL1+/+ mice 
exhibited a significant increase in GBM width (p<0.01) vs. nonTG / UCHL1+/+ mice 
controls. K256E-ACTN4pod+ / UCHL1-/- mice exhibit a relatively normalized GBM 
width (p<0.05) vs. K256E-ACTN4pod+ / UCHL1+/+ mice. 2-3 glomeruli were analyzed 
per group.	
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(p<0.05) renal ubiquitinated protein levels (Figure 6a and b). Accordingly, 

immunoblotting for HA-tagged K256E-α-actinin-4 revealed increased levels in K256E-

ACTN4pod+ / UCHL1-/- mice as compared to K256E-ACTN4pod+ / UCHL1+/+ mice 

(p<0.05), suggesting K256E-α-actinin-4 aggregate accumulation and UPS impairment 

when UCHL1 is absent (Figure 6c and d). Interestingly, while increased poly-Ub content 

is consistent with UPS failure, the decreased K256E-α-actinin-4 levels in podocytes of 

K256E-ACTN4pod+ / UCHL1+/+ mice suggests an activated UPS. Conversely, the 

decreased Ub content in addition to increased K256E-α-actinin-4 levels suggests 

decreased UPS activity in K256E-ACTN4pod+ / UCHL1-/- mice. Since K256E-α-actinin-4 

levels are increased in K256E-ACTN4pod+ / UCHL1-/- mice, we sought to determine if 

this increase correlated with changes in K256E-α-actinin-4/actin aggregation. To test if 

our findings were reproducible in vitro, we used differentiated conditionally 

immortalized human podocytes and transfected these with either scrambled or UCHL1 

siRNA oligonucleotides. We first determined by western immunoblotting that 2.5 and 

5nM of UCHL1 siRNA yielded optimal knockdown of UCHL1 levels in podocytes 

(Figure 6e). Choosing 2.5nM as the optimal dose for UCHL1 knockdown, we pursued 

co-infection/transfection experiments in podocytes overexpressing K256E-α-actinin-4 or 

WT-α-actinin-4 and determined whether knocking down UCHL1 levels impacted the 

expression of K256E-α-actinin-4. Western immunoblotting revealed no significant 

changes in the expression of both WT- and K256E-α-actinin-4 (Figure 6f). While the 

expression pattern of K256E-α-actinin-4 remained unchanged following UCHL1 

knockdown, we tested whether the aggregation of K256E-α-actinin-4 was affected. 

Differential centrifugation experiments revealed no changes in the distribution  
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Figure 6. UCHL1 expression positively correlated with poly-ubiquitinated 
protein levels but negatively correlated with K256E-α-actinin-4 levels.  
(a) Representative immunoblot showing poly-ubiquitinated proteins in renal cortical 
lysates of each mouse group at 10 weeks of age. (b) Graph depicting slightly elevated 
poly-ubiquitinated protein levels in K256E-ACTN4pod+ / UCHL1+/+ mice as 
determined by densitometry. Poly-ubiquitinated proteins are significantly reduced in 
K256E-ACTN4pod+ / UCHL1-/- mice (p<0.05 vs. K256E-ACTN4pod+ / UCHL1+/+ 
mice). (c) Representative immunoblot showing HA-tagged K256E-α-actinin-4 levels 
in renal cortical lysates of each mouse group at 10 weeks of age. (d) Graph depicting 
decreased HA-tagged K256E-α-actinin-4 levels in K256E-ACTN4pod+ / UCHL1+/+ 
mice as compared to K256E-ACTN4pod+ / UCHL1-/- mice which exhibit significantly 
elevated levels of HA-tagged K256E-α-actinin-4 levels (p<0.05) (n=3 per group).  
(e) A 72-hour UCHL1 siRNA dose course in human podocytes showing optimal 
UCHL1 knockdown between 2.5-5nM of UCHL1 siRNA as compared to scrambled 
siRNA-treated controls (n=4) (f) Human podocytes overexpressing K256E-α-actinin-4 
(MOI=30) and treated with 2.5nM UCHL1 siRNA for 72 hours showed no differences 
in HA-tagged K256E-α-actinin-4 versus scrambled (scr) controls. A slight decrease 
was observed in levels of WT-α-actinin-4 in human podocytes treated with UCHL1 
siRNA but this was not significant. (g) A representative immunoblot showing the 
distribution of either HA-tagged WT- or K256E-α-actinin-4 in WT- or K256E-α-
actinin-4 overexpressing human podocytes (MOI=30) and transfected with UCHL1 
siRNA (2.5nM) and subjected to differential centrifugation. I, TI and TS represent the  
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of K256E-α-actinin-4. Specifically, K256E-α-actinin-4 remained associated with the 

triton-insoluble (TI) fraction as compared to the triton-soluble (TS) fraction following 

incubation with both scrambled and UCHL1 siRNA, suggesting that K256E-α-actinin-4 

aggregation/association with large cytoskeletal fragments was unaffected by UCHL1 

knockdown. The distribution of WT-α-actinin-4 remained associated with the TS fraction 

even following UCHL1 knockdown. WT-α-actinin-4 TS/TI fraction distribution 

remained greater in scrambled and UCHL1 siRNA transfected conditions versus K256E-

α-actinin-4 scrambled and UCHL1 siRNA transfected podocytes (p<0.001) (Figure 6g 

and h). Similarly, immunofluorescence of podocytes overexpressing K256E-α-actinin-4 + 

UCHL1 knockdown and subjected to 10% equibiaxial stretch for 24 hours confirmed no 

differences in K256E-α-actinin-4 aggregation as compared to scrambled controls (data 

not shown). 

 

3.6. Tubular and glomerular cell apoptosis are decreased in K256E-ACTN4pod+ / 

UCHL1-/- mice 

K256E-α-actinin-4 aggregation and misfolding lead to cytotoxicity and apoptosis [11]. 

Accordingly, enhanced UCHL1 expression stabilizes Ub levels, thereby over-fuelling the  

input, triton-soluble and triton-insoluble isolated fractions. (h) Densitometry confirms 
decreased K256E-α-actinin-4 in the TS relative to the TI cellular fractions of human 
podocytes overexpressing K256E-α-actinin-4 and transfected with UCHL1 siRNA. No 
differences were observed compared to scrambled controls. Conversely, in human 
podocytes overexpressing WT-α-actinin-4 and transfected with UCHL1 siRNA, WT-
α-actinin-4 was mainly distributed to the TS fraction versus the TI fraction. No 
differences were observed as compared to scrambled controls. Podocytes 
overexpressing WT-α-actinin-4 transfected with either scrambled or UCHL1 siRNA 
showed significantly increased WT-α-actinin-4 levels in the TS fraction as compared 
to K256E-α-actinin-4 expressing human podocytes treated with scrambled or UCHL1 
siRNA, respectively (p<0.001). β-actin served as a loading control for all western 
blots. 
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Figure 7. Tubular and glomerular cell apoptosis are decreased in K256E-
ACTN4pod+ / UCHL1-/- mice. (a) Representative images of renal cortex for each 
mouse group revealing TUNEL-positive nuclei in tubules (arrowheads). 
Magnification, 640x. (b) Graph depicting the total number of TUNEL-positive tubular 
nuclei per renal section in 10-week-old mice. Tubular TUNEL-positive nuclei 
numbers were increased in K256E-ACTN4pod+ / UCHL1+/+ mice (n=6; p<0.01 vs. 
nonTG / UCHL1+/+ mice) and decreased in K256E-ACTN4pod+ / UCHL1-/- mice 
(n=5; p<0.05 vs. K256E-ACTN4pod+ / UCHL1+/+ mice). n=5 for nonTG / UCHL1+/+ 
and nonTG / UCHL1-/- mice. (c) Representative glomeruli showing TUNEL-positive 
nuclei (arrowhead) in 10-week old mice. Magnification, 640x. (d) Graph depicts the 
number of TUNEL-positive nuclei per glomerulus. The number of glomerular 
TUNEL-positive nuclei was elevated in K256E-ACTN4pod+ / UCHL1+/+ mice (n=6; 
p<0.01 vs. nonTG / UCHL1+/+ mice) and decreased in K256E-ACTN4pod+ / UCHL1-/- 
mice (n=5; p<0.01 vs. K256E-ACTN4pod+ / UCHL1+/+ mice). n=5 for nonTG / 
UCHL1+/+ and nonTG / UCHL1-/- mice. A minimum of 20 glomeruli were analyzed 
per mouse. 
 



 62 

UPS, and would be predicted to lead to cellular stress and apoptosis. We therefore 

assayed for apoptosis following UCHL1 deletion in ACTN4-associated FSGS. TUNEL 

staining of renal sections revealed increased TUNEL-positive tubular nuclei per section 

(183±41) in K256E-ACTN4pod+ / UCHL1+/+ mice (p<0.01 vs. nonTG / UCHL1+/+ 

mice). The increase was partly attenuated to 98±26 TUNEL-positive tubular nuclei per 

section in K256E-ACTN4pod+ / UCHL1-/- mice (p<0.05 vs. K256E-ACTN4pod+ / 

UCHL1+/+ mice). nonTG / UCHL1+/+ and nonTG / UCHL1-/- mice displayed <50 

TUNEL-positive tubular cells per section (Figure 7a and b). Similarly, TUNEL staining 

revealed a 24±6% induction in TUNEL-positive nuclei per glomerular section in K256E- 

ACTN4pod+ / UCHL1+/+ mice (p<0.01 vs. nonTG / UCHL1+/+ mice). The increase in 

TUNEL-positive nuclei per glomerular section was blunted to 8±1% in K256E-

ACTN4pod+ / UCHL1-/- mice (p<0.01 vs. K256E-ACTN4pod+ / UCHL1+/+ mice). Both  

Figure 8. WT1-positive nuclei are unchanged in all mice groups. (a) Glomerular 
sections of 10-week-old mice representative of each mouse group, depicting 
immunoreactive WT1-positive nuclei. Magnification, 200x. (b) Graph representing the 
number of WT1-positive nuclei per glomerular section, which was not significantly 
different between mouse groups. n=3 per group and a minimum of 20 glomeruli were 
analyzed per mouse. 
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nonTG / UCHL1+/+ and nonTG / UCHL1-/- mice displayed <8% of TUNEL-positive 

glomerular cells per glomerular section (Figure 7c and d). Interestingly, K256E-

ACTN4pod+ / UCHL1+/+ mice showed no differences in WT1-positive nuclei per 

glomerulus in comparison to nonTG / UCHL1+/+ mice controls. In fact, no significant 

differences were observed for all four mice groups, suggesting that the glomerular 

apoptosis in K256E-ACTN4pod+ / UCHL1+/+ mice is not podocyte-specific (Figure 8).  
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4. DISCUSSION 

 

In our mouse model of ACTN4-associated FSGS, UCHL1 expression was increased in 

podocytes. UCHL1 deletion ameliorated the renal phenotype, indicating that its activity 

may play a detrimental role in the etiology of this FSGS model.  

 

The K256E mutation imposes a conformational change on the α-actinin-4 molecule 

leading to cytotoxic α-actinin-4/actin aggregate formation. Nonetheless, K256E-α-

actinin-4 is a rapidly degraded cytoskeletal protein with a half-life of 15 hours, as 

compared to wt-α-actinin-4, which has a half-life >30 hours [5, 8-10]. In ACTN4-

associated FSGS, UCHL1 induction may serve to fuel the UPS to help eliminate K256E-

α-actinin-4. In contrast to findings in other glomerular disease models that show an 

inverse correlation between UCHL1 expression and proteasome activity, our findings 

suggest that UCHL1 expression positively correlates with proteasome activity as K256E-

α-actinin-4 levels were significantly lower in podocytes of K256E-ACTN4pod+ / 

UCHL1+/+ mice as compared to K256E-ACTN4pod+ / UCHL1-/- mice. Interestingly, UPS 

impairment in podocytes of UCHL1 knockout mice resembles the phenotype observed in 

gad mice, where UPS impairment and protein inclusions have been described [19, 25].  

In light of our findings we postulate the following: In the absence of UCHL1, monomeric 

Ub levels are significantly reduced thereby diminishing K256E-α-actinin-4 poly-

ubiquitination and degradation via the UPS. Over time however, the K256E-α-actinin-4 

protein will form aggregates despite the absence of UCHL1. Without sufficient 

monomeric Ub to fuel UPS-mediated K256E-α-actinin-4 degradation, this mutant protein 
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will form aggregates that choke the proteasome in podocytes of K256E-ACTN4pod+ / 

UCHL1-/- mice. Our in vitro results are consistent with this hypothesis in that mutant α-

actinin-4 continues to associate with large cytoskeletal fragments (i.e., TI fraction) 

regardless of UCHL1 expression in conditionally immortalized human podocytes. In 

contrast, if UCHL1 upregulation promotes proteolysis in K256E-ACTN4pod+ / UCHL1+/+ 

mice, K256E-α-actinin-4 aggregates can be degraded via the UPS. While K256E-α-

actinin-4 degradation should be beneficial in relieving podocyte cytotoxicity, the 

histopathological and albuminuria data does not correspond to an ameliorated phenotype 

in K256E-ACTN4pod+ / UCHL1+/+ mice. In fact, since K256E-α-actinin-4 can 

heterodimerize with wild type α-actinin-4 (in addition to homodimerizing to itself) both 

K256E- and wt-α-actinin-4 can be degraded by the proteasome in heterodimeric form 

[10]. As a result, the cytoskeleton of podocytes from K256E-ACTN4pod+ / UCHL1+/+ 

mice would resemble that of an α-actinin-4 deficient podocyte [6, 10]. In fact, α-actinin-4 

knockout mice develop podocyte FP effacement, proteinuria and glomerular disease, 

similar to K256E-ACTN4pod+ / UCHL1+/+ mice [6]. Conversely, UPS impairment in 

K256E-ACTN4pod+ / UCHL1-/- mice would preserve mutant and wt-α-actinin-4 

expression, thereby partially stabilizing the cytoskeleton. This might explain why 

albuminuria in K256E-ACTN4pod+ / UCHL1-/- mice is initially elevated at 4 weeks of 

age, but was significantly decreased by 10 weeks of age. Furthermore, K256E-ACTN4pod+ 

/ UCHL1-/- mice may not develop the same degree of filtration barrier injury as K256E-

ACTN4pod+ / UCHL1+/+ mice, limiting FP fusion and the development of FSGS lesions.   
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Interestingly, conditionally immortalized human podocytes overexpressing K256E-α-

actinin-4 do not exhibit significant differences in UCHL1 protein levels as compared to 

WT-α-actinin-4 and GFP overexpressing podocyte controls. In fact, since Meyer-

Schwesinger et al (2009) showed that UCHL1 expression inversely correlates with the 

differentiation status of conditionally immortalized human podocytes, we compared 

UCHL1 protein levels in undifferentiated and differentiated human podocyte cell line 

[13]. We found no differences in UCHL1 expression, regardless of podocyte 

differentiation status (verified by immunoblotting with anti-synaptopodin) (data not 

shown), suggesting that UCHL1 levels are consistently elevated in our conditionally 

immortalized human podocyte cell line. We reproduced these experiments in 

conditionally immortalized mouse podocytes and observed similar findings (data not 

shown). Therefore, the presence of K256E-α-actinin-4 in our human podocytes may not 

have been sufficient to further upregulate UCHL1 levels, given that UCHL1 levels were 

initially elevated. Conversely, the presence of K256E-α-actinin-4 in K256E-ACTN4pod+ / 

UCHL1+/+ mice lead to UCHL1 upregulation, suggesting that podocytes lose some of 

the characteristics they exhibit in vivo [26, 27]. We therefore undertook UCHL1 

silencing-based approaches in podocytes overexpressing K256E-α-actinin-4 to better 

model our findings in vivo. In addition, we overexpressed K256E-α-actinin-4 in COS7 

cells and observed UCHL1 upregulation confirming that K256E-α-actinin-4 can lead to 

UCHL1 upregulation in other cell types in vitro. 

 

The blood pressure elevation (~10 mmHg) in K256E-ACTN4pod+ / UCHL1+/+ mice 

corresponds to previous findings by Michaud et al (2006) and on initial analysis, may be 
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a result secondary to compromised filtration barrier integrity along with downstream 

tubular damage, leading to activation of the renin-angiotensin-aldosterone system 

(RAAS). However, non-albuminuric mice also show blood pressure elevations without 

the histopathological features of FSGS thereby refuting this hypothesis [12]. 

Furthermore, increased aldosterone production may lead to edema which would likely 

result in blood pressure elevations. However, no significant body weight changes were 

observed for all four mice groups, suggesting that K256E-ACTN4pod+ / UCHL1+/+ mice 

are not edemic (data not shown). As such, we cannot conclusively determine a role for 

the RAAS in the context of blood pressure elevation in K256E-ACTN4pod+ / UCHL1+/+ 

mice. The blood pressure normalization in K256E-ACTN4pod+ / UCHL1-/- mice may in 

fact be regulated through other mechanisms related specifically to the nature of the 

UCHL1 null phenotype. 

 

While UCHL1 has a long half-life (48h) and its expression is largely regulated by 

macroautophagy [28], it can also be degraded by the UPS [29]. Our findings suggest that 

UCHL1 may be induced through other regulators, such as NFκB, which may be increased 

in this diseased setting [30]. Moreover, we cannot rule out the possibility that reduced 

promoter methylation, which normally silences UCHL1 expression in non-neuronal 

tissues, underlies the FSGS-associated induction [31]. While the specific triggers that 

lead to increased UCHL1 expression and its precise enzymatic function(s) remain 

unclear, our data strongly support the notion that UCHL1 carries out a detrimental role in 

FSGS lesion development in ACTN4-associated FSGS, as supported by the ameliorated 

phenotype of K256E-ACTN4pod+ / UCHL1-/- mice. 
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In summary, UCHL1 is expressed in podocytes of K256E-ACTN4pod+ / UCHL1+/+ mice. 

UCHL1 deletion in ACTN4-associated FSGS reduced albuminuria, glomerulosclerosis, 

FP effacement, GBM thickening, glomerular and tubular cell apoptosis, and ameliorated 

the overall renal pathology. These observations coincide with decreased poly-

ubiquitinated protein levels and increased K256E-α-actinin-4 levels in K256E-ACTN4pod+ 

/ UCHL1-/- mice kidneys, suggesting impaired proteolysis of K256E-α-actinin-4. As a 

result, endogenous α-actinin-4 may be protected from degradation, preserving the 

podocyte’s architectural integrity and improving glomerular function. 
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CHAPTER 2 
 

Hyperfiltration in Ubiquitin C-Terminal Hydrolase L1-Deleted Mice  
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General Description 
 

UCHL1 is one of the most abundant proteins expressed in neurons where it plays a role in 

Ub maintenance and axonal transport. The kidney relies on rich innervation by 

sympathetic nerves wherein neurostimulation promotes renin release, sodium 

reabsorption and importantly, maintenance of renal artery and arteriole tone. While it 

appears that UCHL1 is abundantly expressed in the human kidney (after brain and testes), 

the role of UCHL1 in the renal nerves and how it may impact renal function is not 

known. Mice lacking Uchl1 demonstrate significant neurodegeneration of axonal 

processes, accompanied by progressive sensory and motor ataxia. These also display 

significant neurodegeneration of the dorsal root ganglion of the gracile tract where renal 

afferent nerves traverse. Furthermore, it is not known whether renal efferent nerves 

become impacted by neurodegeneration as the disorder progresses to motor ataxia. Since 

renal sympathetic input is an important regulator of renal and glomerular hemodynamics, 

we sought to investigate whether neuronal UCHL1 is required for these processes. We 

hypothesized that neurodegeneration in mice lacking Uchl1 leads to dysregulated renal 

sympathetic tone, resulting in loss of renal vascular tone and altered renal hemodynamics.  
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Abstract 

 

Neuronal ubiquitin C-terminal hydrolase L1 (UCHL1) is a deubiquitinating enzyme that 

maintains intracellular ubiquitin pools and promotes axonal transport. Uchl1 deletion in 

mice leads to progressive axonal degeneration, affecting the dorsal root ganglion that 

harbours axons emanating to the kidney. Innervation is a crucial regulator of renal 

hemodynamics, though the contribution of neuronal UCHL1 to this is unclear. 

Immunofluorescence revealed significant neuronal UCHL1 expression in mouse kidney, 

including the axons surrounding the juxtaglomerular region. Glomerular filtration rate 

trended higher in 6-week-old Uchl1-/- mice, and by twelve weeks of age, these displayed 

significant glomerular hyperfiltration, coincident with the onset of neurodegeneration. 

Angiotensin converting enzyme inhibition had no effect on glomerular filtration rate of 

Uchl1-/- mice indicating that the renin angiotensin system does not contribute to the 

observed hyperfiltration. DCE-MRI revealed increased cortical renal blood flow in 

Uchl1-/- mice, suggesting that hyperfiltration results from afferent arteriole dilation. 

Nonetheless, hyperglycemia, cyclooxygenase-2 and nitric oxide synthases were ruled out 

as sources of hyperfiltration in Uchl1-/- mice as glomerular filtration rate remained 

unchanged following insulin treatment, and cyclooxygenase-2 and nitric oxide synthase 

inhibition. Finally, renal nerve dysfunction in Uchl1-/- mice is suggested as renal nerve 

arborization was increased and urinary norepinephrine was decreased. Moreover, 

vascular constriction in isolated mesenteric arteries was impaired following adrenergic 

stimulation. Altogether Uchl1-deleted mice demonstrate glomerular hyperfiltration 
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associated with renal neuronal dysfunction, suggesting that neuronal UCHL1 plays a 

crucial role in regulating renal hemodynamics.   
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Introduction 

 

Ubiquitin C-terminal hydrolase L1 (UCHL1) is a deubiquitinating enzyme that salvages 

ubiquitin from substrates and preserves intracellular ubiquitin pools. UCHL1 is largely 

expressed in neurons and is most abundant in the brain where it comprises 1-5% of total 

soluble protein.1 Studies in the gracile axonal dystrophy (gad) mouse, a mouse model that 

stems from a spontaneous deletion in exons 7-8 of the Uchl1 gene, yielding no functional 

UCHL1 protein, have provided insight into the role of UCHL1 in neurons. Mice lacking 

Uchl1 display significantly reduced ubiquitin levels in the cerebellum among other 

regions.2 Phenotypically, gad mice develop sensory and motor ataxia by 12 and 16 weeks 

of age, respectively, where motor paresis affects gait between 6-12 weeks of age.3 Further 

analysis of the gad mouse revealed degeneration of presynaptic terminals at the 

neuromuscular junction, accumulation of ubiquitinated protein aggregates, absence of 

synaptic vesicles and presence of aggresomes and tubulovesicular structures in 

neurons.4,5 Moreover, inclusion body formation is evident in the axons of the dorsal root 

ganglion that pass through the gracile tract.6,7 Together these observations delineate a 

critical role for UCHL1 in maintaining axonal transport and neuronal function. 

 

The dorsal root ganglion of the gracile tract (T7-L2) harbours renal afferent nerves and 

since loss of Uchl1 is associated with axonal degeneration in this region, there is a likely 

requirement for UCHL1 in renal innervation.6,8 Moreover, as motor ataxia develops and 

hind limb paralysis progresses in Uchl1-deleted mice, efferent nerves branching to the 

kidney may also become affected. While Uchl1 loss is largely known to impact skeletal 
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muscle, recent findings suggest that dysregulated innervation impairs visceral organ 

function, and the kidney may be no exception.9,10 

 

Innervation plays a crucial role in renal hemodynamics and function. Renal afferent 

nerves innervate the proximal ureter, renal pelvis and major renal vessels, where they 

mediate chemoreceptor and baroreceptor activation.11,12 In contrast, renal efferent nerves 

innervate the juxtaglomerular cells, tubules and renal vasculature. Through adrenergic 

receptor stimulation, sympathetic activation promotes renin secretion and water and 

sodium reabsorption.13 Renal sympathetic activity also promotes vasoconstriction of renal 

vessels, including the afferent and efferent arterioles (where innervation at the afferent 

arteriole is predominant), thereby reducing renal blood flow (RBF). The effects on 

glomerular filtration rate (GFR) are modest in this setting due to compensation by 

angiotensin II (Ang II) at the efferent arteriole. In fact, blocking renin secretion from 

juxtaglomerular cells with the β-adrenergic receptor antagonist propanolol or blocking 

the angiotensin converting enzyme 1 (ACE1) with captopril significantly reduced GFR 

following renal nerve stimulation.14,15 Conversely, while a number of studies 

demonstrated that renal denervation had no effect on RBF, there is also strong evidence 

to suggest that renal denervation impacts renal hemodynamics. Renal nerve ablation in 

rats increased cortical RBF in an acute manner.16 Accordingly, Yoshimoto et al showed 

that RBF was unchanged in resting denervated rats, however, RBF increased during daily 

activities such as grooming and feeding.16 Together these findings attest to the crucial 

role of renal nerves in regulating renal hemodynamics and function. 
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The role of neuronal UCHL1 in renal hemodynamics and function remains to be 

determined. Among the first reports describing UCHL1 expression in the kidney, Shirato 

et al demonstrated UCHL1 expression in the axons located at the vascular pole of the rat 

glomerulus. Additionally, Bradbury et al described significant UCHL1 protein levels in 

human renal homogenates and we speculate that these are largely attributed to UCHL1 

expression in renal neurons.17 To our knowledge, the role of neuronal UCHL1 has not 

been specifically investigated in the kidney where we postulate that it is required for renal 

neuronal function.18 In the present study, we characterized UCHL1 in the renal 

neurovasculature and hypothesized that loss of neuronal Uchl1 in mice impacts renal 

hemodynamics and homeostasis.  
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Results 

 

Neuronal UCHL1 Expression in the Mouse Kidney 

UCHL1 expression was characterized in renal nerves. Significant UCHL1-positive 

immunostaining was determined in the renal nerves of wild type mice, including the fine 

axonal branches in the renal cortex. Neuronal UCHL1 was abundant around the major 

blood vessels that supply the glomeruli and was mapped to the juxtaglomerular region 

(Figure 1). 

 

Uchl1-Deleted Mice Hyperfilter 

Renal histology in 12-week-old Uchl1-/- mice was similar to wild type littermates, 

however a hyperplastic abnormality was observed in the juxtaglomerular region (Figure 

2a). Next, we postulated that loss of Uchl1 in the renal neurovasculature would lead to 

changes in renal hemodynamics. Systolic blood pressure (SBP) trended lower in Uchl1-/- 

mice at 6 weeks (109±2mmHg vs. 117±2mmHg for wild type), 9 weeks (109±3mmHg 

vs. 113±2mmHg for wild type) and 12 weeks of age (106±4mmHg vs. 113±2mmHg for 

wild type) (Figure 2b). Similarly, at 20 weeks of age and well after the onset of motor 

ataxia, mesenteric arteries isolated from Uchl1-/- mice showed decreased sensitivity to 

phenylephrine (Phe)-induced vasoconstriction compared to wild type mice (Figure 2c). 

Accordingly, Phe had reduced potency (p<0.01) on Uchl1-/- arteries (Figure 2d), as they 

required a greater dose to achieve EC50 (6.2±0.1 vs. 6.6±0.1 for wild type; -logEC50). 

FITC-inulin clearance trended higher in 6-week-old Uchl1-/- mice (329±34µl/min vs. 

233±19µl/min for wild type), but was significantly elevated (p<0.01) by 12 weeks of age  
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Figure 1. UCHL1 is abundantly expressed in mouse renal nerves. 
Immunofluorescence microscopy revealed UCHL1-positive nerves surrounding the 
vasculature branching towards the glomeruli of wild type mice (A-C, D). D. Inset 
from (C) depicts significant UCHL1 immunopositive nerves branching toward and 
partially surrounding the glomerulus. Magnification, 200X. E. Larger renal vessels 
from wild type mice also depicted significant neural UCHL1 expression. 
Magnification, 100X. F. UCHL1 immunopositivity was absent in renal sections from 
Uchl1-/- mice. Magnification, 200X. n=5-6. UCHL1: red, CD31: green and 
synaptopodin: blue.  
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Figure 2. Uchl1-/- mice demonstrate loss of vascular resistance combined with 
glomerular hyperfiltration. A. Renal architecture was relatively intact in Uchl1-
deleted mice, although an abnormal cellularity was observed in the juxtaglomerular 
region (arrowhead; n=5). Scale bar = 20µm. B. Blood pressure trended lower in 
Uchl1-/- mice at 6, 9 and 12 weeks of age (n=10 per group). C. Myography 
experiments revealed a delay in phenylephrine-induced constriction in mesenteric 
arteries of 20-week-old Uchl1-/- mice (n=3). D. -Log EC50 graph depicts decreased 
phenylephrine potency in Uchl1-deleted mesenteric arteries (**p<0.01; n=3). 
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(418±37µl/min vs. 249±19µl/min for wild type), coinciding with the onset of 

neurodegeneration (Figure 2e). By 12 weeks of age, Uchl1-/- mice demonstrated 

glomerular hyperfiltration (by definition: a GFR greater than twice the standard deviation 

above the mean of wild type control mice).19 Consistent with the GFR findings, renal 

cortical Na-K-Cl cotransporter 2 (NKCC2) protein levels were elevated in Uchl1-/- mice 

by 1.9-fold (p<0.05) (Figures 2f-g). Despite the onset of hyperfiltration in Uchl1-/- mice, 

albumin/creatinine ratios were not elevated above those of wild type mice. Kidney weight 

trended lower in Uchl1-/- mice. To this end, glomerular and Bowman's capsule areas 

were quantified and were also reduced in Uchl1-/- mice. Finally, we determined that an 

increase in glomerular number per area does not underlie the absolute increase in GFR in 

Uchl1-/- mice (Table 1). 

 

The Renin Angiotensin System and Hyperfiltration in Uchl1-/- Mice 

Next, we postulated that progressive neurodegeneration and decreased vascular resistance 

in Uchl1-/- mice may lead to renin angiotensin system (RAS) activation, which would 

indirectly promote glomerular hyperfiltration by increasing efferent arteriole resistance. 

Indeed, components of the RAS were altered in Uchl1-/- mice. ACE1 (p<0.01) and the 

angiotensin type 2 receptor (AT2R; p<0.001) mRNA levels were significantly elevated, 

both by 3.1-fold, while the angiotensin type 1 receptor (AT1R) and mas receptor (MasR)   

E. Glomerular filtration rate determined by FITC-inulin clearance was significantly 
elevated (**p<0.01) in 12-week-old Uchl1-/- mice (n=9) compared to wild type mice 
(n=11). F. Renal cortical NKCC2 protein levels were increased in Uchl1-/- mice (n=7-
8). G. Densitometry graph confirming elevated NKCC2 protein levels in renal cortical 
lysates from Uchl1-/- mice (*p<0.05; n=7-8). 
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Table 1. Renal physiological parameters of 12-week-old wild type and Uchl1-/- mice. 
 wild type Uchl1-/- 

Albumin/Creatinine 
Ratios (µg/mg)  

23.8 ± 2.7 (n=12) 34.7 ± 6.3 (n=16) 

Body Weight (g) 25.0 ± 0.6 (n=12) 21.9* ± 1.0 (n=9) 

Kidney Weight/Tibia 
Length (mg/mm) 

16.3 ± 1.1 (n=7) 14.8 ± 1.2 (n=8) 

Glomerular Tuft Area 
(a.u.) 

36147 ± 2002 (n=10) 30907* ± 1700 (n=10) 

Bowman’s Capsule 
Area (a.u.) 

46674 ± 2653 (n=10) 41968 ± 1997 (n=10) 

Total Glomeruli/ 
Cortical Area (#/mm2) 

11.3 ± 0.5 (n=3) 12.4 ± 0.3 (n=3) 

Data are represented as mean ± SE, *p<0.05 versus wild type mice (using an unpaired T-
test) 
 
 
mRNA were both attenuated by 2.1-fold (p<0.05) and 3.7-fold (p<0.05), respectively 

(Figure 3a). Western immunoblotting confirmed increased prorenin and renin in renal 

cortical lysates from Uchl1-/- mice (Figure 3b). Immunohistochemistry with a renin 

antibody however did not reveal any obvious differences in the renin-positive 

juxtaglomerular region (Figure 3c). ACE1 protein levels were also increased in renal 

cortical lysates from a proportion of Uchl1-/- mice (Figure 3d). To further delineate the 

contribution of the RAS to hyperfiltration, Uchl1-/- mice were administered lisinopril for 

14 days (Table 2). While SBP was modestly reduced in lisinopril-treated wild type mice 

(108±2mmHg vs. 117±3mmHg for wild type + vehicle), no changes were observed in 

lisinopril-treated Uchl1-/- mice (102±3mmHg vs. 104±1mmHg for Uchl1-/- + vehicle) 

(Figure 3e). FITC-inulin clearance was similarly unchanged in lisinopril-treated Uchl1-/- 
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Figure 3. The RAS is not a means of glomerular hyperfiltration in Uchl1-/- mice. 
A. qPCR of various RAS components depicted significantly increased ACE1 
(**p<0.01) and AT2R (**p<0.001) and significantly decreased AT1R (*p<0.05) and 
MasR (*p<0.05) mRNA (n=5-10). AGT: angiotensinogen. B. Prorenin (~46kDa) and 
renin (~37kDa) protein levels were elevated in renal cortical lysates from Uchl1-/- 
mice (n=4). C. Immunohistochemistry using anti-renin revealed no differences in 
renin-expressing juxtaglomerular cells from Uchl1-/- mice (n=6). Scale bar = 20µm. 
D. Renal cortical ACE1 protein levels (n=5) were increased in a proportion of Uchl1-
/- mice. E. Lisinopril treatment slightly reduced systolic blood pressure in wild type 
mice but not in Uchl1-/- mice. Blood pressure in vehicle-treated Uchl1-/- mice was 
reduced compared to vehicle-treated wild type mice (**p<0.01) (n=5-6 per group).  
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Table 2. Daily and endpoint parameters of lisinopril-treated wild type and Uchl1-/- 
mice. 

 vehicle lisinopril 

 wild type 
(n=5) 

Uchl1-/-  
(n=5) 

wild type 
(n=5) 

Uchl1-/-  
(n=5) 

Water intake  
(ml) 

4.6 ± 0.3 4.2 ± 0.37 4.1 ± 0.3 4.1 ± 0.2 

Dosage  
(mg/kg/day) 

12.5 ± 1.89 12.4 ± 1.15 11.0 ± 0.36 12.8 ± 1.12 

Delta body  
weight (g) 

-0.7 ± 0.5 0.4 ± 0.3 -0.5 ± 0.3 -0.3 ± 0.2 

Data are represented as mean ± SE 
 
 
mice (425±24µl/min vs. 476±35µl/min for Uchl1-/- + vehicle) despite a modest reduction 

in lisinopril-treated wild type mice (192±19µl/min vs. 238±5µl/min for wild type + 

vehicle) (Figure 3f). Thus, changes in the RAS do not account for hyperfiltration in 

Uchl1-/- mice. 

 

Finally, research by Chu et al suggests that Uchl1 loss combined with proteolytic stress 

leads to degradation of vesicle-associated membrane protein 2 (VAMP2) in pancreatic β-

cells. Since VAMP2 is required for renin secretion from juxtaglomerular cells, we 

investigated whether renin release was impaired in Uchl1-/- mice.9,20 At baseline, plasma 

renin concentration was lower in Uchl1-/- mice (6397±1155pg/ml vs. 8782±997pg/ml for  

F. Glomerular filtration rate estimated by FITC-inulin clearance was unaltered in 
Uchl1-/- mice treated with lisinopril (n=5-6 per group). G. Plasma renin concentration 
trended lower in Uchl1-/- mice but was significantly increased (**p<0.01; comparable 
to wild type + low salt diet) when these were subjected to a low salt diet (n=3-8). 
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wild type). However, challenge with a sodium-deficient diet produced similar renin levels 

in Uchl1-/- mice (14631±2328pg/ml) as wild type mice (16328±2642pg/ml) (Figure 3g). 

 

Increased RBF and Tubular Flow in Uchl1-/- Mice 

Glomerular hyperfiltration is associated with either an increase or a decrease in RBF, 

depending on whether the afferent or efferent arteriole is dilated or constricted, 

respectively.21 By DCE-MRI, RBF was estimated. Cortical RBF was higher in Uchl1-/- 

mice (578±137ml/100ml/min vs. 321±71ml/100ml/min for wild type) and blood volume 

was increased (p<0.05; 27.7±1.2ml/100ml for Uchl1-/- vs. 23.0±1.5ml/100ml for wild 

type) (Figure 4a-b). Conversely, blood mean transit time trended lower in the renal cortex 

of Uchl1-/- mice (3.8±1.0sec vs. 5.0±1.2sec for wild type) (Figure 4c). Medullary RBF, 

blood volume and blood mean transit time were comparable between groups. Consistent 

with the GFR findings, medullary tubular flow was increased (p<0.05) in Uchl1-/- mice 

(35.5±5.7ml/100ml/min vs.14.8±3.3 ml/100ml/min for wild type) while tubular mean 

transit time was decreased (p<0.05; 0.3±0.1min for Uchl1-/- vs. 2.4±0.7min for wild 

type) (Figure 4d-e). The extraction fraction was elevated to 16.9±3.4% in Uchl1-/- mice 

(vs. 8.4±2.4% for wild type) (Figure 4f). Finally, the global cortical signal intensity 

trended higher while the medullary signal intensity decreased more rapidly over time in 

Uchl1-/- mice (Figure 4g-i). These data suggest elevated RBF in Uchl1-/- mice, 

consistent with afferent arteriole dysfunction.  
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Figure 4. Contrast-enhanced magnetic resonance imaging reveals elevated renal 
cortical perfusion and increased gadolinium clearance in Uchl1-/- mice.  
A. Cortical renal blood flow trended higher in Uchl1-/- mice. B. Blood volume was 
significantly elevated in the renal cortex of Uchl1-/- mice (*p<0.05). C. Blood mean 
transit time trended lower in the renal cortex of Uchl1-/- mice. D. Tubular flow rate 
was significantly increased in the medulla of Uchl1-/- mice (*p<0.05). E. Tubular 
mean transit time was significantly decreased in Uchl1-/- mice (*p<0.05). F. The 
medullary extraction fraction trended higher in Uchl1-/- mice. G. Representative 
images at baseline (0’), 3 mins (3’) and 6 mins (6’) post-gadolinium injection 
depicting gadolinium signal distribution in wild type and Uchl1-/- mice. H. Signal 
intensity curve depicting cortical gadolinium signal intensity trending higher in Uchl1-
/- mice over time. I. Signal intensity curve depicting reduced medullary gadolinium 
signal intensity over time in Uchl1-/- mice. n=5-6 per group. 
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Impaired Glucose Tolerance and Hyperfiltration in Uchl1-/- Mice 

Uchl1-deleted mice subjected to a high fat diet display impaired glucose tolerance 

consequent to impaired insulin release from pancreatic β-cells.9 Interestingly, studies in 

the general population show that impaired glucose tolerance is positively correlated to 

increased GFR.22 Although resting blood glucose levels were normal, we confirmed that 

glucose tolerance was slightly impaired in male Uchl1-/- mice (Figure 5a) and this was 

associated with higher HbA1c levels (p<0.05; 4.3±0.2% for Uchl1-/- vs. 3.7±0.1% for 

wild type) (Figure 5b). Renal cortical sodium/glucose cotransporter 2 (SGLT2) protein 

levels were not different between groups (Figure 5c) suggesting intact glucose handling 

in the proximal tubule. A sub-diabetic dose of insulin was administered to Uchl1-/- mice 

for 14 days to determine if intermittently elevated glucose levels promote hyperfiltration. 

Insulin treatment significantly improved glucose tolerance (p<0.001 at 30mins) compared 

to vehicle-treated Uchl1-/- mice and as determined by computing the area under the curve 

(p<0.05) (Figures 5d-e). However, FITC-inulin clearance was unchanged in insulin-

treated Uchl1-/- mice (494±28µl/min vs. 419±40µl/min for Uchl1-/- + vehicle) (Figure 

5f), indicating that impaired glucose tolerance may not account for hyperfiltration. 

	

COX-2 and Hyperfiltration in Uchl1-/- Mice 

Cyclooxygenase-2 (COX-2) through downstream prostaglandins, notably prostaglandin 

E2 (PGE2), is a potential means of hyperfiltration as it promotes afferent arteriole 

dilation.21 COX-2 mRNA levels were significantly induced by 2.9-fold (p<0.001) in renal 

cortical lysates but trended lower by 2.7-fold in renal medullary lysates from Uchl1-/-  
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Figure 5. Impaired glucose tolerance is not linked to glomerular hyperfiltration 
in Uchl1-/- mice. A. Glucose tolerance trended higher in male Uchl1-/- mice (n=8).  
B. HbA1c levels were significantly elevated in blood samples from male Uchl1-/- 
mice (*p<0.05; n=5-6). C. Western blotting revealed no differences in renal cortical 
SGLT2 protein levels between groups (n=5). D. Low dose insulin treatment 
significantly improved glucose tolerance over time in Uchl1-/- mice as compared to 
vehicle-treated Uchl1-/- mice (**p<0.001 vs. wild type at 30 minutes; n=5). E. Graph 
depicting the area under the curve (AUC) from (D), which is significantly reduced in 
insulin-treated Uchl1-/- mice (*p<0.05; n=5). F. FITC-inulin clearance was unaltered 
in Uchl1-/- mice treated with insulin (n=5). 
	



 93 

mice (Figure 6a). While renal cortical COX-2 protein levels were unchanged, COX-2 was 

significantly reduced by 1.5-fold (p<0.05) in the renal medulla of Uchl1-/- mice (Figure 

6b-c). Since renal cortical COX-2-derived PGE2 contributes to GFR regulation and 

expression levels do not always correlate to activity, we tested whether COX-2 inhibition 

with NS-398 over 14 days could lower GFR in Uchl1-/- mice (Table 3). FITC-inulin 

clearance was not different in NS-398-treated Uchl1-/- mice (368±45µl/min vs. 

380±9µl/min for Uchl1-/- + vehicle). Similarly, no differences were observed in NS-398-

treated wild type mice (263±35µl/min vs. 252±8µl/min for wild type + vehicle) (Figure 

6d). COX-2 was therefore ruled out as a means of hyperfiltration in Uchl1-/- mice.  

  
vehicle NS-398

0

100

200

300

400

500

FI
TC

-In
ul

in
 C

le
ar

an
ce

(µ
l/m

in
)

wild type
Uchl1-/-

***

cortex medulla
0.0

0.5

1.0

1.5

R
el

at
iv

e 
C

O
X-

2
Pr

ot
ei

n 
Le

ve
ls

Uchl1-/-
wild type

*

cortex medulla
0

1

2

3

4

C
O

X-
2 

m
R

N
A

 L
ev

el
s

(R
el

at
iv

e 
C

ha
ng

e)

wild type
Uchl1-/-

***
A	

COX-2	
~75kDa	
β-actin	
~42kDa	

wild type	
Uchl1-/-	

wild type	
Uchl1-/-	

cortex	 medulla	

B	

C	 D	

Figure 6. COX-2 does not contribute to glomerular hyperfiltration in Uchl1-/- 
mice. A. COX-2 mRNA levels were significantly increased (***p<0.001) in renal 
cortical lysates from Uchl1-/- mice. COX-2 mRNA levels trended lower in the renal 
medulla of Uchl1-/- mice (n=5-9). B. Western immunoblotting revealed unchanged 
COX-2 protein levels in renal cortical lysates from Uchl1-/- mice. Medullary COX-2 
protein levels were attenuated in Uchl1-/- mice (n=8). C. Densitometry confirmed 
unchanged cortical COX-2 and significantly reduced (*p<0.05) medullary COX-2 
protein levels in Uchl1-/- mice (n=8). D. FITC-inulin clearance was not different in 
wild type or in Uchl1-/- mice treated with NS-398, compared to their respective 
controls (n=3-4). 
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Table 3. Daily and endpoint parameters of NS-398-treated wild type and Uchl1-/- 
mice. 

 vehicle NS-398 

 wild type 
(n=4) 

Uchl1-/-  
(n=3) 

wild type 
(n=4) 

Uchl1-/-  
(n=4) 

Water intake  
(ml) 

4.4 ± 0.3 4.5 ± 0.3 4.5 ± 0.2 4.2 ± 0.1 

Dosage  
(mg/kg/day) 

6.0 ± 0.6 5.8 ± 0.7 5.5 ± 0.7 5.1 ± 0.3 

Delta body  
weight (g) 

0.5 ± 0.4 0.8 ± 0.7 0.7 ± 0.4 0.4 ± 0.3 

Data are represented as mean ± SE 
 

Nitric Oxide Synthases and Hyperfiltration in Uchl1-/- Mice 

As previously mentioned, a hypercellularity was observed in the juxtaglomerular region 

of Uchl1-/- mice. We investigated the contribution of macula densa cells to this effect. 

Immunohistochemistry confirmed an increase in nitric oxide synthase (nNOS)-positive 

nuclei (5.5±0.3 vs. 5.1±0.1 for wild type) and area (103±4µm2 vs. 90±3µm2 for wild type) 

in a proportion of Uchl1-/- mice (Figures 7a-c). Renal cortical nNOS protein levels were 

increased by 1.5-fold (p<0.05) in Uchl1-/- mice (Figure 7d-e), whereas endothelial NOS 

(eNOS) protein levels were unchanged (Figure 7f). No differences were observed in 

nNOS, eNOS or inducible NOS (iNOS) mRNA (Figure 7g). Next, to investigate the 

contribution of nNOS-derived NO to hyperfiltration, Uchl1-/- mice were administered L-

NAME for 14 days (Table 4). SBP was increased to 131±5mmHg (p<0.01) in L-NAME-

treated wild type mice (vs. 113±3mmHg for wild type + vehicle), while it trended higher 

in L-NAME-treated Uchl1-/- mice (124±3mmHg vs. 112±2mmHg for Uchl1-/- + 

vehicle) (Figure 7h). Nonetheless, GFR was not different in L-NAME-treated Uchl1-/-   
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Figure 7. NOS is not a source of glomerular hyperfiltration in Uchl1-/- mice.  
A. Immunohistochemistry revealed an increased nNOS-positive area in the macula 
densa of Uchl1-/- mice (n=8-9). Scale bar = 20µm. B. Graph depicting increased 
nNOS-positive nuclei in a proportion of Uchl1-/- mice (n=8-9). C. Graph depicting 
increased nNOS-positive area in a proportion of Uchl1-/- mice (n=5-6). D. Western 
immunoblotting revealed elevated nNOS protein levels in renal cortical lysates from 
Uchl1-/- mice (n=4-5). E. Densitometry graph showing significantly elevated renal 
cortical nNOS protein levels in Uchl1-/- mice (n=4-5; *p<0.05). F. Renal cortical 
eNOS protein levels were not different in Uchl1-/- mice (n=5). G. qPCR revealed no 	
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Table 4. Daily and endpoint parameters of L-NAME-treated wild type and Uchl1-/- 
mice. 

 vehicle L-NAME 

 wild type 
(n=8) 

Uchl1-/-  
(n=7) 

wild type 
(n=8) 

Uchl1-/-  
(n=9) 

Water intake  
(ml) 

4.5 ± 0.2 3.6 ± 0.1** 4.4 ± 0.2 3.8 ± 0.1 

Dosage  
(mg/kg/day) 

111.4 ± 6.4 84.3 ± 4.2** 99.1 ± 4.1 87.1 ± 4.6 

Delta body  
weight (g) 

-0.9 ± 0.4 0.1 ± 0.7 -0.4 ± 0.4 0.1 ± 0.8 

Data are represented as mean ± SE, **p<0.01 vs. wild type + vehicle (using a 2-way 
ANOVA) 
 

 

mice (313±17µl/min vs. 388±29µl/min for Uchl1-/- + vehicle) or L-NAME-treated wild 

type mice (196±13µl/min vs. 198±14µl/min for wild type + vehicle). As such, NOS' were 

eliminated as a source of hyperfiltration in Uchl1-/- mice (Figure 7i). 

 

Neuronal Defects in Uchl1-Deleted Mice Kidneys  

Neural structural differences were determined in Uchl1-/- mice. Renal nerve arborization, 

depicted by the neuronal marker neurofilament-L, was evident in Uchl1-/- mice (Figure 

8a-d, Supplemental Figure 1). Analysis of axonal radii revealed a significantly increased 

differences in renal cortical nNOS, eNOS or iNOS mRNA levels (n=8). H. Systolic 
blood pressure was significantly elevated in L-NAME-treated wild type mice 
(**p<0.01), while it trended higher in L-NAME-treated Uchl1-/- mice, compared to 
their respective controls (n=4-5). I. FITC-inulin clearance was not significantly 
different in Uchl1-/- mice treated with L-NAME (n=3-5). 
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proportion of axons <1µm in Uchl1-/- mice (p<0.0001; 45.2±2.4% vs. 28.1±2.1% for 

wild type), combined with a decreased proportion of axons between 1-2µm (p<0.0001; 

50.1±2.7% vs. 64.2±2.2% for wild type) and a decreased proportion of axons >2µm 

(4.7±0.8% vs. 7.7±1.1% for wild type) (Figure 8e). Finally, urinary norepinephrine (NE) 

was significantly reduced (p<0.05) to 0.14±0.01ng�kgH2O/mosm�ml in Uchl1-/- mice 

(vs. 0.28±0.08ng�kgH2O/mosm�ml for wild type), urinary epinephrine trended lower in 

Uchl1-/- mice (0.04±0.01ng�kgH2O/mosm�ml vs. 0.09±0.03ng�kgH2O/mosm�ml for 

wild type) while urinary dopamine was unchanged (0.28±0.03ng�kgH2O/mosm�ml for 

Uchl1-/- vs. 0.29±0.04ng�kgH2O/mosm�ml for wild type) (Figure 8f). Altogether, these 

findings provide evidence of renal neuronal dysfunction in Uchl1-/- mice. 
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Figure 8. Evidence of renal neuronal dysfunction in Uchl1-/- mice.  
A-D. Immunofluorescence showing neurofilament-L-positive renal nerves emanating 
to glomerular bundles in wild type (A) and Uchl1-/- mice (B) (n=10). Axonal 
arborization was evident in Uchl1-/- mice (n=10). Magnification, 200X. C. Inset from 
(A) and D. inset from (B) showing increased arborization of axons emanating to the 
glomerulus of Uchl1-/- mice, as compared to wild type mice (n=10). Magnification, 
200X. Neurofilament-L: white and synaptopodin: blue. E. Quantification of renal 
axonal radii revealed an increased proportion of axons <1µm (****p<0.0001), a 
decreased proportion of axons between 1-2µm (****p<0.0001) and a slightly 
decreased proportion of axons >2µm in Uchl1-/- mice (n=10). F. Urinary 
catecholamines, specifically norepinephrine, were significantly reduced in Uchl1-/- 
mice (*p<0.05). Urinary epinephrine trended lower in Uchl1-/- mice, while urinary 
dopamine was unchanged between groups (n=6-8). Urine catecholamines were 
normalized to urine osmolality. 
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Supplemental Figure 1. Renal neural alterations in Uchl1-/- mice.  
A-D. Reconstructed immunofluorescence images showing neurofilament-L-positive 
renal nerves in wild type (A) and Uchl1-/- mice (B) (n=10). Magnification, 200X.  
C. Inset from (A) and D. inset from (B) depicting increased axonal arborization in 
Uchl1-/- mice, as compared to wild type mice (n=10). Dark red depicts the regions 
where the axonal diameter measures from 1µm while yellow depicts the regions where 
the axonal diameter corresponds to 4µm (arrows). Magnification, 200X.  
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Discussion  

 

Our findings show abundant UCHL1 expression in renal axons emanating to the 

glomeruli. 12-week-old Uchl1-/- mice exhibited glomerular hyperfiltration, coinciding 

with the onset of neurodegeneration. Despite renin and ACE1 induction, the RAS was 

eliminated as a source of hyperfiltration. By DCE-MRI, we determined increased cortical 

RBF in Uchl1-/- mice, suggesting that hyperfiltration stems from decreased resistance at 

the afferent arteriole. Nevertheless, hyperglycemia, COX-2 and NOS were eliminated as 

contributing sources of hyperfiltration. Finally, Uchl1-/- mice displayed increased renal 

axonal arborization, reduced urinary NE and delayed vascular reactivity to adrenergic 

stimulation. Our data therefore links renal nerve dysfunction to hemodynamic alterations 

in a mouse model of axonal degeneration where UCHL1 is absent.  

 

Here we identified Uchl1-/- mice as a novel model showing an absolute increase in GFR, 

likely stemming from reduced renal vascular resistance consequent to progressive loss of 

neuronal function. Prolonged hyperfiltration may be a precursor to chronic kidney 

disease, as persistently elevated intraglomerular pressures correlate with glomerular 

hypertrophy and damage.19 When Uchl1-/- mice were followed to 20 weeks of age, GFR 

was comparable to that of 12-week-old mice (Supplemental Figure 2a). Additionally, 

while albumin/creatinine ratios were unchanged in Uchl1-/- mice, focal areas of tubular 

injury and glomerular scarring were present in a proportion of mice suggesting that 

prolonged hyperfiltration may eventually promote glomerular damage in this model 
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(Supplemental Figure 2b-c). Uchl1-/- mice do not generally survive beyond 25 weeks of 

age limiting histopathological analyses at later time points. 

 

 
 

 

 

 

 

 

 

 

 

 

 

Mesenteric vessels from Uchl1-/- mice displayed reduced vascular reactivity, which may 

result from vessel desensitization to adrenergic stimulation following progressive loss of 

neuronal function. It seemed therefore likely that the RAS would be induced in this 

setting to counterbalance the loss of vascular resistance but this was not the case. 

Alternatively, we hypothesized that renin secretion may be blunted in Uchl1-/- mice 

Supplemental Figure 2. A proportion of Uchl1-/- mice demonstrate mild renal 
pathology at 20 weeks of age. A. Glomerular filtration rate estimated by FITC-inulin 
clearance was elevated in Uchl1-/- mice (**p<0.01). B. Albumin/creatinine ratios 
were unchanged in Uchl1-/- mice. C. PAS-stained renal sections depicting focal areas 
of tubular injury and glomerulosclerosis from a subset of Uchl1-/- mice. n=5-6.  
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based on the following findings. First, neural stimulation promotes renin secretion and 

loss of Uchl1 may impair this process.13 Second, studies of pancreatic β-cells suggest that 

VAMP2 is ubiquitinated and degraded in Uchl1-deficient mice subjected to a high fat 

diet. Since VAMP2 is also required for renin exocytosis from juxtaglomerular cells, renin 

secretion may be impaired in Uchl1-/- mice.14,24 The low salt diet study however refuted 

this hypothesis. We cannot rule out the possibility that renin secretion may become 

compromised should Uchl1-/- mice be exposed to conditions that yield high proteasomal 

activity (promoting VAMP2 degradation) in juxtaglomerular cells.	  

  

Presently we showed modest glucose tolerance impairment in male Uchl1-/- mice similar 

to the findings by Chu et al.14 HbA1c levels were higher in Uchl1-/- mice and while these 

are not hyperglycemic, chronic elevations in post-prandial glucose levels could have a 

negative impact on glomerular hemodynamics.22 The hemodynamic hypothesis stipulates 

that hyperglycemia increases the bioavailability of factors promoting either afferent 

arteriole dilation (i.e. COX-2, NO) or efferent arteriole constriction (i.e. Ang II, 

endothelin 1) but restoration of glucose homeostasis through insulin treatment did not 

impact GFR in Uchl1-/- mice. An important consideration in these experiments lies in 

that insulin has vasodilatory properties, which may have offset the effect of normalizing 

plasma glucose on GFR.23,24   

 

The hyperplastic macula densa observed in a proportion of Uchl1-/- mice may reflect a 

developmental defect. Although the role of UCHL1 in mouse renal development is 

unknown, there is evidence that UCHL1 is expressed in the developing rat kidney (where 
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its expression is later restricted to parietal epithelial cells in adult rats).18 Interestingly, in 

healthy human renal biopsies, UCHL1 expression is detectable in the macula densa; 

however, this was not observed in our wild type mice and may therefore represent a 

species difference.26,32 Nevertheless, renal cortical nNOS induction in Uchl1-/- mice may 

be a consequence of this hyperplastic region. 

 

Macula densa nNOS induction normally occurs under conditions of low salt delivery. 

nNOS-derived NO counterbalances tubuloglomerular feedback by dilating the afferent 

arteriole and restoring GFR. However, NKCC2 levels were elevated in Uchl1-/- mice 

suggesting active chloride reabsorption. On the other hand, since VAMP2 is also required 

for NKCC2 trafficking to the plasma membrane, plasma membrane NKCC2 expression 

may be limited.25 Conditions of sodium restriction are also associated with renal cortical 

COX-2 induction. Furthermore, considering that At2R mRNA levels were elevated in 

Uchl1-/- mice (suggesting At2R-predominant signaling), this hypothesis seemed likely. 

However, renal cortical COX-2 protein levels were unchanged and COX-2 inhibition had 

no impact on GFR in Uchl1-/- mice. In contrast, conditions of sodium restriction are also 

associated with reduced medullary COX-2 that in turn inhibits natriuresis. As such, in 

these mice, sodium reabsorption may be compensated downstream of the macula densa 

by the epithelial sodium channel (ENaC). To this end no changes were found in plasma 

sodium or fractional excretion of sodium in Uchl1-/- mice (Supplemental Figure 3a-c). 

The hypothesis of dampened plasma membrane NKCC2 activity is supported by macula 

densa nNOS induction, however the lack of COX-2 induction in the renal cortical 

compartment suggests otherwise. Moreover, no changes were observed in SGLT2 mRNA 



 104 

and protein levels, or in sodium/chloride cotransporter (NCC) and ENaC mRNA levels 

downstream of NKCC2 (though NKCC2 mRNA levels were elevated (p<0.05) in Uchl1-

/- mice) (Supplemental Figure 3d). As such, NKCC2 activity may be elevated in our 

model. NKCC2 induction may reflect a response to the elevations in tubular flow rate in 

Uchl1-/- mice or a product of macula densa cell hyperplasia. Finally, nNOS induction 

may result from decreased neurotransmission at the juxtaglomerular apparatus as nNOS 

promotes NE release at this neuroeffector junction in rats.26 

 

	  

Supplemental Figure 3. Fractional excretion of sodium is unchanged in Uchl1-/- 
mice. A. Plasma sodium was not significantly different between groups (n=14-19).  
B. Urinary sodium/creatinine ratios were significantly increased in Uchl1-/- mice 
(**p<0.01; n=10-16). C. Fractional excretion of sodium was unchanged in Uchl1-/- 
mice (n=11-14). D. qPCR results revealed significantly elevated NKCC2 mRNA 
levels (*p<0.05) in renal cortical lysates from Uchl1-/- mice. SGLT2, NCC and ENaC 
mRNA levels were unchanged between groups (n=4-8). 
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It remains to be determined if Uchl1-/- mice depict a phenotype similar to models of 

direct renal denervation. Nevertheless, we cannot exclude the possibility that loss of renal 

sympathetic tone (associated with progressive neurodegeneration) in Uchl1-/- mice 

promotes increased RBF and GFR. UCHL1 is abundantly expressed in axons throughout 

the kidney and given that loss of Uchl1 is associated with impaired signaling at various 

neuroeffector junctions (i.e. the neuromuscular junction), there is a strong likelihood that 

the kidney is not excluded from these effects. UCHL1 promotes axonal transport and loss 

of Uchl1 led to increased renal nerve arborization, which may reflect early compensation 

to decreased neurotransmission at presynaptic termini. Moreover, urinary NE was 

reduced, similar to findings in models of renal denervation. Reduced renal sympathetic 

tone may therefore account for hemodynamic changes in Uchl1-/- mice.  

 

Renal nerve dysregulation and hyperfiltration in Uchl1-/- mice may provide insight to the 

mechanism by which albuminuria and glomerular injury were ameliorated in K256E-

ACTN4pod+ mice lacking Uchl1. For instance, when denervated mice were subjected to 

lipopolysaccharides (LPS)-induced injury, GFR was preserved.27 Similarly, Uchl1 

deletion in K256E-ACTN4pod+ mice may preserve GFR, sparing the mice from further 

glomerular injury. Furthermore, albuminuria was comparably elevated in Uchl1-deleted 

K256E-ACTN4pod+ mice to K256E-ACTN4pod+ mice at 4 weeks of age but was 

significantly reduced by 10 weeks of age, coinciding with the onset of hyperfiltration and 

neurodegeneration in Uchl1-/- mice.28 
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While the specific mechanism underlying glomerular hyperfiltration in Uchl1-/- mice 

remains uncertain, we provide compelling evidence that this phenotype is associated with 

renal nerve dysfunction. This research yields insight as to a potential mechanism by 

which global Uchl1 deletion and potentially global UCHL1 inhibition ameliorates 

glomerular disease. Studies employing Uchl1 deletion or inhibition in glomerular disease 

models or other models will need to be informed by our findings that loss of Uchl1 alters 

renal vascular resistance and GFR.  
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Concise Methods 

 

Mice 

Mice were housed at the Animal Care and Veterinary Services facility at the University 

of Ottawa. Uchl1-/- mice and wild type littermates were generated by intercrossing 

Uchl1+/- mice.10,28 Mice were maintained on a mixed background (sv/129/FVB/N). At 

endpoint, mice were anesthetised with isofluorane and exsanguinated by cardiac puncture 

to collect blood and/or through perfusion with 20ml PBS through the left ventricle. All 

protocols and procedures were approved and carried out according to the Canadian 

Council on Animal Care guidelines. 

 

SBP and FITC-Inulin Clearance 

SBP was determined by tail cuff plethysmography (BP-2000 Visitech Systems, Apex, 

NC). Mice were trained 1 week prior to experimental measurements for a minimum of 3-

4 days. Weekly values were estimated by averaging data over 3-5 days. GFR was 

estimated by measuring FITC-inulin clearance as previously described.29 

 

Glucose Tolerance Test 

The glucose tolerance test was performed in 8-12 week old male mice. Following a 16-

hour fast, mice were injected with a 2g/kg b.w. D-Glucose/saline solution (i.p.). Blood 

glucose was determined by saphenous vein bleed at 15, 30, 60, 90 and 120 minutes.  
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Lisinopril, NS-398 and L-NAME Drinking Water Studies 

Lisinopril (66mg/L; Cayman Chemical, Ann Arbour, MI), NS-398 (0.03mg/ml; Cayman 

Chemical, Ann Arbour, MI), or Nω-Nitro-L-arginine methyl ester (L-NAME; 0.5mg/ml; 

Sigma Aldrich, St. Louis, MO), was administered in the drinking water of 9-11-week-old 

mice for 14 days. Doses were chosen based on previous research.30-32 Reported SBP 

values were determined in the second week of treatment. GFR was determined 12-14 

days following the initial dosage. 

 

Low Salt Diet Study 

Mice were administered a sodium-deficient diet (0.01-0.02%; Envigo, Indianapolis, IN) 

ad libitum for 7 days. Plasma renin concentration was determined with the Mouse 

Ren1/Renin-1 ELISA kit (Sigma-Aldrich, Oakville, ON). 	 

 

Insulin Mini Pumps Study 

A sub-diabetic dose of Humulin R (Eli Lilly, Indianapolis, IN) was administered to 9-11-

week-old male Uchl1-/- mice in Alzet mini osmotic pumps model 1002 (Durect, 

Cupertino, CA). Pumps were prefilled with Humulin R to 8.33U/ml or normal saline to 

achieve a daily dosage of 0.05U. The sub-diabetic dose of Humulin R was estimated 

based on previous work by reducing the optimal diabetic dose by five-fold.33 A glucose 

tolerance test and FITC-inulin clearance were performed 7-8 days and 12-14 days  

post-implantation, respectively. 
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Albumin/Creatinine Ratios and Urinary Catecholamines 

Spot urine was obtained from 12-week-old mice. Urine albumin was determined with the 

Mouse Albumin ELISA Kit (Bethyl Laboratories, Montgomery, TX) and urine creatinine 

was measured with the mouse Creatinine Companion kit (Exocell, Philadelphia, PA). 

Urinary catecholamines were determined with the 3 Catecholamines ELISA kit 

(ImmuSmol, Pessac, France) and the values were normalized to urine osmolality 

determined with a Micro-Osmometer Model 3MO Plus (Advanced Instruments Inc, 

Norwood, MA). 

 

Histology and Glomerular Analysis  

The glomerular tuft and Bowman's capsule areas were calculated with Alpha Innotech 

software (Alpha Innotech; San Leandro, CA) using PAS-stained sections. Glomerular 

numbers were determined by counting total cortical glomeruli per cortical area, using 

serial sections from both kidneys (60-63µm between levels). A total of 9 sections per 

kidney per mouse were analyzed. Sections were visualized with a ZEISS Axio Imager A1 

(ZEISS, North York, ON) and cortical area was computed with Olympus cellSens 

software (Olympus; Richmond Hill, ON).  

 

Dynamic Contrast-Enhanced Magnetic Resonance Imaging  

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) was performed 

using a 7T MR901 system (Agilent Technologies, CA/GE Healthcare, WI) and analyzed 

as outlined in the Supplemental Methods section.34,35 Representative images depict 

averaged signal intensities (±50 frames) at 0, 3 and 6 minutes.  
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Vessel Myography 

Vascular reactivity was assessed as previously described.36 Detailed information is 

available in the Supplemental Methods section.  

 

RNA Extraction and Quantitative PCR 

RNA isolation and quantitative PCR of renal cortex or medulla was performed as 

previously described by our laboratory.28 Primer sequences are listed in Supplemental 

Table 1. All primers were obtained from Invitrogen (Burlington, ON). 

 

Protein Extraction and Western Immunoblotting 

Renal cortex or medulla protein lysates were prepared as previously described by our 

laboratory.28 Antibodies used for immunoblotting are described in Supplemental Table 2. 

 

Immunohistochemistry 

Paraffin-embedded renal sections were boiled in 0.01M sodium citrate, pH 6.0 and 

incubated with rabbit anti-nNOS 1:200 (Cell Signaling, Beverly, MA) and goat anti-renin 

1:500 (Santa Cruz Biotechnology, Santa Cruz, CA) o/n at 4°C. Sections were processed 

with the appropriate ImmPRESS Reagent (Vector Laboratories, Burlingame, CA) and 

visualized with a Zeiss Axio Imager A1 microscope (ZEISS, North York, ON). The 

nNOS-positive area and nuclei were determined using Olympus cellSens software 

(Olympus; Richmond Hill, ON). 
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Immunofluorescence 

Paraformaldehyde-fixed kidneys were embedded in 2% agarose/PBS and cut into 60µm-

thick sections with a Leica VT1000S vibratome (Leica Biosystems, Concord, ON). 

Sections were blocked in 10% donkey serum/0.5% cold-water fish gelatin/PBT for 2 

hours and incubated with primary antibodies o/n and secondary antibodies for 3 hours 

(antibodies are listed in Supplemental Table 3). Sections were mounted onto slides and 

visualized with a Zeiss Axio Imager M2 with ApoTome.2 (ZEISS, North York, ON). 

Images were processed as described in the Supplemental Methods section.37,38  



 112 

Author Contributions  

 

N.C.B led and performed the bulk of the experiments presented in this research. C.E.H 

provided assistance with the mice work/surgeries. J.F.T. performed the myography 

experiments and assisted with ELISA experiments. R.N., supervised by R.L.H., assisted 

with Western blotting. E.K. assisted with ELISA experiments. A.G. performed the 

immunohistochemistry experiments. C.H.C. and L.d.F.C. analyzed the radius of renal 

nerves and refined the immunofluorescence images. G.O.C. performed the DCE-MRI 

experiments while A.C. led the surgeries for this procedure. B.L. provided significant 

guidance to renal nerve immunofluorescence and finalized the representative images. The 

current work is supervised and led by C.R.K. and D.A.G. 

 

 

  



 113 

Acknowledgements 

 

We are grateful to Julie Zhu for her support with the mice colonies. We also thank Eileen 

Franklin, Kim Yates and Melissa Washington for their assistance with some of the mice 

procedures. 

 

This work is supported by the Kidney Foundation of Canada. 

 

N.C.B. is a recipient of the Queen Elizabeth II Graduate Scholarship in Science and 

Technology (QEII-GSST).  



 114 

Statement of Competing Financial Interests 

 

Disclosures: None 

  



 115 

Supplemental Information 

 

Supplemental Methods 

 

Vessel Myography 

Second-order branches of mouse mesenteric artery were isolated and cleaned of adhering 

fat and connective tissue. Vessel segments (1.5–2mm) were mounted on a wire 

myography system (DMT Instruments, Crystal River, FL) and equilibrated in a 

physiological saline solution (in mM; 130 NaCl, 14.9 NaHCO3, 4.7 KCl, 1.18 KH2PO4, 

1.17 MgSO4, 1.6 CaCl2, 0.026 EDTA, and 5.5 glucose, pH 7.4, 37°C) which was bubbled 

continuously with 95% O2 and 5% CO2. Vessels were stimulated with increasing doses of 

phenylephrine (Phe; 1nM-10µM; Sigma-Aldrich, Oakville, ON). 

 

Dynamic Contrast Enhanced Magnetic Resonance Imaging 

Mice were anesthetized with isoflurane and a cannula was inserted into the jugular vein. 

A 72 mm inner diameter volume resonator coil (RAPID MR International) was used in 

transmit/receive mode. Dynamic contrast-enhanced magnetic resonance imaging (DCE-

MRI) was performed using a Time Resolved Imaging of Contrast KineticS (TRICKS) 

gradient echo sequence, with the following parameters: TE=1.1 ms, TR=3.5 ms, flip=30 

deg, BW=83 kHz, FOV=9 cm, slice thickness=1.6 mm, # of transverse slices = 16 (online 

interpolation to 32 slices at 0.8mm thick), matrix=128x128, phase FOV=0.5, frequency 

direction=S/I, temporal resolution=1.2s. The TRICKS sequence was run for 8 minutes, 

with manual i.v. injection of 0.1mmol/kg Gadovist contrast agent (Bayer, Mississauga, 
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ON) after 1 minute of scanning. The Gadovist was diluted in saline for a final volume of 

100µL. Time intensity curves S(t) from the DCE dataset were converted to relative 

enhancement curves, (S(t) – S0)/S0, where S0 was the intensity at pre-injection 

baseline. Regions of interest were drawn on whole-kidney, medulla, and cortex. The 

average enhancement curves for these regions were analyzed with a two-compartment 

filtration model (A,B). For this analysis, the arterial input function was taken from a 

region of interest in the left ventricle of the heart.34,35  

 

Renal Nerve Immunofluorescence Images 

Images were processed by first smoothing the 3D images using a Gaussian kernel.37 The 

images were then projected into 2D using a maximum intensity Z (depth) projection. 

Next, an adaptive thresholding procedure was used to binarize the images. Specifically, 

the value of each pixel was compared to the average intensity of a window centered on 

the pixel, being classified as either corresponding to a nerve fiber or the image 

background. Regions of interest were manually marked and extracted in order to reduce 

the effect of artifacts such as those caused by tissue auto-fluorescence. Small connected 

components were then discarded. The medial axes of the remaining components were 

extracted by using a thinning procedure.38 The arc-length of each medial axis, 

corresponding to the length of nerve fibers, was then obtained. In addition, the number of 

branching points, defined as pixels belonging to a medial axis and having three or more 

medial axis neighbors, was also calculated. The radii of the nerve structures were 

obtained by first defining a perpendicular line to each medial axis pixel and then 

counting, along the perpendicular, the number of pixels classified as nerve.  
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Plasma and Urinary Sodium 

Sodium-heparin derived plasma and spot urine samples were analyzed by IDEXX 

(IDEXX Labs, Toronto, ON). The fractional excretion percentage was determined using 

the following formula: ((Urinary sodium x Plasma creatinine) / (Plasma sodium x Urinary 

creatinine)) x 100.   
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Supplemental Table 1. Primer Sequences. 

Gene Product Forward Primer (5'->3') Reverse Primer (5'->3') 

ACE1 CAG AAT CTA CTC CAC 
TGG CAA GGT 

TCG TGA GGA AGC CAG 
GAT GT 

ACE2 TGC CCA TTT GCT TGG 
TGA T 

AAA GGG AAC AGT CAA 
AGG GTA CAG 

Angiotensinogen CTG CTC CAG GCT TTC 
GTC TAA 

AGA ACT GGG TCA GTG 
GAT AAA TCC 

AT1R  GGG CAG TTT ATA CCG 
CTA TGG A 

TGG CCG AAG CGA TCT 
TAC AT 

AT2R ATT ACC TGC ATG AGT 
GTC GAT AGG 

AGA TGC TTG CCA GGG 
ATT CC 

ENaC AGA AGA GGA CCC AGG 
AGG AG 

CCT CCC GGA CTG TTT 
GAC TC 

MasR TGT GGG CAC TTT CGT 
GCT T 

AAT GAC TCT CTT CTC CGC 
TGT CA 

NCC CTC AAG CAG GAA GGT 
AGC CA 

ATG AGC CAA GTC AGC 
ACG AT 

NKCC2 GCT CTT CAT TCG CCT 
CTC CT 

AGC CTA TTG ACC CAC 
CGA AC 

eNOS TGG CAT GGG CAA CTT 
GAA GA 

CTG GGA GCC ACT CCT TTT 
GA 

iNOS AAG ACT GAG ACT CTG 
GCC CC 

CGT GAG GAG CCT CAG 
AAG TG  

nNOS TTC TCA GCC AAG CTG 
ATG GG 

ACC TTG TAG CTC TTC CTC 
TCC T 

Renin  ATG AAG GGG GTG TCT 
GTG GGG TC 

ATG TCG GGG AGG GTG 
GGC ACC TG 

SGLT2 GCT GGA TTT GAG TGG 
AAT GC 

CGG TCA GAT ACA CTG 
GCA CA 
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Supplemental Table 2. Western immunoblotting antibody information. 

Antibody Dilution Blocking 
Solution Manufacturer 

mouse anti-renin  
(B-12)  1:500 5% milk/PBS-T  Santa Cruz Biotechnology, 

Santa Cruz, CA  

goat anti-ACE1  1:500 5% milk/PBS-T  R&D Systems, Minneapolis, 
MN  

rabbit anti-COX-2  1:500 10% milk/PBS-T  Novus Biologicals, Oakville, 
ON  

rabbit anti-NKCC2  1:1000 5% milk/PBS-T  Abcam, Toronto, ON  

rabbit anti-nNOS  1:1000 5% milk/PBS-T  Cell Signaling, Beverly, MA  

rabbit anti-eNOS  1:1000 5% milk/PBS-T  Thermo Fisher Scientific, 
Mississauga, ON  

mouse anti-β-actin  1:10,000 5% milk/PBS-T  Sigma-Aldrich, Oakville, ON  

HRP-goat anti-rabbit  1:10,000 5% milk/PBS-T  Jackson ImmunoResearch, 
West Grove, PA  

HRP-goat anti-mouse  1:10,000 5% milk/PBS-T  Jackson ImmunoResearch, 
West Grove, PA  

HRP-mouse anti-goat  1:10,000 5% milk/PBS-T  Jackson ImmunoResearch, 
West Grove, PA  
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Supplemental Table 3. Immunofluorescence antibody information. 

Antibody* Dilution Manufacturer 

rat anti-CD31  1:200 BD Pharmingen, Mississauga, ON  

rabbit anti-UCHL1  1:1000 Thermo Fisher Scientific, Mississauga, 
ON  

rabbit anti-neurofilament-L  1:100 Thermo Fisher Scientific, Mississauga, 
ON  

goat anti-synaptopodin  1:300 Santa Cruz Biotechnology, Santa Cruz, 
CA  

donkey anti-rat Alexa Fluor 488  1:300 Invitrogen, Burlington, ON  

donkey anti-rabbit Alexa Fluor 
568  1:300 Invitrogen, Burlington, ON  

donkey anti-goat Alexa Fluor 
647  1:300 Invitrogen, Burlington, ON  

*All antibodies were diluted in 10% donkey serum/0.5% cold-water fish gelatin/PBT 
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CHAPTER 3 
 

Ubiquitin C-terminal hydrolase L1 deletion is associated with 
 renal α-klotho deficiency and perturbed phosphate homeostasis 
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General Description 

 

While studying the renal phenotypes in Uchl1-deleted mice it became apparent that these 

mice displayed disrupted phosphate homeostasis. Uchl1-/- mice displayed 

hyperphosphatemia associated with increased fractional excretion of phosphate. As such, 

we investigated the potential mechanisms that contribute to the perturbations in 

phosphate homeostasis in Uchl1-/- mice. 

 

Circulating phosphate levels are tightly maintained by intestinal absorption of phosphate 

and renal reabsorption/excretion of phosphate (Figure A). Parathyroid hormone (PTH),  

  

Figure A. Regulation of phosphate homeostasis. The small intestine regulates 
dietary phosphate absorption into the blood, while a smaller percentage is excreted 
into the feces. Plasma phosphate levels are maintained through renal phosphate 
reabsorption and excretion into the urine. Resorption/storage of phosphate from/into 
the bone also regulates plasma phosphate levels. 
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calcitriol (1,25-(OH)2-D3), fibroblast growth factor 23 (FGF23) and α-klotho are the 

primary phosphaturic hormones that interplay under conditions of hyperphosphatemia 

(Figure B) (Fukumoto, 2014). An increase in plasma phosphate levels is typically 

associated with the production and release of FGF23 from the bone. FGF23 acts through 

the fibroblast growth factor receptors 1 and 4 (FGFR1 and FGFR4)/ α-klotho complex in 

the kidney and promotes the internalization of the renal sodium-phosphate cotransporters 

2a and 2c (Npt2a and Npt2c), thereby inhibiting phosphate reabsorption while promoting 

phosphate excretion into the urine (Gattineni et al., 2014, Hu et al., 2010, Ide et al., 2016, 

Olauson et al., 2012). PTH also has phosphaturic actions, similar to FGF23, however, it 

acts primarily as a calcitropic hormone. Nonetheless PTH contributes to intestinal 

absorption of phosphate, also by inducing 1,25-(OH)2-D3, to increase circulating 

phosphate levels (Fukumoto, 2014). 

 

In the present study, we investigated whether signaling components of the pathways 

involved in phosphate homeostasis were altered in Uchl1-/- mice, as to determine the 

mechanisms contributing to perturbed phosphate homeostasis in Uchl1-/- mice.  

Figure B. Hormonal control of 
phosphate homeostasis. Parathyroid 
hormone (PTH) and the active form of 
vitamin D (1,25-(OH)2-D3) promote 
increased plasma phosphate levels. 
Fibroblast growth factor 23 (FGF23), on 
the other hand, negatively regulates 
plasma phosphate levels while 
suppressing both PTH and 1,25-(OH)2-
D3. Adapted from Fukumoto, 2014. 
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Abstract 

 

Loss of ubiquitin C-terminal hydrolase L1 (UCHL1), a deubiquitinating enzyme required 

for neuronal function, led to hyperphosphatemia accompanied by phosphaturia in mice, 

while calcium homeostasis remained intact. We therefore investigated the mechanisms 

underlying the phosphate imbalance in Uchl1-/- mice. Interestingly, phosphaturia was not 

a result of lower renal brush border membrane sodium-phosphate cotransporter 

expression as sodium-phosphate cotransporter 2a and 2c expression levels were similar to 

wild type levels. Plasma parathyroid hormone and fibroblast growth factor 23 levels were 

not different; however, fibroblast growth factor 23 mRNA levels were significantly 

increased in femur homogenates from Uchl1-/- mice. By immunohistochemistry, α-

klotho levels were comparable in renal sections from wild type and Uchl1-/- mice; 

however, Western immunoblotting depicted attenuated full length and soluble forms of α-

klotho in renal cortical lysates from Uchl1-/- mice. Consistent with unchanged 

components of 1,25-(OH)2-D3 metabolism (i.e. CYP27B1 and CYP24A1), sodium-

phosphate cotransporter 2b protein levels were not different in ileum brush borders from 

Uchl1-/- mice, suggesting that the intestine is not the source of hyperphosphatemia. 

Nonetheless, when Uchl1-/- mice were fed a low phosphate diet, plasma phosphate, 

urinary phosphate and fractional excretion of phosphate were significantly attenuated and 

comparable to levels of low phosphate diet-fed wild type mice. Our findings demonstrate 

that Uchl1-deleted mice exhibit perturbed phosphate homeostasis, likely consequent to 

loss of renal α-klotho, which can be rescued with a low phosphate diet. Uchl1-/- mice 

may provide a useful mouse model to study mild perturbations in phosphate homeostasis.  
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Introduction 

 

Phosphate homeostasis is tightly regulated by the actions of several phosphaturic 

hormones including parathyroid hormone (PTH), the active form of vitamin D (calcitriol; 

1,25-(OH)2-D3) and fibroblast growth factor 23 (FGF23). The interplay of these 

hormones counterbalances perturbations in phosphate homeostasis by adjusting intestinal 

phosphate absorption, bone metabolism and renal phosphate reabsorption. Circulating 

phosphate levels are maintained in a narrow range (0.8-1.45mM) in humans (31).  

 

Hyperphosphatemia is a disorder wherein circulating phosphate levels achieve 

concentrations >1.45mM. Prolonged hyperphosphatemia is detrimental as it leads to 

vascular calcification, cardiovascular disease, metabolic bone disease and secondary 

hyperparathyroidism (32). Furthermore, phosphate concentrations >2.0mM are associated 

with all-cause mortality. Hyperphosphatemia causes include hypoparathyroidism or 

chronic kidney disease (CKD), which are associated with overactive phosphate 

reabsorption in the renal proximal tubule via the sodium-phosphate cotransporters 2a and 

2c (Npt2a and Npt2c) (31).  

 

PTH, well established as a calcitropic hormone, negatively regulates Npt2a and Npt2c 

while stimulating 1,25-(OH)2-D3-mediated calcium/phosphate absorption and resorption 

from the intestine and the bone, respectively. PTH release from the parathyroid gland 

occurs in response to reduced circulating calcium levels, while its phosphaturic actions 

counteract the secondary phosphate increases (7). FGF23, on the other hand, is produced 
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and released by osteoblasts and osteocytes to increased circulating phosphate levels or by 

direct stimulation from 1,25-(OH)2-D3 (26, 33). FGF23 suppresses renal Npt2a 

expression, inhibiting renal phosphate reabsorption and promoting urinary phosphate 

excretion (33). FGF23 also reduces CYP27B1 and enhances CYP24A1, the enzymes 

involved in 1,25-(OH)2-D3 metabolism, thereby attenuating 1,25-(OH)2-D3 along with 

intestinal calcium/phosphate absorption (33). In the kidney, the actions of FGF23 are 

mediated primarily through the FGF receptors 1 and 4 (FGFR1 and FGFR4), which 

require the coreceptor klotho (17, 34). FGF23-null mice show marked growth retardation, 

abnormal bone morphology, a shorter lifespan and elevated serum phosphate and 1,25-

(OH)2-D3 levels (34). Double mutant Fgfr1-/-/Fgfr4-/- mice display a milder phenotype, 

but consistent with FGF23's role in the kidney, these mice display elevated serum 

phosphate levels, increased Npt2c and increased phosphate reabsorption in renal brush 

border membrane vesicles (BBMVs) (8). 

 

Klotho is crucial to FGF23 signaling as it forms a binary complex with FGFR1/4 and 

increases FGF23 affinity for the FGFR complex (37). In the kidney, α-klotho is 

predominantly expressed in the distal tubule where it stabilizes the transient receptor 

potential cation channel subfamily V member 5 (TRPV5) to promote calcium 

reabsorption (3). α-Klotho is also expressed in the proximal tubule alongside FGFRs. As 

the coreceptor for FGFR1/4 in the kidney, klotho enables adequate FGF23-induced 

signaling, which in turn promotes Npt2a inhibition and internalization (10). Loss of 

klotho impairs renal FGF23-mediated signaling. Indeed, phosphate homeostasis is 

disrupted in klotho-deficient mice (kl/kl), accompanied by a gross ageing-like phenotype 
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characterized by arteriosclerosis, osteoporosis, emphysema and a short lifespan (34, 36, 

40). The ageing phenotype is absent in mice with distal tubule-specific deletion of klotho 

(Ksp-KL-/-); however, serum phosphate and FGF23 are increased. Phosphate excretion is 

unchanged, as Npt2a expression is elevated in renal brush border membranes (BBMs) 

(23). In CKD, circulating phosphate and FGF23 levels are elevated, accompanied by 

reduced klotho levels, which likely contributes to cardiovascular morbidity/mortality (9, 

11, 13). 

 

In the present study, we describe a novel phenotype in mice lacking ubiquitin C-terminal 

hydrolase L1 (Uchl1-/- mice) wherein these display phosphaturia associated with mild 

hyperphosphatemia. Ubiquitin C-terminal hydrolase L1 (UCHL1) is a deubiquitinating 

enzyme that hydrolyses ubiquitin tagged to substrates and maintains intracellular 

ubiquitin pools (39). Mice lacking Uchl1 show marked decreases in ubiquitin pools and 

significant neurodegeneration of axonal processes leading to motor deficits (5, 25, 29). 

To our knowledge, there is no previous association between Uchl1-/- mice and perturbed 

phosphate homeostasis. As such, we assessed the role of the PTH, 1,25-(OH)2-D3 and 

FGF23/α-klotho axis to determine how the interplay of these contributes to the phosphate 

imbalance in Uchl1-/- mice. 
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Materials and Methods 

 

Mice 

Mice were housed at the Animal Care facility at the University of Ottawa. Uchl1-/- mice 

and wild type littermates were generated by intercrossing Uchl1+/- mice of mixed 

background, including FVB/N and sv/129. For the low phosphate diet study, eleven-

week-old mice were fed a low phosphate diet (0.02% phosphate; Envigo, Indianapolis, 

IN) or a normal diet ad libitum for 7 days. At endpoint, 12-week-old mice were 

anesthetised with isofluorane and blood was collected. Mice were also perfused with 

20ml PBS through the left ventricle, for appropriate experiments. Mice procedures were 

approved and carried out according to Canadian Council on Animal Care guidelines. 

 

Plasma and Urine Analysis 

Sodium-heparin derived plasma or spot urine samples were analysed by IDEXX (IDEXX 

Labs, Toronto, ON). The fractional excretion percentage was determined using the 

following formula: ((Urinary phosphate or calcium x Plasma creatinine) / (Plasma 

phosphate or calcium x Urinary creatinine)) x 100. Plasma PTH was determined with the 

Mouse PTH 1-84 ELISA Kit (Immunotopics, Athens, OH) and plasma FGF23 was 

determined with the FGF23 ELISA Kit (Kainos Laboratories, Tokyo, Japan). The plasma 

used for the PTH and FGF23 assays was collected using lithium-heparin-coated tubes. 

 

Immunohistochemistry and Immunofluorescence 

Paraffin-embedded sections were dewaxed and rehydrated through interchanges of 
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ethanol. For immunohistochemistry experiments, renal sections were boiled in sodium 

citrate pH 6.0 for 30 minutes and processed with the ImmPRESS Reagent kit (Vector 

Laboratories, Burlingame, CA). Sections were incubated with mouse anti-SLC34A1 

1:100 (Npt2a; Novus Biologicals, Oakville, ON) diluted in 1% BSA/PBS o/n at 4°C. 

Immunohistochemistry for α-klotho was performed as previously described (12). 

Sections were incubated with rat anti-α-klotho 1:200 (Trans Genic Inc., Kobe, Japan) 

diluted in 1% BSA/PBS o/n at 4°C. Sections were visualized with a Zeiss Axio Imager 

A1 microscope and images were captured using Olympus cellSens software (Olympus; 

Richmond Hill, ON). 

 

Immunofluorescence was performed on paraffin-embedded ileum sections. Samples were 

blocked in 10% donkey serum/1% BSA/PBS (Jackson ImmunoResearch, West Grove, 

PA) for 1 hour and incubated with rabbit anti-Npt2b 1:1000 (generously provided by Dr. 

Yves Sabbagh) diluted in 1% BSA/PBS o/n at 4°C. The following day, samples were 

incubated with donkey anti-rabbit-Cy3 1:200 (Jackson ImmunoResearch, West Grove, 

PA) diluted in 1% BSA/PBS for 1 hour and counterstained with Hoescht 1:7000 

(Invitrogen, Burlington, ON). Sections were visualized with Zeiss Axioskop 2 MOT 

epifluorescence microscope (Zeiss, North York, ON) and images were captured using 

Axiovision software. 

 

BBMV Isolation  

Renal and ileum BBMVs were isolated from mice as previously described (2). Alkaline 

phosphatase activity was assessed as a quality control. Prior to the ileum BBMVs 
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isolation, the last 10cm of the small intestine was removed and flushed with PBS using a 

P1000 pipette. The ileum was opened and the brush border was scraped and removed 

using the edge of a glass slide.  

 

Western Immunoblotting 

The renal cortex was homogenized using a TP-103 Amalgamator COE Capmixer (GC 

America, Alsip, IL). The powderized kidney was resuspended in RIPA buffer (150mM 

NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and 50mM Tris, pH 8.0) 

containing 1:100 protease inhibitor cocktail (Sigma-Aldrich, Oakville, ON) and 

incubated on ice for 15 minutes. Protein lysates were centrifuged for 10 minutes and the 

supernatent was collected. Renal protein lysates and renal/ileum BBMVs were 

resuspended in 6X Laemmli buffer and boiled for 2 minutes. For SDS-PAGE, 20-60µg of 

protein lysate was loaded on an appropriate percentage gel. For spot urine 

immunoblotting, 25µl of urine was resuspended in 6X Laemmli buffer, boiled and loaded 

onto an SDS-PAGE. 

  

Primary antibodies included mouse anti-SLC34A1 1:500 (Npt2a; Novus Biologicals, 

Oakville, ON) diluted in 1% BSA/PBS-T, rabbit anti-SLC34A3 1:500 (Npt2c; Abcam, 

Toronto, ON), diluted in 5% milk/PBS-T, rat anti-α-klotho 1:100 (Trans Genic Inc., 

Kobe, Japan), diluted in 5% milk/PBS-T and rabbit anti-SLC34A2 1:200 (Npt2b; 

generously provided by Dr. Yves Sabbagh), diluted in 5% BSA/PBS-T. Mouse anti-β-

actin 1:10,000 (Sigma-Aldrich, Oakville, ON) diluted in the appropriate blocking 

solution was used as a loading control. Primary antibodies were incubated o/n at 4°C. 
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Secondary antibodies included HRP-goat anti-mouse 1:10,000, HRP-goat anti-rabbit 

1:10,000 and HRP-goat anti-rat 1:10,000 (Jackson ImmunoResearch, West Grove, PA) 

diluted in appropriate blocking solutions. Densitometry was computed using Alpha 

Innotech software (Alpha Innotech; San Leandro, CA). Urinary densitometry values were 

normalized to creatinine, as determined by the Creatinine Companion kit (Exocell, 

Philadelphia, PA). 

 

Quantitative Real Time PCR 

The ileum was collected (by conserving the last 10cm of the small intestine) and flushed 

with PBS using a P1000 pipette. The renal cortex or ileum was homogenized using a TP-

103 Amalgamator COE Capmixer (GC America, Alsip, IL) and quickly resuspended in 

RLT supplemented with β-mercaptoethanol 1:100. Femur samples were also 

homogenized accordingly, resuspended in TRI Reagent and processed according to the 

manufacturer's instructions (Sigma-Aldrich, Oakville, ON). Renal/ileum homogenates 

were processed through a Qiashredder (Qiagen, Toronto, ON) and RNA isolation was 

performed using an RNeasy Mini Kit (Qiagen, Toronto, ON). RNA was then converted to 

cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 

Burlington, ON). Quantitative Real Time PCR was performed using the SYBR 

Advantage Premix (Clontech, Mountainview, CA) and fluorescence was detected using 

the ABI Prism 7000 Sequence Detection System. All primers were obtained from 

Invitrogen (Burlington, ON). Primer sequences are available in Table 1. 
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Table 1. Primer Sequences.  
Gene 
Product 

Forward Primer (5'->3') Reverse Primer (5'->3') 

CYP24A1 TGGGAAGATGATGGTGACCC ACTGTTCCTTTGGGTAGCGT 

CYP27B1 CCGCGGGCTATGCTGGAAC CTCTGGGCAAAGGCAAACATC
TGA 

FGFR1 CAGCTGACTCCAGTGCATCC  TGCGTCGGACTTCAACATCT  

FGFR4 GGTGGTCAGTGGGAAGTCTG  TCTTGCTGCTCCAGGATTGG  

FGF23 ATCAGACCATCTACAGTGCC
C  GAGAGCAGGATACAGGCACA  

Pit2 CGTCAAGATTGTCGCCTCCT  TGGAGACCGTTTGGAACAGG  

SLC34A1 GTCTCATTCGGATTTGGTGT
CA  GCCGATGGCCTCTACCCT  

SLC34A2 TGCTTCTTCATTGCTGACGGT CAGAGGCAAGAGCACGAACA 

SLC34A3 TAATCTTCGCAGTTCAGGTT
GCT  

CAGTGGAATTGGCAGTCTCAA
G  

TRPV5 CAATTGGTGGGTCAGAGACC
A CAGAGCTCCTCTTTGCCGGA 

TRPV6 TTGCCCATGAGCGAGATGAG TCTTCCACCCTCAAGAACCA 

VDR CTGCTCGATGCCCACCACAAG
ACCTACG 

GTGGGGCAGCATGGAGAGCGGA
GACAG 

 
 
Fecal Calcium and Phosphate 

Mice were housed in metabolic cages for 24 hours and feces were collected and 

processed as described previously with some modifications (28). Stool samples were 

dried in a ventilated chemical hood overnight and resuspended in 0.6M HCl to 50mg/ml. 

Samples were placed on a shaker for 72 hours at 4°C. After 48 hours, samples were 

homogenized and continued to mix for the remaining 24 hours. Stool samples were then 

centrifuged at 2000xg for 5 minutes and the supernatant was collected and diluted 1:80 in 

HPLC-grade water (Sigma-Aldrich, Oakville, ON). Fecal phosphate and calcium were 
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measured using the Phosphorus Liquid-UV test and the Calcium (Arsenazo) LiquiColor 

Test (Stanbio Laboratories, Boerne, TX). 

 

Femur Histology 

At endpoint, femurs were preserved in 10% formalin for 1 week, dehydrated in ethanol 

and decalcified prior to being submitted to standard staining procedures (i.e. Masson's 

trichrome). Sections were visualized with a Zeiss Axio Imager A1 microscope and 

images were captured using Olympus cellSens software (Olympus; Richmond Hill, ON). 

 

Statistical Analyses 

Values are expressed as mean ± standard error. Statistical comparisons were computed 

using a t-test, a one-way ANOVA or a two-way ANOVA with Sidak's post-test where 

appropriate.  
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Results 

 

Phosphate Homeostasis is Disrupted in Uchl1-/- Mice  

At 12 weeks of age, Uchl1-/- mice displayed hyperphosphatemia, as plasma phosphate 

was increased (p<0.001) to 1.6±0.0mM compared to 1.3±0.1mM in wild type mice 

(Figure 1A). Plasma calcium in Uchl1-/- mice (2.0±0.1mM) was comparable to wild type 

mice (1.9±0.1mM) (Figure 1B). Urinary phosphate/creatinine ratios were significantly 

elevated (p<0.0001) in the phosphaturia range to 13.7±1.6 in Uchl1-/- mice, compared to 

2.1±0.6 in wild type mice (Figure 1C). Urinary calcium/creatinine ratios trended lower in 

Uchl1-/- mice to 0.48±0.04 compared to 0.67±0.12 for wild type mice, but this was not 

statistically significant (Figure 1D). Finally, fractional excretion of phosphate was 

significantly elevated (p<0.001) in Uchl1-/- mice to 7.80±1.18% compared to 

1.04±0.33% in wild type mice (Figure 1E). Fractional excretion of calcium was lowered 

in Uchl1-/- mice to 0.36±0.08% compared to 0.90±0.31% in wild type mice but this did 

not achieve statistical significance (Figure 1F).  

 

Renal Sodium-Phosphate Cotransporter Levels are Maintained in Uchl1-/- Mice 

Loss of renal proximal tubule sodium-phosphate cotransporter (Npt) expression leads to 

phosphaturia (1, 14, 30). As such, renal Npt expression levels were determined. Npt2c 

mRNA levels were elevated by 2.5-fold (p<0.001) in renal cortical lysates from Uchl1-/- 

mice. Npt2a and phosphate transporter 2 (Pit2) mRNA levels were not different between 

groups (Figure 2A). Immunohistochemistry using anti-Npt2a revealed similar Npt2a 

distribution in renal proximal tubules of both groups (Figure 2B). Accordingly, both 
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Npt2a and Npt2c protein levels trended higher in renal BBMVs isolated from Uchl1-/- 

mice, however this was not statistically significant (Figure 2C-F). As such, phosphaturia 

in Uchl1-/- mice does not result from reduced Npt expression in the renal proximal 

tubule. 
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Figure 1. Uchl1-/- mice exhibit hyperphosphatemia accompanied by 
phosphaturia. A. Plasma phosphate was significantly increased in Uchl1-/- mice 
(p<0.001; n=13-19). B. Plasma calcium was unaltered in Uchl1-/- mice (n=13-19).  
C. Urinary phosphate to creatinine ratios were increased in Uchl1-/- mice (p<0.0001; 
n=11-19). D. Urinary calcium to creatinine ratios were modestly decreased in Uchl1-/- 
mice (n=11-19). E. Fractional excretion of phosphate (FEPi) was elevated in Uchl1-/- 
mice (p<0.001; n=9-15). F. Fractional excretion of calcium (FECa2+) trended lower in 
Uchl1-/- mice (n=10-15). Data depicts mean ± SE, analyzed by unpaired t-test. 
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Figure 2. Renal Npt protein expression levels are unchanged in Uchl1-/- mice.  
A. Npt2c mRNA levels were significantly increased in renal cortical lysates from 
Uchl1-/- mice (p<0.0001) while Npt2a and Pit2 mRNA remained unchanged between 
groups (n=5). Data depicts mean ± SE, analyzed by 2-way ANOVA with Sidak's 
multiple comparisons test. B. Immunohistochemistry using anti-Npt2a revealed no 
differences in renal cortical Npt2a expression in Uchl1-/- mice (n=3). Scale bar = 
50µm. C. Npt2a protein levels were not different in renal BBMVs isolated from 
Uchl1-/- mice, as determined by Western immunoblot (n=6). D. Densitometry graph 
depicting renal BBMV Npt2a protein levels in Uchl1-/- mice (n=6). Data depicts mean 
± SE, analyzed by unpaired t-test. E. Npt2c protein levels were not different in renal 
BBMVs isolated from Uchl1-/- mice, as determined by Western immunoblot (n=6).  
F. Densitometry graph depicting renal BBMV Npt2c protein levels in Uchl1-/- mice 
(n=6). Data depicts mean ± SE, analyzed by unpaired t-test. 
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PTH and FGF23 Signaling are not Different in Uchl1-/- Mice 

Next, we verified the levels of the phosphaturic hormones PTH and FGF23. Plasma PTH 

trended lower in Uchl1-/- mice to 116.6±16.4pg/ml compared to wild type mice 

(242.0±71.5pg/ml), but the difference was not significant (Figure 3A). Plasma FGF23 

levels were unchanged between groups (Uchl1-/- mice: 161.1±12.7pg/ml, wild type mice: 

154.5±11.0pg/ml) (Figure 3B); however, FGF23 mRNA levels were significantly 

induced (p<0.05) by 6.4-fold in femur homogenates from Uchl1-/- mice (Figure 3C).  
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Figure 3. Phosphaturic hormones are unchanged in Uchl1-/- mice. A. Plasma PTH 
concentration trended lower in Uchl1-/- mice but this trend was not statistically 
significant (n=14-16). Data depicts mean ± SE, analyzed by unpaired t-test. B. Plasma 
FGF23 concentration was not different in Uchl1-/- mice (n=14-16). Data depicts mean 
± SE, analyzed by unpaired t-test. C. FGF23 mRNA levels were significantly 
increased in femur lysates isolated from Uchl1-/- mice (p<0.05; n=5-6). Data depicts 
mean ± SE, analyzed by unpaired t-test. D. FGFR1 and FGFR4 mRNA levels were not 
significantly different in renal cortical lysates from Uchl1-/- mice (n=3-4). Data 
depicts mean ± SE, analyzed by 2-way ANOVA with Sidak's multiple comparisons 
test. 
	



 143 

Finally, FGFR1 and FGFR4 mRNA levels were not significantly different in renal 

cortical lysates from Uchl1-/- mice (Figure 3D). Despite elevated femur FGF23 mRNA 

levels, these data suggest that FGF23 signaling is not different in Uchl1-/- mice. 

 

Intestinal Phosphate Absorption may not Contribute to Hyperphosphatemia in 

Uchl1-/- Mice 

Phosphaturic hormones, namely 1,25-(OH)2-D3, can alter intestinal calcium/phosphate 

transport (7). Moreover, Uchl1-/- mice show impaired gastric motility, which may 

promote increased intestinal phosphate absorption (5). Therefore, the contribution of the 

gut to hyperphosphatemia was assessed. TRPV6 and Npt2b mRNA levels were 

unchanged in ileum lysates from Uchl1-/- mice (Figure 4A-B). Similarly, Npt2b protein 

levels were comparable to wild type levels in ileum BBMVs isolated from Uchl1-/- mice 

(Figure 4C-D), and as determined by immunofluorescence of ileum sections (Figure 4E). 

Fecal phosphate levels trended higher in Uchl1-/- mice to 18.4±2.4mg/day, compared to 

11.9±2.2mg/day for wild type mice (Figure 4F). Fecal calcium levels were elevated 

(p<0.05) to 60.5±5.8mg/day in Uchl1-/- mice compared to 41.8±1.9mg/day in wild type 

mice (Figure 4G). Together these data suggest that increased intestinal phosphate 

absorption does not account for hyperphosphatemia in Uchl1-/- mice.  

 

Renal α-Klotho is Attenuated in Uchl1-/- Mice 

As the coreceptor for the FGFRs, klotho is indispensible to FGF23 signaling and its 

ablation in the kidney promotes hyperphosphatemia (12, 18, 23). We therefore assessed 

renal α-klotho expression in Uchl1-/- mice. By immunohistochemistry, α-klotho   
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Figure 4. Ileum Npt2b expression is not different in Uchl1-/- mice. A. TRPV6 and 
B. Npt2b mRNA levels, determined by qPCR, were not different in ileum lysates 
collected from Uchl1-/- mice (n=3-4). C. Npt2b protein levels in ileum BBMVs were 
not significantly different in Uchl1-/- mice (n=6). D. Densitometry graph depicting 
Npt2b protein levels in ileum BBMVs isolated from Uchl1-/- mice (n=6).  
E. Immunofluorescence revealed wild type-comparable Npt2b expression in ileum 
BBMs of Uchl1-/- mice (n=4-5). Npt2b: red and nuclei: blue. Scale bar = 50µm.  
F. Fecal phosphate levels trended higher in Uchl1-/- mice but this was not statistically 
significant (n=6). G. Fecal calcium levels were significantly increased in Uchl1-/- 
mice (p<0.05; n=6). Data depicts mean ± SE, analyzed by unpaired t-test.	
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Figure 5. α-Klotho levels are attenuated in Uchl1-/- mice.  
A. Immunohistochemistry revealed comparable α-klotho expression in distal tubules 
of wild type and Uchl1-/- mice (n=4-7). Scale bar = 50µm. B. Full length (130kDa) 
and soluble (65kDa) α-klotho protein levels were decreased in renal cortical lysates 
from Uchl1-/- mice, as determined by Western immunoblot (n=4-5). C. Densitometry 
graph depicting reduced full length and soluble α-klotho protein levels in renal cortical 
lysates from Uchl1-/- mice (n=4-5; p<0.05). Data depicts mean ± SE, analyzed by 2-
way ANOVA with Sidak's multiple comparisons test. D. Western immunoblotting of 
urinary samples (25µl) using anti-α-klotho revealed a strong band between 50-75kDa 
(likely soluble α-klotho, ~65kDa) in wild type mice that was attenuated in Uchl1-/- 
mice (n=5). E. Densitometry graph depicting reduced soluble α-klotho expression 
levels (~65kDa) in spot urine samples from Uchl1-/- mice (n=5). Densitometry values 
were normalized to urinary creatinine. Data depicts mean ± SE, analyzed by unpaired 
t-test. F. TRPV5 mRNA, determined by qPCR, was significantly increased in renal 
cortical lysates of Uchl1-/- mice (p<0.001; n=5). Other elements involved in vitamin 
D biosynthesis and signaling were unaltered between groups (n=5). Data depicts mean 
± SE, analyzed by 2-way ANOVA with Sidak's multiple comparisons test. 
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expression appeared comparable between groups (Figure 5A). However, Western 

immunoblotting revealed significantly attenuated α-klotho protein levels in renal cortical 

lysates from Uchl1-/- mice. Specifically, full length α-klotho protein levels were reduced 

by 1.5-fold, while soluble α-klotho protein levels were reduced by 2.6-fold (p<0.05) in 

Uchl1-/- mice (Figure 5B-C). Soluble α-klotho levels were also reduced by 1.7-fold in 

Uchl1-/- mice urine, although this was not statistically significant (Figure 5D-E). Since 

the expression of vitamin D regulatory enzymes and components of vitamin D signaling 

are altered in klotho-deficient kidneys, we assessed whether elements of 1,25-(OH)2-D3 

metabolism were altered in Uchl1-/- mice.13,22,25 CYP27B1, CYP24A1 and the vitamin D 

receptor (VDR) mRNA levels were unchanged, suggesting that 1,25-(OH)2-D3 levels 

may be unaltered in Uchl1-/- mice. Interestingly, we determined that TRPV5 mRNA 

levels were increased (p<0.001; by 3.1-fold) in Uchl1-/- mice (Figure 5F). Therefore, loss 

of α-klotho in Uchl1-/- mice likely results in impaired FGF23 signaling, sustained Npt2a 

and Npt2c expression, thereby promoting hyperphosphatemia. 

 

A Phosphate-Deficient Diet Restores Phosphate Homeostasis in Uchl1-/- Mice  

To determine whether phosphate homeostasis could be restored, Uchl1-/- mice were 

subjected to a low phosphate diet for 7 days. Body weights did not change over the 

course the study (data not shown). Plasma phosphate was significantly reduced to 

0.9±0.1mM in Uchl1-/- mice subjected to a low phosphate diet, compared to 1.6±0.1mM 

in normal diet-fed Uchl1-/- controls (p<0.0001). These levels were comparable to wild 

type mice fed a low phosphate diet (0.6±0.1mM vs. 1.2±0.1mM for wild type + normal 

diet) (Figure 6A). While plasma calcium was significantly increased (p<0.05) to 
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2.3±0.1mM in Uchl1-/- mice fed a low phosphate diet (vs. 1.9±0.0mM for Uchl1-/- + 

normal diet), this increase was comparable to that of wild type mice fed a low phosphate 

diet (2.2±0.1mM; wild type + normal diet: 1.9±0.1mM) (Figure 6B). Urinary 

phosphate/creatinine ratios were decreased (p<0.01) to 0.1±0.0 in Uchl1-/- mice fed a  

low phosphate diet (vs. 9.1±2.6 for Uchl1-/- + normal diet) and this decrease was 

comparable to wild type mice fed a low phosphate diet (0.1±0.0; wild type + normal diet: 

1.9±0.6) (Figure 6C). Urinary calcium/creatinine ratios were increased (p<0.001) in low 

phosphate diet-fed Uchl1-/- mice to 5.3±0.5 compared to 0.3±0.1 in normal diet-fed 

Uchl1-/- mice. This increase was similar to low phosphate diet-fed wild type mice 

(6.6±1.3; wild type + normal diet: 0.5±0.0) (Figure 6D). Similarly, fractional excretion of 

phosphate was significantly reduced (p<0.05) to 0.1±0.0% in Uchl1-/- mice subjected to 

a low phosphate diet (vs. 4.8±1.6% for Uchl1-/- + normal diet). This reduction was 

comparable to wild type mice fed a low phosphate diet (0.2±0.1%; wild type + normal 

diet: 1.6±0.5%) (Figure 6E). In contrast, fractional excretion of calcium was elevated 

(p<0.01) to 2.5±0.6% in low phosphate diet-fed Uchl1-/- mice (vs. 0.2±0.1% in Uchl1-/- 

+ normal diet). These levels were relatively similar to wild type mice subjected to a low 

phosphate diet (4.8±0.7%; wild type + normal diet: 0.3±0.0) (Figure 6F). As such, these 

data suggest that phosphate homeostasis can be normalized in Uchl1-/- mice by lowering 

dietary phosphate intake. 
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Figure 6. A low phosphate diet restores phosphate homeostasis in Uchl1-/- mice. 
A. Plasma phosphate levels were normalized in Uchl1-/- mice fed a low phosphate 
diet compared to their normal diet controls (p<0.0001; n=4-6). B. Plasma calcium was 
significantly increased in Uchl1-/- mice fed a low phosphate diet (p<0.05), but 
comparable to wild type mice fed a low phosphate diet (n=4-6). C. Urinary phosphate 
to creatinine ratios were significantly reduced in low phosphate diet-fed Uchl1-/- mice 
compared to normal diet controls (p<0.01; n=4-6). D. Urinary calcium to creatinine 
ratios were significantly increased in low phosphate diet-fed Uchl1-/- and wild type 
mice compared to their respective normal diet controls (p<0.001; n=4-6). E. Fractional 
excretion of phosphate (FEPi) was attenuated in Uchl1-/- mice fed a low phosphate diet 
(p<0.05; n=4-6). F. Fractional excretion of calcium (FECa2+) was significantly 
increased in Uchl1-/- mice fed a low phosphate diet (p<0.01; n=4-6) but significantly 
lowered compared to wild type mice controls (p<0.05). Data depicts mean ± SE, 
analyzed by 2-way ANOVA with Sidak's multiple comparisons test. 
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Discussion 

 

Uchl1-/- mice display disrupted phosphate homeostasis, namely hyperphosphatemia and 

phosphaturia, with unperturbed calcium homeostasis. No differences were identified in 

renal BBMVs Npt2a and Npt2c protein expression. Circulating PTH and FGF23 levels 

were unchanged in Uchl1-/- mice despite strong FGF23 mRNA induction in femur 

lysates. Components of the 1,25-(OH)2-D3 synthesis pathway were similarly unchanged. 

Intestinal phosphate absorption was ruled out as a contributor of hyperphosphatemia, 

however, lowering dietary phosphate intake restored phosphate homeostasis in Uchl1-/- 

mice. Finally, the expression of both the full length and soluble forms of α-klotho was 

attenuated in Uchl1-/- mice, suggesting that loss of α-klotho and loss of FGF23 signaling 

are likely culprits of perturbed phosphate homeostasis in Uchl1-/- mice. 

 

Prolonged hyperphosphatemia can have a devastating impact on homeostasis as high 

phosphate levels promote cytotoxicity (6, 27, 35). Hyperphosphatemia is often associated 

with CKD and similarly, phosphate overloading can induce CKD in animals and humans 

(19, 24). In the present study, we identified a novel mouse model that exhibits 

phosphaturia associated with hyperphosphatemia. Unlike CKD models or other models 

that display severe hyperphosphatemia, Uchl1-/- mice maintain plasma phosphate levels 

near the upper range of normal (>1.45mM) or the lower range of what is considered mild 

hyperphosphatemia. As such, this may not render them susceptible the systemic cytotoxic 

effects associated with severe hyperphosphatemia (38). 
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Renal α-klotho deficiency in Uchl1-/- mice is indeed the major finding of this study and 

provides a likely explanation for phosphate homeostasis disruptions. The phenotypes 

observed in Uchl1-/- mice recapitulate in part the phenotypes observed in Ksp-KL-/- mice. 

Klotho deficiency leads to impaired FGF23 signaling and renal phosphate handling (23). 

Additionally, since klotho directly inhibits Npt2a, its absence promotes Npt2a 

stabilization (10). Other studies have also demonstrated that Npt2a expression is elevated 

in several mouse models lacking klotho in the proximal tubule (12, 23). Ksp-KL-/- mice 

are hyperphosphatemic, show increased circulating FGF23, lower circulating PTH, a 

mild increase in urinary calcium (likely stemming from reduced renal TRPV5 protein 

levels) and unchanged urinary phosphate (3, 23). In contrast to Ksp-KL-/- mice, Uchl1-/- 

mice demonstrate phosphaturia, unchanged plasma FGF23 (despite an increase in femur 

FGF23 mRNA levels) and unchanged calcium excretion, suggesting that Uchl1-/- mice 

harbour additional defects compared to Ksp-KL-/- mice. Similar to Ksp-KL-/- mice, 

Uchl1-/- mice display hyperphosphatemia and attenuated renal α-klotho levels. Uchl1-/- 

mice also display sustained Npt2a (and Npt2c) protein levels in renal BBMVs. By 

applying findings from klotho-deficient mouse models to our Uchl1-/- mice, we can 

conclude that loss of α-klotho impairs FGF23 signaling through the FGF23 receptors, 

leading to sustained Npt expression in renal BBMs.  

 

Sustained Npt2a and Npt2c BBM expression/activity in the context of 

hyperphosphatemia likely further contribute to the phosphate imbalance determined in 

Uchl1-/- mice. The phosphaturia determined in Uchl1-/- mice is intriguing as neither 

Ksp-KL-/- mice or mice with proximal tubule-specific klotho deletion demonstrate this 
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phenotype (12, 23). Urinary phosphate trends lower in these models as a result of 

sustained Npt2a expression in renal BBMs. Additionally, strong Npt2a and Npt2c protein 

expression in Uchl1-deleted renal BBMs would suggest favourable phosphate 

reabsorption in the proximal tubule, which should offset the degree of phosphaturia. 

Since phosphaturia is observed, we can speculate that the phosphate load entering the 

renal proximal tubule may oversaturate the Npts leading to phosphaturia in Uchl1-/- 

mice. Moreover, our recent findings show that 12-week-old Uchl1-/- mice exhibit 

glomerular hyperfiltration, and as such, hyperfiltration may favour phosphate excretion 

(Boisvert et al, manuscript in preparation). 

 

As previously mentioned, sustained Npt2a/Npt2c expression in renal BBMs likely further 

contributes to hyperphosphatemia in Uchl1-/- mice. But since these mice also 

demonstrate significant phosphaturia, unlike Ksp-KL-/- mice, we cannot exclude the 

possibility that hyperphosphatemia may arise from another (extra-renal) source. Indeed, 

hyperphosphatemia may result from progressive nerve and/or muscle damage as Uchl1-/- 

mice undergo neurodegeneration of the gracile tract between 6-12 weeks of age (4). 

Sensory ataxia predominates during this stage while motor ataxia manifests itself toward 

16 weeks of age in Uchl1-/- mice (29). Phosphate resorption from the bone is possible, 

however, calcium homeostasis was intact at the chosen endpoint. Nonetheless, Uchl1-/- 

mice exhibit some bone alterations, namely scoliosis of the spine (22). We also observed 

trabecular bone hypotrophy in femur sections from Uchl1-/- mice (Figure 7), suggesting 

that bone resorption may contribute to hyperphosphatemia. 
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Under healthy conditions, a rise in plasma phosphate is accompanied by a concomitant 

increase in FGF23 that in turn normalizes phosphate homeostasis through its 

phosphaturic actions (15). Moreover, in the context of α-klotho deficiency, FGF23 levels 

are predicted to rise as a compensatory mechanism to disturbed FGF23 signaling and as 

observed in klotho-deficient models (12, 23). However, plasma FGF23 was unchanged in 

12-week-old Uchl1-/- mice. Interestingly, FGF23 mRNA was significantly elevated in 

femur homogenates isolated from Uchl1-/- mice, suggesting that osteoblasts and 

osteocytes are responding to hyperphosphatemia by inducing FGF23 synthesis. It remains 

possible that FGF23 secretion from the bone is impaired in Uchl1-/- mice. Additionally, 

Figure 7. Trabecular bone density is reduced in Uchl1-/- mice. A-B. Masson’s 
trichrome-stained femur sections revealed smaller and thinner trabecular bone 
structures in Uchl1-/- mice (B) compared to wild type mice (A) (n=6). Scale bar = 
500µm. C. Inset from (A) and D. inset from (B) depicting reduced trabecular bone 
area (arrow) in Uchl1-/- mice compared to wild type mice (n=6). Scale bar = 100µm. 
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since the degree of hyperphosphatemia is mild (1.6mM) in Uchl1-/- mice, a dramatic 

increase in circulating FGF23 levels may not be required. A modest rise in circulating 

FGF23 levels may therefore go undetected. Nonetheless, considering that α-klotho levels 

are attenuated in Uchl1-/- mice, renal FGF23 signaling is likely blunted. 

 

Uchl1-/- mice display structural abnormalities in the enteric nervous system resulting in a 

gut motility deficit. Specifically, Uchl1-/- mice demonstrate increased gut transit time 

between 8-12 weeks of age, resembling that of 26-month old mice (5). Since the gut is 

the source of dietary phosphate absorption, primarily through Npt2b and paracellular 

diffusion, we postulated that reduced gastric motility in Uchl1-/- mice might contribute to 

increased phosphate absorption and hyperphosphatemia. Moreover, 1,25-(OH)2-D3 may 

also promote increased intestinal calcium/phosphate absorption (7). The contribution of 

the gut was however ruled out. While there was no evidence for increased intestinal 

phosphate absorption, we cannot exclude that increased gut transit time contributes to 

hyperphosphatemia in Uchl1-/- mice. And despite finding that a low phosphate diet 

normalized both urinary and plasma phosphate levels in Uchl1-/- mice, we can only 

conclude that phosphate homeostasis can be restored by lowering dietary phosphate. 

 

The question remains, how does Uchl1 deletion lead to α-klotho attenuation? α-Klotho 

attenuation can be achieved through angiotensin II signaling at the angiotensin type 1 

receptor, however, in Uchl1-/- mice, we have previously determined that the renin 

angiotensin system is attenuated (Boisvert et al, manuscript in preparation) (20). 

Oxidative stress also reduces α-klotho and while oxidative stress has been demonstrated 
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in Uchl1-/- mice, this was not specifically investigated in the kidney (5, 21). Finally, we 

cannot ignore the function of Uchl1, a ubiquitin C-terminal hydrolase that may serve to 

stabilize α-klotho in renal tubules through its deubiquitination. Absence of UCHL1 

disrupts the ubiquitin-proteasome system and may contribute to lowering α-klotho levels. 

It is also interesting to note that Uchl1-/- mice exhibit some similarities to kl/kl mice. 

Kl/kl mice exhibit an ageing-like phenotype, associated with osteoporosis, hypokinesis 

and gait disturbances comparable to humans with Parkinson's disease (16). Similarly, 12-

week-old Uchl1-/- mice display scoliosis, sensory ataxia (followed by motor ataxia by 16 

weeks of age) and gait paralysis consequent to neurodegeneration (22). Uchl1-/- mice 

also exhibit features typically observed in aged mice, including impaired gastric motility 

(5). Therefore, UCHL1 may be involved in α-klotho regulation. 
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GENERAL DISCUSSION 
 
 
UCHL1 undoubtedly plays an important role in Ub maintenance and cellular function, 

and by extension, renal function and glomerular disease. The present studies demonstrate 

that global loss of Uchl1 has differential effects on the kidney and these differences may 

largely be due to ablation of Uchl1 in distinct cellular locales during specific challenges 

imposed upon the kidney. Global loss of Uchl1 in a mouse model of ACTN4-associated 

FSGS ameliorated podocyte injury, albuminuria and glomerular lesions, suggesting that 

ablation of Uchl1 in stressed podocytes is beneficial. However, global loss of Uchl1 in 

mice also impacts renal hemodynamics, leading to glomerular hyperfiltration and 

increased RBF, a phenotype that may arise from loss of Uchl1 in renal nerves. Finally, 

loss of Uchl1 led to hyperphosphatemia and affected the kidney's ability to properly 

respond to hyperphosphatemia, as evidenced by sustained Npt2a/c expression and 

attenuated α-klotho levels. While it remains unclear how loss of Uchl1 contributes to 

hyperphosphatemia in mice, there are no doubt alterations in Uchl1-deleted kidneys that 

impair their ability to respond to the perturbations in phosphate homeostasis. As such, it 

is fitting to conclude that Uchl1 deletion in mice has direct and indirect effects on renal 

function and the benefits of UCHL1 ablation may differ according to the state of cellular 

distress (i.e. diseased vs. non-diseased kidneys). 

 

Uchl1 Deletion Ameliorates Glomerular Injury in ACTN4-Associated FSGS  

The notion that Uchl1-deleted K256E-ACTN4pod+ mice demonstrate elevated albuminuria 

at 4 weeks of age that is significantly improved by 10 weeks of age is intriguing. The 

amelioration in albuminuria and other markers of podocyte injury is similar to findings of 
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Meyer-Schwesinger et al who demonstrated that UCHL1 inhibition in rats subjected to 

PHN led to improvements in albuminuria, associated with restoration of the Ub-

proteasome (Meyer-Schwesinger et al., 2011). While the status of the Ub-proteasome is 

unclear in our model, we determined that K256E-α-actinin-4 expression levels were 

higher in Uchl1-deleted K256E-ACTN4pod+ mice compared to K256E-ACTN4pod+ mice, 

suggesting attenuated Ub-proteasome activity when Uchl1 was deleted. We postulated 

that loss of UCHL1 and Ub levels in podocytes reduced poly-ubiquitination of K256E-α-

actinin-4 (which can heterodimerize with wild type α-actinin-4), thereby stabilizing wild 

type/K256E-α-actinin-4 heterodimers and partially preserving podocyte architecture. 

However, this does not completely explain why albuminuria improvement is delayed.  

 

While we proposed the latter mechanism to be the primary means responsible for the 

ameliorated phenotype in Uchl1-deleted K256E-ACTN4pod+ mice, findings from our 

second study bring into question whether the alterations in renal hemodynamics 

characteristic of Uchl1-/- mice also contributed to the ameliorations observed. The onset 

of albuminuria in Uchl1-deleted K256E-ACTN4pod+ mice at 4 weeks corresponds to a 

time point prior to sensory ataxia manifestation in Uchl1 null mice. The improvement in 

albuminuria in 10-week-old Uchl1-deleted K256E-ACTN4pod+ mice also corresponds a 

time point when neurodegeneration is well underway in Uchl1-/- mice and when these 

begin to display glomerular hyperfiltration (confirmed at 9 weeks of age). There is no 

doubt that the improvement in albuminuria in Uchl1-deleted K256E-ACTN4pod+ mice 

correlates with the manifestation of glomerular hyperfiltration in Uchl1-/- mice. It is well 

documented that the onset of glomerular lesions in patients with FSGS is associated with 
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GFR decline, and this trend is likely in albuminuric K256E-ACTN4pod+ mice. Loss of 

Uchl1 may therefore prevent GFR decline in K256E-ACTN4pod+ mice. Moreover, 

increased GFR and RBF associated with Uchl1 deletion may promote adequate perfusion 

of the glomerulus further contributing to the improved podocyte phenotype.  

 

Persistent elevations in GFR are associated with glomerular injury due to increased PG. 

As a result, hyperfiltration in Uchl1-deleted K256E-ACTN4pod+ mice may initially reverse 

the onset of injury, only to then delay it. When Uchl1-deleted mice were followed to 20 

weeks of age these did not display significant changes in glomerular scarring or 

albuminuria. However, that is not to say that when superimposed with a model of 

glomerular injury such as our mouse model of ACTN4-associated FSGS, these would 

develop glomerular lesions resulting from sustained hyperfiltration at later time points. 

These implications need to be considered and further validated should UCHL1 be a target 

of future studies in glomerular injury, and more importantly, in therapies aimed at 

ameliorating chronic kidney disease. 

 

Systolic blood pressure trends lower in Uchl1-/- mice compared to wild type mice at 

various time points between 6-12 weeks of age. Uchl1-deleted K256E-ACTN4pod+ mice 

also displayed attenuated systolic blood pressure compared to K256E-ACTN4pod+ mice 

controls. While components of the RAS (renin, ACE1) were upregulated in Uchl1-/- 

mice, we determined that the RAS may be attenuated in these mice as baseline plasma 

renin concentration trended lower and lisinopril treatment had no impact on systolic 

blood pressure or GFR. Accordingly, decreased RAS activity in K256E-ACTN4pod+ mice 
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through Uchl1 deletion may account for systolic blood pressure reductions in this group. 

Furthermore, reduced/dysregulated renal sympathetic tone may also account for the 

reduced systolic blood pressure when Uchl1 is ablated. Renal denervation in patients with 

resistant hypertension (SYMPLICITY HTN-1/HTN-2 trials) significantly attenuated 

blood pressure (Krum et al., 2014, Symplicity et al., 2010). While it is unclear as to 

whether Uchl1-/- mice depict a true model of renal denervation, our second study 

provides evidence of renal nerve dysfunction as these displayed increased renal nerve 

arborization and decreased urinary NE. Uchl1-/- mice also demonstrated reduced Phe-

induced vasoconstriction in mesenteric vessels, suggesting global impairment of 

sympathetic/vascular reactivity in this model. As such, it cannot be ruled out that nerve 

dysfunction and by extension ablated sympathetic activity (resulting from loss of 

UCHL1) may account for systolic blood pressure reductions in Uchl1-/- mice and in 

Uchl1-deleted K256E-ACTN4pod+ mice. 

 

Uchl1 Deletion Leads to Glomerular Hyperfiltration  

As previously mentioned, glomerular hyperfiltration in Uchl1-/- mice is most likely a 

result of renal nerve dysfunction consequent to loss of UCHL1. In this study multiple 

sources that could contribute to glomerular hyperfiltration were ruled out, including 

increased nephron numbers, the RAS, hyperglycemia, COX-2-derived PGs and NOS-

derived NO. Additionally, we provided evidence that attenuated renal sympathetic nerve 

activity is a strong candidate for glomerular hyperfiltration in Uchl1-/- mice. First, 

UCHL1 was extensively expressed in the renal nerves all throughout the kidney, 

including the finest axonal branches in the kidney. UCHL1 was also detectable in the 



 165 

periglomerular region. Second, analyses of the renal nerves in Uchl1-deleted mice 

revealed increased renal nerve arborization compared to wild type mice. This may point 

to an early compensation to reduced neurotransmission. Third, DCE-MRI revealed 

increased cortical RBF in Uchl1-/- mice, suggesting that glomerular hyperfiltration stems 

from reduced resistance at the afferent arteriole, which is richly innervated. Fourth, 

mesenteric arteries isolated from Uchl1-/- mice display delayed vasoconstriction 

following adrenergic stimulation. Extrapolating these findings to renal vessels, 

specifically the afferent arteriole, would suggest loss of vascular resistance and increased 

PG. Finally, urinary catecholamines, notably NE (and epinephrine, which trended lower), 

are reduced in Uchl1-/- mice suggesting that renal sympathetic tone is impaired. While 

these indirect assessments of renal sympathetic nerve activity provide considerable 

evidence for impaired neural input in the kidney, measuring renal sympathetic nerve 

activity would provide the most convincing evidence to this end. Although directly 

linking impaired renal sympathetic nerve activity to increased GFR is difficult to test. As 

such, it cannot be ruled out that dysregulated/reduced renal sympathetic nerve activity is 

a contributor to glomerular hyperfiltration in Uchl1-/- mice.  

 

Renal denervation in animal models has yielded conflicting findings where many studies 

demonstrate a lack of effect on GFR. In contrast to these models, Uchl1-/- mice 

demonstrate glomerular hyperfiltration that we postulate is attributed to 

dyregulated/reduced renal sympathetic tone. In this model, renal sympathetic nerve 

activity may be progressively impaired as Uchl1-/- mice undergo progressive 

neurodegeneration. Renal denervation, on the other hand, results in a sudden 
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disconnection of the renal nerves through a surgical procedure. If our hypothesis stands 

correct and dyregulated/reduced renal sympathetic nerve activity is the source of 

glomerular hyperfiltration, then it remains to be determined which differences are present 

in our model that yield an increased GFR compared to other models of renal denervation. 

While renal denervation may result in the activation of compensatory mechanisms aimed 

at buffering afferent arteriole dilation (i.e. increased adenosine release), these 

mechanisms may otherwise be compromised in Uchl1-/- mice. Indeed, increases in 

arterial stretch due to increased RBF should lead to activation of the myogenic 

mechanism and TGF. This may in fact be the case in denervated kidneys. In Uchl1-/- 

mice however, autoregulation may be impaired, resulting in reduced afferent arteriole 

tone and glomerular hyperfiltration.   

 

Uchl1 Deletion Leads to Altered Renal Phosphate Balance  

Findings from the third study suggest that loss of Uchl1 leads to perturbed phosphate 

homeostasis and renal handling of phosphate. The source of hyperphosphatemia in 

Uchl1-/- mice remains inconclusive as we cannot completely exclude the contribution of 

nerve degeneration, muscle wasting, bone resorption and finally, increased intestinal 

absorption. The onset of phosphaturia in Uchl1-/- mice in a hyperphosphatemic state 

would normally be an adaptive mechanism to couterbalance increases in circulating 

phosphate. However, phosphaturia in several models (i.e. Npt2a-/- mice, patients with 

hereditary hypophosphatemic rickets with hypercalciuria) generally results from the 

downregulation of sodium-phosphate cotransporters in the renal proximal tubule 

(Bergwitz et al., 2006, Segawa et al., 2009). In contrast, Uchl1-/- mice display wild type-
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comparable Npt2a and Npt2c expression levels in renal BBMVs. In the kidney, the main 

phosphate transporters (Npt2a, Npt2c and Pit2) are expressed in the proximal tubule. As 

such, phosphate reabsorption is limited to a small number of phosphate transporters 

expressed exclusively in the proximal tubule. Considering that Uchl1-/- mice hyperfilter, 

phosphate entering the urinary filtrate is therefore subject to high flow rates as it travels 

through the proximal tubule, which may decrease its likelihood of being reabsorbed. 

Since there are no known mechanisms of phosphate fine-tuning downstream of the 

proximal tubule, phosphate meets its fate as it is excreted into the urine of Uchl1-/- mice. 

In this case, glomerular hyperfiltration is beneficial as it promotes phosphaturia, whereas 

sustained Npt2a and Npt2c expression is maladaptive, as it promotes a certain degree of 

phosphate reabsorption and contributes to hyperphosphatemia in Uchl1-/- mice. 

 

In chronic kidney disease, patients suffer from hyperphosphatemia and display reduced 

klotho levels. Uchl1-/- mice similarly display these features, but hyperphosphatemia is 

milder. In contrast to patients with chronic kidney disease wherein hyperphosphatemia 

results from progressive renal damage and the inability to adequately clear phosphate, 

Uchl1-/- mice do not exhibit renal damage and these maintain the ability to excrete 

phosphate. Moreover, patients with chronic kidney disease display hyperphosphatemia 

that is associated with progressive GFR decline, whereas Uchl1-/- mice display 

hyperphosphatemia associated with glomerular hyperfiltration. Therefore the root of 

hyperphosphatemia and ability to excrete phosphate in Uchl1-/- mice is not comparable 

to patients with chronic kidney disease. Nevertheless, these mice may provide a useful 

tool to draw parallels to patients affected by this disease. Importantly, studying Uchl1 
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deletion in a model of glomerular disease may exacerbate hyperphosphatemia. Although 

plasma and urinary phosphate levels were not specifically examined in Uchl1-deleted 

K256E-ACTN4pod+ mice, we predict that hyperphosphatemia may be further impaired (at 

least at 4 weeks of age, when albuminuria is elevated) and may promote other 

complications such as vascular calcification. In fact, since hyperphosphatemia is mild in 

Uchl1-/- mice, further work characterizing renal phosphate handling following a high 

phosphate challenge would help provide further insight as to the ability of these mice to 

handle phosphate. 

 

Conclusions, Perspectives and Future Work 

In summary, we have identified a role for UCHL1 in renal function, renal hemodynamics 

and glomerular disease. In diseased podocytes overexpressing K256E-α-actinin-4, we 

determined that UCHL1 plays a maladaptive role, likely by over-fueling the Ub-

proteasome. Our findings corroborate those by others that have demonstrated that 

UCHL1 inhibition improved glomerular disease and Ub-proteasome function. While 

ablation of UCHL1 in glomerular disease has proven to be beneficial, future work 

investigating UCHL1 in glomerular disease will need to be informed by our findings that 

Uchl1-/- mice display altered glomerular hemodynamics and renal function, namely 

glomerular hyperfiltration and hyperphosphatemia. Both glomerular hyperfiltration and 

hyperphosphatemia are associated with negative outcomes in glomerular disease and 

chronic kidney disease. Uchl1-/- mice may provide a useful model to study glomerular 

hyperfiltration and perturbed phosphate homeostasis. However, these parameters will 
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need to be carefully considered when studying Uchl1 ablation in glomerular disease 

models and other non-renal models of injury.  

 

It remains to be determined whether UCHL1 inhibition in mice leads to comparable 

changes to renal hemodynamics and phosphate homeostasis as observed in Uchl1-deleted 

mice. A conditional Uchl1 knockout mouse model would also help delineate whether 

Uchl1 ablation alone promotes glomerular hyperfiltration and dysregulated phosphate 

homeostasis or whether these phenotypes result from Uchl1 loss during mouse 

development. Perhaps the most informative experiment would be conditionally knocking 

out Uchl1 exclusively in neurons, which would tease out the effects of Uchl1 loss in other 

cellular locales and determine with greater certainty whether changes to renal 

hemodynamics are linked to neuronal UCHL1. These experiments would also delineate 

the effects of neuronal UCHL1 to perturbed phosphate homeostasis and renal phosphate 

handling. 

 

Moreover, studying UCHL1 inhibition in ACTN4-associated FSGS or other mouse 

models of glomerular disease would strengthen the findings from the first study. These 

studies would help identify the developmental role of UCHL1 resulting in progressive 

neurodegeneration versus the effects of attenuating UCHL1 post-development. In this 

case a conditional knockout approach would also be informative. However, given the fact 

that global Uchl1 deletion leads to other renal phenotypes that may confound the findings 

observed in animal models of glomerular disease, taking advantage of a cell-specific 
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knockout (such as a podocyte-specific Uchl1 knockout) would be a more stringent 

method of evaluating the role of podocyte UCHL1 in glomerular disease.  
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