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In addition to their fundamental role in clearance, the kidneys
release select molecules into the circulation, but whether any of
these anabolic functions provides insight on kidney health is
unknown. Using aptamer-based proteomics, we characterized ar-
terial (A)-to-renal venous (V) gradients for >1,300 proteins in 22
individuals who underwent invasive sampling. Although most of
the proteins that changed significantly decreased from A to V,
consistent with renal clearance, several were found to increase,
the most significant of which was testican-2. To assess the clinical
implications of these physiologic findings, we examined proteomic
data in the Jackson Heart Study (JHS), an African-American cohort
(n = 1,928), with replication in the Framingham Heart Study (FHS),
a White cohort (n = 1,621). In both populations, testican-2 had a
strong, positive correlation with estimated glomerular filtration
rate (eGFR). In addition, higher baseline testican-2 levels were as-
sociated with a lower rate of eGFR decline in models adjusted for
age, gender, hypertension, type 2 diabetes, body mass index,
baseline eGFR, and albuminuria. Glomerular expression of
testican-2 in human kidneys was demonstrated by immunohisto-
chemistry, immunofluorescence, and electron microscopy, while
single-cell RNA sequencing of human kidneys showed expression
of the cognate gene, SPOCK2, exclusively in podocytes. In vitro,
testican-2 increased glomerular endothelial tube formation and
motility, raising the possibility that its secretion has a functional
role within the glomerulus. Taken together, our findings identify
testican-2 as a podocyte-derived biomarker of kidney health and
prognosis.

testican-2 | proteomics | chronic kidney disease

Emerging affinity-based proteomic technologies enable the
measurement of hundreds to thousands of circulating pro-

teins in human blood (1). These methods achieve specific protein
capture using nucleotide-labeled antibodies or nucleic acid-based
aptamers. The use of nucleotide reagents facilitates large-scale
multiplexing, enhancing throughput relative to traditional immu-
noassays and mass spectrometry-based approaches. Recent stud-
ies have applied these methods to well-phenotyped clinical
cohorts to identify markers of myocardial injury and cardiovas-
cular risk (2–4), various cross-sectional health indicators (5), and a
signature of inflammatory proteins that predicts end-stage kidney
disease (ESKD) onset among individuals with type 1 and 2 dia-
betes (6). Thus, coupled to high-quality clinical samples, affinity-

based proteomics is a promising tool to identify biomarkers and
elucidate new biology.
Potential confounding by glomerular filtration rate (GFR)

requires careful consideration in nephrology biomarker research.
Although small molecules such as metabolites are more likely to
be affected, some proteins are also subject to renal clearance. In
an early application of aptamer-base proteomics, Gold et al. (7)
measured 614 proteins in plasma obtained from 42 individuals
with a range of chronic kidney disease (CKD) severity and found
that 60 proteins differed significantly across CKD stage. Nine of

Significance

All existing blood biomarkers of kidney function such as cre-
atinine and cystatin C undergo renal clearance and are thus
inversely correlated with estimated glomerular filtrate rate
(eGFR). Using a proteomic approach, we highlight the renal
release of testican-2 among individuals undergoing invasive
catheterization and show that higher blood testican-2 levels
are associated with higher eGFR and slower rate of subsequent
eGFR decline in two large racially diverse cohorts. In conjunc-
tion with microscopy and single-cell RNA sequencing of human
kidney samples, these studies advance the concept that a
protein released by the podocyte can provide insight into the
kidney’s health and prognosis. Cell-based studies also raise the
possibility that this protein has functional effects on neighboring
glomerular endothelial cells.
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the top 11 proteins were relatively small (<25 kDa) and had an
inverse correlation with estimated GFR (eGFR), suggesting they
may be markers of renal clearance—indeed, two of the top
findings were cystatin C and β2-microglobulin, both of which are
known to undergo glomerular filtration followed by tubular
absorption and catabolism.
One approach to assess how the kidney modulates circulating

biomarkers is to assess their renal arteriovenous gradients, i.e., to
compare levels in the renal vein to the renal artery (or aorta)
using samples acquired via invasive catheterization. This ap-
proach has been used to demonstrate the heterogeneous impact
the kidneys have on the blood metabolome and to identify
glycerol-3-phosphate as a kidney-derived metabolite that mod-
ulates systemic mineral metabolism (8, 9). Here, we extend this
paradigm to include an aptamer-based analysis of the blood
proteome. Using these physiologic insights as a springboard, we
then examine the associations between circulating proteins and
both cross-sectional and longitudinal measures of eGFR in two
large community-based cohorts, the Jackson Heart Study (JHS)
and the Framingham Heart Study (FHS). In conjunction with
microscopy and single-cell RNA sequencing analysis of human
kidney tissue, these studies advance the concept that a protein
released by the kidney into circulation can provide insight into
the organ’s health. Furthermore, the data provide a resource for
the research community that outlines the relationship between
kidney function and the circulating proteome.

Results
Arteriovenous Sampling Demonstrates the Heterogeneous Impact of
Kidney Function on the Blood Proteome and Highlights the Renal
Release of Testican-2. We collected paired arterial and renal ve-
nous plasma samples from 22 individuals undergoing cardiac
catheterization (Table 1). The patients had a mean age of 69.5 ±
13.0 and mean eGFR of 66.6 ± 21.3 mL/min/1.73 m2. Aptamer-
based profiling was used to assay 1,305 proteins, and as expected,
the filtration marker cystatin C decreased from artery (A) to
renal vein (V) in every individual, confirming appropriate blood
sampling (Fig. 1A). Similar findings were observed for β2-
microglobulin and parathyroid hormone (PTH) (Fig. 1 B and
C), which are also known to undergo substantial renal clearance.
Fig. 1D shows the median V/A ratio for all measured proteins
(full results in SI Appendix, Table S1). Thirty-eight proteins had a
statistically significant change from A to V at a Bonferroni ad-
justed threshold of P < 3.8 × 10−5. Of these, 32 proteins had a
V/A < 1, consistent with net clearance by the kidney, whether via
glomerular filtration, tubular secretion, and/or renal catabolism.
Interestingly, six significant proteins had a V/A > 1, consistent
with net release by the kidney. Testican-2 (V/A = 1.40, P = 1.5 ×
10−9) had the most significant augmentation from A to V, in-
creasing in all individuals (Fig. 1E), followed by fibroblast growth
factor 20 (FGF20) (V/A = 1.58, P = 1.3 × 10−8), fibroblast

growth factor 9 (FGF9) (V/A = 1.23, P = 2.8 × 10−8), insulin
growth factor binding protein 7 (IGFBP-7) (V/A = 1.14, P =
4.3 × 10−7), urokinase plasminogen activator (uPA) (V/A = 1.12,
P = 2.8 × 10−5), and Cathepsin V (V/A = 1.18, P = 3.5 × 10−5).
Of note, renin also had V/A >1 as expected (V/A = 1.04, P =
0.019), although this did not reach Bonferroni significance, while
an erythropoietin gradient was not observed (V/A = 1.02,
P = 0.58).

Testican-2 Levels Are Positively Associated with eGFR in Two Large
Community-Based Cohorts. The high throughput of aptamer-based
proteomics permits examination of large study populations. We
first examined plasma proteomics data obtained from the JHS
(n = 1,928), a cohort of African-American participants, a pop-
ulation that is disproportionately affected by CKD (10). To en-
hance generalizability across racially and regionally diverse
groups, we validated findings in FHS, a White cohort of
Northern European descent (n = 1,621). Study characteristics of
these two cohorts are shown in Table 2. The mean eGFR was
93 ± 23 mL/min/1.73 m2 in JHS, while the mean eGFR was 89 ±
20 mL/min/1.73 m2 in FHS. Albuminuria, defined as a spot urine
albumin-to-creatinine ratio ≥30 mg/g in JHS or greater than or
equal to trace on urine dipstick in FHS, was present in 14% and
24% of study participants with available measurements, respec-
tively. All JHS participants were African-American, including
14% with a high-risk Apolipoprotein L1 (APOL1) genotype,
whereas all FHS participants were White. Mean body mass index
(BMI) (32 versus 26 kg/m2) and the prevalence of diabetes (23%
versus 8%) and hypertension (57% versus 35%) were higher in
JHS than FHS.
First, we examined the cross-sectional associations between

proteins and baseline eGFR in linear regression models adjust-
ing for age and gender in both cohorts. JHS was further adjusted
for APOL1 risk status. Fig. 2A shows the 465 proteins signifi-
cantly associated with baseline eGFR in JHS (Bonferroni
threshold, P < 3.8 × 10−5). We replicated 126 protein associa-
tions with eGFR in FHS as an independent cohort (repeat
Bonferroni threshold, P < 1.1 × 10−4; Fig. 2A, red circles). Of the
126 validated protein associations, the majority of proteins were
inversely associated with eGFR. We confirmed previously iden-
tified markers inversely associated with eGFR including cystatin
C (JHS: β = −0.028, P = 6.6 × 10−171; FHS: β = −0.014, P = 5.6 ×
10−31) and β2-microglobulin (JHS: β = −0.024, P = 1.7 × 10−130;
FHS: β = −0.020, P = 2.7 × 10−24). However, the majority of
protein associations have not been described in the context of
kidney function, and notably 33 proteins were positively associ-
ated with eGFR (i.e., lower eGFR associated with lower levels
circulating proteins). Testican-2 had the single strongest positive
association with baseline eGFR in JHS (Fig. 2B; β = 0.020, P =
3.6 × 10−70), with replication in FHS (β = 0.010, P = 3.8 × 10−13).
Notably, two of the other proteins found to undergo net release
by the kidney (V/A > 1) in the arteriovenous cohort, FGF20 and
FGF9, also had positive cross-sectional associations with eGFR:
FGF20 (JHS: β = 0.017, P = 1.3 × 10−53; FHS: β = 0.003, P =
4.9 × 10−2), FGF9 (JHS: β = 0.010, P = 6.4 × 10−19; FHS: β =
0.004, P = 4.3 × 10−3).
In contrast to the strong associations with eGFR, testican-2

showed no association with albuminuria in JHS (β = −0.06, P =
0.42) and a nominal association with albuminuria in FHS (β =
0.11, P = 0.047) in logistic regression models adjusted for age,
sex, and baseline eGFR. We performed secondary analyses
evaluating protein associations with baseline eGFR in a
multivariable-adjusted model adjusting for albuminuria in the
smaller subgroups with available albuminuria data in both co-
horts. Testican-2 remained the top positive association in JHS
(n = 1,033; β = 0.018, P = 4.1 × 10−28) and was highly significant
in FHS (n = 1,556; β = 0.013, P = 3.4 × 10−16). Results for all 126
proteins significantly associated with baseline eGFR in JHS and

Table 1. Clinical characteristics of the human renal
arteriovenous sampling cohort

n = 22

Age, y 70 ± 13
Women, % 32%
Race/ethnicity 21 Caucasian, 1 Hispanic
Hypertension, % 86%
Type 2 diabetes, % 32%
Coronary artery disease, % 64%
Congestive heart failure, % 27%
Serum creatinine, mg/dL 1.05 ± 0.30
eGFR, mL/min/1.73 m2 66.6 ± 21.3

Values are mean ± SD or percentage.
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FHS, including additional adjustment for albuminuria, are
shown in SI Appendix, Table S2.

Higher Baseline Testican-2 Levels Are Associated with Lower Rate of
eGFR Decline and Lower Risk of Incident CKD. Follow-up data on
longitudinal change in eGFR were available in n = 1,371 and n =
1,332 individuals who had undergone proteomic profiling in JHS
and FHS, respectively. Baseline characteristics of these individ-
uals were similar to the overall profiled cohorts (Table 2). Based
on a mean follow-up of 8.0 ± 0.9 y, the mean eGFR decline in
JHS was −1.2 mL/min/1.73 m2. In JHS, we found 26 proteins
significantly associated with eGFR slope in linear regression

models adjusted for age, sex, plate, BMI, diabetes, hypertension,
APOL1 risk status, and baseline eGFR (Bonferroni threshold,
P < 3.8 × 10−5). The top association was testican-2, with higher
levels associated with less eGFR loss over time (β = 0.38, P =
1.7 × 10−11).
For replication, we examined the association between proteins

identified in JHS with eGFR slope in FHS, where mean eGFR
decline over a mean 7.0 ± 0.9 y was −1.0 mL/min/1.73 m2. As
shown in Fig. 3 and SI Appendix, Table S3, 21 proteins associated
with eGFR slope in JHS remained significant in FHS in linear
regression models adjusted for age, sex, BMI, diabetes, hyperten-
sion, and baseline eGFR, with the same direction of association

Fig. 1. Proteomic profiling of arteriovenous samples highlights kidney release of testican-2. Paired arterial [A] and renal venous [V] levels for (A) Cystatin C,
(B) β2-microglobulin, and (C) PTH demonstrating reduction from A to V in all individuals (n = 22). (D) Volcano plot showing median V/A ratio for all 1,317
proteins detected by aptamer with P values plotted on the y axis; two-sided paired t tests. (E) Paired A and V levels for testican-2, demonstrating increase from
A to V in all individuals (n = 22). RFU, relative fluorescent units.

Table 2. Clinical characteristics of the JHS and FHS study cohorts

JHS FHS

Total sample (n = 1,928)
Subset with eGFR slope

(n = 1,371)
Total sample
(n = 1,621)

Subset with eGFR slope
(n = 1,332)

Age, y 56 ± 13 55 ± 12 55 ± 10 54 ± 10
Women, % 61% 61% 53% 54%
Race/ethnicity 100% AA 100% AA 100% CW 100% CW
eGFR, mL/min/1.73 m2 93 ± 23 95 ± 21 89 ± 20 90 ± 20
Albuminuria, % 14%* 11%† 24%‡ 23%§

BMI, kg/m2 32 ± 7.3 32 ± 7.2 27.5 ± 5.0 27.5 ± 5.0
Diabetes, % 23% 20% 8% 6%
Hypertension, % 57% 54% 35% 33%
Current smoker, % 13% 11% 19% 18%
High risk APOL1 genotype, % 14% 13% — —

eGFR decline, mL/min/1.73 m2 per y −1.2 ± 1.9 −1.0 ± 2.7

Values are mean ± SD or percentage. AA, African-American; CW, Caucasian White. Albuminuria in JHS defined as microalbumin/creatinine ratio ≥30 mg/g.
Albuminuria in FHS defined as greater than or equal to trace on urine dipstick.
*n = 1,033.
†n = 673.
‡n = 1,556.
§n = 1,284.
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(Bonferroni threshold, P < 1.9 × 10−3). Testican-2 was again
highly significantly associated with slower rate of eGFR decline
(β = 0.44, P = 1.5 × 10−15). FGF20 and dendritic cell-specific
intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGNR)
were the only other proteins associated with slower rate of eGFR
decline in both JHS and FHS (negative β value). As shown in SI
Appendix, Table S4, testican-2 remained significantly associated
with eGFR slope in both JHS (β = 0.38, P = 4.8 × 10−6) and FHS
(β = 0.45, P = 1.1 × 10−15) following additional adjustment for
albuminuria in the subsets of individuals who had urine albumin
measurements.
Of the 18 proteins associated with greater eGFR decline in

JHS and FHS, almost all were strongly inversely associated with
eGFR at baseline (SI Appendix, Table S3). In our renal arte-
riovenous analysis, 4 of these 18 proteins had V/A <1 at the
Bonferroni threshold (insulin-like growth factor-binding protein

6 [IGFBP-6], β2-microglobulin, deadenylating nuclease [DAN],
and trefoil factor 3 [TFF3]) and an additional 5 had V/A <1 at
P < 0.05 (tumor necrosis factor receptor superfamily member
19L [RELT], desmocollin-2 [DSC2], tumor necrosis factor re-
ceptor superfamily member 1 [TNF sR-1], follistatin-related
protein 3 [FSTL3], and ephrin B1 [EFNB1]). Nine of these 18
proteins had no significant change from A to V in the renal ar-
teriovenous analysis (ephrin type-B receptor 6 [EphB6], epithe-
lial cell kinase, ephrin B2 [EFNB2], netrin receptor [UNC5H3],
tyrosine-protein kinase transmembrane receptor [ROR1], tumor
necrosis factor receptor superfamily member 6 [DR6], tumor
necrosis factor receptor superfamily member 1B [TNF sR-II],
fibulin 3 [FBLN3], and hepatitis A virus cellular receptor
2 [TIMD3]).
Finally, we tested the association of baseline levels of testican-

2 with the risk of incident CKD, defined as eGFR decline

Fig. 2. Testican-2 has a strong, positive cross-sectional association with eGFR. (A) Volcano plot showing multivariable-adjusted protein associations with
baseline eGFR in the JHS and FHS. The blue circles represent Bonferroni significant associations (P < 3.8 × 10−5) in JHS. The red circles represent proteins found
to be significant in both JHS (P < 3.8 × 10−5) and FHS (P < 1.1 × 10−4). Models adjusted for age, sex, BMI, diabetes, hypertension, and APOL1 risk status (JHS
only). (B) Scatter plot showing cross-sectional relationship between baseline eGFR and testican-2 levels in JHS.

Fig. 3. Testican-2 is associated with eGFR decline in both the JHS and FHS. Proteins associated with eGFR decline in multivariable-adjusted analyses in JHS
(Left, P < 3.8 × 10−5) and replicated in FHS (Right, P < 1.9 × 10−3). Models adjusted for age, sex, BMI, diabetes, hypertension, APOL1 risk status (JHS only), and
baseline eGFR.
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to <60 mL/min per 1.73 m2. Among individuals with eGFR
≥60 mL/min/1.73 m2 at baseline, increased testican-2 levels were
associated with reduced risk of incident CKD in both cohorts
after adjusting for age, sex, BMI, diabetes, hypertension, APOL1
status (in JHS), and baseline eGFR (JHS: odds ratio [OR], 0.70;
95% CI, 0.55–0.90; P = 0.005; n = 1,199; FHS: hazard ratio
[HR], 0.83; 95% CI, 0.69–1.00; P = 0.046; n = 1,387). In the
smaller subsets with available measurements, the direction of
association between baseline testican-2 and incident CKD
remained consistent in both cohorts and was significant in FHS
following additional adjustment for albuminuria (JHS OR, 0.73;
P = 0.15; n = 649; FHS HR, 0.80; P = 0.024; n = 1,336).

Genome-Wide Association Study Corroborates Aptamer Specificity
for Testican-2. Genome-wide association study (GWAS) of
aptamer-derived proteomics datasets can support aptamer
specificity, i.e., when significant associations are identified within
the gene locus that encodes the protein of interest (11). Im-
portantly, we found that variants in SPOCK2, the cognate gene
encoding testican-2, were significantly associated with circulating
testican-2 levels in both JHS and FHS. The specific variant as-
sociations and allele frequencies differed between cohorts (SI
Appendix, Table S5). In JHS, the variant with the strongest as-
sociation was rs116264251 (effect, −0.32; P = 2.3 × 10−14), which
has an alternate allele frequency of 0.17 in Africans, but only
0.0002 in Europeans (gnomAD) (12). The variant with the
strongest association in FHS was rs1245547 (effect, −0.25; P =
2.3 × 10−10), which was common in both European and African
samples (alternate allele frequencies of 0.45 and 0.88, respec-
tively, in gnomAD) (12). The two cohorts had 35 variants in
common, with the strongest variants clustered at the transcrip-
tion start site and upstream of the SPOCK2 gene (Fig. 4). A
summary of orthogonal data supporting aptamer specificity for
all proteins significantly associated with baseline eGFR or eGFR
decline in both JHS and FHS is shown in SI Appendix, Table S6.

Microscopy and Single-Cell RNA Sequencing Demonstrate Podocyte-Specific
Expression of Testican-2. To localize kidney testican-2 expression,
we assessed human kidney tissue from individuals with normal
eGFR by immunohistochemistry, demonstrating staining in both
glomeruli and tubular epithelium (Fig. 5A), consistent with re-
sults from the Human Protein Atlas (SI Appendix, Fig. S1). By
immunofluorescence, testican-2 expression was strongest in
glomeruli, colocalizing with the podocyte protein podocalyxin

(Fig. 5B). Furthermore, using immunogold labeling and trans-
mission electron microscopy, we found that testican-2 is
expressed in podocyte foot processes, with testican-2 also visu-
alized within the glomerular basement membrane (Fig. 5C). Fi-
nally, to better parse cell specific SPOCK2 gene expression in the
human kidney, we mapped its expression to a single nucleus
RNA-sequencing (snRNA-seq) dataset obtained from three
healthy human kidney samples (13,860 cells, with an average of
2,505 detected genes per cell) (13). Strong SPOCK2 expression
was detected only in podocytes, without significant expression in
any other kidney cell type (Fig. 5D).

Testican-2 Promotes Glomerular Endothelial Cell Tube Formation and
Migration In Vitro. Testican-2 function in the kidney has not been
studied. It does not appear to be expressed in adult mice, in-
troducing an obstacle to functional investigation in vivo (14).
Because it is a secreted protein, with electron microscopy dem-
onstrating transit from podocyte foot processes through the
glomerular basement membrane, we tested the effect of testican-
2 on primary human glomerular endothelial cells (HGECs).
These endothelial cells line the vascular side of the glomerular
basement membrane, opposite the podocytes that line the uri-
nary side. In an in vitro angiogenesis assay, testican-2 increased
HGEC tube formation (Fig. 6A), and its effect was additive with
vascular endothelial growth factor (VEGF) (Fig. 6B). Further-
more, testican-2 increased HGEC migration across extracellular
matrix (Fig. 6C). Prior reports have shown that testican isoforms,
including testican-2, are able to modulate matrix metal-
loproteinases (MMPs) (15). We found that testican-2 increases
MMP-2/MMP-9 activity in HGEC cultured media, outlining a
potential mechanism for its impact on HGEC motility (Fig. 6D).
Unlike VEGF, testican-2 had no impact on HGEC proliferation
(Fig. 6E).

Discussion
We examined the relationship between kidney function and the
blood proteome using a combined physiologic and epidemiologic
approach. We find that dozens of proteins undergo renal clear-
ance and/or are inversely correlated with GFR, including cystatin
C, β2-microglobulin, and PTH, which serve as illustrative “pos-
itive controls.” Cystatin C is widely expressed and is a clinically
established biomarker of glomerular filtration that provides
prognostic information about the risk of progressive kidney dis-
ease and death (16). β2-microglobulin is a component of MHC

Fig. 4. SPOCK2 variants are associated with circulating testican-2 levels in JHS and FHS. Modified zoom locus plot where red circles represent variants ob-
served in both JHS and FHS; green circles represent variants observed in FHS only, and blue circles represent variants observed in JHS only. The size of the blue
circles indicates the alternate allele frequency in Europeans; the largest circles indicate European MAF < 0.001, the medium circles indicate 0.001 < MAF <
0.05, and small circles indicate MAF ≥ 0.05. These data demonstrate that many JHS variants are not observed in European cohorts. The vertical lines are drawn
to indicate the SPOCK2 locus, with transcription running from Right to Left.
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class I molecules and at the high concentrations achieved in
patients with ESKD can deposit in joint spaces, causing dialysis-
related amyloidosis (17). PTH is a hormone released by the
parathyroid gland, and elevated levels in kidney disease cause
adverse bone remodeling (18). Thus, proteins that accumulate
with kidney dysfunction can inform both prognosis and disease
pathophysiology.
Our data highlight numerous protein elevations that warrant

further study as potential markers and mediators of kidney dis-
ease and its complications, including proteins significantly asso-
ciated with both reduced eGFR at baseline and greater eGFR
decline over time in JHS and FHS. Several of these proteins
demonstrate a significant reduction from A to V in our renal
arteriovenous analysis, suggesting that increased levels are at
least in part attributable to reduced renal clearance (e.g., β2-
microglobulin). By contrast, others demonstrate no change from
A to V, suggesting other mechanisms of protein elevation, in-
cluding increased production. Regardless of why they are ele-
vated, these proteins have the potential to impact a range of
biologic pathways. Notably, our results highlight four inflam-
matory markers (TNF sR-1, TNF sR-II, RELT, and DR6) re-
cently linked to the progression of kidney disease in both
targeted assessment of these proteins as well as discovery pro-
teomic analyses in studies of diabetic kidney disease progression
(6). In addition, our findings include two ligands for Eph-related
tyrosine kinases (EFNB1 and EFNB2) and an Eph receptor
(EphB6). Eph/ephrin signaling has broad effects and has been
implicated in maintenance of the barrier function of the

glomerular slit diaphragm (19) and attenuation of renal fibrosis
in diabetic nephropathy in mice (20).
In addition to its fundamental role in clearance, the kidney has

several established anabolic functions. It produces metabolites
such as 1,25-hydroxyvitamin D, arginine, and tyrosine—findings
that we have highlighted with metabolomic analysis of the arte-
riovenous samples utilized for proteomics herein (8, 21). It also
produces proteins such as renin and erythropoietin, which reg-
ulate blood pressure and red blood cell production, respectively.
Our current results raise interest in other potential kidney-
derived factors, particularly testican-2. First, testican-2 levels
increased from artery to renal vein in all 22 individuals that
underwent invasive sampling. Second, testican-2 levels have a
strong, positive correlation with eGFR. This stands in contrast to
all existing blood biomarkers of kidney function such as creati-
nine, blood urea nitrogen, and cystatin C, which undergo renal
clearance and are thus inversely correlated with eGFR. Third,
higher testican-2 levels are associated with slower eGFR decline
over time and lower risk of incident CKD, even after adjusting
for baseline eGFR and demographic factors, a finding that was
significant in two large community-based cohorts that
span >2,600 racially and geographically diverse individuals.
Taken together, these findings nominate testican-2 as a marker
of kidney health that provides risk information independent
from currently available metrics.
The in vivo function of testican-2 is unknown. Encoded by the

SPOCK2 gene, it is a 424-amino acid protein predicted to form
part of the extracellular matrix, with an N-terminal signal pep-
tide and C-terminal glycosaminoglycan binding sites. Testican-2

Testican-2 Podocalyxin Merge
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GBM
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GBM
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Fig. 5. Testican-2 is expressed in human podocytes. (A) Testican-2 expression in human kidney tissue assessed by immunohistochemistry. (Scale bar: 100 μm.)
Representative image from one of two independent samples. (B) Representative photographs of immunofluorescence for testican-2 (Left), podocalyxin
(Center), and merge (Right) of human kidney tissue. (Scale bar: 100 μm.) (C) Representative transmission electron micrographs of human kidney tissue with
immunogold labeling of testican-2. (Scale bar: 500 nm.) The arrowheads point to gold-labeled testican-2 in podocyte foot processes, glomerular basement
membrane (GBM), and at the GBM–endothelial interface. (D) Violin plot demonstrating SPOCK2 expression across all kidney cell types. The podocyte-specific
gene NPHS2 serves as a positive control. There is negligible expression in other cell clusters. snRNA-seq data are from ref. 13. CD-ICA, collecting duct, in-
tercalated cells type A; CD-ICB, collecting duct, intercalated cells type B; CD-PC, collecting duct-principal cells; DCT, distal convoluted tubule; DCY/CT, distal
convoluted tubule/connecting tubular cells; ENDO, endothelium; LEUK, leukocytes; LOH, loop of Henle; MES, mesangial cells; PCT, proximal convoluted
tubule; PEC, parietal epithelial cells; PODO, podocytes.
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was originally cloned from a human fetal brain cDNA library, but
subsequent gene expression databases demonstrate widespread
expression, including in the human kidney (14). Both immuno-
histochemistry and immunofluorescence of human kidney tissue
are consistent with glomerular expression, and at single-cell
resolution, SPOCK2 gene expression is confined to podocytes
in adult human kidney samples. Previously studied in the context
of neurons and neurite outgrowth, the role of glomerular
testican-2 is unknown (22). Our electron micrographs demon-
strate testican-2 protein in both podocyte foot processes and the
glomerular basement membrane, a specialized, proteoglycan-
rich extracellular matrix that lies between podocytes and endo-
thelial cells (23). Interestingly, testican-2 increases glomerular
endothelial cell tube formation and migration and increases
MMP-2/MMP-9 activity in vitro. However, unlike VEGF, an
established podocyte-derived angiogenic factor (24), testican-2
does not increase glomerular endothelial cell proliferation. The
utility of testican-2 as a biomarker may be unrelated to these
potential functional effects; for example, it could simply reflect
an association with podocyte number or synthetic function. This
requires further analysis. Similarly, whether testican-2 appear-
ance in blood is solely attributable to protein passage across the

glomerular basement membrane and endothelium, or also by shed-
ding into Bowman’s space with subsequent tubular reabsorption,
requires further study.
Although we emphasize testican-2 because of its strong asso-

ciation with eGFR and eGFR slope, our results raise interest in
other potential kidney-derived factors as well. Prior work has
outlined a critical role for FGF20 and FGF9 in kidney devel-
opment, demonstrating that they are necessary and sufficient to
maintain kidney progenitor stemness. Deletion of both results in
kidney agenesis in mice, deletion of FGF20 has been identified
in a human kindred with kidney agenesis, and FGF9 is widely
used as a reagent for the differentiation of pluripotent stem cells
to kidney organoids (25–27). The finding that both are higher in
the renal vein than arterial circulation and that their circulating
levels are positively associated with eGFR further enhances in-
terest in these proteins, for example to understand whether they
play a functional role in cell growth or differentiation in the adult
kidney. DC-SIGNR, a transmembrane receptor involved in the
innate immune systems, also warrants further consideration
(28)—although it does not change across the renal arteriovenous
circulation, like testican-2 its levels are positively associated with
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vehicle testican-2 (0.1 ng/mL)
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testican-2 (10 ng/mL)

vehicle testican-2 (10 ng/mL)

B

testican-2 (1 ng/mL)

VEGF (50 ng/mL)

VEGF

testican-2 + VEGF 

VEGF (50 ng/mL)
testican-2 (10 ng/mL)
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Fig. 6. Testican-2 increases glomerular endothelial cell tube formation and migration. Tube formation analysis of primary human glomerular endothelial
cells (HGECs) treated with (A) vehicle, testican-2 (0.1, 1, and 10 ng/mL), or VEGF (50 ng/mL), or (B) VEGF (50 ng/mL) with or without testican-2 (10 ng/mL) for 8
h. Representative images at 10× magnification; graphs show results quantitated for n = 4. (C) Cell migration analysis of HGECs treated with vehicle, testican-2
(10 ng/mL), VEGF (50 ng/mL), or VEGF (50 ng/mL) plus testican-2 (10 ng/mL) for 22 h. Representative images at 10× magnification, graph shows results
quantitated for n = 6. (D) MMP-2/MMP-9 activity in cultured supernatant from HGECs treated with vehicle or testican-2 (10 ng/mL) for 24 h; n = 6. (E) Cell
proliferation of HGECs treated with vehicle, testican-2 (10 ng/mL), VEGF (50 ng/mL), or VEGF (50 ng/mL) plus testican-2 (10 ng/mL) for 72 h; n = 8. The bar
graphs show means ± SEM. *P < 0.05, unpaired t test (A, B, and D) or ANOVA with Tukey’s multiple-comparisons test (C and E).
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baseline eGFR and higher baseline levels are associated with
slower eGFR decline over time.
Proteomic discovery requires validation. In addition to seeking

replication of findings in an independent cohort, this involves
confirmation of assay specificity. A key strength of our study is
the use of GWAS to show that single-nucleotide polymorphisms
(SNPs) within the SPOCK2 locus are significantly associated with
aptamer-based measurement of testican-2 levels. We found a
strong association between genetic variants in and near the
SPOCK2 gene with circulating levels of testican-2 across both
racially distinct populations. Notably, a large number of variants
associated with testican-2 levels in each cohort were different.
This is likely explained by the finding that JHS variants were
monomorphic or much less common in White populations (12),
limiting the power to detect an association in Whites. Addition-
ally, since linkage is higher among Whites, there may be more
variants associated with testican-2 aptamer levels due to linkage
with causal variants in FHS, possibly explaining variants observed
in FHS only (29). While our results support aptamer specificity for
testican-2, they also highlight the potential role for racial genetic
heterogeneity in determining circulating protein levels.
Our study has several limitations. Although large and well-

characterized, the study cohorts we examined had a relatively
small number of individuals with prevalent CKD, precluding
examination of protein levels at very low eGFR and precluding
analysis of CKD progression to hard outcomes like ESKD or the
requirement for kidney transplantation. Instead, we focused on
eGFR slope and incident CKD among individuals largely with
normal kidney function at baseline. In addition, proteinuria in
JHS and FHS was mild, and in FHS was limited to urinary
dipstick. This limited our ability to assess the relationship be-
tween testican-2 and proteinuria. Furthermore, because we
performed proteomics at a single time point in both cohorts, we
do not have information on biomarker trajectory for testican-2 or
other proteins of interest highlighted in our analyses. Finally, we
note that aptamer-based measurements provide relative, not
absolute quantitation. Thus, future studies will require use of a
more targeted, quantitative assay for testican-2 to fully charac-
terize the protein’s performance as a biomarker of kidney health
and prognosis.
In summary, aptamer-based proteomics provides insight into

the kidney’s broad and heterogeneous impact on the circulating
proteome. Complete results on renal arteriovenous protein
gradients, as well as significant protein associations with eGFR
and eGFR slope in both JHS and FHS, are shared as a resource
for the research community. Protein associations common across
JHS and FHS may represent shared biology across African-
American and White populations. Here, we highlight specific
interest in testican-2, a kidney-derived molecule that is positively
associated with eGFR and longitudinal eGFR stability—
confidence in the aptamer-based testican-2 data are buttressed
by both single-cell and population-based genomic analyses. More
work is required to develop a targeted assay for testican-2; to test
the association between blood testican-2 levels and hard renal
outcomes, particularly among higher risk individuals with hy-
pertension, diabetes, and abnormal kidney function; and to ex-
tend our initial mechanistic inquiry of testican-2 in the kidney.

Materials and Methods
Arterial and Renal Venous Plasma Sampling. Details on this protocol have been
published (8, 9). For the current study, we include data from 22 individuals
who had proteomic profiling performed. In brief, we recruited consecutive
patients referred to the Massachusetts General Hospital Cardiac Catheteri-
zation Laboratory for elective right and left heart catheterization. During
the procedure, plasma was sampled from catheters placed in the ostium of a
renal vein and the abdominal aorta. All patients were fasting, and all sam-
ples were obtained prior to coronary artery catheterization. The Modifica-
tion of Diet in Renal Disease equation was used to calculate eGFR for all
study participants (30).

Cohort Study Populations. The JHS is a longitudinal population-based cohort
study prospectively investigating the determinants of cardiovascular disease
(CVD) among African Americans living in the Jackson, Mississippi, metro-
politan area. Recruitment, sampling, and data collection methods have been
described (31). Among 5,306 individuals enrolled at baseline (2000–2004),
proteomic profiling was performed on 2,147 samples, from which 1,928
participants were included in the current study. The first batch of JHS par-
ticipants (n = 315) was sampled across participants in a nested case-control
study for incident coronary heart disease (CHD), while the remaining par-
ticipants (n = 1,613) were selected randomly across the entire cohort. Inci-
dent CHD was defined as incident myocardial infarction, fatal CHD, or
coronary artery bypass graft or stent (32). Creatinine data were collected at
baseline (examination 1) and at examination 3. The APOL1 high-risk status
was defined as having two copies of G1 and/or G2 risk alleles, and the low-
risk status was defined as having 0 or 1 risk alleles. Albuminuria was defined
as a urinary albumin-to-creatinine ratio of ≥30 (mg/g) (33).

The FHS Offspring cohort was formed in 1971 with the enrollment of 5,124
individuals in a community-based longitudinal cohort study (34). Of the over
3,529 individuals in the cohort at examination 5 (1991–1995), 1,913 had
proteomic profiling performed. The first batch of participants (n = 821) was
sampled from an incident CVD case-cohort study, whereas the second batch
of participants (n = 1092) was sampled randomly across the remaining
participants in the entire cohort. Incident CVD cases were selected on the
basis of CVD events or diagnoses occurring after examination 5. In FHS,
proteinuria was defined as a value of trace or higher on urine dipstick assay.

Study Approval for Human Studies. The human study protocols were approved
by the institutional review boards of Massachusetts General Hospital, Boston
University Medical Center, Beth Israel Deaconess Medical Center, the Uni-
versity of Mississippi Medical Center, Jackson State University, and Tougaloo
College and adhered to the Declaration of Helsinki. All participants provided
written informed consent.

Proteomic Profiling. The single-stranded DNA aptamer-based SOMAscan
proteomics platform was applied to FHS and JHS cohort plasma samples that
were stored at −80 °C (35). FHS samples were collected between 1991 and
1995 and had undergone two prior freeze–thaw cycles. JHS samples were
collected between 2000 and 2004 and had never been previously thawed.
FHS samples were profiled in two batches: the first batch, using Version 1.1,
contained 1,129 aptamers, and the second batch, using Version 1.3, con-
tained 1,305 aptamers. The JHS cohort samples were assayed in three
batches with Version 1.3. Aptamers that were unique to FHS SOMAscan,
Version 1.1, were not included in our analyses, so only 1,062 aptamers in FHS
Batch 1 were included in FHS analyses. FHS median intra-assay coefficient of
variation (CV) was <4% and median interassay CV was <7% across batches.
The average JHS median intra-assay and interassay CVs were 2.7% and 5.2%,
respectively, across all plates and batches.

Protein Associations with Baseline eGFR. To reduce skewness of the data,
protein measures were log-transformed, standardized within batch, and
rank-normalized over the entire sample. For FHS, the rank-normalized val-
ues were regressed onto plate. The transformed proteins were used for all
subsequent analyses. Linear regression was used to model the association
between proteins (dependent variable) and eGFR (independent variable).
The eGFR was calculated by the Chronic Kidney Disease Epidemiology Col-
laboration equation, using serum creatinine values at visit 1 for JHS and
serum creatinine at examination 5 for FHS (36). In JHS, covariates used to
adjust the analyses included age, sex, APOL1 risk status, and proteomic assay
plate. Because albuminuria data were available for a smaller sample size in
JHS (n = 673), we adjusted for it in secondary models. In FHS, covariates used
to adjust the analysis included age and sex. As in JHS, proteinuria adjustment
was added in secondary models.

Protein Associations with eGFR Decline and Incident CKD. As only two values
for serum creatininewere available in JHS (examination 1 and examination 3),
eGFR decline was defined as the eGFR slope between examination 1 and
examination 3 and calculated using the equation eGFR decline = (eGFRexam3 –

eGFRexam1)/(timeyears from examination 1 to examination 3). Mean follow-up
time in JHS was 8.0 ± 0.9 y. Linear regression was used to model the asso-
ciation between eGFR decline (dependent variable) and proteins (indepen-
dent variable). Covariates used to adjust the analyses included age,
sex, plate, and eGFRexam1, hypertension, diabetes, BMI, and APOL1 risk sta-
tus. To best replicate the model for eGFR decline used in JHS for analyses in
the FHS, eGFR decline in FHS was defined as the eGFR slope between ex-
amination 5 and examination 7 and was calculated using the equation
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eGFR decline = (eGFRexam7 – eGFRexam5)/(timeyears from examination 5 to
examination 7). Mean follow-up time in the FHS analysis was 7.0 ± 0.9 y.
Linear regression was used to model the association between eGFR decline
(dependent variable) and proteins (independent variable). Covariates used
to adjust the analyses included age, sex, and eGFRexam5, hypertension, di-
abetes, and BMI. Logistic regression models were used to evaluate asso-
ciation of testican-2 with incident CKD in JHS. Given availability of two
follow-up time points in FHS, proportional hazards regression was used
to evaluate testican-2 association with incident CKD. Incident CKD was
defined as eGFR ≤60 mL/min/1.73 m2 occurring after baseline examination
after exclusion of prevalent CKD cases (n = 141 in JHS and n = 137 in FHS).
In both JHS and FHS, the multivariable models were additionally adjusted for
albuminuria in secondary analyses.

Genome-Wide Association Analyses. GWAS in JHS was run using build GRCh38
of the human genome and FHS was run using build GRCh37. In order to
compare results between cohorts, genomic positions for each RefSNP ID from
FHS were annotated in Build 38 using package biomaRt (R) to access the
Ensembl database (access date 11/13/19) limited to variants within a 1-MB
region around SPOCK2. Full details are provided in SI Appendix.

Immunohistochemistry and Immunofluorescence. Human kidney samples were
acquired from macroscopically normal portions of kidney tissue obtained
from patients with renal tumors with normal eGFR. The kidney samples were
fixed with 4% paraformaldehyde overnight, embedded in paraffin, and
sectioned onto slides. Primary antibodies were used as follows: rabbit
anti-testican-2 (Sigma); goat anti-podocalyxin (R&D Systems) (both diluted
1:200, incubated overnight). After washing the tissue, slides were incubated
for 1 h at room temperature in the dark with the secondary antibody
(donkey anti-rabbit IgG-conjugated Alexa Fluor 568 and donkey anti-goat
IgG-conjugated Alexa Fluor 488, diluted 1:200). For immunohistochemistry,
DAB kit (Thermo Scientific) was used according to the manufacturer’s
instruction.

Electron Microscopy. Small pieces of human kidney cortex tissue (1 mm × 1
mm) were prepared as previously described (37, 38). Ultrathin (70 nm)
sections were cut using a Reichert Ultracut E ultramicrotome and collected
onto formvar-coated grids (EMS). Sections were incubated for 1 h at room
temperature on drops of primary antibody (rabbit polyclonal anti-testican-2;
Sigma; HPA044605), diluted 1:50 or 1:100 in DAKO antibody diluent; some sec-
tions were pretreated with SDS prior to incubating in primary antibody. Speci-
mens were rinsed several times in PBS, incubated on drops of a secondary gold
conjugate for 1 h at room temperature (goat anti-rabbit IgG, 10 nm; Ted Pella;
#15726), then rinsed several times with distilled deionized water and contrast-
stained using 2.0% aqueous uranyl acetate. Grids were examined at 80 kV in a

JEOL 1011 transmission electron microscope equipped with an AMT digital
camera and proprietary image capture software (Advanced Microscopy
Techniques).

Cell Culture Experiments. Primary HGECs (Cell Systems) were cultured in
ATCC Vascular Cell Basal Medium (ATCC PCS-100-30) plus Endothelial Cell
Growth Kit-BBE (ATCC PCS-100-040) at 37 °C, 5% CO2. Cells in passages 4
to 10 were used in all experiments. In vitro angiogenesis was examined
using the Angiogenesis Assay kit (ECM625; EMD Millipore), HGEC mi-
gration was examined using the Corning BioCoat Matrigel Invasion
Chambers (catalog #354480), MMP-2/MMP-9 activity in the cultured
media of HGECs was examined using the Fluorogenic InnoZyme Gelati-
nase (MMP-2/MMP-9) Activity Assay kit (CBA003; EMD Millipore), and
HGEC proliferation/viability was examined using the Resazurin Cell Vi-
ability kit (PK-CA707-30025; PromoCell). Complete details are provided
in SI Appendix.

Data and Materials Availability. FHS proteomic data have been deposited in
the databases of Genotypes and Phenotypes (dbGAP) (https://www.ncbi.nlm.
nih.gov/gap/) (accession no. pht006013.v3.p12). JHS proteomics data have
been deposited to the JHS Data Coordinating Center and will also be de-
posited in dbGAP; until posted in dbGAP, all JHS data are available from
the JHS Data Coordinating Center on request (JHSccdc@umc.edu). All other
results and analytic methods are available within the manuscript or from
the authors on request. Noncommercial study materials will be made
available for the purposes of reproducing the results or replication of the
procedure, as respective institutional review board and material transfer
agreements permit.
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