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ER stress has emerged as a signaling platform underlying the pathogenesis of various kidney diseases. Thus, there is an
urgent need to develop ER stress biomarkers in the incipient stages of ER stress—mediated kidney disease, when a
kidney biopsy is not yet clinically indicated, for early therapeutic intervention. Cysteine-rich with EGF-like domains 2
(CRELD?2) is a newly identified protein that is induced and secreted under ER stress. For the first time to our knowledge,
we demonstrate that CRELD2 can serve as a sensitive urinary biomarker for detecting ER stress in podocytes or renal
tubular cells in murine models of podocyte ER stress—induced nephrotic syndrome and tunicamycin- or ischemia-
reperfusion—induced acute kidney injury (AKI), respectively. Most importantly, urinary CRELD2 elevation occurs in
patients with autosomal dominant tubulointerstitial kidney disease caused by UMOD mutations, a prototypical tubular ER
stress disease. In addition, in pediatric patients undergoing cardiac surgery, detectable urine levels of CRELD2 within
postoperative 6 hours strongly associate with severe AKI after surgery. In conclusion, our study has identified CRELD2 as
a potentially novel urinary ER stress biomarker with potential utility in early diagnosis, risk stratification, treatment
response monitoring, and directing of ER-targeted therapies in selected patient subgroups in the emerging era of
precision nephrology.
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of Medicine, Winston-Salem, North Carolina, USA. *Section of Nephrology, Yale University School of Medicine, New Haven,
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USA. ’Arkana Laboratories, Little Rock, Arkansas, USA. ®Institute for Inherited Metabolic Disorders, Charles University in
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ER stress has emerged as a signaling platform underlying the pathogenesis of various kidney
diseases. Thus, there is an urgent need to develop ER stress biomarkers in the incipient stages of
ER stress-mediated kidney disease, when a kidney biopsy is not yet clinically indicated, for early
therapeutic intervention. Cysteine-rich with EGF-like domains 2 (CRELD2) is a newly identified
protein that is induced and secreted under ER stress. For the first time to our knowledge, we
demonstrate that CRELD2 can serve as a sensitive urinary biomarker for detecting ER stress

in podocytes or renal tubular cells in murine models of podocyte ER stress-induced nephrotic
syndrome and tunicamycin- or ischemia-reperfusion-induced acute kidney injury (AKI),
respectively. Most importantly, urinary CRELD2 elevation occurs in patients with autosomal
dominant tubulointerstitial kidney disease caused by UMOD mutations, a prototypical tubular

ER stress disease. In addition, in pediatric patients undergoing cardiac surgery, detectable urine
levels of CRELD2 within postoperative 6 hours strongly associate with severe AKI after surgery. In
conclusion, our study has identified CRELD2 as a potentially novel urinary ER stress biomarker with
potential utility in early diagnosis, risk stratification, treatment response monitoring, and directing
of ER-targeted therapies in selected patient subgroups in the emerging era of precision nephrology.

Introduction

Mounting evidence has established the importance of endoplasmic reticulum (ER) stress in the pathogen-
esis of various glomerular and tubular diseases (1). The ER is the central site for folding, posttranslational
modifications and transport of secretory and membrane proteins. A mismatch between the load of unfold-
ed/misfolded proteins and the folding capacity of the ER leads to ER stress (2). The ER responds to stress
by activating intracellular signaling pathways, collectively known as the unfolded protein response (UPR),
which aligns cellular physiology to the demands imposed by ER stress (2). Dysregulation of the UPR
under persistent or intense ER stress eventually results in death of kidney cells.

Nephrotic syndrome (NS), characterized by heavy proteinuria and hypoalbuminemia, is accompanied
by an increased risk for infection, venous thromboembolism, and progression to end-stage renal disease
(ESRD). Nearly 100% of patients with congenital onset and 44% with infantile onset of NS have podocyte
gene mutations, and the overall mutation detection rate is as high as 52% in steroid-resistant pediatric NS
patients (3). The leading mutated podocyte genes include laminin B2 (LAMB?2) causing congenital NS and
Pierson syndrome and collagen IV o chain (COL4A4) underlying Alport syndrome (AS) and focal segmen-
tal glomerulosclerosis (FSGS) (4). Emerging evidence has demonstrated that podocyte ER stress may be
an important functional link from genetic mutations to disease phenotype in primary NS. Recently, we
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have shown that a C321R missense mutation in LAMB2, which encodes an important constituent of the
mature glomerular basement membrane (GBM), induces podocyte ER stress and activates the proapoptotic
C/EBP homologous protein (CHOP) pathway in the development of proteinuria (5). In addition, the
G1334E mutation in COL4A3 triggers podocyte ER stress and leads to podocytopathy and AS (6). Multiple
studies have also linked podocyte ER stress to the pathogenesis of diverse sporadic nephropathies including
FSGS, membranous nephropathy, minimal change disease, and diabetic nephropathy (DN) in both experi-
mental models (7-9) and human kidney biopsies (10, 11).

Accumulating evidence has also highlighted a pathogenic role for ER dysfunction and the derange-
ment of ER proteostasis in the onset and progression of renal tubulointerstitial disease, which ultimately
advances to ESRD. Autosomal dominant tubulointerstitial kidney disease (ADTKD), due to mutations
in the UMOD gene encoding uromodulin, is characterized by gout, alterations in urinary concentration,
and progressive loss of kidney function (12, 13). Proteinuria is typically mild or absent. Uromodulin
(Tamm-Horsfall protein) is exclusively expressed in the thick ascending limb (TAL) of Henle’s loop. Cur-
rently, more than 120 UMOD mutations have been identified (http://www.ukdcure.org/), and most of
them are missense mutations (13). In vitro and in vivo studies have shown that UMOD mutations can
cause protein misfolding, ER retention, and ER stress activation in TAL cells (14-18). Additionally, tubu-
lar ER stress induced by ischemia, albuminuria, and nephrotoxins contributes to a variety of acquired
forms of tubular injury (19, 20).

Although multiple lines of evidence from clinical and experimental studies have demonstrated that a
maladaptive ER response is mechanistically linked to the pathogenesis of glomerular and tubular disorders,
the absence of biomarkers for monitoring podocyte or tubular cell ER stress has hampered early detection
and effective therapeutic intervention to restore ER homeostasis. We have previously identified mesencephal-
ic astrocyte-derived neurotrophic factor (MANF) as a urinary ER stress biomarker in mouse models (21).
Here, we investigated if another secreted, ER stress—inducible protein, cysteine-rich with EGF-like domains
2 (CRELD?2), is also a candidate urinary ER stress biomarker in both mouse models and human patients.

CRELD?2 was first identified as a novel ER stress—inducible gene through RNA analysis of Neuro2a
mouse neuroblastoma cells treated with thapsigargin (TG) (22). It is a ~50 kDa secretory glycoprotein
that predominantly localizes to the ER and Golgi apparatus (22, 23). Its promoter region, which is well
conserved among various species, contains a typical ER stress response element (ERSE; CGTGG-N9-
ATTGQG) that is positively regulated by the ER stress master regulator ATF6 (22). By overexpressing WT
and various mutant CRELD2 constructs in HEK293 or COS?7 cells, it has been reported that 4 C-terminal
amino acids (REDL) play a crucial role in CRELD?2 secretion and that Ig binding protein (BiP) and MANF
significantly enhance its secretion (23, 24). However, very few studies have been carried out to characterize
the intrinsic induction and secretion of CRELD?2 in vitro and in vivo. The only published in vivo study has
shown that CRELD?2 is upregulated and secreted following ER retention of mutant cartilage extracellu-
lar matrix proteins in mouse knock-in models of chondrodysplasia resulting from mutations in matrilin-3
(Matn3) or type X collagen (Col10al) (25). The function of CRELD2 under pathophysiological conditions
remains poorly understood. The aim of this study was to determine whether CRELD?2 can serve as a sen-
sitive urinary ER stress biomarker for ER stress—mediated kidney diseases by studying a combination of in
vitro cell and in vivo mouse models, as well as human patient samples.

Results

CRELD? is a urinary biomarker for detecting podocyte ER stress in the early stages of podocyte ER stress—induced NS
in mice. In our initial experiments, we determined whether ER stress increases CRELD2 expression and
secretion in mouse primary podocytes. Mouse podocytes were treated for 24 hours with tunicamycin (TM),
which activates ER stress by blocking N-linked glycosylation in the ER (26), or TG, which inhibits ER calci-
um uptake and, thus, depletes ER calcium through inhibition of ER calcium ATPase (27). Consistent with
prior results obtained from Neuro2a cells (22), both ER stressors induced expression of CRELD2, which
was barely detectable in vehicle-treated (DMSO-treated) cells (Figure 1A). As expected, we also noted that
TM treatment resulted in expression of an underglycosylated form of CRELD2. Immunofluorescence (IF)
of mouse primary podocytes also showed that CRELD2 was upregulated by both ER stressors and that
the upregulated CRELD2 in TM- or TG-treated podocytes overlapped exclusively with BiP, a well-known
ER stress marker (Figure 1B). We also examined the effects of ER stress on CRELD?2 secretion. Western
blot (WB) showed that both ER stressors increased CRELD2 secretion into the culture medium by mouse
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podocytes (Figure 1C), whereas in the absence of ER stress, there was little CRELD2 secretion by mouse
podocytes (Figure 1C). These data verify that the upregulation and secretion of CRELD2 induced by ER
stress is not a cell-type—specific response.

We next investigated whether CRELD2 could serve as a urinary biomarker to detect podocyte ER
stress by utilizing a podocyte ER stress—induced NS model that we have developed (5). We have previously
shown that Lamb2~'~ mice expressing C321R-LAMB?2 in podocytes via the podocyte-specific mouse nephrin
promoter (Lamb2”-;Tg-C321R mice, hereafter referred to as Tg-C321R mice) resemble features of human
NS patients carrying the C321R-LAMB2 mutation (5). We have also shown that, in expression-matched
Lamb2”/-Tg-WT mice (hereafter referred to as Tg-WT mice), the expression of WT LAMB2 cDNA in
podocytes is sufficient to restore the integrity of the glomerular filtration barrier (GFB) in Lamb2”~ mice
(28). Tg-C321R mice begin to develop trace proteinuria by 4 weeks of age before any histological changes,
then exhibit mild glomerulosclerosis, diffuse foot process effacement, GBM thickening, and overt pro-
teinuria at approximately 6—8 weeks; they finally die after 10-12 weeks (5). At P24-P28, when Tg-C321R
mutants exhibit trace proteinuria without notable renal histological alterations, podocyte ER stress induced
by the C321R misfolded protein is evident as demonstrated by the upregulation of BiP and CHOP in
Tg-C321R podocytes compared with WT and Tg-WT podocytes (5, 21). In the current study, we expand-
ed upon these findings by determining whether CRELD2 was also induced and secreted by ER-stressed
podocytes at the early stage of proteinuria. Primary podocytes were isolated and cultured from Lamb2*/-,
Tg-C321R, and Tg-WT mice at P27. Real-time PCR demonstrated that CRELD2 transcript levels were
significantly increased in Tg-C321R podocytes compared with the WT and Tg-WT podocytes (Figure 1D).
WB also revealed CRELD2 upregulation in Tg-C321R podocytes versus the WT and Tg-WT podocytes
(Figure 1E). More importantly, as shown in Figure 1F, secretion of CRELD2 by Tg-C321R podocytes was
markedly higher as compared with WT and Tg-WT podocytes. Next, we determined whether CRELD?2
secreted from ER-stressed podocytes was detectable in urine. Using urinary creatinine (Cr) concentrations
to normalize for sample loading, WB showed that CRELD2 was easily detected in as little as 3 pl of unpro-
cessed urine specimens from C321R mutants in the incipient stage of NS but not from WT or Tg-WT mice
(Figure 1G), analogous to the secretion of CRELD2 by cultured podocytes under ER stress (Figure 1F).
Furthermore, urinary CRELD2 excretion increased in C321R mutants during disease progression from
P27 to 6-12 weeks of age (Figure 1H). In contrast, CRELD2 excretion was not detected in the urine of WT
or Tg-WT mice at any time point up to 16 weeks of age examined (Figure 1I). We noted that CRELD?2 in
mouse urine had faster electrophoretic motility (~37 kDa), which is most likely due to the effect of high
concentrations of urinary sodium ions and urea, a well-described phenomenon. Taken together, these data
show that CRELD2 cellular secretion and urinary excretion coincide with podocyte ER stress during the
development of proteinuria and can be detected at the early stage of the disease.

CRELD? is an early urinary biomarker for monitoring tubular ER stress in the TM-induced acute kidney
injury (AKI) mouse model. Injection of TM 1.p. in mice is a well characterized AKI model caused by renal
proximal tubular ER stress (29). We and others have shown that it manifests as extensive tubular dilation,
epithelial flattening, tubular basement membrane denudation, and loss of brush borders in proximal
tubules, which peaks between 4 and 5 days after injection (21, 29). In comparison, glomeruli and other
organs are spared (21, 29). We have also shown that, despite normal renal function and the absence of
conspicuous histologic changes on day 1 after TM injection, multiple ER stress response genes including
BiP, CHOP, MANF and ER degradation-enhancing a-mannosidase-like protein (EDEM) are upregu-
lated (21). We further investigated whether CRELD2 was induced in ER-stressed renal tubules. Indeed,
CRELD?2 transcript levels in whole-kidney lysates were significantly increased on day 1 after TM injec-
tion versus DMSO vehicle—injected controls or day 5 after injection (Figure 2A). Co-IF staining of
CRELD?2 and the proximal tubular marker Lotus tetragonolobus lectin (LTL) also showed that CRELD2
immunostaining in proximal tubules was substantially upregulated on day 1 following TM injection
compared with controls and subsided by 5 days after injection. Conversely, glomeruli in TM-injected
kidneys did not exhibit CRELD?2 induction (Figure 2B). WB analysis confirmed that CRELD2 protein
expression in kidneys was higher on day 1 compared with controls or day 5 after injection (Figure 2, C
and D). Next, we sought to determine whether CRELD2 can be detected in urine on day 1 after treat-
ment with TM. We have previously shown that this time point precedes renal histopathologic changes
and upregulation of the early injury marker kidney injury molecule-1 (KIM-1) (21). Indeed, CRELD2
excretion was dramatically increased in urine specimens from TM-injected mice within 24 hours but not
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Figure 1. CRELD2 is a urinary biomarker for detecting podocyte ER stress in the early stages of NS. Primary podocytes (P1or P2) were isolated
and cultured from WT mice at P27 (A-C). (A) Mouse primary podocytes were treated with DMSO (control), TM (2 pg/ml), or TG (1 uM) for 24 h. Cell
lysates were analyzed by WB with the indicated antibodies. (B) Control and TM- or TG-treated mouse podocytes, as described in A, were stained
for CRELD2 (red) and BiP (green). Nuclei were counterstained with Hoechst 33342 (blue). Scale bar: 40 um. (C) Immunoblot analysis for CRELD2
secretion into the media by cultured primary podocytes described in A (20 pl medium each group). (D) Quantitative PCR analysis of CRELD2 mRNA
in primary podocytes from Lamb2*/~, Lamb2/~;Tg-C321R, and Lamb2~/~;Tg-WT mice at P27. CRELD2 expression was normalized as a ratio to mouse
podocyte-specific WT-1 mRNA, and the average CRELD2/WT-1 mRNA ratio in Lamb2*/- mice was set as 1(n = 5 mice per genotype; mean * SD). *P
< 0.05 by 1-way ANOVA. (E) Primary podocyte cell lysates from age-matched Lamb2*/~, Lamb2/~;Tg-C321R, and Lamb2~/-;Tg-WT mice at P27 were
analyzed by WB with the indicated antibodies. (F) Immunoblot analysis for CRELD2 secretion into the media by primary podocytes (20 pl each
group) from the indicated genotypes at P27. (G) Urinary CRELD2 excretion was assessed by WB from Lamb2~/~; Tg-C321R mice and their Lamb2*/-
littermates and age-matched Lamb2~/~;Tg-WT mice (n = 8, n = 8, and n = 3, respectively). Shown is 1 representative experiment at the indicated
ages. (H) Immunoblot analysis of CRELD2 in crude urine specimens from 1 pair of Lamb2*/- and Lamb2-/-;Tg-C321R littermates following the disease
course. Shown is 1 representative experiment. Three more independent experiments were performed with similar results. (I) CRELD2 excretion in
unprocessed urine specimens was detected by WB from Lamb2/-;Tg-C321R mice and their Lamb2*/- littermates and Lamb2~~;Tg-WT mice at 8-16
weeks. The urinary CRELD2 excretion was normalized to urine Cr excretion such that the urine volume applied to the gel reflected the amount of
urine containing 1 ug of Cr for G-1. All WB images are representative of at least 3 independent experiments. CRELD2, cysteine-rich with EGF-like
domains 2; TM, tunicamycin; TG, thapsigargin; BiP, Ig binding protein; Tg-C321R, Lamb2-/- mice expressing C321R-LAMB?2 in podocytes; Tg-WT,
Lamb2™'- mice expressing WT LAMB2 in podocytes.
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Figure 2. Urinary CRELD2 excretion coincides with tubular ER stress in the TM-induced AKI mouse model. (A) Quantitative PCR analysis of relative
transcript levels of CRELD2 in kidneys at the indicated time points following TM injection (1 mg/kg, i.p.) as compared with DMSO vehicle-injected controls.
Absolute levels were normalized first to those of GAPDH and then to the levels in the control kidneys (mean + SEM). ***P < 0.001 by 1-way ANOVA (n =3
mice per group). (B) Dual IF staining for CRELD2 (green) and LTL (red) on paraformaldehyde-fixed, sucrose-cryoprotected kidney sections from mice treated
with vehicle or TM (1 mg/kg) at the indicated time points. Nuclei were counterstained with Hoechst 33342 (blue). G, glomerulus. Scale bars: 40 um. (C)
Whole-kidney lysates from mice treated with or without TM (1 mg/kg) at different time points were analyzed by WB for levels of CRELD2 and B-actin. (D)
Quantification of CRELD2 normalized to B-actin in kidney lysates in 5 independent experiments. The average CRELD2/B-actin ratio in vehicle-treated mice
was set as 1(mean + SEM). *P < 0.05 and **P < 0.01 by 1-way ANOVA. (E) Detection of urinary CRELD2 within 1 day of TM injection. Urine was collected
for 24 hours after the mice were injected with vehicle or 1 mg/kg TM (i.p.). Crude urine samples from mice treated with vehicle (n = 8) or TM (n = 8) were
analyzed by WB for CRELD2 excretion. The urinary CRELD2 excretion was normalized to 2 ug of urine Cr excretion. TM, tunicamycin; CRELD2, cysteine-rich
with EGF-like domains 2; LTL, Lotus tetragonolobus lectin.

from vehicle-injected mice (Figure 2E). Collectively, these data demonstrate that tubular cell ER stress
increases urinary CRELD?2 excretion prior to any evidence of the subsequent decline in kidney function
or histologic changes due to ER stress—induced AKI, thus establishing the excellent early diagnostic
capacity of CRELD?2 as a biomarker.

CRELD? is an early mechanistic urinary biomarker for ER-stressed tubular cells in the ischemia-reperfusion—
induced AKI mouse model. We further assessed whether urinary CRELD?2 excretion can be utilized to mon-
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itor tubular ER stress in another form of tubular cell injury caused by ischemia-reperfusion (I/R). I/R
renal injury following hypotension due to various clinical problems and kidney transplantation is a major
pathogenic mechanism of AKI. However, the current treatment for AKI is mainly supportive due to a lack
of mechanism-based therapies. Emerging evidence has shown that tubular ER stress plays an important
role in linking ischemic insult to tubular injury (30, 31). In 9-week-old male C57BL/6J mice subjected to
30 minutes of bilateral kidney ischemia, as illustrated by H&E and periodic acid-Schiff (PAS) staining,
early stage of tubular damage manifesting as loss of brush boarders and partial cytoplasmic degeneration
was observed in scattered areas of postischemic kidneys as early as 3 hours after reperfusion (arrows, Sup-
plemental Figure 1A; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.92896DS1). Acute tubular necrosis developed predominantly in the corticomedullary junction
area by 9 hours, and more diffuse tubular necrosis occurred by 24 hours after ischemic injury (arrows,
Supplemental Figure 1A). On day 3 after reperfusion, tubular regeneration (arrowhead) with much less
tubular necrosis (arrows) was detected (Supplemental Figure 1A). In the 15-day reperfusion kidneys, tubu-
lar injury had completely resolved (Supplemental Figure 1A). Blood urea nitrogen (BUN) was elevated
at 3 hours, peaked at 24 hours, and returned to normal renal function by the 15-day recovery period in
the I/R-injured mice compared with sham-operated mice (Supplemental Figure 1B), which was reflective
of the histopathologic changes observed (Supplemental Figure 1A). Compared with kidneys undergoing
sham operation, postischemic kidneys exhibited significant upregulation of CRELD2 mRNA and protein
from 9 hours to 3 days (Figure 3, A—C). Consistent with these results, dual staining of sham-operated and
postischemic kidney sections for CRELD2 and LTL demonstrated that CRELD2 induction occurred in
sparse proximal tubules mildly by 3 hours, further increased by 9 hours, peaked by 24 hours, declined by 3
days, and resolved by 15 days after the ischemic injury (arrows, Figure 3D). In contrast, the glomeruli were
devoid of CRELD2 expression (Supplemental Figure 2). Remarkably, mice with 30 minutes of bilateral
ischemia manifested urinary CRELD2 excretion within 3 hours of reperfusion (the first urine collection
performed after ischemia) (Figure 3, E and F). The appearance of CRELD?2 in the urine persisted for at
least 24 hours after ischemic AKI and decreased to normal levels by 3 days of reflow (Figure 3, E and F). In
contrast, sham-operated mice did not exhibit CRELD2 urinary excretion (Figure 3, E and F). Meanwhile,
we also compared urine CRELD2 with previously established AKI biomarkers, such as KIM-1 and neutro-
phil gelatinase—associated lipocalin (NGAL). A significant elevation of both KIM-1 and NGAL was noted
in kidneys at 9 hours and in the urine at 6 hours after ischemic injury compared with sham-operated mice
(Figure 3, B, E and F), indicating that CRELD?2 excretion in the urine slightly precedes KIM-1 and NGAL
excretion following ischemic AKI. It was also noted that urinary NGAL excretion appeared to persist
longer than CRELD2 and KIM-1 excretion (Figure 3, E and F). Together, these results clearly indicate that
urinary CRELD?2 excretion can serve as a mechanistic biomarker for ER-stressed tubular cells in the early
phase of I/R-induced AKI. In addition, CRELD?2 excretion in the urine can be utilized to monitor disease
progression and recovery in ischemic AKI.

CRELD? is easily detected in the urine after subclinical renal ischemia and urinary CRELD? levels correlate
with the severity of renal ischemia. To determine the sensitivity of urinary CRELD?2 detection in the absence
of overt AKI, 9-week-old male C57BL/6J mice underwent 10 minutes of bilateral renal pedicle clamp-
ing. Whereas mice subjected to 30 minutes of bilateral ischemia exhibited characteristic histopathologic
features of AKI (arrows, Figure 4A and Supplemental Figure 1A), at 24 hours of reflow, tubular injury
was absent from mice with mild renal ischemia (Figure 4A). Corresponding to histological changes, mice
with bilateral ischemia for 10 minutes displayed BUN levels comparable with control mice, whose levels
were significantly lower than the levels in mice with bilateral ischemia for 30 minutes (Figure 4B). Strik-
ingly, CRELD2 was readily detected in unprocessed urine in mice with subclinical renal ischemia within
3 hours of the ischemic insult (in the very first urine collection after ischemia) and persisted for at least 24
hours (Figure 4C). Moreover, mice with 30 minutes of renal ischemia excreted significantly higher levels
of CRELD?2 as compared with mice with mild ischemia (Figure 4C). In contrast, no correlation between
urinary KIM-1 excretion and the duration of renal ischemia at any of the reperfusion periods examined
was noted (Figure 4D). NGAL levels in the urine correlated with the severity of renal ischemia at 6 and
24 hours but not at 3 hours of reflow (Figure 4E). These results demonstrate that CRELD2 is a sensitive
urinary ER stress biomarker and that its excretion levels correlate with the duration of renal ischemia.

Urinary CRELD? elevation within postoperative 6 hours is significantly associated with higher risk of severe
AKI and other adverse clinical outcomes after pediatric cardiac surgery. After we identified CRELD2 as a
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Figure 3. CRELD2 is induced and excreted in the urine in a mouse model of AKI caused by 30 minutes of bilateral kidney ischemia. (A) Quantitative PCR
showed relative transcript levels of CRELD2 in kidneys from sham-operated (n = 4) or |/R-injured mice at 3, 9, and 24 hours, as well as 3 and 15 days, of reflow
(n = 3 at each time point). Absolute levels were normalized first to those of GAPDH and then to the levels in the sham-operated kidneys (mean + SEM). *P <
0.05, **P < 0.01, and ***P < 0.001 by 1-way ANOVA. (B) Representative WB results from sham-operated and postischemic kidneys for levels of CRELD2, KIM-
1, NGAL, and B-actin at the indicated time points of reperfusion. (C) Quantification of CRELD2, KIM-1, or NGAL normalized to B-actin in kidney lysates. Abso-
lute levels of CRELD2, KIM-1, or NGAL were normalized first to those of B-actin and then to the levels in the kidneys subjected to sham treatment, at 9 hours
after reperfusion, and at 3 hours after reperfusion, respectively (n = 4 mice per time point; mean + SD). *P < 0.05 and ***P < 0.001 relative to sham-operated
kidneys by 1-way ANOVA. (D) Dual IF staining for CRELD2 (green) and LTL (red) on histochoice-fixed paraffin kidney sections from mice with sham operation or
following I/R injury at various reperfusion periods as indicated. Nuclei were counterstained with Hoechst 33342 (blue). G, glomerulus. Arrows indicate CRELD2
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induction in proximal tubules after ischemic injury. Scale bar: 40 um. (E) Representative WB analysis of CRELD2, KIM-1, and NGAL in crude urine specimens
collected from sham-operated (n = 9) and I/R-injured mice within varying time points after ischemic AKI: 3 hours (n = 5), 6 and 24 hours (n = 10 at each time
point), and 3 and 15 days (n = 5 at each time point). The urinary excretion of CRELD2, KIM-1, or NGAL was normalized to 0.5 pg of urine Cr excretion. (F) Quan-
tification of urinary CRELD2, KIM-1 or NGAL excretion. The excretion of individual urinary protein biomarkers in mice within 3 hours of reperfusion was set as 1.
*P < 0.05, **P < 0.01, and ***P < 0.001 relative to sham-operated mice by 1-way ANOVA. CRELD2, cysteine-rich with EGF-like domains 2; KIM-1, kidney injury
molecule-1; NCGAL, neutrophil gelatinase-associated lipocalin; LTL, Lotus tetragonolobus lectin.

insight.jci.org

potentially novel urinary ER stress biomarker in mouse models, our exciting results further prompted
us to investigate the utility of CRELD2 in human kidney diseases. I/R-induced AKI, which mechanis-
tically mimics the mouse I/R model, is a common complication of pediatric cardiac surgery and neg-
atively effects short- and long-term outcomes (32). The failure of prior interventional trials to mitigate
AKIT in cardiac surgery patients has been attributed, in part, to the delays in the diagnosis of AKI. Thus,
it presents an urgent need to develop sensitive mechanistic biomarkers for early therapeutic interven-
tion. By utilizing urine samples from NIH-funded Translational Research Investigating Biomarker End-
points in Acute Kidney Injury (TRIBE-AKI) Consortium (32, 33), we conducted a pilot case-control
study of 25 pediatric patients with normal baseline renal function who had received congenital cardiac
surgery to evaluate whether early postoperative measure of urine CRELD?2 is associated with higher
risk of severe AKI postoperatively. After the cardiopulmonary bypass (CPB) surgery, 10 patients devel-
oped severe AKI, as defined by either receipt of acute dialysis or postoperative doubling of serum Cr
during hospital stay, and 15 patients did not develop AKI, as defined by the percentage change in peak
serum Cr < 50% during hospital stay. Two patients who developed severe AKI were excluded due to
urine sample unavailable at postoperative 0- to 6-hour time points and missing urine Cr data. Thus, 23
patients were included in the analysis. Demographic and clinical characteristics of enrolled patients
were included in Table 1.

Preoperatively, urinary CRELD2 excretion was absent in 21 participants (Figure 5, A and B). Pre-
operative mild elevation of urine CRELD2 was noted in 1 non-AKI and 1 severe-AKI patient. Postop-
eratively, in patients with severe AKI, urine CRELD2 concentration peaked at the first collection (post-
operative 0- to 6-hour time points) and declined over the first 3 postoperative days when crude urine
specimen normalized to 2 pg of urine Cr excretion were analyzed by WB (arrow, Figure 5A). In marked
contrast, in 12 of 15 patients without AKI, urinary CRELD?2 levels were undetectable at the first collec-
tion (Figure 5, A and B). Although WB is very sensitive, it is semiquantitative and can be cumbersome
for a clinical diagnostic lab. An ELISA assay for measuring CRELD2 excretion in human urine samples
was performed to achieve absolute quantification and higher throughput. As shown in Figure 5B, the
first postoperative urine CRELD2 concentration normalized to urine Cr excretion (urine CRELD2/
Cr) was significantly higher in the 8 patients with severe AKI than that in the 15 non-AKI patients (P =
0.002), whereas no difference in serum Cr concentrations on day 1 was observed between the 2 groups
(Figure 5C). Serum Cr in severe AKI patients peaked on day 2 after surgery (Figure 5C). Moreover,
detectable urine CRELD?2 levels at the first urine collection were strongly associated with severe AKI
(66% of patients with detectable urine CRELD?2 levels versus 14% of patients with undetectable levels
within the first postoperative 6 hours developed severe AKI, P = 0.01). Meanwhile, ELISA assays of
NGAL, IL-18, and KIM-1 in the urine collected during the postoperative 0—6 hours showed significant
elevation of urine NGAL (P = 0.011) and IL-18 (P = 0.013), but not elevation of KIM-1 (P = 0.628), in
severe AKI patients versus non-AKI patients (Figure 5D). The average length of hospital stay and ven-
tilation for patients with detectable urinary CRELD?2 levels was 15.33 days (£SD, 21.45) and 2.6 days
(£SD, 1.6), whereas those for patients with undetectable urinary CRELD?2 levels were 4.5 days (£SD,
2.9) and 1.1 days (£SD, 1.1), respectively (P = 0.017 and 0.03, respectively, Figure 5E). Moreover, the
postoperative 0- to 6-hour urine CRELD2/Cr values were moderately associated with longer hospital
stay and duration of mechanical ventilation (Spearman correlation coefficient 0.55 and 0.54, respec-
tively, P < 0.05) but not with length of intensive care unit (ICU) stay. These data indicate that early
postoperative urinary CRELD?2 elevation is significantly associated with severe AKI and other adverse
outcomes following pediatric cardiac surgery.

Urinary CRELD? levels are markedly increased in patients with ADTKD caused by mutations in UMOD.
We also validated CRELD?2 as a urinary biomarker for detecting tubular ER stress in ADTKD caused
by UMOD mutations, a prototypical tubular ER stress disease. Consistent with prior studies of many
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Figure 4. CRELD2 levels in the urine correlate with the duration of renal ischemia. Mice were exposed to sham treatment or either 10 or 30 minutes
of bilateral ischemia. (A) After 24 hours of reperfusion, paraffin sections of control and I/R-injured kidneys were stained with H&E and PAS. Note
acute tubular necrosis (arrows) at 24 hours of reflow following 30 minutes of kidney ischemia. Scale bars: 40 pm. (B) BUN levels for the indicated
groups: sham-operated mice (n = 10), mice with 10 minutes of bilateral ischemia followed by 24 hours of reperfusion (n = 5), and mice with 30 minutes
of bilateral ischemia followed by 24 hours of reperfusion (n = 7). Data represent mean + SEM, **P < 0.01 by 1-way ANOVA. (C-E) Representative WBs of
CRELD2 (C), KIM-1 (D) and NGAL (E) in unprocessed urine samples obtained at reperfusion periods (3, 6 and 24 hours) as shown, after 10 or 30 minutes
of bilateral renal vascular pedicles clamping. The urinary excretion of CRELD2 (C), KIM-1 (D), or NGAL (E) was normalized to 1 ug of urine Cr excretion
and quantified. I, Ischemia. The average urinary biomarker excretion in mice subjected to bilateral renal ischemia for 10 minutes was set as 1. *P < 0.05,
**P < 0.01, and ***P < 0.001 by 2-way ANOVA. PAS, periodic acid-Schiff; BUN, blood urea nitrogen; CRELD2, cysteine-rich with EGF-like domains 2;

KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase-associated lipocalin.
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Table 1. TRIBE-AKI cohort description

All Severe AKI Non-AKI P
(n=23) (n=8) (n=15)
Age at the time of surgery, mean (SD) 7.71(4.42) 6.76 (4.22) 8.22 (4.58) 0.349
Age at the time of surgery, n (%) 13-18 years 4 (17%) 1(13%) 3 (20%) 0.651
2-13 years 19 (83%) 7 (88%) 12 (80%)
Male sex, n (%) 11 (48%) 5(63%) 6 (40%) 0.304
Caucasian race, n (%) 19 (83%) 7 (88%) 12 (80%) 0.651
Type of surgery, n (%) Elective 20 (87%) 8 (100%) 12 (80%) 0.175
Urgent 3 (13%) 0 3 (20%)
Preoperative eGFR (ml/min per 1.73 m?), mean (SD)* 107.96 (24.86) 125.59 (24.1) 98.56 (20.21) 0.022
Preoperative eGFR (percentile), mean (SD)® 53.39 (34.02) 75.25 (29.79) 41.73 (30.93) 0.020
Preoperative medications
ACE inhibitors, n (%) 4 (17%) 1(13%) 3 (20%) 0.651
Aspirin (Novasen, Entrophen), n (%) 2 (9%) 2 (25%) 0 0.043
p Blockers, n (%) 2 (9%) 2 (25%) 0 0.043
RACHS-1 category, n (%)¢ 1 2 (9%) 0 2 (14%) 0.524
2 12 (55%) 5(63%) 7 (50%)
3 8 (36%) 3(38%) 5(36%)
CPB time (min), mean (SD) 112.22 (63.71) 141.88 (67.58) 96.4 (57.66) 0.087
Outcomes
Length of ICU stay (days), mean (SD) 4.30 (8.04) 8.13 (13.15) 2.27 (1.49) 0.17
Median (IQR) 2.0 (1.0, 4.0) 3.0 (1.5, 7.5) 2.0 (1.0, 4.0)
Length of hospital stay (days), mean (SD) 8.74 (14.19) 16.13 (22.85) 4.8 (2.78) 0.084
Median (IQR) 6(3,7) 7.5 (5, 15.5) 4(2,7)
Need for dialysis, n (%) 0 0 0 0.161
Mortality, n (%) 1(4%) 1(13%) 0 0.161

ACE, angiotensin-converting enzyme; CPB, cardiopulmonary bypass time; ICU, intensive care unit; IQR, interquartile range. “eGFR (estimated glomerular
filtration rate) was calculated by the Schwartz formula. 8Percentile eGFR was calculated by quantile regression based on published normal renal function

measured by nuclear medicine scan GFR in 651 children. “The RACHS-1 consensus-based score system categorizes the complexity of surgery.

mutations causing ADTKD-UMOD, trichrome staining of kidney biopsies from patients carrying the
UMOD mutation H177-R185 del or W202S revealed significant interstitial fibrosis (Figure 6A). In
addition, PAS staining showed tubular dilation, tubular atrophy with tubular basement membrane
thickening (arrowheads, Figure 6A), or interstitial inflammatory monocyte infiltration (arrow, Figure
6A). Co-IF staining of CRELD2 and uromodulin in human kidney biopsies were employed to assess
protein expression and localization in renal epithelial cells lining the TAL. In agreement with previous
studies with other UMOD mutations (14, 15, 17), native uromodulin was enriched at the apical mem-
brane of TAL cells (arrows, Figure 6B). In sharp contrast, mutant H177-R185 del uromodulin exhib-
ited diffuse expression in the cytoplasm of TAL tubules and mutant W202S uromodulin displayed a
punctate perinuclear distribution within TAL cells (Figure 6B). Intracellular and intraluminal protein
aggregates were also noted in kidney biopsies harboring both mutations, reminiscent of defective intra-
cellular trafficking and ER retention of uromodulin mutants (Figure 6B). Moreover, expression of ER
stress response protein CRELD2 was markedly enhanced and completely colocalized with mutant
uromodulin in TAL cells (Figure 6B). We subsequently determined whether CRELD2 concentration
was elevated in the urine of ADTKD-UMOD patients. CRELD2 was easily detected in 5-25 pl of
unconcentrated urine normalized to 10 pg of urine Cr excretion from human ADTKD-UMOD patients
(17 affected individuals from 13 families carrying 6 UMOD mutations), whereas urinary CRELD2
excretion was absent from all tested genetically unaffected controls (Figure 6, C and D, and Table 2).
Of note, CRELD?2 induction was observed in the urine of patients 4, 5, 9, 14, and 15 whose estimated
glomerular filtration rates (eGFR) were 111.19, 66.34, 102.9, 75.79, and 66.4 ml/min, respectively
(Figure 6, C and D, and Table 2). As expected, all urine samples from these ADTKD-UMOD patients
showed trace to mild albuminuria (urinary albumin to Cr ratio [UACR] less than 300 pg/mg — the
definition of macroalbuminuria) when urine volume containing 4 pug of Cr was loaded to a gel, and
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Figure 5. Early postoperative measure of urine CRELD2 can stratify pediatric patients for developing severe AKI and other adverse outcomes after car-
diopulmonary bypass surgery. AKI in B-E denotes severe AKI. (A) Representative preoperative (pre-op) and postoperative (post-op) WB analysis of CRELD2
(arrow) in crude urine specimens obtained from non-AKI and severe AKI patients at the indicated time points. Time points 0-6 hours, 6-12 hours, 12-18
hours, day 2, and day 3 are the sample collection times after the CPB surgery. The urinary excretion of CRELD2 was normalized to 2 ug of urine Cr excretion.
Three more independent experiments were performed with similar results. (B) ELISA assay of urine CRELD2 concentrations normalized to urine Cr excretion
in unconcentrated urine specimen before surgery and at the first postoperative collection (0-6 hours) in severe AKI (n = 8) and non-AKI (n = 15) patients. **P
< 0.01 by Wilcoxon rank-sum test. (C) Pre- and post-op serum Cr measurements in severe AKI (n = 8) and non-AKI (n = 15) patients, by Wilcoxon rank-sum
test. (D) ELISA assays of urine NGAL, IL-18, and KIM-1 concentrations before surgery and 0-6 hours after surgery in severe AKI (n = 8) and non-AKI (n = 15)
patients. *P < 0.05 by Wilcoxon rank-sum test. (E) Length of stay in hospital, ventilation, and stay in ICU in patients with undetectable and detectable urine
levels of CRELD2 within postoperative 6 hours, respectively. *P < 0.05 by Wilcoxon rank-sum test. AKI, acute kidney injury; CRELD2, cysteine-rich with EGF-
like domains 2; KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase-associated lipocalin; ICU, intensive care unit.
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the density of the band was compared with that of 1.2 pg of BSA by Coomassie G-250 stain (Sup-
plemental Figure 3), which excludes the possibility that tubular ER stress was due to heavy albumin-
uria. Urine CRELD2 concentration in control and ADTKD-UMOD patients was also measured by the
ELISA assay (Figure 6E). Since patients with ADTKD-UMOD only affecting TAL segment excreted
much less CRELD2 compared with patients with ischemic AKI, proteins in urine volume normalized
to 450 g of urine Cr in control, and ADTKD patients were concentrated to ensure that urine CRELD?2
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Figure 6. Detection of CRELD2 in the urine from human ADTKD-UMOD patients caused by UMOD mutations. (A) Masson’s trichrome and PAS staining
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tomy. Scale bar: 40 um. Arrowheads indicate tbular dilation, tubular atrophy with tubular basement membrane thickening. Arrow indicates interstitial
inflammatory monocyte infiltration. (B) Representative IF images of human renal biopsies obtained from patients with p.H177-R185 del or p.W2025
UMOD mutation and from normal kidneys, stained for CRELD2 (green) and uromodulin (red) with a nuclear counterstain (Hoechst 33342, blue). Scale
bar: 40 um. Arrows indicate enrichment of native uromodulin at the apical membrane of TAL cells. (C and D) Crude urine samples from human ADT-
KD-UMOD patients harboring H177-R185 del (C) or other disease-causing mutations including C106F, D172H, V93-G97delinsAASC, R178P, and G103C (D),
as well as from genetically unaffected family members, were analyzed by WB for CRELD2 excretion. The urinary CRELD2 excretion was normalized to
10 pg of urine Cr excretion. The control and patient numbers listed in C-D corresponded to the same numbers in Table 2. (E) Dot plot representation of
urine CRELD2/Cr values measured by the ELISA in the above 17 ADTKD-UMOD patients harboring various UMOD mutations and 7 genetically unaffect-
ed controls. Data represent mean + SEM, *P < 0.05 by 2-tailed t test. PAS, periodic acid-Schiff; CRELD2, cysteine-rich with EGF-like domains 2; ADTKD,
autosomal dominant tubulointerstitial kidney disease.

concentrations in the individual urine samples were above the detection threshold of the ELISA assay.
As illustrated by Figure 6E, urinary CRELD?2 levels were significantly elevated in patients with ADT-
KD-UMOD compared with those in controls. These results demonstrate the superb ability of CRELD2
to discriminate between controls and ADTKD patients with tubular ER stress.
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Table 2. Clinical features of genetically unaffected controls and ADTKD patients harboring UMOD mutations

Controls

Patients

W oo NOUL D WN-= OV D wWw N =

UMOD mutation Sex Race eGFR Age at the listed Age at the urine
(ml/min) eGFR (yr) collection (yr)

= M E n/a n/a 41
- F E 121.99 50 50
= M E 98.15 21 21
- M E 82.58 32 32
- M n/a n/a n/a 12
- M E 126.26 21 21
p.H177-R185del M n/a 8.79 29 29
p.H177-R185del M E 28.38 58 58
p.H177-R185del F E 21.34 39 39
p.H177-R185del F E ma9 15 15
p.H177-R185del F E 66.34 16 17
p.H177-R185del F E 30.72 36 36
p.H177-R185del F E 8387 52 52
p.C106F F E 20m 47 48
p.C106F F n/a 102.9 30 30
p.D172H M E 4512 53 53
p.D172H M E 2714 53 53
p.V93-G97delinsAASC F E ESRD 35 36
p.V93-G97delinsAASC M E 20.5 61 61
p.R178P F E 75.79 33 33
p.R178P F E 66.4 35 35
p.R178P F E 51.55 29 29
p.G103C F E 27.71 28 30

M, Male; F, Female; E, European descent; n/a, data not available.
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Discussion
This proof-of-concept study is the first to our knowledge to show that CRELD?2 represents an early, sensi-
tive, noninvasive, and mechanistic biomarker in the urine for ER stress—mediated kidney diseases. Although
growing evidence has highlighted that aberrant ER protein proteostasis and ER dysfunction underpin the
initiation and/or development of a variety of glomerular and tubular diseases, ER stress biomarkers that
can be applied in human kidney disease patients are still lacking. Here, we demonstrate that CRELD2 was
rapidly upregulated and secreted when renal cells were subjected to ER stress by utilizing mouse models
of podocyte ER stress—induced NS and TM- or I/R-induced AKI. Moreover, CRELD2 was detectable in
small aliquots of urine early in the disease course, often preceding clinical or histologic manifestation of the
corresponding disease. Finally, we validated the clinical utility of CRELD2 as a urine ER stress biomarker
in patients with kidney diseases associated with ER stress. The discriminative ability of urinary CRELD2
excretion to differentiate patients having ER stress from unaffected controls is outstanding.

The use of CRELD?2 as an ER stress biomarker in the kidney has many promising applications. Serum
Cr — the primary marker of kidney disease and kidney function — only increases after approximately 25% of
kidney function has been lost. When elevations of serum Cr occur, irreversible changes such as scarring and
fibrosis of the kidney are often present, and treatment is unlikely to restore full kidney function. In contrast,
the best markers are those that are associated with the central underlying pathogenesis of the disorder. These
biomarkers will be elevated early on in the disease, prior to loss of kidney function and elevations of serum Cr,
and treatments that target the same pathogenesis of the disease will have an effect on these markers. Thus, these
mechanistic markers will allow the initiation of treatments early on in the disease and will allow one to detect the
effect of interventions early on, which will dramatically reduce the amount of follow-up time to determine treat-
ment efficacy and make clinical trials much easier and less expensive to perform. In the current investigation,
CRELD?2 showed great promise as such a biomarker. Furthermore, the availability of an ELISA assay for mea-
suring urinary excretion of CRELD?2 (spot urinary CRELD2/Cr ratio), the key step in the biomarker develop-
ment pipeline, will increase assay efficiency and enable widespread implementation in large-scale investigations.
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An important clinical implication of our findings pertains to determining the pathogenicity and assess-
ing the functional impact of podocyte-specific genetic variations identified in genetic forms of NS and AS.
Human genetic studies in the past 2 decades have illuminated podocyte dysfunction as the major contrib-
utor to GFB failure in primary NS. Mutations in more than 30 podocyte genes including NPHSI, NPHS2,
WT-1, LAMB2, CD2AP, TRPC6, ACTN4, INF2, and COL4A have been implicated as causal factors for pri-
mary podocytopathy and GBM nephropathy (34). With the recent advent of next-generation sequencing,
a large number of rare (minor allele frequency < 0.5%) missense variants of unknown significance in both
known and novel NS-causing podocyte genes are rapidly emerging in thousands of affected patients (35,
36). Due to lack of recurrence and family data for segregation analysis in sporadic patients and patients
with de novo mutations, and a sole reliance on bioinformatics-based prediction algorithms, reliably assign-
ing pathogenicity to these genetic variants is challenging (37). In addition, in silico prediction of deleterious
or damaging variants may not be completely accurate (38, 39) and, more importantly, cannot provide much
mechanistic information. Detection of CRELD?2 in urine may serve as a powerful high-throughput tool to
functionally screen patients carrying rare genetic variants for causation of ER stress and, thus, may institute
the targeted therapy at the early stage.

Another important implication of our study relates to early detection of tubular ER stress, which will
be helpful in the development of mechanism-based treatment in ischemic AKI. Approximately 45% of
critically ill patients and 20% of hospitalized patients develop AKI (40), which leads to increased hospital
stays, infectious complications, and increased mortality, at significant cost (41, 42). In addition, AKI has
been associated with future development of chronic kidney disease (43). The leading cause of AKI in
native as well as transplanted kidneys is ischemic AKI. A number of biomarkers have been associated
with AKI, including NGAL, KIM-1, IL-18, cystatin C, a/n glutathione S-transferase (GST), liver type
fatty acid—binding protein 1 (FABP1), and N-acetyl-B-D glucosaminidase (NAG) (44). A unique feature of
CRELD? is its ability to gauge tubular ER stress, an underlying causative mechanism for ischemic AKI.
Our preclinical mouse and translational studies in pediatric patients undergoing CPB surgery have demon-
strated that CRELD?2 can be utilized to stratify the risk of developing AKI after I/R injury. The ultimate
utility of CRELD2 may be to identify an early therapeutic window during which we can apply tubular ER
stress modulators before a detectable change in renal function occurs. Considering the complexity of path-
ways involved in ischemic AKI, incorporation of different biomarkers that target distinct pathophysiologi-
cal mechanisms, together with CRELD?2 into the diagnostic or prognostic panel, may be required to profile
the multifaceted response of the kidney to insults and, thus, to design combinational mechanism-based
treatments in ischemic AKI.

The identification of CRELD?2 as an ER stress biomarker for ADTKD-UMOD is extremely important
to research in this area, as it will provide a useful tool for clinical trials. ADTKD is a monogenic condition
in which ER stress is prominent and leads to tubulointerstitial fibrosis and progression of chronic kidney
disease. ADTKD-UMOD is a phenotypically heterogeneous disorder manifested by variable age of disease
onset, disease severity, and rate of disease progression among affected individuals within and between
families, with patients reaching ESRD between the ages of 25 and 70 years or older (12). Human mature
uromodulin, mainly localized at the apical plasma membrane of TAL cells (45), contains a signal peptide,
3 EGF-like domains, a central domain of unknown function, a zona pellucida domain, and a glycosylphos-
phatidylinositol-anchoring (GPI-anchoring) site (13). Uromodulin has extremely high cysteine content and
extensive disulfide bond formation, resulting in extremely slow transit through the ER. After being cleaved
by a protease hepsin (46), uromodulin is released to the urine. UMOD mutations are clustered (94%) in
exons 3 and 4 encoding for the N-terminal half of the protein, and ~50% of known UMOD mutations
affect cysteine (13). All mutations listed in Table 2 involve exon 3. Studies in cellular models and mouse
genetic models, as well as findings in patient renal biopsies, have demonstrated that UMOD mutations lead
to mutant protein retention and aggregation in the ER, likely due to protein misfolding (14-18). The activa-
tion of the UPR leads to progressive damage of TAL, triggering inflammation and interstitial fibrosis (47).

It is important to note that CRELD?2 elevation in the urine was detected in ADTKD-UMOD patients
with eGFR > 60 ml/min, especially in 2 patients (patients 4 and 9) with normal eGFR. Thus, urinary
excretion of CRELD2 may enable identification of disease activity early in the course of disease and allow
us to monitor the effects of new therapies, overcoming the challenge posed by the slow rates of rise in
serum Cr in these individuals, which is the major reason why currently clinical trials in ADTKD-UMOD
cannot be performed. A prospective longitudinal cohort could potentially be assembled in individuals with
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a UMOD mutation before significant kidney damage has occurred (e.g., patients with an eGFR = 90 ml/
min). One could determine whether urine CRELD?2 excretion is elevated early in the disease course and
correlates with disease onset, severity, and progression, as well as treatment response. Meanwhile, a larg-
er cross-sectional cohort will be carried out to discern whether there is any correlation between urinary
CRELD? levels and clinical phenotypes.

In summary, our study has identified CRELD?2 as a sensitive mechanistic urine biomarker in vari-
ous ER stress—mediated kidney diseases, including glomerular disorders such as hereditary NS, as well as
tubulointerstitial disorders such as ischemic AKI and ADTKD-UMOD. We believe that CRELD2 will be
very valuable in the study of ER stress not only in these disorders, but in many other kidney disorders, as
well. The broad clinical applications of CRELD2 in ER stress—mediated kidney diseases may include early
diagnosis, stratification of patients at risk, monitoring treatment response, and guiding the development of
ER stress modulators in targeted patient groups. Further studies in a multiinstitutional setting with a larger
cohort are required to evaluate the diagnostic accuracy and predictive value of CRELD?2.

Methods

Antibodies and reagents. Commercially available antibodies were obtained as follows: goat anti-mouse
CRELD?2 (AF3686), NGAL (AF1857), and KIM-1 (AF1817) antibodies were from R&D Systems; rabbit
anti-mouse CRELD?2 antibody crossreacting with human (G-17, sc-86110) was from Santa Cruz Biotech-
nology Inc.; and rabbit anti-human CRELD?2 antibody (LS-C401550) was from LSBio. Rabbit anti-mouse
BiP antibody (11587-1-AP) was from Proteintech. Mouse anti-human uromodulin antibody (119-13298)
was from RayBiotech. HRP-conjugated anti-mouse B-actin antibody (A3854) was from MilliporeSigma.
Alexa 488— and Alexa 594—conjugated secondary antibodies were purchased from Molecular Probes.
HRP-conjugated anti-rabbit and anti-goat secondary antibodies were from Santa Cruz Biotechnology Inc.
Biotinylated LTL (B-1325) and anti-mouse antibody (BA-9200) were from Vector Laboratories. Alexa 594—
conjugated streptavidin (A11227) was purchased from ThermoFisher Scientific. Hoechst 33258 was from
ThermoFisher Scientific. Histochoice was purchased from Amresco. Rat collagen I was from Trevigen.
TM, TG, and acetic acid were from MilliporeSigma.

Mice. The Lamb2™-, WT, and mutant transgenic mice have all been described previously (5, 28).
C57BL/6J mice were obtained from The Jackson Laboratory.

TM-induced AKI mouse model. TM was dissolved in DMSO at 2 mg/ml and injected i.p. at 1 mg/kg
into 6- to 10-week-old C57BL/6J mice. Urine was collected from metabolic cages in which the mice were
immediately placed after the injection. One day or 5 days after the injection, sera were obtained, and kid-
neys were harvested. One kidney was snap frozen in dry ice and stored at —70°C until further processing
for protein and RNA. The other kidney was fixed in 4% paraformaldehyde (PFA) (pH 7.4) at 4°C and then
transferred to 15% and 30% sucrose/PBS for OCT-embedded cryosections.

Renal bilateral I/R mouse model. C57B1/6 male mice at age of 9 weeks were subjected to bilateral renal
ischemia. Two separate protocols were used: (i) 30 minutes of bilateral ischemia with AKI and (ii) 10
minutes of bilateral mild subclinical ischemia. Briefly, mice were anesthetized with isoflurane, and their
body temperature was maintained at 37°C on a heating pad and monitored with a rectal probe throughout
surgery. Ischemia was induced by nontraumatic clamping of bilateral renal vascular pedicles for 10 or 30
minutes, during which time the kidneys were kept warm and moist. The clamps were then removed and the
kidneys were observed for return of blood flow. Sham-operated C57B1/6 mice (20 males at age of 9 weeks)
underwent an identical procedure without vascular pedicle clamping. Urine was collected from metabolic
cages in which the mice were placed immediately after the surgery at different time points. After 3, 9, or 24
hours — as well as 3, 7, or 15 days — of reperfusion, sera were obtained, and kidneys were harvested. One
kidney was snap frozen in dry ice and stored at —70°C until further processing for protein and RNA. The
other kidney was fixed in histochoice at 4°C and then processed for paraffin blocks. At least 5 mice were
examined at each of the reflow periods for both protocols.

Isolation of mouse glomeruli. Mice were perfused through the heart with magnetic 4.5 um diameter
Dynabeads (Dynabeads M-450 Tosylactivated, Invitrogen). Kidneys were minced into small pieces, digest-
ed by collagenase A (Gibco) and DNAse I (MilliporeSigma), filtered, and collected using a magnet. The
purity of glomeruli was 95%—100%.

Primary podocyte culture. Isolated glomeruli from Lamb2*'~, Lamb2/~Tg-C321R, and Lamb2’~Tg-WT mice
at P27 were suspended in DMEM/Ham'’s F-12 (2:1) that contained 0.45 um-filtered 3T3-L1 supernatant,
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5% heat-inactivated FBS, insulin-transferrin-sodium selenite (ITS) liquid media supplement, and 100 U/ml
penicillin-streptomycin; plated onto collagen I-coated petri dishes; and incubated at 37°C in room air with 5%
CO,. After 3 days, cell colonies began to sprout around the glomeruli. These cells (P0) showed an epithelial
morphology with a polyhedral shape when confluence was reached and were characterized as podocytes by
detection of podocyte-specific markers WT-1, nephrin and podocin by IF staining and WB. Only passages 1-2
podocytes from the indicated genotypes were used in the in vitro studies.

IF staining. For dual staining of CRELD2 with biotinylated LTL in mouse kidneys, paraffin-embedded sec-
tions were used. After dewaxing, PFA-fixed, sucrose-cryoprotected kidney sections from control or TM-treated
mice were subjected to antigen retrieval by immersion in 10 mM citric acid buffer (pH 6.0) for 5 minutes
at 95°C. Histochoice-fixed kidney sections from sham-operated or I/R-injured mice did not require antigen
retrieval. Nonspecific avidin binding was blocked by an avidin/biotin blocking kit (Vector laboratories) before
incubating kidney sections with 1% BSA for 30 minutes at room temperature. The slides were stained with
a goat anti-mouse CRELD2 antibody (R&D Systems) together with biotinylated LTL overnight at 4°C, fol-
lowed by an Alexa 488—conjugated anti-goat secondary antibody and Alexa 594-conjugated streptavidin, as
well as Hoechst 33342. For CRELD?2 staining in sham-operated and postischemic kidneys, the fluorescent
signal was further amplified using a Fluorescein tyramide amplification kit (Perkin-Elmer) according to the
manufacturer’s instructions. Slides were analyzed under a fluorescence microscope (Nikon Eclipse E800).

Formalin-fixed, paraffin-embedded sections of human kidneys underwent the same process of depar-
affinization, antigen retrieval, and blocking. The slides were incubated with a rabbit anti-human CRELD2
antibody (LSBio) in combination with a mouse IgG2b antibody against human uromodulin. A biotinylat-
ed anti-mouse antibody was used to amplify fluorescence signals for uromodulin, followed by the corre-
sponding Alexa 488—conjugated anti-rabbit secondary antibody or Alexa 594-labeled streptavidin to detect
CRELD?2 and uromodulin, respectively. The nuclei were counterstained with Hoechst 33342.

For immunocytochemistry, mouse primary podocytes were seeded on cover slips coated with 5 pg/ml rat
collagen I that was dissolved in 0.02 M acetic acid in 24-well plates for 48 hours. After 24-hour treatment with
DMSO, TM, or TG, the cells were fixed with 4% PFA for 20 minutes and permeabilized with 1% Triton X-100
for 5 minutes at room temperature, blocked with 1% BSA for 30 minutes at room temperature, and incubated
with goat anti-mouse CRELD2 (R&D Systems) and rabbit anti-mouse BiP antibodies for an additional 1
hour at room temperature. The cover slips were washed with PBS and incubated with the corresponding Alexa
594— or Alexa 488—conjugated secondary antibodies and Hoechst 33342 to stain nuclei. The cover slips were
then mounted with antiquench solution and visualized using a fluorescence microscope (Nikon Eclipse E800).

Light microscopy. For light microscopy, mouse kidneys were fixed in 4% PFA or Histochoice, and human
kidneys were fixed in 10% formalin, dehydrated through graded ethanols, embedded in paraffin, sectioned
at 4 um, and stained with H&E, PAS, or Masson’s trichrome.

WB analysis. Isolated mouse glomeruli and cultured mouse primary podocytes were lysed by RIPA buf-
fer (MilliporeSigma) containing protease inhibitor cocktail (Roche Diagnostics). TM untreated and treated
kidneys, as well as sham-operated and I/R-injured kidneys, were extracted using the same lysis buffer with
the protease inhibitors and homogenized by sonication. The protein concentrations of cell, glomerular,
and kidney lysates were determined by Bio-Rad protein assay using BSA as a standard. Urine volume from
individual human patients was normalized to urine Cr excretion. Denatured proteins were separated on
SDS-PAGE and then transferred to PVDF membranes. Blots were blocked with 5% nonfat milk for 1 hour
and then incubated overnight with primary antibodies. The membranes were washed with Tris-buffered
saline/Tween buffer and incubated with the appropriate HRP-conjugated secondary antibodies. The pro-
teins were then visualized in an x-ray developer (Alphatek Ax 700LE) using ECL plus detection reagents
(GE Healthcare). To ensure equal protein loading, the same blot was stripped with stripping buffer (25 mM
glycine + 1% SDS, pH 2.0) and then incubated with a HRP-conjugated anti-mouse B-actin antibody. Rela-
tive intensities of protein bands were quantified using ImageJ (NIH) analysis software.

To determine secretion of CRELD2 from mouse primary podocytes, equal numbers of primary podo-
cytes from the indicated genotypes or treatment groups were plated, and their media were harvested after
48 hours of culturing or 24 hours of treatment, respectively. Medium (20 pl) from the respective groups
was subjected to the WB analysis. To compare urinary CRELD2 excretion, crude urine samples from the
indicated groups that were normalized to urinary Cr were applied to a gel.

mRNA quantification by real-time PCR. Total RNA from primary podocytes or whole kidneys was
extracted using the RNeasy kit (Qiagen) with subsequent DNase I treatment. Cellular or kidney RNA
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(1 ng) was then reverse-transcribed using an RT-PCR kit (Superscript III; Invitrogen). Gene expression
was evaluated by quantitative PCR. cDNA (1 pul) was added to SYBR Green PCR Master Mix (Qiagen)
and subjected to PCR amplification (1 cycle at 95°C for 20 seconds, 40 cycles at 95°C for 1 second, and
40 cycles at 60°C for 20 seconds) in an Applied Biosystems 7900HT Fast Real-Time PCR System (Invi-
trogen). Quantitative PCR (qQPCR) was conducted in triplicate for each sample. The sequences of prim-
ers were following: mouse CRELD?2 forward: 5’ - CAACACGGCCAGGAAGAATTT - 3, reverse: 5'
- CATGATCTCCAGAAGCCGGAT - 3'; mouse WT-1 forward: 5' - GAGAGCCAGCCTACCATCC
- 3/, reverse: 5" - GGGTCCTCGTGTTTGAAGGAA - 3’; mouse GAPDH forward: 5’ - TGTAGAC-
CATGTAGTTGAGGTCA - 3, reverse: 5' - AGGTCGGTGTGAACGGATTTG - 3.

BUN measurement. BUN was measured by using a QuantiChrom urea assay kit (DIUR-500) (Bio-
Assay Systems).

Urinalysis. Mouse urine was collected by manual restraint or using a metabolic cage if 24 hours urine
collection was required. The mouse urine was centrifuged at 1,800 g for 10 minutes, and human urine was
spun at 1,600 g for 10 minutes to remove debris before being frozen at —70°C. Coomassie G-250 stain was
used to visualize urinary albumin (VWR). Urinary Cr concentration was quantified by a QuantiChrom Cr
assay kit (DICT-500) (BioAssay Systems) or provided by TRIBE-AKI consortium.

Urine protein precipitation. To measure urine CRELD2 concentrations in ADTKD-UMOD patients,
protein from fresh-spun urine normalized to 450 pg of urine Cr excretion was precipitated with ice-cold
acetone-methanol with a dilution ratio of 1:15 (v/v), centrifuged at 4,000 g, and washed with fresh ace-
tone-methanol. Precipitated proteins were dissolved in 220 ul assay diluent included in the human CRELD?2
ELISA kit for duplicate measurements.

ELISA measurements of human urine biomarkers. CRELD2 concentrations in human urine samples were
determined by an ELISA (RayBiotech). Urinary NGAL, IL-18, KIM-1, and Cr concentrations in the pedi-
atric patients undergoing CPB were measured by TRIBE-AKI consortium. Personnel performing the bio-
marker measurements including urine CRELD2, NGAL, IL-18, and KIM-1 were blinded to the clinical
information of each patient enrolled in TRIBE-AKI.

Statistics. Statistical analyses were performed using GraphPad Prism software. Data were expressed
as mean + SD or plots. A 2-tailed Student’s ¢ test was used to compare 2 groups. One-way ANOVA with
post-hoc Tukey test was used to compare multiple groups. For statistical analysis related to TRIBE-AKI
samples, continuous variables were compared with Wilcoxon rank-sum test or 2-sample ¢ test and dichot-
omous variables with the y? test or Fisher’s exact test. P < 0.05 was considered significant.

Study approval. All animal experiments conformed to the NIH Guide for the Care and Use of Labo-
ratory Animals (National Academies Press, 2011) and were approved by the Washington University
Animal Studies Committee. Human urine specimen from severe AKI and non-AKI patients follow-
ing pediatric CPB surgery were acquired from TRIBE-AKI consortium and approved by an ancillary
study. The pediatric patients older than 1 month but younger than 18 years of age undergoing surgery
for congenital cardiac lesions at 3 academic medical centers in North America were prospectively
enrolled in TRIBE-AKI consortium between July 2007 and December 2009 (32). All human urine
samples from ADTKD patients (z = 17) and their genetically unaffected controls (n = 7), as well as
their paraffin-embedded slides, were obtained from Wake Forest Cohort under the protocol approved
by the IRB of Wake Forest School of Medicine.
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