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Materials and Methods 

Determination of kidney function 

    In the Joslin Kidney Study, GFR was estimated by the CKD Epidemiology Collaboration equation 

using serum creatinine concentrations and was expressed as mL/min/1.73m2 (97). In the Pima 

Indian Study, GFR was measured by the urinary clearance of iothalamate. For each participant, we 

used all available GFR determinations performed during follow-up to determine GFR slopes by 

general linear model procedure. ESKD was defined either by a match with USRDS roster or a listing 

of kidney failure among the causes of death on an NDI death certificate (98, 99). 

SOMAscan platform to measure concentration of circulating proteins 

    Concentration of plasma proteins was measured using the SOMAscan proteomics platform 

(SomaLogic, Inc.). This platform uses unique single stranded sequences of DNA and RNA, referred 

to as aptamers, which recognize folded protein epitopes with high affinity and specificity. It features 

high throughput capabilities to measure concentration of 1,129 proteins in 75 ul of bio-fluid with 

excellent reproducibility and sensitivity (59, 60). This platform provides an attractive alternative to 

immunological antibody-based methods that have limited multiplex capabilities, and to mass-

spectrometry methods that have lower throughput and, frequently, lower sensitivity. This platform 

was used in several disease settings (100-102). We used it in our previous study that examined 194 

circulating inflammatory proteins to identify 17 so-called KRIS proteins (62). 

     The present study evaluated assay results for 25 proteins present on a SOMAscan array. The 25 

circulating TGF-β related proteins include families of TGF-β related signaling, BMP signaling, and 

Activin signaling according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database 

and literature review (11, 22). Samples in this study were run in batches balanced by the prospective 

case status. Twelve anchored samples were also applied across the batches to allow for universal 

calibration based on intercept and beta estimates from the regression model drawn using PROC 

GLM in SAS software. 

SOMAscan platform to measure concentration of proteins in urine 

    The same aptamer-based SOMAscan platform was used for measurement of the 25 TGF-β 

related proteins in urine. A subset of the exploratory T1D cohort with late DKD was studied, including 



cases (n=29) with fast progressive kidney decline (eGFR loss >8 ml/min per year) and controls 

(n=31) with no or minimal kidney decline (eGFR loss <3.5 ml/min per year). To confirm findings 

obtained in T1D individuals, we studied urine samples obtained from a subset of the T2D Replication 

cohort, which included 26 cases and 26 controls defined the same way as in the T1D subset. 

Random morning urine specimens obtained at baseline examination and stored at -85 C were used. 

Concentrations of NBL1 and TNFR1 were normalized to the urine creatinine concentration. 

Measurement of kidney structural lesions in kidney biopsies 

    Kidney structural lesions were studied in research kidney biopsies obtained from individuals in the 

T2D Pima Indian cohort. Of the 153 individuals in this cohort, 105 had kidney biopsies performed 

within 1.26 years (range 0.04-4.49) of the baseline examinations. The morphometric techniques 

used in this study were described previously (94). Briefly, unbiased random samplings of tissue 

sections from kidney biopsies provided digital images from both electron and light microscopy. 

Quantitative microscopy methods were used to estimate kidney structural parameters by masked 

observers. Predefined electron microscopy parameters included glomerular basement membrane 

(GBM) width, mesangial fractional volume, glomerular filtration surface area density, podocyte 

number per glomerulus, fractional volume of podocytes, and percentage of normally fenestrated 

glomerular capillary endothelium (%FE). %FE was assessed using a grid superimposed on electron 

micrographs. When a major grid line intersected with endothelium, we assessed whether there were 

fenestrations within 360 nm of the intersection in which case this was considered normally 

fenestrated. The %FE is the percentage of intersections where we observed fenestrations out of all 

observed intersections (103). Cortical interstitial fraction volume (VvInt) and percentage glomerular 

sclerosis were measured using light microscopy and, because not all participants had sufficient 

tissue for measurement of VvInt, data for this parameter were available for 102 subjects. %FE was 

not measured in one participant. A minimum of two and usually three glomeruli were examined by 

electron microscopy per participant and a median of seven (25th-75th percentiles 3-12) by light 

microscopy for the morphometric measurements. Morphometric variables for each individual were 

calculated as the mean of all measurements for that individual. 

Single nucleus RNA sequencing of kidney biopsy specimens for NBL1 expression 

Fastq files of 10X Genomics 5’ snRNA-seq libraries were downloaded from GSE131882 and 

counted with cellranger version 4.0 using a custom-built GRCh38 pre-mRNA reference (76). Quality 

control metrics are provided in table S4. Individual libraries were processed with DoubletFinder to 

remove doublets prior to aggregation with cellranger without normalization (104). Low-quality cells 

were removed from the aggregated library with Seurat using the following thresholds: nFeature_RNA 

> 500, nFeature_RNA < 4000, percent.mt < 0.8, percent.rps < 0.4, percent.rpl < 0.4. The filtered 



object was processed with SCTransform and batch effect was corrected with Harmony prior to 

dimensional reduction and visualization with UMAP (105). Kidney cell types were annotated based 

on expression of lineage-specific markers and cell-specific differentially expressed genes were 

identified with the Seurat FindMarkers function using a log-fold change threshold of 0.25 and a 

Bonferroni corrected P <0.05 to assess significance.  

Reanalysis of bulk RNA-seq from patients with DKD 

    Fastq files for bulk RNA-seq datasets obtained from patients with and without biopsy-proven DKD 

were downloaded from GSE142025 (77). Transcript abundance was quantified with Salmon using 

GRCh38 and count matrices were imported to DESeq2 with tximport (v1.16.1). Differentially 

expressed transcripts were compared between healthy controls (n=9) and patients with early DKD 

(n=6) or advanced DKD (n=22).  

Immunostaining for NBL1 in kidney biopsy specimens   

    Formalin fixed paraffin embedded human kidney tissue, approximately 10 mm3, from healthy 

donors and subjects with type 2 diabetes were analyzed using NBL1 immunostaining. Processed 

tissues were embedded in paraffin wax using a Leica EG1160 and sectioned at 4 microns using a 

Leica RM225 microtome. Tissue sections were placed on Super frost Plus slides (Fisher Scientific), 

deparaffinized, rehydrated, and heat-induced epitope retrieval (HIER) was used to ensure optimal 

labeling. HEIR was performed using BioCare decloaking chamber NxGen system at pH 6 and 110 ºC. 

NBL1 immunohistochemistry or immunofluorescence was performed on kidney sections with a 

ThermoFisher Autostainer 360. All washing and blocking steps on kidney sections utilized Dako 

reagents (Agilent) including wash buffer. Tissue sections were incubated for 30 minutes with Sigma 

HPA007394 antibody (diluted 1:50) for NBL1 staining. For colocalization studies, the sections were 

incubated with CD68 (diluted 1:800, 14-0688-82, ThermoFisher) and WT1 (diluted 1:50, MAB13453, 

Abnova) antibodies for 30 minutes. Goat anti-Rabbit IgG (65-6140, ThermoFisher) was used as 

secondary antibody with 30 minutes of incubation. The immunofluorescence stained slides were 

immediately cover-slipped and imaged using Panoramic MIDI digital slide scanner (3DHISTECH). 

For immunohistochemical stains, chromogen DAB+ substrate was incubated for 5 minutes (Agilent), 

then samples were counterstained with hematoxylin using the Leica AutostainerXL and cover-slipped 

using a Leica CV5030 and Surgipath Micromount media. The slides were dried overnight and 

imaged using an Aperio Automated Digital Slide Scanner. Analyses were completed using Aperio 

ImageScope software (Aperio). 

Immunostaining for NBL1 in other human organs/tissues/cells 

    Samples were fixed in a 10% buffered formalin solution and routinely embedded in paraffin tissue 

blocks from which 3 μm-thick histological sections were obtained from each enrolled case. Sections 



were then dewaxed in xylene, rehydrated through graded alcohols and xylene, and, after inhibition of 

the endogenous peroxidase with a 3% H2O2 water solution, the specimens were incubated with a 

protein block (Ready to Use Dako Biotin Blocking System). The anti-NBL1 primary antibody 

(HPA007394, Merck) was tested in each case. The reaction was revealed using the streptavidin-

HRP Dako LSAB2 System, (K0675, Dako) and a 0.25% solution of 3,3′-Diaminobenzidine (DAB) 

tetrahydrochloride. Last, these histological sections were mildly counterstained with Harris 

hematoxylin. 

      Immune cells and flow cytometry staining: Human peripheral blood mononuclear cells 

(PBMCs) were purified from 8 ml blood samples collected from non-diabetic subjects (n=5) at the 

ASST Sacco-FBF in Milan, Italy by using Lymphoprep (07801, Stem Cell Technologies) and cells 

were then stained for flow-cytometry analysis with Anti-human CD3 (300330), CD45 (560178), CD4 

(561030), CD8 (560774), CD14 (561707) from Biolegend and BD Biosciences as surface antigens. 

Rabbit polyclonal NBL1 (Sigma, HPA007394) followed by donkey anti-rabbit AlexaFluor488 antibody 

(ThermoFisher Scientific) was used to stain for intracellular NBL1 by using the Fixation and 

Permeabilization Solution Kit (554714, BD Biosciences). Cells were analyzed using a BD FACS 

Celesta (BD Biosciences). 

Effect of NBL1 on apoptosis of kidney cells in in vitro study 

     Human cell lines and cell death analysis: Human podocytes (HuPodo, immortalized), kindly 

provided by Dr. M.A. Saleem (Bristol Renal and Children’s Renal Unit, University of Bristol, UK) were 

cultured in RPMI supplemented with 10% FBS and with ITS (1X) as already described (106). Human 

tubular cells (HK2, immortalized) were purchased from ATCC (CRL-2190) and cultured as per 

manufacturer’s instructions (Invitrogen - GIBCO) by using the kit Keratinocyte Serum Free Medium 

(Invitrogen – GIBCO, 17005042) supplemented with 0.05 mg/ml BPE and 5 ng/ml EGF. Primary 

human renal mesangial cells (HMRCs, ScienCell 4200) were cultured in mesangial cell medium 

(MsCM, 4201) on poly-L-lisine coated wells (2 ug/cm2). Primary HUVECs (Lonza C2519A) were 

cultured in endothelial growth medium provided by the vendor (Lonza CC-3162). Recombinant 

protein NBL1 (Aviva System Biology, OPCD00888) with 90% of purity generated in E. coli was 

added to cell culture at 0.2, 1 and 2 ug/ml concentrations for 48 hours. Cell lysates were then 

collected, and cell death/apoptosis was assessed by using ELISA (Roche Diagnostics GmbH, 

11544675001). Quantification of cell death was normalized to untreated cells. 

     Immunofluorescence: Samples were examined using a confocal system (TCS SP2 Laser 

Scanning Confocal, Leica). ApopTag Plus Peroxidase In Situ Apoptosis Detection kit (Millipore) was 

used for apoptosis detection, and staining was performed using sheep polyclonal antibody (FITC). 



Synaptopodin staining confirmed podocytes-derived cell line and was performed by using rabbit anti-

synaptopodyn (Abcam, 224491, 1:200) and donkey anti-rabbit TRITC. 

     Transcriptome analysis: RNA was extracted from podocytes cultured with/without rNBL1 using 

the RNeasy Mini Kit (Qiagen) and 3 μg total RNA from each sample was reverse-transcribed using 

the RT2 First Strand kit (C-03; SABiosciences). We used and analyzed the Human Apoptosis RT2 

Profiler PCR Arrays (PAHS-012Z, Qiagen) as per manufacturer’s instructions. 

 

Validation of circulating NBL1 concentration measured by SOMAscan proteomics platform 

    To validate the aptamer-based measurement of NBL1 obtained by SOMAscan proteomics 

platform, we measured circulating NBL1 concentration using an antibody-based custom built Single-

Plex Meso Scale Discovery (MSD) assay. The protocol for this assay is described in below. A 

comparison of results for both assays obtained on the same subjects from T1D (n=85, plasma) and 

T2D (n=88, serum) cohorts in the current study is shown in Fig. S9. Spearman correlation coefficient 

between NBL1 concentrations measured by MSD assay and SOMAscan was very strong (r=0.85, 

P=2.8x10-48). It validated the specificity of NBL1 assay on the SOMAscan platform. Additionally, 

NBL1 measured by MSD assay had similar correlation with eGFR slope (r= -0.36, P =1.3x10-6) as 

NBL1 measured by SOMAscan (r= -0.27, P =3.7x10-4), implying the robustness of results in the 

current study (Fig. S9). 

    Plasma and serum NBL1 were measured using a custom built Single-Plex Meso Scale Discovery 

(MSD) assay. The Electrochemiluminescence platform used MSD reagents, along with NBL1 Duo 

Set antibody pairs and standard from R&D Systems (Cat #DY955). The capture antibody (Human 

DAN Duo Set ELISA, R&D Systems) was received lyophilized and reconstituted with 1 mL of PBS to 

make a 750 ug/mL stock. This was diluted to a work concentration of 2 ug/ml in PBS. 30 ul of 

reconstituted capture antibody was added to each well of the Standard Bare 96-well MSD plates, 

and the plate was incubated overnight at 4oC without shaking. The next day, 150 ul of MSD blocking 

solution (5% Blocker A w/v in PBS) was added to each well. The plate was incubated for 1 hour with 

shaking at room temperature. Samples were diluted 2-fold using MSD Diluent 37.  

The NBL1 standard was supplied as part of the Duo Set antibody pair, and this vial was 

reconstituted in 500 ul of PBS + 1% Blocker A to generate a stock concentration of 180 ng/ml. A 

stock standard concentration of 40,000 pg/ml was made by diluting the stock 4.5-fold in diluent 37. A 

4-fold serial dilution in diluent 37 was performed to generate an 8-point standard curve. Standard 

point 8 was only diluent 37. 

The plate was washed 3X with 150 ul of 1X PBST per well, and duplicates of 25 ul of standard, 

and 80 plasma or serum samples were loaded on the same plate. The plate incubated for 1 hour 

with shaking at room temperature. After the one-hour incubation, the plate was washed 3X with 150 



ul of 1X PBST per well. Biotinylated NBL1 detection antibody (Human DAN Duo Set ELISA, R&D 

Systems) was reconstituted with 1 mL of PBS+15 Blocker A to make an 18 ug/mL stock. This was 

diluted 36-fold in diluent 37 to generate a working concentration of 500 ng/ml. 25 ul of the 500 ng/ml 

detection antibody was added per well. The plate was incubated for 1 hour with shaking at room 

temperature. The plate was then washed 3X with 150 ul of 1X PBST per well. MSD SULFO-TAG 

Streptavidin was diluted 500-fold to a working concentration of 1 ug/mL in PBS+1% Blocker A. 25 ul 

of 1 ug/mL MSD SULFO-TAG Streptavidin was added to each well, and incubated a final time for 1 

hour with shaking at room temperature. The plate was washed 3X with 150 ul of 1X PBST per well. 

150 ul of MSD Read Buffer GOLD was added to each well of the plate. The plate was read on an 

MSD QuickPlex SQ 120 instrume 



Supplementary Figures: 

  

 
 

Fig. S1 | Circulating proteins involved in TGF-β signaling examined in the study. 

There were 25 proteins measured on SOMAscan platform. Their names are shown in gray 

boxes. 

 



 

Fig. S2 | Distribution of follow-up duration in the study cohorts. 

In the Cox regression analysis, the data were right censored at the 10-year of follow-up. In total there 

were 227 cases and 527 controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

Fig. S3 | Correlation matrix for 4 candidate proteins 

Spearman correlation coefficients (r) among plasma concentrations of 4 candidate proteins 

measured at baseline in the T1D validation 1 cohort (n=238). The colored scale bar reports 

Spearman rank correlation. ***P <0.001 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 
 

Fig. S4 | Association between circulating NBL1 and kidney structural lesions.  

Spearman rank correlation coefficient (r) and corresponding P values are shown. 

 

 



 
 

 

Fig. S5 | NBL1 Atlas - Expression of NBL1 protein in human tissues. 
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A. NBL1 expression was examined by immunohistochemistry in human tissues specimens obtained 

from archival formalin-fixed, paraffin-embedded tissue samples of non-diabetic subjects from 

Pathology Unit, University of Parma. Representative images are shown in Panel #1 (intestine), Panel 

#3 (muscles), Panel #4 (mesenchymal tissues). Anti-NBL1 primary antibody (#HPA007394, Merck) 

was used for NBL1 immunostaining. Original magnification 20X, scale bar 100 um. Immunostaining 

shown in Panel #2 (reproductive system) is from protein Atlas (anti-NBL1 primary antibody 

#CAB026132, R&D Systems). Original magnification 20X, scale bar 50 um. A further magnification of 

each panel is shown in the insert on the top right black square, in which black arrows highlight the 

positive staining. *Panel #2 was derived from https://www.proteinatlas.org/).  

B. A flow cytometric analysis was employed to determine NBL1 expression in circulating withe blood 

cells (percentage of CD3+NBL1+, CD4+NBL1+, CD8+NBL1+, CD19+NBL1+, CD14+NBL1+ gated on 

total live PBMCs) obtained from blood samples collected from non-diabetic subjects. Representative 

pictures are reported in Panel #5 (white blood cells) for each cell subset, highlighting T cells and 

monocytes as subpopulations with the highest percentage of NBL1 positive cells. 
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Fig. S6 | Distribution of circulating NBL1 in healthy control and in the study cohorts 

according to sex.  

Concentration of NBL1 is shown as relative fluorescence unites (RFU). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 
 

Fig. S7 | A phylogenetic representation of the DAN family proteins. 

The DAN family consists of seven members (SOST, SOSTDC1, NBL1, DAND5, Cerberus, 

Gremlin 1 and Gremlin 2) that maintain a conserved Cysteine-Rich Domain (CRD). The CRD 

forms a cysteine knot that stabilizes the secondary structures of DAN family proteins. NBL1 has 

an even number of cysteines and forms non-disulfide linked dimers stabilized by extensive 

hydrogen bonding between antiparallel β-strands (70). 

 

 

 

 

 

 

 

 

 



 

 

Fig. S8 | Postulated mechanisms by which elevated concentrations of circulating 

NBL1 impact progression to ESKD. 

Excessive circulating NBL1 is associated with progression to ESKD. We propose three mechanisms 

whereby NBL1 exerts its negative effects on kidney cells. In mechanism 1, NBL1 quenches Bone 

Morphogenic Proteins (BMPs) and prevents BMPs interaction with BMP-receptors (BMP-Rs) thereby 

favoring pro-fibrotic signaling pathways (67, 74). In mechanism 2, NBL1 binds the BMPs/BMP-Rs 

complex, thereby blocking its intracellular signaling and unlock the TGF--mediated profibrotic action 

(75). In mechanism 3, a NBL1-mediated BMPs-independent apoptosis of podocytes cells is 

postulated. A positive effect of normal concentration of NBL1 in circulation is indicated as blue 

arrows. Negative effect of elevated concentration of NBL1 in circulation is indicated as red arrows. 

 

 

 

 



A. 

 

B.  

  Spearman rank correlation 

  eGFR slope NBL1 measured by MSD 

  r P r P 

NBL1 measured by SOMAscan -0.27 3.7x10-4 0.85 2.8x10-48 

NBL1 measured by MSD -0.36 1.3x10-6 - - 

 

Fig. S9 | Correlation of circulating NBL1 concentrations measured by Meso Scale 

Discovery assay and SOMAscan 

Correlation of circulating NBL1 concentrations measured by Meso Scale Discovery (MSD) assay and 

SOMAscan is shown in the figure (A). Spearman rank correlation coefficients (r) and P values of 

NBL1 concentrations and eGFR slope in Joslin cohort (n=173) are shown in the figure (B). The 

patients were randomly selected from Joslin type 1 (n=85) and type 2 (n=88) diabetic patients in the 

current study. 

 

 

 

 



Supplementary Tables: 

Table S1 | Proteins evaluated in the current study and relevant previous publications 

 

Name of studied 
protein 

Confirmed in 
the current 

study 

Animal 
study 

Human 
study 

Reference 

TGF-β signaling 

TGF-β1 (Ligand) No 

+   Nature 346, 371–374 (1990). (23) 

+   J. Clin. Invest. 92, 2597–601 (1993). (24) 

+   Lab. Invest. 74, 991–1003 (1996). (25) 

+   Proc. Natl. Acad. Sci. U S A 97, 8015–8020 (2000). (12) 

+   J. Clin. Invest. 108, 807–816 (2001). (26) 

  + Kidney Int. 76, 72–80 (2009). (27) 

  + Kidney Int. 83, 278–284 (2013). (28) 

  + J. Am. Soc. Nephrol. 28, 953–962 (2017). (29) 

TGF-β2 (Ligand) No 
+   Kidney Int. 58, 2367–2376 (2000). (30) 

+   J. Endocrinol. 170, 647–651 (2001). (13)  

TGF-β3 (Ligand) No        

TGF-β RII 
(Receptor) 

No  

+   Kidney Int. 73, 705–715 (2008). (31) 

+   J. Am. Soc. Nephrol. 21, 1334–1343 (2010). (32) 

+   JCI Insight 3, e123563 (2018). (33) 

TGF-β RIII 
(Receptor) 

Yes       

Endoglin 
(Receptor) 

No  

  + Exp. Nephrol. 5, 55–60 (1997). (34) 

+   Nephrol. Dial. Transplant. 16, 34–39 (2001). (35) 

+   Hypertension 40, 713–720 (2002). (36) 

+   Nephrol. Dial. Transplant. 21, 2106–2119 (2006). (37) 

Thrombospondin-
1 (Inducer) 

No 

+   J. Clin. Invest. 115, 3451–3459 (2005). (38)  

+   Diabetes 56, 2982–2989 (2007). (14) 

  + Nephrol. Dial. Transplant. 23, 3880–3887 (2008). (39) 

+   Am. J. Physiol. Renal Physiol. 305, F871–F880 (2013). (40) 



BMP signaling 

BMP6 (Ligand) No  
+   Am. J. Pathol. 178, 1069–1079 (2011). (41) 

+   Am. J. Physiol. Renal Physiol. 311, F926–F934 (2016). (42) 

BMP7 (Ligand) No  

+   J. Am. Soc. Nephrol. 13, S14–S21 (2002). (43) 

+   Kidney Int. 63, 2037–2049 (2003). (16) 

+   Nat. Med. 9, 964–968 (2003). (44) 

+   J. Am. Soc. Nephrol. 17, 2504–2512 (2006). (17) 

  + Kidney Int. 83, 278–284 (2013). (28) 

BMP14 (Ligand) No        

MIS (Ligand) No        

AMHR2 
(Receptor) 

No        

RGMA (Receptor) No        

RGMB (Receptor) Yes 
+   J. Biol. Chem. 288, 31528–31539 (2013). (45) 

+   Proc. Natl. Acad. Sci. U S A. 115, E1475–E1484 (2018). (46) 

RGMC (Receptor) No   + Crit. Care 22, 108 (2018). (47) 

BMP R1A 
(Receptor) 

No  +   Kidney Int. 87, 128–136 (2015). (48)  

BMP RI2 
(Receptor) 

No        

NBL1 
(Antagonist) 

Yes       

GREM1 
(Antagonist) 

No 

  + Am. J. Kidney Dis. 45, 1034–1039 (2005). (49) 

+   Diabetes 58, 1641–1650 (2009). (18) 

+   Am. J. Physiol. Renal Physiol. 309, F559–F568 (2015). (19) 

+   Am. J. Physiol. Renal Physiol. 312, F1141–F1157 (2017). (50) 

Noggin 
(Antagonist) 

No        

Activin signaling 

Activin A 
(Ligand) 

No  

+   J. Am. Soc. Nephrol. 15, 91–101 (2004). (51) 

+   Nephrol. Dial. Transplant. 20, 319–328 (2005). (52) 

+   Nephrology (Carlton) 14, 311–320 (2009). (53) 



  + BMJ Open Diabetes Res. Care 7, e000720 (2019). (54) 

Activin RIB 
(Receptor) 

No        

ALK1 (Receptor) No  
+   Kidney Int. 85, 319–332 (2014). (55) 

+   Sci. Rep. 10, 13136 (2020). (20) 

FST (Antagonist) No  

+   Antioxid. Redox Signal. 31, 551–571 (2019). (56) 

+   Kidney Int. 96, 1134–1149 (2019). (21) 

+   Biomed. Res. Int. 2014, 376191 (2014). (57) 

FSTL3 
(Antagonist) 

Yes   + Nephrol. Dial. Transplant. 32, 1637–1644 (2017). (58) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2 | Results of Cox regression analysis for time to ESKD for 25 circulating TGF-

β signaling proteins that were evaluated in the current study 

  
T1D Discovery 
cohort (n=219) 

T2D Replication 
cohort (n=144) 

T1D Validation 
cohort 1 (n=238) 

T2D Validation 
cohort 2 (n=153) 

Target 
Hazard 
Ratio 

P 
Hazard 
Ratio 

P 
Hazard 
Ratio 

P 
Hazard 
Ratio 

P 

TGF-β signaling                 

TGF-β1 0.97 0.73 0.85 0.34 1.22 0.16 0.97 0.87 

TGF-β2 0.91 0.32 0.93 0.68 1.02 0.92 1.14 40.45 

TGF-β3 1.07 0.47 1.43 0.037 1.56 2.4x10
-3

 1.44 0.035 

TGF-β R II 0.95 0.62 0.8 0.17 0.89 0.43 0.68 0.027 

TGF-β R III 1.51 6.4x10
-5

 1.5 0.016 1.39 0.027 1.77 1.8 x10
-3

 

Endoglin 1.14 0.19 1.58 6.6x10
-3

 1.19 0.21 1.06 0.73 

Thrombospondin-1 0.84 0.078 0.77 0.15 0.7 0.013 0.89 0.5 

BMP signaling                 

BMP-6 1.12 0.25 1.29 0.13 1.25 0.12 1.01 0.97 

BMP-7 1.2 0.063 1.34 0.096 1.34 0.049 1.48 0.027 

BMP-14* 1.08 0.59             

MIS* 0.75 0.042             

AMHR2* 0.62 9.6x10
-4

             

RGMA 1.58 1.0x10
-5

 1.46 0.023 1.52 5.30 x10
-3

 1.03 0.89 

RGMB 1.52 2.2x10
-5

 2.39 4.4x10
-6

 1.41 0.024 2.05 4.7 x10
-5

 

RGMC* 1.32 0.060             

BMP R1A 1.02 0.88 1.03 0.87 0.84 0.22 1.3 0.13 

BMP RII 1.06 0.54 1.15 0.41 1.1 0.51 0.95 0.78 

NBL1 2.68 6.5x10
-18

 3.57 2.9x10
-10

 1.82 1.5x10
-5

 2.9 1.6 x10
-7

 

GREM1* 0.95 0.73             

Noggin* 0.81 0.13             

Activin signaling                 

Activin A* 1.22 0.16             

Activin RIB* 0.93 0.57             

ALK-1* 0.98 0.87             

FST* 1.35 0.032             

FSTL3 2.08 2.4x10
-13

 2.52 9.4x10
-7

 1.75 7.5x10
-5

 1.57 0.011 



Effect size (Hazard Ratio and 95% CI) in the discovery cohort is presented per standard deviation 

change in protein concentration. Proteins are grouped to TGF-β signaling, BMP signaling, and 

Activin signaling. Bonferroni correction for n=25 independent tests (the number of examined 

proteins by the study design) yielded a threshold of P < 2.0×10-3. Bonferroni correction for n=1,129 

independent tests (the number of proteins on SOMAscan) yielded a threshold of P < 4.0×10-5.  

* Proteins which were measured only in 113 out of 219 subjects in the Discovery cohort in the 1st 

stage of SOMAscan screening (see methods). 

Anti-Muellerian hormone type-2 receptor (AMHR2) was significant (Bonferroni corrected P=0.024) in 

the 1st stage, but was not measured in the 2nd stage due to technical reasons. 

Abbreviations: T1D, Type 1 Diabetes; T2D, Type 2 diabetes.  

A total of 13 out of 38 proteins were not on SOMAscan platform and were not evaluated in the 

current study. The names of these proteins are shown below. 

TGF-β signaling; transforming growth factor beta receptor 1 (TGFBR1), decorin (DCN), fibromodulin 

(FMOD), latent transforming growth factor beta binding protein 1 (LTBP1), fibrillin 1 (FBN1), 

thrombospondin type 1 domain containing 4 (THSD4). 

BMP signaling; bone morphogenetic protein 2 (BMP2), bone morphogenetic protein 4 (BMP4), bone 

morphogenetic protein 5 (BMP5), bone morphogenetic protein 8 (BMP8), chordin (CHRD), gremlin 2 

(GREM2). 

Activin signaling; activin A receptor type 1 (ACVR1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3 | Characteristics of subjects with T1D and T2D selected from Joslin cohorts 

into the nested case-control studies to assess risk of ESKD according to baseline 

concentrations of urinary proteins measured by SOMAscan proteomics platform. 

 Characteristics 
T1D Control 

(n=31) 
T1D Cases 

(n=29) 
T2D Control 

(n=26) 
T2D Cases 

(n=26) 

Male n (%) 16 (52) 13 (45) 8 (31) 8 (31) 

Age (years) 43 ± 7 41 ± 8 57 ± 5 60 ± 7 

Diabetes duration (years) 30 ± 7 29 ± 9 14 ± 8 19 ± 10 

HbA1c (DCCT, %) 8.5 ± 1.4 9.4 ± 1.8 7.9 ± 1.9 7.9 ± 1.7 

ACR (mg/g) 853 ± 749 
1618 ± 
1008 

365 ± 474 1101 ± 1049 

eGFR (ml/min/1.73m2) 46 ± 9 38 ± 10 50 ± 11 45 ± 11 

   During Follow-up 
    

eGFR slope 
(ml/min/1.73m2/y) 

-1.9 ± 1.1 -7.6 ± 5.0 -1.0 ± 1.9 -7.0 ± 3.3 

eGFR loss >40% (n (%)) 
(-) (by 

design) 
29 (100) 

(-) (by 
design) 

26 (100) 

New cases of ESKD (n (%)) - 18 (62) - 11 (42) 

 

Means and standard deviations are shown for the continuous variables. 

Abbreviations: T1D, Type 1 Diabetes; T2D, Type 2 diabetes; HbA1c, hemoglobin A1c; ACR, urine 

albumin to creatinine ratio; eGFR, estimated glomerular filtration rate; ESKD, End Stage Kidney 

Disease (dialysis or kidney transplant). 

 
 

Table S4 | QC metrics for analysis of snRNA-seq data 

Sample C1 C2 C3 D1 D2 D3 

Pre-normalization total reads per cell 70,703 72,836 57,905 84,482 85,173 110,624 

Pre-normalization confidently mapped 

barcodes 

33,041 15,800 25,319 35,998 24,676 38,830 

Number of cells 4655 3097 5566 3830 2758 2789 

Mean fragments per cell 6583 2457 3713 5853 3909 3888 

 

C1- C3 kidney specimens from control individuals 

D1 – D3 kidney specimens from subjects with DKD 
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