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Urinary clusterin as a biomarker of human
kidney disease progression and response to
the endothelin receptor antagonist
atrasentan: An exploratory analysis from the
SONAR trial

Wenjun Ju 1,2,11 , Viji Nair1, Priya Vart3, J. David Smeijer3, Kelly L. Hudkins4,
Erik Moedt 3, Maria Larkina1, Paul Perco 5, Frédéric Burdet 6,
Kerby Shedden7, Michael Hwang 1, Edmond Lee 1, Christopher O’Connor1,
John Hartman1, Lalita Subramanian1, Markus Bitzer 1, Mark Ibberson 6,
Kevin L. Duffin8, Maria F. Gomez 9, Charles E. Alpers 4,
Matthias Kretzler1,2,11 & Hiddo J. L. Heerspink 3,10,11

The endothelin receptor antagonist atrasentan improved kidney outcomes in
the SONAR trial for type 2diabetes and chronic kidneydisease (NCT01858532),
though individual responses varied. To identify molecular biomarkers of
atrasentan response and outcome, we conducted a nested case-control pro-
teomics study (N = 180) within the SONAR trial population and identified
urinary clusterin (uCLU) as the top candidate. Transcriptomic analyses of
human kidney biopsies at tissue and single cell level from independent cohorts
revealed higher CLU mRNA levels associated with worse kidney function and
outcomes. An endothelin signaling activation score derived from pathway
genes was reduced by atrasentan in mice with diabetic kidney disease. In the
SONAR trial (N = 3,060) population, higher uCLU predicted worse outcomes,
while atrasentan reduced uCLU by 42.6% over six weeks. Early uCLU changes
independently predict improved kidney outcomes. In summary, uCLU is
associated with kidney disease progression and response to atrasentan treat-
ment, supporting its potential as a pharmacodynamic biomarker to target
therapy.

Endothelin-1 (ET-1) is a potent vasoactive peptide that is often elevated
in the context of hyperglycemia, hyperinsulinemia, inflammation, and
increased renin-angiotensin-system activity1. Binding of ET-1 to the
endothelin receptor type A (ETA) in the kidney causes sustained
vasoconstriction of the afferent arterioles, hyperfiltration, podocyte
damage, endothelial glycocalyx dysfunction, and proteinuria, leading

to progressive kidney injury and decline in estimated glomerular fil-
tration rate (eGFR), a measure of kidney function2–4. Selective endo-
thelin receptor A antagonists (ERAs) have been shown to ameliorate
kidney injury in animal models of chronic kidney disease (CKD) and
slow the progression of CKD in clinical trials5–7. Specifically, the ERA,
atrasentan, decreased albuminuria and improved kidney outcomes in
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patients with type 2 diabetes and CKD (T2D-CKD)8,9. However, there
were variations in the response to atrasentan among participants,
indicating that not everyone benefited from the treatment to the same
extent10,11.

A precision medicine approach could help identify those most
responsive to ERA treatment. In the phase 3 SONAR trial of atrasentan
in patients with T2D-CKD (Clinicaltrials.gov: NCT01858532), the
change in urinary albumin to creatinine ratio (uACR), a validated
surrogate of kidney function decline and failure, was used to select
responders to atrasentan treatment9,12. Trial completion, however,
revealed that this strategy had not worked as anticipated6. Many
aspects of the trial design could have contributed to the poor per-
formance of uACR as a treatment-response biomarker, including the
large fluctuations in uACR and difficulty in separating random var-
iations in uACR from pharmacological atrasentan-specific treatment
effects9. Another limitation was that uACR, as a generic downstream
biomarker of CKD progression, lacked specificity for atrasentan
response since it did not reflect the activity of the endothelin sig-
naling system. A molecular biomarker or a biomarker panel asso-
ciated with both the pathogenesis of T2D-CKD and the activity of the
endothelin system could be a more promising pharmacodynamic
biomarker candidate to stratify individual treatment responses to
atrasentan.

Recent advances in multi-omics technologies have enabled
mechanistic biomarker identification for prediction of CKD progres-
sion and/or response to treatment9,13–16. The ideal mechanistic treat-
ment response biomarker or biomarker panel should be supported by
preclinicalmodel systemswithmechanistic insight anchored in human
kidney tissue, which can then be captured by a routine, non-invasive
diagnostic procedure.

This study aims to identify and validate mechanistic pharmaco-
dynamic biomarkers significantly associatedwith the pathophysiology
of T2D-CKD and response to atrasentan. In a nested case-control study
of SONAR trial participants, sequential urinary proteomic profiles are
used to identify candidate urinary protein biomarkers associated with

disease progression and treatment response. Here, we show that kid-
ney tissue transcriptomics in atrasentan treatedpreclinicalCKDanimal
models and human CKD cohorts provide mechanistic support for the
kidney-specific link between the biomarker, endothelin pathway acti-
vation and kidney outcomes. Finally, the pharmacodynamic perfor-
mance of the biomarker is validated across the entire SONAR trial
population. The analytical approach used in this study is schematically
summarized in Fig. 1.

Results
Dynamic biomarkers associated with atrasentan response
To identify biomarkers associated with response to atrasentan treat-
ment, we conducted a nested case-control biomarker discovery study
from the SONAR trial including three groups: responders, non-
responders and conditional responders to treatment with atrasentan,
based on changes in uACR during the 6 weeks treatment with atra-
sentan and on annual changes in eGFR during a median 2.2 year atra-
sentan treatment (Table 1 and Supplementary Fig. S1). Using these two
parameters we defined a “responder” group, (R), as participants with
an uACR reduction of at least 45% and with a stable eGFR changes
between − 1.0 to + 1.0mL/min/1.73m2 per year; a “non-responder”
group, (NR), defined as participants with an uACR reduction of less
than 15% and with an eGFR decline of more than 3mL/min/1.73m2 per
year; a “conditional responder” group (CR), defined as participants
with an uACR reduction of at least 45% and who transitioned to pla-
cebo at randomization and with an eGFR decline of more than 3.0mL/
min/1.73m2 per year after transition to placebo. The three groupswere
well balanced with respect to risk factors of eGFR decline, with the
exception that the baseline eGFR in responders (42.6 compared to
44.5mL/min/1.73m2 overall)was slightly lower compared to theother 2
groups. The standardized mean differences for the variables used to
assess group matching are provided in Supplementary Table S1.

The urinary proteome was profiled using aptamer-based protein
quantification (SOMAscan technology) for baseline and at the end of
the run-in period of the 180 patients selected for biomarker discovery.
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Fig. 1 | Overviewof Studydesign.Schematic of the overall approach to identifying,
prioritizing, and validating a non-invasive urinary biomarker of atrasentan
responsiveness. Responder: uACR reduction > 45% during 6-week treatment and
eGFR change between − 1.0 and + 1.0mL/min/1.73m² per year over a median 2.2-
year period. Non-responder: uACR reduction < 15% during 6-week treatment and

GFR decline > 3.0mL/min/1.73m² per year over the same period. Conditional
responder: uACR reduction > 45% during 6-week treatment, but eGFR decline
> 3.0mL/min/1.73m² per year after transitioning to placebo over the same period.
Abbreviations: uACR – urinary albumin to creatinine ratio; eGFR – estimated glo-
merular filtration rate.
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An additional urine sample 4 weeks after conditional responders were
transitioned to placebo was also included in the analysis to assess off-
drug effects. Among 1275 proteins assessed, the concentration of 16
urinary protein biomarkers significantly changed during 4 weeks of
treatment with atrasentan (univariate logistic model) (p <0.01). In
conditional responders, the concentrations of these 16 biomarkers
reversed when participants were transitioned from atrasentan to pla-
cebo (Supplementary Fig. S2). For 4 of the 16 biomarkers, independent
assays (ELISA) established passing feasibility and validity thresholds
for urine protein quantification (details in “Methods” Section). Sig-
nificant correlations were observed between the concentrations of
urinary kallikrein B1 (uKLKB1), alpha-2-macroglobulin (uA2M), plas-
minogen (uPLG), and clusterin (uCLU) whenmeasured by ELISA in the
same set of samples used for the aptamer profiling, indicating con-
sistency across the measurement platforms derived from these two
technologies (Supplementary Fig. S3A). A one-unit increase in the
concentration changes of these four markers was associated with a
reduced likelihood of being a responder by 34% (95% confidence
interval (CI) = 14–56%), 45% (95%CI = 22–62%), 36% (95%CI = 16–51%),
and 33% (95%CI = 10–51%), for uKLKB1, uA2M, uPLG and uCLU,
respectively (Fig. 2). This association was technically replicated by
analyzing the same set of samples with ELISA assays (Supplementary
Fig. S3B).

Atrasentan reversible signature in T2D-CKD mouse model
To test for a mechanistic link between disease processes reversed by
atrasentan and the urinary biomarkers identified in the SONAR pro-
teomic study, a preclinical study of atrasentan response in a mouse
model for T2D-CKD was utilized. The leptin-deficient BTBR mouse
strain with the ob/ob mutation (BTBR ob/ob) develops progressive

weight gain, type 2 diabetes, and diabetic kidney disease that hasmany
features of advanced human diabetic nephropathy and responds to
endothelin blockade with amelioration of nephropathy5.

To establish the gene regulatory landscape of atrasentan response
in BTBR ob/ob mice, differential gene expression analysis was done
across RNAseq data from kidney glomerular tissues from wild type
(WT, n = 5), 6 wk of saline (T2D-CKD vehicle, n = 5) or atrasentan (T2D-
CKD Atra, n = 7) treated BTBR ob/ob mice. The two comparisons for
this analysis were between the T2D-CKD vehicle andWT, and the T2D-
CKD Atra and vehicle. A total of 1353 genes were identified as differ-
entially expressed in both sets of comparisons after adjustment for
multiple testing (q <0.1). A total of 1068 dysregulated genes (78.9%;
chi-square, p = 1.5e-100) in T2D-CKD vehicle: WT were reversed by
atrasentan treatment in T2D-CKD Atra:vehicle (q <0.1), including 818
genes up-regulated in T2D-CKD vehicle that showing down-regulation
in T2D-CKD Atra, and 250 genes showed the inverse pattern (Fig. 3a).
Of the 1068 reversed genes, 731 mapped to human orthologs. Kidney
biopsy derived gene expression profiles from the T2D-CKD datasets
from the European Renal cDNA biobank (ERCB)17,18,19 were evaluated
for overlap with the expression profile reversed by atrasentan in the
BTBR/obobmice. In the ERCB biopsies, 312 of the 731 genes that were
reversed in the mouse model were differentially expressed between
T2D-CKD and living donors, and identified as the atrasentan-reversible
gene signature in humans.

To define the regulatory landscape of endothelin receptor
blockade conserved between murine and human CKD, we identified
canonical pathways among the 312 atrasentan-reversible genes that are
associated with T2D-CKD (Supplementary Table S2). Endothelin-1 sig-
naling is among the top three significantly activated pathways along
with glutathione-mediated detoxification, and TCA cycle II. Figure 3b

Table 1 | Baseline characteristics of participating patients from discovery and validation groups from SONAR study

Characteristic Discovery (n = 180) Validation (n = 3060)a

Responder (n = 60) Non-
responder (n = 60)

Conditional Respon-
der (n = 60)

Overall (n = 180)

Age, years 64.8 (8.5) 62.8 (7.5) 63.2 (9.0) 63.6 (8.3) 64.7 (8.6)

Female Sex, N (%) 18 (30.0) 13 (21.7) 24 (40.0) 55 (30.6) 795 (26.0)

Race, N (%)

Asian 18 (30.0) 20 (33.3) 28 (46.7) 66 (36.7) 899 (29.4)

Black 2 (3.3) 6 (10.0) 1 (1.7) 9 (5.0) 197 (6.4)

White 39 (65.0) 34 (56.7) 31 (51.7) 104 (57.8) 1837 (60.0)

Other 1 (1.7) 0(0) 0 (0) 1 (0.6) 127 (4.1)

Blood pressure, mmHg

Systolic 136.7 (13.7) 139.4 (16.3) 138.3 (12.1) 138.2 (14.1) 136.5 (15.2)

Diastolic 74.9 (9.1) 77.3 (10.0) 74.3 (10.3) 75.5 (9.8) 75.0 (9.9)

Body weight, kg 82.9 (18.0) 85.3 (20.5) 80.0 (17.3) 82.7 (18.7) 85.7 (19.1)

History of cardiovascular disease,
N (%)

12 (20.0) 5 (8.3) 4 (6.7) 21 (11.7) 462 (15.1)

GFR, mL/min/1.73m2 42.6 (13.4) 44.5 (13.9) 46.3 (13.7) 44.5 (13.7) 43.3 (13.9)

HbA1C, % 7.5 (1.4) 7.6 (1.8) 7.4 (1.4) 7.5 (1.5) 7.6 (1.5)

Albumin, g/dL 39 (3.5) 38.2 (3.4) 38.7 (3.6) 38.7 (3.5) 39.2 (3.6)

uACR, mg/ga 1226 (665, 1662) 1251 (692, 1789) 1277 (696, 1988) 1232 (682, 1783) 810 (450, 1519)

Medication

RAS inhibition, N (%) 60 (100) 60 (100) 60 (100) 180 (100) 3060 (100)

Beta-blocker use, N (%) 29 (48.3) 23 (38.3) 22 (36.7) 74 (41.1) 1315 (43.0)

Diuretic, N (%) 54 (90.0) 48 (80.0) 54 (90.0) 156 (86.7) 2468 (80.6)

Insulin, N (%) 40 (66.7) 36 (60.0) 32 (53.3) 108 (60.0) 1916 (62.6)
aData on clusterin creatinine ratio available at start and end of 6 week enrichment and treated with atrasentan.
Definitions of responder, non-responder and conditional responder are as follows: Responder: uACR reduction > 45% during 6-week treatment and GFR change between − 1.0 and + 1.0mL/min/
1.73m² per year over a median 2.2-year period. Non-responder: uACR reduction < 15% during 6-week treatment and GFR decline > 3.0mL/min/1.73m² per year over the same period. Conditional
responder: uACR reduction > 45% during 6-week treatment, but eGFR decline > 3.0mL/min/1.73m² per year after transitioning to placebo over the same period.
Abbreviations: GFR estimated glomerular filtration rate; RAS renin-angiotensin-system; uACR urinary albumin-to-creatinine ratio
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shows the activation (T2D-CKDVehicle) and inhibition (T2D-CKDAtra)
of the endothelin-1 pathway in the mouse model.

Next, an atrasentan reversible-endothelin activation signature
(AR-EAS) was established. For the AR-EAS, genes were selected if they
were part of the enriched endothelin-1 pathway and were cross-
validated in patients with T2D-CKD studies (Supplementary Table S3).
The expression values of these selected genes were used to generate a
Z-score as described previously15. The AR-EAS was generated for each
mouse, and average Z-scores were compared among different treat-
ment groups. As shown in Fig. 3c, the AR-EAS score was significantly
higher in T2D-CKD Vehicle compared to WT, whereas significantly
reduced in T2D-CKD Atra compared to vehicle-treated mice.

The kidney mRNA levels of the four candidate biomarkers from
the human biomarker discovery proteomic study were then evaluated
for their association with AR-EAS score in experimental mice. Murine
Clu mRNA levels were significantly positively correlated with the AR-
EAS score (rρ = 0.67, p =0.0016) (Fig. 3d). ThemRNA expression levels
of Klkb1, Plg and A2m in experimental mice were low (0 or close to 0
counts for A2m and Plg, and a mean of the raw counts was less than 5
for Klkb1) and did not pass quality control, thus no correlation data
with AR-EAS score is available for those three genes.

CLU in human CKD kidneys at tissue and single cell level
A significant correlation was observed only between Clu mRNA levels
and AR-EAS scores in mice with T2D-CKD, coupled with the observa-
tion that the additional three biomarkers did not significantly enhance
the predictive capacity provided by CLU in the SONAR proteomic
discovery study, we prioritized CLU as the marker for further
evaluation.

The first step in the evaluation determined the relationship
between intra-kidney expression of CLU mRNA and CLU protein in
urine and plasma samples from patients with CKD. uCLU/Cr and
plasma CLU (pCLU) levels were quantified using a validated ELISA
assay. No significant correlation between pCLU and uCLU/Cr (r =0.19,
p =0.07) was observed (Supplementary Fig. S4a), suggesting that the
increased uCLU is unlikely to be from passive glomerular filtration of
pCLU. In contrast, uCLU/Cr exhibited significant correlations with CLU
tissue mRNA levels in both the glomerular and tubulointerstitial
compartment (r = 0.35, p =0.008, and r = 0.44, p =0.0001),

respectively, consistentwith an intrarenal sourceof theurinaryCLU/Cr
(Supplementary Fig. S4b).

In the next step, intrarenalCLU expression sources and regulation
in human kidney tissue were assessed in healthy living donor biopsies
and T2D-CKD. In micro-dissected glomerular and tubulointerstitial
compartments of ERCB biopsies, CLU mRNA was expressed at a sig-
nificantly higher level in patients with T2D-CKD, compared to healthy
living donors (Fig. 4a). Furthermore, CLU mRNA was significantly
correlated with eGFR (r = −0.64, p =0.0014, and r = −0.81, p < 0.0001,
for glomerular and tubulointerstitial CLU mRNA, respectively)
(Fig. 4b), indicatinghigherCLUmRNA level tobe associatedwithworse
kidney function, represented by lower eGFR. Furthermore, at time of
biopsy, a higher CLU mRNA level, from both glomerular and tubu-
lointerstitial compartments of micro-dissected kidney biopsies was
significantly associated with higher risk of progression to composite
endpoint of end stage kidney disease (ESKD) or 40% reduction of
baseline eGFR in an independent CKD biopsy cohort from the
Nephrotic Syndrome Study Network (NEPTUNE, Fig. 4c, d), a long-
itudinal study involving people with primary proteinuric glomerular
diseases20,21.

To examine whether there is an association between CLU and
endothelin/receptor signaling, we conducted a correlation analysis
between CLU and EDN1 (the gene encoding endothelin1), as well as AR-
EAS, using transcriptomic data from the tubulointerstitial compart-
ment of kidney biopsies (n = 371) from the NEPTUNE cohort. We
identified a significant positive correlation between CLU and EDN1
(r =0.70, p = 8.7e-17; Supplementary Fig. S5A). In addition, CLUmRNA
showed a significant correlation with AR-EAS (r =0.35, p <0.0001;
Supplementary Fig. S5B). To determine the cellular source of CLU
mRNA expression in the kidney, single cell RNASeq (scRNAseq) data
from theKidney PrecisionMedicine Project (KPMP)22 were assessed for
CLU expression and showed abundant CLU mRNA in epithelial, endo-
thelial andmesenchymal cell populations, including but not limited to
proximal tubular cells (PT), principal cells (PC), ascending thin limb
(ATL), thick sending limb (TAL), intercalated cells (IC), endothelial cells
(EC), PT/distal convoluted tubular cells (DTL), and interstitial cells
(Fig. 5a). Immunohistochemistry (IHC) staining confirmed protein
expression in glomerular capillary cells and distal tubular cells (Sup-
plementary Fig. S6). We further compared the CLU mRNA expression
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Fig. 3 | Endothelin-1 pathway activationwas repressedby atrasentan treatment
in type 2 diabetic mouse model (T2D-CKD). a Identification of atrasentan
reversed T2D-CKD-associatedmolecular signature(q <0.1). b Endothelin 1 pathway
is activated in T2D-CKD Vehicle and reversed by atrasentan treatment (T2D-CKD
Atra). Pathway maps were derived from Ingenuity pathway analysis (IPA). The
purple edge of the shapes indicates “group” or “complex” of molecules.
c Atrasentan Reversible-Endothelin Activation Signature (AR-EAS) score was sig-
nificantly increased in T2D-CKD Vehicle (n = 5) compared to wild type (WT, n = 5,

p =0.0317). AR-EAS score in T2D-CKD mice with atrasentan treatment (T2D-CKD
Atra) (n = 7) was significantly reduced compared to T2D-CKD Vehicle, (p =0.0025),
to a level comparable to WT mice. The center line depicts the median, the box
extends from the lower quartile to the upper quartile, and thewhiskers indicate the
minimum and maximum values. A two-sided Student’s t-test was used to compare
each pair of groups. d CLU mRNA levels were significantly and highly correlated
with AR-EAS score (Spearman correlation, ρ =0.67, p =0.0016) in
experimental mice.
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when compared to living donors (LD) (n = 21 and 31 for glomerular and tubu-
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patientswith T2D-CKD (n = 22, p <0.005). c,dKaplan-Meier survival analyseswith 5

years of follow-up data indicate that higher CLU mRNA, in either compartment, is
significantly associated (p <0.005, log-rank test) with increased risk of advancing
to the composite end point of ESKD or a 40% decrease from baseline eGFR in the
NEPTUNE cohort. Participants were grouped into tertiles based on CLU mRNA
levels, with ranges of expression for each tertile in the glomerular and tubular
compartments included in each figure legend, respectively. Abbreviations: eGFR
estimated glomerular filtration rate; ESKD end stage kidney disease or kidney
failure.
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in these cell clusters between health and disease. As illustrated by dot
plot analysis in Fig. 5b,CLU is highly expressed in about 30%of ECs and
over 70% of tubular cells in T2D-CKD, compared to living donors with
markedly lower average intensity and detected in less than 10% of ECs
and less than 50% of tubular cells. To evaluate if CLU in tubular cells
expressing the CLU gene (CLU+ ) is associated with clinical or histo-
pathological phenotypes inCKD, weperformed a pseudo bulk analysis

in the single cell data from KPMP and examined the correlation
between CLU mRNA levels in tubular cells with eGFR and tubular
interstitial fibrosis (IF). We found that CLU is significantly correlated
with eGFR (r = −0.64, p =0.03, Supplementary Fig. S7A) and %IF
(r =0.83,p = 0.001, Supplementary Fig. S7B). These results support the
involvement of tubular CLU in disease-associated clinical and histo-
pathological phenotypes.
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CLU co-expressing gene programs in kidney cells
EC cells expressing CLU greater than 0 (CLU >0), normalized gene
expression, in T2D-CKD were referred to as EC-CLU +. Differential
expression analysis identified 314 genes significantly differently
expressed between EC-CLU + versus ECs not expressing CLU mRNA
(EC-CLU -) with a false discovery rate (FDR) < 0.001, and log2-
transformed fold change either above + 0.26 or less than −0.26
(Fig. 5c). The 314 genes were clustered into six functional modules in a
kidney-relevant network analysis using Humanbase23. Using the same
cut-off value, 1270 differentially expressed genes were identified
between tubular cells expressing CLU (TUB-CLU + ) and those not
expressing CLU (TUB-CLU-). Eight modules were identified enriched in
functions that are associated with various kidney functions (Fig. 5d).
It is worth noting that in both EC cells and tubular cells, CLU ismapped
into the functional module that is involved in cardiovascular system
development, vasculature development, and regulation of cell/endo-
thelial cell migration (M2 in EC cell modules and M6 in tubular cell
modules, red star denotes CLU) (Fig. 5e).

Validation of uCLU – association with kidney outcomes
To validate the association of change in uCLU/Cr with atrasentan
treatment in a larger patient group, we used urine samples from
baseline and the end of the active run-in period from SONAR trial
participants, outside of the discovery nested case-control study.
Baseline clinical characteristics of the 3060 included participants in
the validation study were similar to the overall SONAR population
(Table 1). Mean eGFR was 43.3 (Standard deviation [SD] 14) mL/min/
1.73m2, Median uACR was 810 (25th to 75th Percentile 450, 1519) mg/g,
and median uCLU/Cr was 495 [25th 75th P 215, 1394] ng/mg.

Participants were followed for a median duration of 2.1 (25th to
75th percentile: 1.2 to 2.9) years, during which 270 (8.8%) participants
experienced a composite kidney endpoint. In multivariable analyses,
adjusting for participant demographic, physical, and biochemical
characteristics, including history of cardiovascular disease and anti-
hypertensive medications, demonstrated that each doubling in uCLU/
Crwas statistically significantly associatedwith an increased risk of the
composite kidney endpoint with an adjusted hazard ratio (HR) of 1.10
(95%CI 1.03, 1.17,p =0.004) (Fig. 6a/d).WhenuCLU/Crwasmodeled as
a categorical variable, the relative risk of the kidney outcome was
significantly higher in the highest vs lowest quartile of (Fig. 6a).

Six weeks treatment with atrasentan 0.75mg/day was associated
with a reduction in geometric mean of uCLU/Cr from 556 (SD 5.6) ng/
mg to 320 (SD 5.7) ng/mg, corresponding to a geometric mean per-
centage change of -42.6% (95%CI 39.4, 45.4; Fig. 6b). After 6 weeks
atrasentan treatment, 2260 (73.9%) participants experienced a reduc-
tion in uCLU/Cr from baseline. The change in uCLU/Cr during six
weeks treatment with atrasentan was associated with the composite
endpoint during subsequent follow-up. In multivariable analysis after
adjustment for all covariates, each halving of uCLU/Cr was indepen-
dently associated with a 10% lower risk of the composite kidney end-
point (HR 0.90 (95% CI 0.84, 0.98; p = 0.009) (Fig. 6c/e). When delta
uCLU/Cr was modeled as a categorical variable, relative to the third
quintile, the first and secondquintiles were associatedwith a lower risk
of the composite kidney endpoint in multivariable adjusted analyses,
while the fourth and fifth quintiles were associated with a higher risk
(Fig. 6c). Since atrasentan reduces uACR and early changes in uACR

during treatment with atrasentan are associated with the composite
kidney endpoint, we finally analyzed the correlations between changes
in uACR and uCLU/Cr. Pearson correlation coefficient showed a weak
correlation between change in (log2)uACR and (log2)uCLU/Cr
(r =0.19; p = <0.001). The risk of attaining the composite kidney
endpoint showed consistency across all uACR and uCLU/Cr categories
(Fig. 6f). Specifically, early reduction in uCLU/Cr was associated with a
lower risk of the composite kidney endpoint regardless of the uACR
change, with the lowest risk - observed in participants with a reduction
in both uACR and uCLU/Cr, and the highest risk observed in thosewith
an increase in both parameters.

Discussion
The selective endothelin receptor type antagonist atrasentan reduces
the relative risk of clinical kidney outcomes in patients with T2D-CKD.
However, like many other nephroprotective drugs, a large between-
individual variation in the response to atrasentan exists. Currently,
there is a lack of quantitative, evidence-based methods to distinguish
between patients who will or will not benefit from atrasentan. To
address this unmet need, we employed an integrative approach that
identified mechanism-based pharmacodynamic biomarker candidates
whose short-term changes can predict patient’s longitudinal outcome
during atrasentan treatment. uCLU emerged as a top candidate bio-
marker, demonstrating a strong association with kidney disease pro-
gression and value for identifying patients in whom the benefit of
atrasentan may be more pronounced.

Our integrative approach, by leveraging kidney tissue tran-
scriptomic data from both humans and atrasentan-treated mouse
models of T2D-CKD, emphasizes biomarkers linked to underlying
endothelin biology and response to atrasentan. This connection to the
targeted diseasemechanism improves on traditional approaches used
to identify biomarkers where, typically, the focus is primarily on
associations between variables and outcomes.

Using this strategy, we identified and validated uCLU as a bio-
marker associated with the risk of kidney failure independent of other
clinical characteristics, suggesting that uCLU is involved in the
pathophysiology ofCKD inT2D-CKD.Moreover, early changes inuCLU
level after initiation of atrasentan treatment was also associated with
the risk of the composite kidney endpoint. This association was inde-
pendent of other patient characteristics and changes in albuminuria.
These findings, together with the association we show between intra-
kidney CLU mRNA levels with and endothelin 1 pathway activation,
suggest that early changes in uCLU during treatment with atrasentan
may serve as pharmacodynamic response marker to monitor indivi-
dual’s response to atrasentan treatment.

Clusterin, alsoknown as apolipoprotein J, is a glycosylatedprotein
involved in both apoptotic and antiapoptotic pathways and is found
across tissues including the kidney24. It is thought to be involved in
cardiovascular- related diseases, including dyslipidemia, athero-
sclerosis, obesity, and type 2 diabetes25–27. Increased clusterin expres-
sion in the kidney tubular compartment is associatedwith tissue injury
and considered to be a stress-activated injury-response protein. Clus-
terin also serves a protective function through suppressing inflam-
mation or scavenging toxic lipid byproducts and denatured proteins,
or restoring mitochondrial function via CLUlow density lipoprotein
receptor-related protein 2 (LRP2)- activation calcium/calmodulin

Fig. 5 | Single-cell analysis of CLU expression in living donors and patients with
T2D-CKD. a UMAP of single-cell RNAseq data reveals the expression of CLU across
various kidney cell-type clusters from living donors (LD) and patients with T2D-
CKD. b Dot plot analysis demonstrating CLU mRNA is expressed in a greater
number of endothelial and tubular cells (dot size represents the percentage of cells
expressing CLU) and at a higher expression level (dot intensity reflects mean
expression), in patients with T2D-CKD versus LD. Statistical significance was
assessed by multiple testing-adjusted P value (p < 0.05) using the FindMarkers

function in Seurat. c CLU co-expressing genes in endothelial and tubular cells were
identified by comparing differentially expressed genes (DEG) between the cells
expressing CLU (CLU+ ) versus those that did not (CLU-). The significance thresh-
old was set at an absolute Log2 Fold Change |Log2FC| > 0.263 with FDR<0.001.
Significantly enriched functional modules were identified in CLU co-expressing
genes using the Humanbase platform in (d). EC and (e) combined tubular cells.
Circles represent genes within the module. Red star denotes CLU.
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dependent protein kinase 1D signaling in proximal tubular cells28–30

Theurinary excretion of clusterin is believed tobederived fromkidney
tissues rather than filtration of plasma clusterin31. Clusterin is thus
thought to be a specificmarker of damage to tubular cells32, supported
by prior studies demonstrating association of uCLU with nephrotoxi-
city in animals33,34 and in humans35–37. Specifically, uCLU was better at
detecting proximal tubular injury compared to other nephrotoxicity
markers including CysC, B2M and total protein38. uCLU has also been
suggested for use as an early tissue damage marker with a similar
profile to KIM-134,39. It is therefore perhaps not surprising that reg-
ulatory agencies qualified uCLU, along with five other biomarkers, to
be used in non-clinical and clinical drug development to aid in the
detection of drug-induced kidney tubular injury in phase 1 trials in
healthy volunteers (https://www.fda.gov/media/115635/download).

AlthoughuCLU isused in the settingof acute kidneydamage, little
is known about its association with kidney disease progression in CKD.
One study in 159 patients with type 2 diabetes and GFR over 60mL/
min/1.73m2 reported that increased uCLU was associated with pro-
gression to CKD stage 3 and above27. The limited sample size and lack
of clinical kidney endpoints, warrants validation in a contemporary
well-phenotypedpopulation. Our studyoffers evidence for association
of uCLUwith CKD progression, more importantly, adds further insight
that the relationship between uCLU and clinical outcomes are likely
primarily mediated through tissue clusterin: firstly, we demonstrated
thatCLUmRNA is abundantly expressed inkidney and it’s expression is
up-regulated in CKD compared to healthy individuals, at both tissue
compartment and single cell level; secondly, uCLU is significantly

correlated with kidney tissue CLU mRNA but not with pCLU, suggest-
ing that uCLU is not just a passivefiltrate from the systemic circulation,
but rather is kidney tissue derived and as a resultmay reflect clusterin-
associated CKD pathology; thirdly, the significant association between
intrarenal tissue CLU mRNA at the time of biopsy and composite kid-
ney endpoints in the NEPTUNE cohort supports the observed asso-
ciations between baseline uCLU and risk of the composite kidney
endpoint in the SONAR trial.

The mechanism by which early changes in uCLU concentration
during atrasentan treatment are associated with long-term outcomes
remains incompletely understood. Although endothelin-1 is known for
its anti-apoptotic role40–42 and clusterin can exert context-dependent
pro- or anti-apoptotic effects30,43–45, our study did not find significant
enrichment of apoptosis-related pathways in the canonical pathway
analysis of differentially expressed genes between CLU⁺ and CLU⁻
cells. Our findings suggest that, in the context of CKD, the primary
functional impact of clusterin may involve processes such as cell
adhesion, epithelial/endothelial-mesenchymal transition, fibrosis, and
atherosclerosis. The significant correlation between CLU mRNA levels
in pseudobulk tubular cells and patients’ interstitial fibrosis scores
supports the aforementioned biological process. While apoptosis
remains an important cellular process that clusterinmay be associated
with, the evidence from our study supporting this association is cur-
rently limited.

However, it is worth noting that our animal studies data and
single-cell and bulkRNASeq analysis of human kidney biopsies provide
further insight into the potential link between CLU and EDN1 signaling
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Fig. 6 | Association between baseline and early change in CLU with clinical
kidney outcomes. This analysis included 3060 patients from the SONAR trial with
available samples at the start and end of the 6-weeks active run-in period.
a Association between baseline uCLU/Cr and clinical kidney outcomes divided in
quintiles and analyzed on a continuous scale. which shows the hazard ratio asso-
ciatedwith each increment in uCLU/Cr.Model 1 was adjusted for age, sex and race/
ethnicity. Model 2 was additionally adjusted for systolic blood pressure, GFR, (log)
uACR, HbA1c, body weight, hemoglobin, history of cardiovascular disease, anti-
hypertensive medications, and treatment allocation. b Change in uCLU/Cr during
6 weeks treatment with atrasentan. Geometric means are shown, with error bars
representing the 95%confidence interval. Shownare the baseline andweek 6 uCLU/
Cr concentrations and the percentage change frombaseline. cAssociation between

the change from baseline in urinary uCLU/Cr during 6 weeks atrasentan treatment
and subsequent clinical kidney outcomes, divided in quintiles and analyzed on a
continuous scale.Model 1 was adjusted for age, sex and race/ethnicity.Model 2 was
additionally adjusted for baseline log transformed uCLU/Cr, systolic blood pres-
sure, estimated glomerular filtration rate, (log)uACR, HbA1c, body weight, hemo-
globin, history of cardiovascular disease, antihypertensive medications, and
treatment allocation.d, eAssociations ofbaseline uCLU/Cr (d) and change inuCLU/
Cr (e) with clinical kidney outcomes analyzed on a continuous scale. The red line
represents the hazard ratio at different levels of clusterin creatinine ratio at base-
line, and the light pink area represents the corresponding 95% confidence interval.
f Hazard ratio of the clinical outcomes by changes in both uCLU/Cr and uACR.
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pathway. In atrasentan-treated BTBR ob/ob mice, clusterin mRNA
levels are significantly correlated with the AR-EAS score, a tran-
scriptomic measure based on involving endothelin pathway genes
reversed by atrasentan (Fig. 3d), indicating a link between CLU RNA
levels and the status of endothelin signaling. In human CKD kidney
biopsies, we also observed a significant strong positive correlation
between CLU and EDN1 mRNAs and AR-EAS score. Furthermore, inte-
grating single-cell analysis with kidney-specific molecular network
analysis revealed that clusterin is a component of a functional module
involved in cardiovascular system development, vasculature devel-
opment, and regulation of cell/endothelial cell migration. These
pathophysiological processes are well known to be significantly
impacted by endothelin 1 signaling pathways46–49. These findings sup-
port an association between clusterin and endothelin 1 signaling in the
context of pathogenesis of cardio-kidney damage, including vascu-
lature development and damage as well as regulation of endothelial
cellmigration.While these results arepromising, further bioinformatic
analysis, such as ligand-receptor analysis, and in vitro and in vivo stu-
dies are required to further elucidate the mechanisms underlying
these strong associations. Investigation into whether atrasentan
reduces clusterin expression in human kidneys and whether this
reduction is associated with the alleviation of kidney injury will also
help to gain better insight into this question. Ongoing or future biopsy
studies involving endothelin receptor antagonists, such as the SPAR-
TAN study (NCT04663204), could contribute a more comprehensive
understanding of the mechanistic link.

Although the focus of this paper is on uCLU, concentrating on the
kidney-expressed clusterin and its associated processes and functions,
clusterin is ubiquitously expressed in human tissues and organs, such
as adipocytes, liver, lung, whole brain and heart (data from BioGPS).
Dysregulation of clusterin, in particular plasma- and adipocyte-derived
circulating clusterin, have been implicated in various diseases,
including cardiometabolic and cardiovascular disease26,50–52. In our
hands, pCLU does not correlate with uCLU, supporting the hypothesis
that uCLU is not simply the result of passive filtration of pCLU; instead,
a marker likely reflecting intrarenal biological processes.

In addition to uCLU, urinary A2M, PLG, and KLKB1 also demon-
strated significant associations with atrasentan response in our initial
biomarker discovery phase.Due to the lackof significant additive value
of these markers when added, either one-by-one or together, to the
model including clinical variables and clusterin, and their absence in
cross-species transcriptomic support in the mousemodel, these other
three markers were not included in the validation in the large SONAR
cohort. However, their association with response to atrasentan in the
discovery study suggests potential for future investigation. A2M as a
nonspecific protease inhibitor, is likely involved in increased glo-
merular matrix accumulation in kidney disease through inhibiting
matrix-degrading proteases53. A2M mRNA expression in the kidney
demonstrated an endothelial cell-specific and disease outcome-
associated pattern in patients with glomerular disease54. uA2M has
been considered as a predictor of severe loss of glomerular
permselectivity55. Atrasentan treatment significantly reduced uA2M
maybe an early indication of improved glomerular permselectivity
and/or the reduced matrix accumulation. The glycoprotein zymogen
PLGcontributes to renal interstitialfibrosis via promotingepithelial-to-
mesenchymal transition56. Baseline uPLG was reported to be inde-
pendently associated with increased risk of ESKD in a cohort of 1010
patients with glomerular disease57. Future studies are needed to eval-
uate the utility of these individual markers - or their various combi-
nations as a pharmacodynamic biomarker panel - in the SONAR trial or
other independent cohorts, taking into account model performance,
practicality, and cost-effectiveness.

The results of this study are clinically relevant in view of the
development and registration of new ERAs for the treatment of CKD.
Sparsentan, a dual endothelin angiotensin receptor blocker, reduced

eGFR decline in patients with immunoglobulin A (IgA) nephropathy58

and is registered for the treatment of IgA nephropathy. Similarly,
atrasentan reduced proteinuria in 270 patients with IgA nephropathy
in the Phase III ALIGN study (NCT04573478)59. Another selective ERA,
zibotentan, is currently in development as a fixed-dose combination
with the SGLT2 inhibitor dapagliflozin for high-risk patients with
CKD60. Validation of uCLU as a biomarker of risk and treatment
response will contribute to the use and clinical implementation of
clusterin.

While the strengths of this study are the multi-omics translational
approach to discover and validate a pharmacodynamic biomarker to
monitor treatment response to atrasentan, and the use of samples
from a large randomized controlled clinical trial with clinical end-
points, this study has a few limitations. Firstly, kidney tissue samples
from patients treated with atrasentan are not yet available. This pre-
cluded direct clinical confirmation of the association between changes
ofCLUmRNAand change of uCLUduring atrasentan treatment, as well
as their association with longitudinal outcomes. Consequently, no
causal or mediating role can be inferred from our current study. Fur-
thermore, we used transcriptomic data of patients from a CKD cohort
(NEPTUNE), to assess the association between tissue CLU mRNA and
kidney longitudinal outcomes. It is important to note that few parti-
cipants in the NEPTUNE cohort have diabetes. We selected the NEP-
TUNE dataset in part because the available T2D-CKD cohorts lacked
sufficient sample size and transcriptomic data to support robust sur-
vival analyses for evaluating long-term outcomes. Importantly, ana-
lyzing the NEPTUNE cohort allowed us to examine whether the
association between clusterin and disease progression extends
beyond T2D-CKD to a broader spectrum of CKD. This is particularly
relevant, as these diseases often share underlying mechanisms of
progression, thereby supporting the potential generalizability of our
findings. Finally, participants of the SONAR trial were carefully selected
patients with T2D-CKD who did not have heart failure and peripheral
edema, which may limit the generalizability of our findings to the
broader CKD population. In our future work we intend to include
additional analyses and clinical studies utilizing kidney biopsies and
matching urine samples from patients treated with atrasentan to
determine whether clusterin mediates disease progression and the
response to ERA treatment

In conclusion, using an integrative approach we identified and
validated uCLU as a promising pharmacodynamic biomarker of atra-
sentan treatment response and kidney disease progression, indepen-
dent of uACR and other baseline clinical variables. This finding
warrants further clinical validation in well-designed, independent
studies with larger sample sizes and greater event numbers, and
assessment for future clinical implementation. Collectively these
efforts may pave the way for precision medicine in kidney diseases.

Methods
Ethics approvals
The protocol of the SONAR trial was approved by all relevant ethics
committees and regulatory bodies. All SONAR participants provided
informed consent before any study-specific procedure commenced.
The biomarker studies described here were covered by the original
ethics committee approvals and consent process.

Themouse experimental protocol was reviewed and approved by
the Animal Care Committee of the University ofWashington in Seattle.

Overall design
The analytical workflow of this study (Fig. 1) initiated with an advanced
proteomic analysis of a nested case-control study to identify candidate
biomarkers of a patient’s response to atrasentan. Following the bio-
marker discovery phase, selected biomarkers were subjected to tech-
nical validation via ELISA assays applied to the same bio-samples used
for biomarker discovery. To explore the biological significance of the
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biomarkers and verify that the candidate biomarkers matched disease
pathophysiology with atrasentan’s mechanism of action, tran-
scriptomic analyses were carried out using an atrasentan treated dia-
betic mouse model for progressive CKD and using biopsy samples
from patients with T2D-CKD, to demonstrate the association between
gene encoding the candidate biomarker and kidney disease severity
and progression. Additionally, these studies also aimed to establish a
quantitative link between the candidate biomarker and a gene sig-
nature representing atrasentan reversed endothelin activation sig-
nature. This multifaceted approach identified a premier biomarker
candidate, which subsequently underwent further validation in a large
prospective phase 3 clinical trial with atrasentan (SONAR Clinical-
trials.gov ID: NCT01858532).

Data sources
Animal studies. Kidney tissues from previously described experi-
ments with BTBR ob/ob mice were used5. Briefly, female BTBR WT,
BTBR/ob heterozygotes [BTBRob+/−; BTBR.V(B6)-Lepob/WiscJ; stock no.
004824]) mice from Jackson Laboratories (Bar Harbor, ME) main-
tained under 12 h light cyclewith free access to standard diet (standard
chow dietPicolab Rodent Diet 20, Brentwood, MO) and water were
either treated with saline (n = 5) or atrasentan 5mg/kg body weight
per day (n = 7) in drinking water. Wild type mice (n = 5) were included
as control. Female BTBR ob/obmice aremore resilient thanmales and
are less prone to urine scalds and poorly healing skin abrasions or
wounds, leading to risk of premature sacrifice, therefore, only female
mice were included in this study. Atrasentan or saline (vehicle) treat-
ment was initiated when animals were 18 weeks of age and continued
for 6 weeks until 24 weeks of age. The changes in phenotypic char-
acteristics across treatment groups were published previously5.

Clinical studies. The SONAR trial recruited 5,117 patients aged 18 to 85
years with a diagnosis of type 2 diabetes, eGFR between 25 and 75mL/
min/1.73m2, anduACRbetween 300 and 5,000mg/g (> 33.9-565.6mg/
mmol). All eligible participants were using anACE-inhibitor or ARB and
received atrasentan 0.75mg during a 6-week open-label active run-in
period to select patients likely to respond to atrasentan, defined as
reduction from baseline in uACR of 30% or more. All responder
patients who tolerated atrasentan (N = 2648) and a selection of non-
responder patients (N = 1020) proceeded to the randomization visit
and were assigned in a 1:1 ratio to continue atrasentan or to transition
to placebo. The composite kidney endpoint of the trial was a compo-
site of doubling of serum creatinine, kidney failure or death due to
kidney failure.

To identify biomarkers whose change from baseline to 6 weeks
atrasentan treatment associated with patients’ long-term response, we
conducted a nested case-control study of the SONAR trial (Supple-
mentary Fig. S1). The remaining 3060 patients (83.4% of total cohort)
from the SONAR trial with available samples at start and end of the
6-weeks active run-in period were used for biomarker validation
purposes.

Transcriptomic data from healthy controls and people with kidney
diseases. Transcriptomic data from micro-dissected glomerular and
tubulointerstitial compartment of patients with kidney disease were
obtained from European Renal cDNA Biobank18, Nephrotic Syndrome
Study Network (NEPTUNE)14 and Nephroseq (https://www.nephroseq.
org). Single cell RNASeq data was derived from Kidney Precision
Medicine project (KPMP)22 (https://www.kpmp.org/). Details are pro-
vided in “Data Availability Section”.

Measurements
Animal studies. Total RNA was isolated from mouse glomeruli enri-
ched cortex tissue using RNeasy isolation kits (Qiagen). RNA quantity
and integrity was confirmed on an Agilent 2100 bioanalyzer. RNA

sequencing was performed on oligo(dT) purified poly(A)+ mRNA. A
standard TruSeq mRNA library was constructed using TruSeq RNA
Sample Prep Kit v2 (Illumina, Cat.# RS-122-2001). The library was
sequenced by Illumina HiSeq 4000 using a single-end run (SE50
bases). cDNA, NGS library prep and sequencing prep for an Illumina
platformwere generated following standard protocols. QC on the NGS
library prep was done using the Agilent TapeStation. More details can
be found in the supplementary information.

High throughput biomarker profiling. Urine samples at baseline and
after 6 weeks atrasentan treatment from 180 patients participating in
the SONAR trial were used. Of these, in 60 patients, who were rando-
mized to placebo after 6 weeks atrasentan treatment, additional urine
samples were used after 4 weeks placebo treatment to assess off-drug
effects. The SOMAscan 1.3 K was for biomarker identification. The
SOMAscan protein array platform renders 1317 protein analytes for
human protein profiling. Urine samples were processed according to
the SomaLogic’s recommended standard protocols61,62 for the
SOMAscan Assay Human Cell & Tissue kit (CLTH_4.2_20161012_1.5k).
Details of measurement and normalization were included in the sup-
plementary Information. SOMAscan log2 transformed expression
values were derived from quantile-normalized data files. The expres-
sion value for each individual analyte was normalized by the urine
creatinine value of the same sample to correct for hydration status.

ELISA protein assay. Commercially available ELISA assays were used
for biomarker technical validation. ELISA assays went through assay
feasibility evaluation (standard curve parallelism, dynamic con-
centration range, endogenous levels in healthy versus disease, dilution
linearity, selection of QCs, and optimized condition for different bio-
fluid matrices) and assay validation (upper & lower limit of quantifi-
cation, precision & accuracy, matrix effects, analyte stability, and
selectivity & specificity). Assays passed feasibility and assay validation
evaluation were selected for further analysis. Concentrations of alpha-
2-macroglobulin (A2M) (R&D DY1938, Minneapolis, MN, USA), clus-
terin (CLU) (Abcam,ab174447,Waltham,MA, USA), plasminogen (PLG)
(Abcam, ab108893,Waltham,MA,USA) and kallikrein (KLKB1) (Abcam,
ab202405,Waltham,MA, USA) weremeasured in urine samples as per
standard or modified standard protocol at 1:10, 1:32, 1:32, and 1:6
dilutions respectively. Quality control samples with high, medium and
low concentrations of the respective analytes were included in each
ELISA plate to monitor batch effect. The inter-assay coefficient of
variation of the quality controls for the above-mentioned biomarkers
was 11%, 3.0%, 3.4%, and 2.6%, respectively. The concentrations of
biomarkers were normalized by urine creatinine to correct for hydra-
tion status, and the log2 transformed ratio was used for subsequent
analysis.

Data Analysis
Animal and human transcriptomic data analysis
Determination of reversal gene signature by atrasentan. Normal-
ization and log-transformation of the raw counts was performed in R
using the calcNormFactors function in the edgeR package63 and
voom64 in the limma package. Differential expression was subse-
quently fit to linear models using the lmFit and eBayes functions in
limma. To identify differentially expressed (DE) genes in the diabetic
mouse model (with respect to WT mice) that were subject to reversal
upon treatment with atrasentan, differential expression (DE) was
identified using R with the limma package for two contrasts: the
vehicle-treated BTBR ob/obmice vs. wild-type (T2D-CKD vehicle: WT),
and the atrasentan-treated vs. vehicle-treated ob/ob mice (T2D-CKD
atra:vehicle). With the T2D-CKD vehicle group in common between
the two contrasts, it was possible to directly query the effect of atra-
sentan treatment on the diabetic phenotype at the level of gene
expression.
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Molecular feature annotation and mapping strategy. The Ensembl
human Gene ID was defined as a common denominator for molecular
feature annotation forOmics experiments65. Version 92 of the Ensembl
reference was used to map Ensembl Gene IDs to official human Gene
Symbols. Pairwise human-mouse orthologs were retrieved from the
OMA database (https://omabrowser.org)66. Only genes having a 1:1
match were kept. Mouse genes without respective human orthologs
were excluded from further analyses.

Cross -species integration with transcriptomics data for patient
with T2D-CKD. Dysregulated genes in BTBR ob/ob mice (T2D-CKD
Vehicle) versus BTBR WT mice and reversed by atrasentan treatment
(T2D-CKD Atra, q <0.1, Benjamini-Hochberg method) were identified.
They were thenmapped to the human ortholog. The expression of the
human ortholog genes in human ERCB T2D-CKD datasets17,67 were
evaluated by comparing living donor and patients with T2D-CKD.
Genes concordantly regulated in patients with T2D-CKD and the BTBR
ob/ob mouse model were used for further analysis.

Pathway enrichment analysis and kidney relevant functional net-
work analysis. Ingenuity PathwayAnalysis software (IPA, QIAGEN Inc.)
was used to identify enriched canonical pathways68. To determine the
significantly enriched functional gene modules in the differentially
expressed gene sets, we projected gene signatures into the Human-
Base functional network (https://humanbase.io/module/), in which
gene signatures were clustered using community clustering in higher-
order tissue-specific functional network, to identify tightly connected
sets and pathways in the context of kidney69.

Generation of the atrasentan reversible-endothelin activation sig-
nature. Genes mapped to enriched Endothelin-1 pathways by
Ingenuity Pathway Analysis (IPA) software was extracted. The
expression values of cross-validated genes were used to generate
a Z-score, using a previously described method15, referred as
Atrasentan reversible-endothelin activation signature (AR-EAS)
for each mouse and average Z-scores were compared among
different groups of treatment.

Identification of CLU co-expressing gene signatures. ScRNA-seq
analysis was performed using the cortex region of the kidney biopsy
and processed according to the Kidney Precision Medicine Project
single-cell protocol22,54. CLU co-regulated genes were identified using
similar method previously published13. In brief, genes that were dif-
ferentially expressed in CLU-expressing (CLU + ) versus CLU-no
expressing (CLU–) cells from patients with T2D-CKD were identified
using the FindMarkers Seurat function70–73. CLU + versus CLU– cells
were based on greater than 0 (CLU>0) normalized gene expression.
To identify the differential gene signature, comparisons between
groups were made using the Welch’s t test. Only genes that exhibited
an FDR (false discovery rate) of less than 0.001 and also demonstrated
an absolute log2 fold change greater than 0.26 were selected for
subsequent analysis. We performed psuedobulk analysis first on the
tubular cells expressing CLU mRNA (aggregating the single-cell
expression by sample at the cell type level to mimic the bulk RNA-
Seq profiles) and then correlated with the phenotype74,75.

Discovery of biomarkers. The case-control design included three
groups of patients who were selected based on the uACR change
during the 6-weeks atrasentan treatment period and the rate of eGFR
decline during median 2.2 year double blind treatment with atra-
sentan:Wedefined a “responder” group, (R), defined as patientswhose
uACR reduction was reduced at least 45% during 6 weeks treatment
with atrasentan and whose eGFR slope during a median 2.2 year
treatment with atrasentan was stable between − 1.0 to + 1.0mL/min/
1.73m2 per year; A “non-responder” group, (NR), defined as patients

whose uACR reduction was less than 15% during 6-weeks atrasentan
and whose eGFR decline during median 2.2 year atrasentan treatment
was more than 3mL/min/1.73m2 per year; A “conditional responder”
group (CR),defined as patients whose reduction in uACR was at least
45% during 6-weeks atrasentan treatment and who transitioned to
placebo at randomization and whose eGFR decline after transition to
placebo was more than 3.0mL/min/1.73m2 per year. Differences in
biomarker changes from baseline to week 6 among the three groups
were analyzed formarker identification. Three groups of patients were
selected by propensity matching using the following baseline demo-
graphic and clinical characteristics: age, gender, systolic blood pres-
sure, hemoglobin, eGFR and uACR. Standardized differences among
groups were computed to determine that the groups were adequately
matched. Differences in biomarker concentrations were compared
between responders and non-responders. Univariable logistic regres-
sion analyses were subsequently performed to identify biomarkers
whose change from baseline to week 6 were significantly associated
with atrasentan response comparing responders and non-responders.
Urinary protein markers with logistic regression associations of
p <0.01, a threshold selected as a trade-off between sensitivity and
specificity, ensuring the inclusion of a sufficient number of candidate
proteins (for downstream multi-step validation) while reducing the
likelihood of false positives, were then further restricted to those
showing a reversibility in the direction of the effect during the off-
treatment phase in the conditional responders. This selection was
performed to ensure that the selected biomarkers reflected a true
pharmacological treatment response. Candidate biomarkers were
then further selected based on commercial ELISA assay availability,
and assay performance evaluation based on feasibility and validity in
measuring urine samples, as described above.

Validation of biomarker. In the validation cohort, we assessed the
association between baseline log-transformed urinary CLU:creatinine
ratio (uCLU/Cr)with theprimarykidneyoutcomeusingCoxproportional
hazard regression. uCLU/Cr was log-transformed to take into account its
skeweddistribution. uCLU/Crwasentered in theCoxmodels asquintiles,
using the third quartile as common reference for the other quartiles and
as a continuous variable. To examine the association, two models were
constructed. Model 1 was adjusted for age, sex and race/ethnicity. In
Model 2, we additionally adjusted for systolic bloodpressure, eGFR, (log)
uACR, HbA1c, body weight, hemoglobin, history of cardiovascular dis-
ease, antihypertensive medications, and treatment allocation. We calcu-
lated the geometric mean change from baseline in uCLU/Cr during
6 weeks treatment with atrasentan and tested the statistical significance
using a one sample t test. uCLU/Cr was subsequently entered in a Cox
proportional hazard model to assess association between the change in
uCLU/Cr andprimary kidneyoutcome.Change frombaseline in uCLU/Cr
was categorized in quintiles with the third quintile being used as a
common reference for the other quintiles. We also entered change from
baseline in uCLU/Cr as a continuous variable in the Cox proportional
hazardmodel. All aforementionedmodels additionally adjusted for (log)
baseline uCLU/Cr were used for assessing the association between
change in uCLU/Cr and primary kidney outcome. A sample size of 3060
provided 91.2% power to detect a multivariable adjusted HR for the
association between changes in uCLU/Cr and the primary kidney out-
come of 0.90 assuming standard deviation of the difference in uCLU/Cr
between the two visits of 2.15, square of the correlation (i.e., R2) between
the covariate of interest and other covariates in the model of 0.3, prob-
ability of event of interest of 10%, and p-value of 0.0576. Power analysis
was conducted using command “power cox” in Stata 18.0. Cox propor-
tional hazard regression analyses were finally performed to assess the
effect of atrasentan compared to placebo in reducing the risk of the
compositekidneyendpoint in subgroups stratifiedby themedianchange
in uCLU/Cr during 6-weeks open label atrasentan treatment. Consistent
with the primary analysis model of the SONAR trial, the treatment effect
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in the Cox model was adjusted for log-transformed uACR values, serum
albumin, age, and eGFR at randomization. A p-value for interaction was
calculated by adding an interaction term between treatment and uCLU/
Cr strata to the Cox model.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The transcriptomic data supporting the findings of this study are
available in the public domain in Nephroseq (https://www.nephroseq.
org) and the Gene Expression Omnibus (GEO) repository under the
following: GSE104954, GSE104948, GSE108112, GSE182380,
GSE104066, GSE133288, GSE197307, and GSE30122, and can be down-
loaded. The transcriptomic data generated from the mouse model
experiments are available under GSE307122. The clinical datasets used
for the SONAR patients in the current study are not publicly available
owing to patient confidentiality considerations and compliance with
institutional privacy regulations. This clinical trial data canbe requested
by any qualified researchers who engage in rigorous, independent sci-
entific research, andwill be provided following review and approval of a
research proposal and Statistical Analysis Plan (SAP) and execution of a
Data Sharing Agreement (DSA) by the corresponding author, Dr. Hiddo
J.L. Heerspink. Data requests can be submitted at any time and will be
processed as soon as possible. Thedatawill be accessible for 12months,
with possible extensions considered. Restrictions imposed on data use
will be described in the applicable data use agreement. All other data
resulting from this study are available in the main text or in the Sup-
plementary Materials. Source data are provided as a Source Data
file. Source data are provided in this paper.
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