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fore, clinical data related to sulfate disturbances are necessarily 
sparse (1, 2). The kidney plays a major role in maintaining plasma 
sulfate at its physiological concentration of approximately 300 μM 
(2, 3). Sulfate is freely filtered in the kidney glomerulus and then 
reabsorbed across the proximal tubule epithelial cell. Transcellu-
lar sulfate reabsorption is mediated by the apical membrane sodi-
um-sulfate cotransporter SLC13A1 working in series with the baso-
laterally located SLC26A1 (sulfate anion transporter 1, Sat1) (3, 4).

Disturbances in sulfate homeostasis have been described to 
cause osteoarthritis and chondropathies (1, 5–8). For instance, a 
recessively inherited form of osteochondrodysplasia in dogs has 
been demonstrated to be due to hyposulfatemia as a consequence 
of a mutation in SLC13A1 (8). Moreover, a recent genome-wide 
association study demonstrated that intervertebral disc disorders, 
a very common example of painful cartilage disease, are also asso-
ciated with low plasma sulfate concentrations and rare loss-of-
function variants of SLC13A1 (7).

In contrast, the pathophysiological role of genetic variation in 
SLC26A1 in human sulfate homeostasis is less clear; SLC26A1 is a 
pH-sensitive anion exchanger for sulfate and bicarbonate, which 
also mediates oxalate transport (3, 9). In Slc26a1-knockout mice, 
hyposulfatemia and hypersulfaturia have been reported (3, 10, 11), 

Introduction
Sulfate is involved in numerous metabolic processes in humans. 
However, it is not measured as part of routine clinical chemistry 
tests, and few specialized laboratories provide this service. There-

Sulfate plays a pivotal role in numerous physiological processes in the human body, including bone and cartilage health. 
A role of the anion transporter SLC26A1 (Sat1) for sulfate reabsorption in the kidney is supported by the observation of 
hyposulfatemia and hypersulfaturia in Slc26a1-knockout mice. The impact of SLC26A1 on sulfate homeostasis in humans 
remains to be defined. By combining clinical genetics, functional expression assays, and population exome analysis, we 
identify SLC26A1 as a sulfate transporter in humans and experimentally validate several loss-of-function alleles. Whole-
exome sequencing from a patient presenting with painful perichondritis, hyposulfatemia, and renal sulfate wasting 
revealed a homozygous mutation in SLC26A1, which has not been previously described to the best of our knowledge. 
Whole-exome data analysis of more than 5,000 individuals confirmed that rare, putatively damaging SCL26A1 variants 
were significantly associated with lower plasma sulfate at the population level. Functional expression assays confirmed a 
substantial reduction in sulfate transport for the SLC26A1 mutation of our patient, which we consider to be novel, as well 
as for the additional variants detected in the population study. In conclusion, combined evidence from 3 complementary 
approaches supports SLC26A1 activity as a major determinant of sulfate homeostasis in humans. In view of recent 
evidence linking sulfate homeostasis with back pain and intervertebral disc disorder, our study identifies SLC26A1 as a 
potential target for modulation of musculoskeletal health.
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markedly lower plasma sulfate compared with controls, reference 
values reported in the literature, and the mother, a heterozygous 
carrier of p.Leu275Pro, who had low-normal sulfate levels (2, 16–18). 
The fractional excretion index (FEI) (16) of sulfate in the urine was 
0.24 despite the presence of hyposulfatemia. The FEI of sulfate 
is reported to be 0.17–0.34 under normal conditions (16), but it is 
known that sulfate excretion falls to very low levels of around 10% 
or less when sulfate depletion is induced by restriction of dietary 
sulfate (17, 19, 20), or in states of increased sulfate demand such as 
pregnancy (18) even when plasma sulfate concentrations are normal. 
Thus, the observation that the patient had a mean FEI of sulfate of 
24% when plasma sulfate was severely depressed indicated urinary 
sulfate wasting with inappropriately high fractional sulfate excretion 
in the urine. Twenty-four-hour urine collections for oxalate excre-
tion revealed urinary oxalate values between 21.8 and 48.6 mg/
day (mean 33.7 mg/day), i.e., normal to only mildly elevated (Table 
1) (21). Together, these observations indicate that the p.Leu275Pro 
mutation clearly affected plasma sulfate levels due to urinary sulfate 
wasting, with minor, if any, impact on urinary oxalate levels.

Functional analyses of the detected SLC26A1 mutation (p.Le-
u275Pro) in Xenopus laevis oocytes confirm reduced sulfate trans-
port. To confirm the functional relevance of the SLC26A1 muta-
tion (p.Leu275Pro), we expressed wild-type (WT) SLC26A1 and 
the mutant detected in our patient in Xenopus laevis oocytes.  
The oocytes expressing mutant transporter exhibited great-
ly reduced sulfate and oxalate transport, compared with the 
WT protein (Figure 4, A and B). To determine the expression 
of SLC26A1 on the cell surface, an HA tag was inserted into 
the second extracellular loop of the WT SLC26A1 and the Leu-
275Pro mutant (Supplemental Figure 1). There was a marked 
reduction in cell surface expression of the mutant transporter 
compared with WT, as indicated by immunofluorescence stud-
ies performed in nonpermeabilized oocytes (Figure 5, A and B). 
Western blotting performed on membrane proteins of oocytes 
expressing WT and mutant SLC26A1, using antibodies against 
the HA tag or the native SLC26A1 protein, revealed a decrease in 
overall SLC26A1 expression levels of similar magnitude (Figure 
5, C and D, respectively). These findings suggest that a decrease 
in SLC26A1 protein levels, possibly by increased degradation of 
partially misfolded transporter proteins, importantly contrib-
utes to the reduced plasma membrane transport activity of the 
mutant. These studies therefore verify that p.Leu275Pro is a 
human loss-of-function mutation.

Rare SLC26A1 variants also impact plasma sulfate levels at the 
population level. Clinical genetics studies of single patients usually 

whereas the impact of Slc26a1 on oxalate homeostasis leading to 
hyperoxaluria and urolithiasis remains controversial (10, 12, 13). 
Biallelic mutations of SLC26A1 were described in 2 patients with 
calcium oxalate nephrolithiasis (14), but the impact on sulfate bal-
ance was not assessed. The present work aims to elucidate the role 
of SLC26A1 in human sulfate homeostasis by genetic analysis of a 
familial case and functional analyses, as well as at the population 
level in a large cohort of almost 5,000 participants.

Results
Detection of a homozygous SLC26A1 mutation in a patient with hypo-
sulfatemia and renal sulfate wasting. A 33-year-old patient present-
ing at our clinic had been suffering from intermittent chest pain 
radiating from her costochondral joints that defied diagnosis for 
more than 6 years. Magnetic resonance imaging (MRI) that had 
been performed at the onset of the symptoms had revealed chang-
es consistent with perichondritis of the third and fourth right 
costovertebral joints, with lesser findings on the left side (Figure 
1). Despite repeated consultation of numerous physicians repre-
senting various specialties, including an extensive rheumatolog-
ical workup performed at 3 different academic medical centers, 
the perichondritis remained unexplained. An additional finding 
of note was a kidney stone of 13 mm diameter in an upper calyx 
of the right kidney. Her kidney function was normal. Her family 
tree revealed that her parents were first cousins (Figure 2). Her 2 
siblings did not show similar symptoms. In view of the unresolved 
clinical presentation and the consanguinity of the parents, com-
prehensive genetic testing was performed.

Whole-exome sequencing, as confirmed by Sanger sequenc-
ing, revealed that the patient was homozygous for a mutation 
(c.824T>C, p.Leu275Pro) in the anion transporter 1 (SLC26A1). 
Amino acid Leu275 is located in the fourth transmembrane domain 
of SLC26A1 and was mutated to proline, a helix-breaking residue. 
The identified missense change affected a residue highly con-
served among different species (Figure 3, A and B). In silico pre-
dictive tools consistently classified the SLC26A1 variant as damag-
ing/deleterious (SIFT score < 0.05, PolyPhen-2 score = 0.987) (15). 
To our knowledge, this mutation has not been described previous-
ly. The asymptomatic parents and her brother were heterozygous; 
the remaining sister chose not to be tested.

As discussed above, SLC26A1 is an anion exchanger capable 
of mediating both sulfate and oxalate transport when expressed in 
heterologous expression systems (3, 11). As shown in Table 1 and 
Supplemental Table 1 (supplemental material available online with 
this article; https://doi.org/10.1172/JCI161849DS1), our patient had 

Figure 1. MRI demonstrated perichondritis at the level of the 
third and fourth ribs. Axial fat-saturated T1-weighted images 
after administration of intravenous contrast agent (gado-
linium): Linear contrast enhancement of the costal cartilage 
on both sides at the level of the third and fourth ribs (white 
arrowheads), predominantly at the costochondral junction, 
consistent with perichondritis. Note also the subtle diffuse 
enhancement of the adjacent soft tissue on the right side.
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mechanism. Sequential omission of identified variants from test-
ing their aggregate effect on sulfate levels supported the presence 
of several independent contributing variants (Supplemental Fig-
ure 2). All 43 variants, their frequencies, predicted consequenc-
es, effect sizes, and P values for their individual association with 
plasma sulfate are listed in Supplemental Table 2. They represent 
a valuable resource both for further experimental studies and 
when additional patients with unexplained hyposulfatemia, who 
may be homozygous or compound heterozygous for any of the 
variants, are identified in the future.

Since all participants of the GCKD study had chronic kid-
ney disease, we assessed whether their kidney filtration func-
tion, quantified as estimated glomerular filtration rate (eGFR), 
influenced the variants’ association with plasma sulfate levels. 
As shown in Supplemental Figure 3, the 30 carriers of poten-
tially damaging SLC26A1 variants who had an eGFR of 60 mL/
min/1.73 m2 or greater, i.e., better kidney function, had on aver-
age even lower plasma sulfate levels than those with reduced 
eGFR (<60 mL/min/1.73 m2) (P < 0.001, unpaired t test). This 
observation was corroborated when repeating the subanalysis 
for only carriers of the same variant (namely Asp636Tyr and 
Leu348Pro, for which a sufficient number of carriers was avail-
able). Thus, the effect of the detected SLC26A1 variants on plas-
ma sulfate levels can also be expected to be detected in persons 
without reduced kidney function.

require confirmation in at least one other unrelated patient or fam-
ily. Recent advances in population-level whole-exome sequencing 
now offer an opportunity for orthogonal validation of genetic find-
ings through complementary population-level analysis. Therefore, 
to investigate whether SLC26A1 activity is a major determinant 
of sulfate homeostasis in humans, we searched for associations 
between rare, coding SLC26A1 variants that were predicted to be 
damaging (see Supplemental Table 2) and plasma sulfate levels 
among 4,708 participants of the prospective German Chronic Kid-
ney Disease (GCKD) study that enrolled a total of 5,217 patients 
with moderate chronic kidney disease (22). We detected 43 such 
rare, coding variants (alleles) among 130 different participants 
(hereinafter referred to as carriers). The 130 carriers had signifi-
cantly lower average levels of plasma sulfate compared with 4,578 
GCKD participants not carrying any such variant (P = 3.01 × 10–5, 
gene-burden test) (Figure 6 and Supplemental Table 2). All variant 
carriers were heterozygous. As a negative control, we also repeat-
ed the gene-burden test and included only synonymous variants 
in SLC26A1, which are presumed to be neutral (23), and found no 
significant association with plasma sulfate (P = 0.7), as expected.

Figure 7 shows that the detected potentially damaging 43 
variants were distributed across the entire coding region. Variants 
with the largest negative effects on plasma sulfate such as p.Pro-
237Leu, p.Arg314Cys, and p.Pro461Leu mapped into the sulfate 
transport domain of SLC26A1, consistent with a loss-of-function 

Figure 2. Clinical workup revealed a family history for consanguinity. The parents of the index patient were first cousins. Genetic testing was only avail-
able in 4 family members (patient, parents, and 1 sibling). Filled symbols indicate a clinically affected individual (chondropathy). Symbols with a central 
dot represent an individual with no reported symptoms, but who was heterozygous for SLC26A1 mutation in genetic testing. E+ marks individuals in whom 
at least 1 mutated allele (c.824T>C) was detected.
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1:1 with WT SLC26A1 at constant total amount of cRNA per oocyte, 
the mutant with the most prominent effect, Thr185Met, reduced 
sulfate transport down to approximately 25% (Supplemental Fig-
ure 4). Since transporters of the SLC26 gene family may assemble 
into functional dimers (25), which predicts the presence of 25% 
WT/WT, 50% WT/mutant, and 25% mutant/mutant transporters 
upon 1:1 coexpression of WT with the mutant, the 75% reduction 
in transport is consistent with a strong dominant negative effect of 
the p.Thr185Met mutant.

Discussion
Our patient exhibited what we believe is a novel homozygous 
SLC26A1 mutation (Leu275Pro) resulting in urinary sulfate wast-
ing and low plasma sulfate, which is in line with the hyposulfatemia 
and elevated fractional excretion of sulfate observed in Slc26a1-
null mice (10). Functional expression studies established that the 
mutant human transporter is encoded by a loss-of-function allele 
resulting in a substantial defect in sulfate transport ability. The 
importance of SLC26A1 in sulfate transport was further corroborat-
ed by significantly lower plasma sulfate levels among heterozygous 
carriers of rare, deleterious SLC26A1 variants detected through 

In the GCKD cohort, no association could be found between 
carrier status and self-reported kidney stones at the 6-year visit, 
when this information was collected (Fisher’s exact test, P > 0.1).

Functional analyses reveal reduced sulfate transport for 
SLC26A1 variants identified in the GCKD study. To test whether the 
potentially damaging SLC26A1 variants identified in the GCKD 
study impair sulfate transport, we compared sulfate transport 
of WT SLC26A1 with the variants p.Pro237Leu, p.Leu348Pro, 
p.Thr185Met, and p.Ser358Leu in the oocyte expression system. 
The 4 variants were selected based on Supplemental Table 2: 
variant Pro237Leu had shown the largest effect size on plasma 
sulfate levels; Leu348Pro is the only SLC26A1 variant for which 
a disturbance of human sulfate homeostasis has previously been 
reported in a population study, but without experimental valida-
tion (24); and Thr185Met and Ser358Leu, which were reported in 
the compound heterozygous state in 1 patient with kidney stones 
in a previous publication (14) but were detected individually in 
carriers of the GCKD study.

As shown in Figure 8, a substantially reduced sulfate transport 
was detected for all 4 variants, with the greatest reduction in the 
case of Thr185Met and lowest for Pro237Leu. When coexpressed 

Table 1. A summary of selected parameters measured in the plasma and urine of a patient with homozygous mutation of SLC26A1 
(c.824T>C, p.Leu275Pro)

Analyte ResultsA Reference values (2, 16–18, 21)
Urine volume, L/day 1.7–3.0 2.5–4

Urine sodium, mmol/day 64 <100
Urine potassium, mmol/day 34 -

Urine calcium, mg/day 200–210 <250
Urine citrate, mg/day 860–862 >550

Urine uric acid, mg/day 530–560 <750
Urine oxalate, mg/day 21.8–48.6 Mean: 33.7B <40

Plasma oxalate, μmol/L <2 1–3
Plasma sulfate, baseline, μmol/L 138–159 Mean: 148C ~300

Sulfate FEID, baseline 0.20–0.27 Mean: 0.24C Sulfate deficiency or increased sulfate demand: FEI ↓0.10 (normal conditions: 0.17–0.34)

Pathological values are marked in bold. ASingle value or range if ≥2 measurements. BMean value of a total of 4 samples collected at 4 different time points. 
CMean value of a total of 3 samples taken at 3 different time points. DFractional excretion index = (sulfateurine × creatinineplasma)/(creatinineurine × sulfateplasma) (16).

Figure 3. Mapping of SLC26A1 variant on a homology model. (A) Based on the structure of Prestin EMD-23334 (43), a SLC26A1 homology model was 
constructed by the Swiss model server. The SLC26 family transporters are dimers; each monomer is indicated in a different color. The fourth transmem-
brane domain is highlighted, illustrating the position of Leu275. STAS domain, sulfate transporter and anti–sigma factor antagonist domain. (B) Partial 
alignment of SLC26A1 among different species points to a high level of conservation.
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in whom urine oxalate was normal to mildly elevat-
ed. In our patient, an analysis of the isolated kidney 
stone was not available, but repeated measurements 
of oxalate in the urine did not show reproducible 
hyperoxaluria. In such a setting, the increased frac-
tional excretion of sulfate might also serve as a driver 

of kidney stone formation (27). Unfortunately, in the 2 patients with 
nephrolithiasis and SLC26A1 mutations described by Gee et al., plas-
ma and urinary sulfate levels were not measured. A recent study in 
Slc26a1–/– mice confirmed hyposulfatemia and renal sulfate wasting 
but failed to demonstrate hyperoxaluria and hyperoxalemia (13). 
Thus, the role of SLC26A1 may be predominantly related to sulfate 
homeostasis, whereas its role in oxalate homeostasis requires further 
study. Our findings are supported by kinetic studies that concluded 
that SLC26A1 would not mediate substantial influx of oxalate under 
physiological conditions (28).

In the GCKD study, heterozygous carriers of potentially 
damaging SLC26A1 variants did not have a higher prevalence of 
self-reported kidney stones compared to noncarriers (P > 0.1). 
This result does not contradict the data from Gee and colleagues 
(14), as all variant carriers in the GCKD cohort were heterozy-
gous, whereas the individuals reported by Gee et al. were biallelic,  
as was our patient with a SLC26A1 mutation. Thus, the data present-
ed allow SLC26A1 to remain a potential risk factor for nephrolithi-
asis. However, the underlying pathophysiological mechanism(s), 
including the relative contribution of urinary oxalate and sulfate to 
stone formation, may deserve reevaluation.

Strengths of our study include support for the role of SLC26A1 
as a physiologically important human sulfate transporter from 2 
independent, complementary lines of genetic evidence; while unex-
plained musculoskeletal symptoms in a single patient led us to the 
identification of a homozygous loss-of-function mutation in the gene 
that was confirmed through functional studies, the physiological 
role of SLC26A1 in sulfate homeostasis was supported by the aggre-
gate effect of rare, heterozygous coding variants in SLC26A1 that 
collectively are abundant in the population. The latter finding was 
substantially bolstered by our functional analysis, which revealed 
marked impairment of sulfate transport for several of these variants. 
The dominant negative effect of the p.Thr185Met mutation is proof 
of principle that even heterozygous carriers of a damaging variant 
may present with clearly reduced sulfate transport that in turn leads 
to reduced plasma sulfate concentrations.

whole-exome sequencing in a large observational study, which 
confirms and expands a prior report that a genotyped SLC26A1 
missense variant (Leu348Pro) was related to sulfate homeostasis 
(24). Functional relevance of the alleles identified in the population 
study, including the aforementioned Leu348Pro, was experimen-
tally validated in expression studies.

Recently, rare loss-of-function variants of SLC13A1 have been 
demonstrated to be associated with hyposulfatemia, back pain, and 
intervertebral disc disorder, another example of painful cartilage dis-
ease (7). It is therefore very likely that the hyposulfatemia was respon-
sible for an otherwise unexplained perichondritis of a mechanically 
highly stressed joint in our patient. Of note, the symptoms had started 
at the end of the patient’s first pregnancy, a condition with increased 
sulfate demand (18, 26). As demonstrated in functional analyses in 
oocytes transfected with mutant SLC26A1, transport activity was not 
completely abrogated by the patient mutation, which may explain 
why our patient did not manifest more severe abnormalities of her 
musculoskeletal system, except a slightly reduced bone-mineral den-
sity in dual-energy X-ray absorptiometry, consistent with a previous 
report of individuals with lower sulfate levels (24).

There are few data about SLC26A1 and sulfate-related disorders 
in humans (24). In Slc26a1-knockout mice, disturbances of sulfate 
homeostasis were consistently described (10, 11), but musculoskele-
tal abnormalities were not reported (4, 10, 11, 13). However, they were 
also not explicitly examined and might easily have been overlooked.

The GCKD cohort was not designed to assess potential hypo-
sulfatemia-related musculoskeletal disorders, including joint or 
back pain, arthrosis, or fibromyalgia. Therefore, our study only 
allows correlation of carrier status with plasma sulfate levels. More-
over, hyposulfatemia-related symptoms might be very subtle as ear-
ly arthrosis or joint pain, and might be easily overlooked in clinical 
practice if they are not actively screened for, which underlines the 
need for subsequent clinical studies to determine the relationship 
between SLC26A1 and musculoskeletal health with more certainty.

Gee and colleagues detected biallelic mutations in SLC26A1 
in 2 unrelated individuals with calcium oxalate kidney stones (14), 

Figure 4. Reduced sulfate and oxalate transport in 
Xenopus laevis oocytes expressing mutant SLC26A1 
(p.Leu275Pro). (A) SLC26A1-mediated SO4

2− and (B) oxalate 
uptake by oocytes previously water injected or injected with 
10 ng of cRNA encoding WT SLC26A1 or Leu275Pro mutant 
SLC26A1. Uptake was carried out from a bath solution 
containing 1 mM SO4

2− or 1 mM oxalate for 15 minutes. The 
SO4

2− uptake experiments were performed with oocytes 
from 4 different frogs (and 3 different cRNA prepara-
tions) with a total number of 35 WT, 30 Leu275Pro, and 33 
water-injected oocytes, and for oxalate, 6 WT, 7 Leu275Pro, 
and 7 water-injected oocytes. Data are presented as mean 
± SEM. ***P < 0.001 by 1-way ANOVA with Bonferroni’s 
multiple-comparison test.
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We would like to emphasize that the data presented do not 
meet the criteria for ClinGen gene-phenotype attribution. At pres-
ent, there is not sufficient evidence to define a Mendelian disorder. 
The correlation between biallelic deleterious variants of SLC26A1 
and potential clinical features (urolithiasis and/or cartilage or bone 
disorders) deserves further clarification. However, our work paves 
the way for future studies to establish whether the frequency of the 
various SLC26A1 variants identified in this work are more common 
in individuals with cartilage and bone disease as compared with 
the general population.

Our findings showcase that the significance of a presumably 
new genetic finding might be derived from a single case if the gene’s 
impact on the phenotype can be matched through orthogonal evi-
dence from population-based studies, rather than necessitating the 

identification of a second case or family. 
As molecular genome-wide screening, 
including next-generation sequencing, 
is being performed more frequently 
(15), this approach might be a helpful 
tool for future clinical practice.

In conclusion, the present work 
demonstrates that SLC26A1 is a major 
determinant of sulfate homeostasis in 
humans. In view of recent evidence 
linking sulfate homeostasis to back pain 

and intervertebral disc disorder (7), our study identifies SLC26A1 as a 
potential target for modulation of musculoskeletal health.

Methods

Genetic information
Patient testing. After written informed consent from the patient and her 
family, also regarding publication, we performed whole-exome sequenc-
ing and trio analysis (index patient and parents) with Sanger sequencing ac-
cording to the requirements of the German Gene Diagnostic Act (GenDG).

Population study. The GCKD study enrolled 5,217 participants from 
2010 to 2012, as described previously (22). In brief, participants were eli-
gible if their eGFR was 30–60 mL/min/1.73 m2 at screening, or if they 
had relevant proteinuria (urinary albumin to creatinine ratio >300 mg/g 

Figure 5. Reduced cell surface expression 
of mutant SLC26A1 (p.Leu275Pro) in 
Xenopus laevis oocytes. (A) Quantifica-
tion of the mean gray value intensity of 
immunofluorescence in nonpermeabilized 
oocytes, carrying HA as a tag on the second 
extracellular loop of WT SLC26A1 [WT(HA)] 
or mutant SLC26A1 [Leu275Pro(HA)]. 
Oocytes injected with SLC26A1 without 
HA were used as a control (WT); 10 ng of 
the respective cRNAs was injected. (B) 
Representative oocyte immunofluores-
cence pictures. Scale bars: 100 μm. WT n = 
15, WT(HA) n = 17, and Leu275Pro(HA) n = 
16; oocytes were obtained from 3 different 
frogs (3 different cRNA preparations). 
(C and D) Quantification of SLC26A1 
protein expression by immunoblots of 
membranes from oocytes expressing HA 
epitope–tagged (C) or untagged (D) WT or 
Leu275Pro mutant SLC26A1. An antibody 
against the HA tag was used in C, and 
an anti-SLC26A1 antibody (C-terminus) 
in D. Western blots include lanes from 
WT SLC26A1 or water-injected oocytes 
as specificity controls. For these experi-
ments, 10–15 oocytes injected with 10 ng 
of the corresponding cRNA were pooled 
and actin was used as a loading control. 
Western blots were repeated at least 3 
times with oocytes from 3 different frogs 
(3 different cRNA preparations were used). 
*P < 0.05; **P < 0.01 by 1-way ANOVA with 
Bonferroni’s multiple-comparison test (A) 
or unpaired, 2-tailed t test (C and D).
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or proteinuria equivalent) in the presence of higher eGFR. The study was 
registered in the national registry for clinical studies (DRKS 00003971) 
and approved by the relevant ethics committees.

Genetic testing

Patient

Whole-exome sequencing and trio analysis (index patient and parents)
Genomic DNA was extracted from peripheral blood using the Chemagic 
Star DNA Blood 400 Kit from PerkinElmer. Whole-exome sequencing 
was performed (SYNLAB MVZ Humane Genetik Munich) for the patient 
and her parents. Paired-end 150-bp whole-exome sequencing was per-
formed on the NextSeq 500 platform (Illumina) using the Human Core 
Exome kit (TWIST Bioscience). NGS raw data processing, genomics 
data management, and variant interpretation including single-nucleo-

tide variants (SNVs) and copy number variants (CNVs) was performed 
using the varvis genomics platform (Limbus Medical Technologies). 
Generation of NGS data via trio analyses was done assuming an autoso-
mal recessive mode of inheritance and potentially pathogenic de novo 
changes. Only variants were considered that at the time of analysis had 
a minor allele frequency of less than 0.1% and in addition had a proba-
bility for a causal association with the clinical phenotype of the patient. 
Evaluation of the pathogenicity of identified SNVs and CNVs was car-
ried out according to the American College of Medical Genetics guide-
lines (29). Public databases (Decipher, ClinVar, ClinGen, LOVD) and 
different in silico prediction programs (SIFT, PolyPhen2, Align GVGD, 
Mutation Taster, SpliceSiteFinder-like, MaxEntScan, NNSPLICE, Gene-
Splicer) were used for the interpretation of the identified variations. The 
SLC26A1 variant identified in the patient has been deposited in ClinVar 
under the submission ID SUB12301997. Next-generation sequencing 
data can be provided on individual request.

Figure 6. Carriers of putative damaging SLC26A1 variants in the GCKD study have lower median plasma sulfate levels than noncarriers. Plasma sulfate 
levels (y axis) displayed by SLC26A1 rare variant carrier status (x axis). The y axis represents sulfate levels after inverse normal transformation, with units 
corresponding to standard deviations. *Denotes that Metabolon is highly confident in metabolite identity but a standard for this metabolite has not been 
run. The symbol color indicates observed rare variant carrier status, and symbol shape variant consequence (triangle, frameshift; circle, missense). The 
boxes range from the 25th to the 75th percentile of sulfate levels, the median is indicated by a line, and whiskers end at the last observed value within 1.5 
× (interquartile range) away from the box. ***P < 0.001 (P value from aggregate variant test = 3.01 × 10–5). Metabolon measurements yield semiquantita-
tive rather than absolute metabolite levels.
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(32) and the CADD score (v3.0) (33). Loss-
of-function variants were downgraded using 
the LoFtee VEP plugin (v2020-8) (34). Mul-
tiple in silico scores were added using infor-
mation from the dbNSFP (v4.1a) (35).

During sample-level quality control, sam-
ples with an estimated VerifyBamID freemix 
(36) contamination level of greater than 4%, 
samples of non-European ancestry, duplicate 
samples, and samples with mismatch of report-
ed and genetically predicted sex were excluded.

When the GCKD study was initiated in 
2009, the recruitment was restricted to indi-
viduals of European ancestry (22). The ratio-
nale at the time was that the proportion of 
individuals of non-European ancestry in the 
recruiting practices was rather low, and the 
investigators were concerned about poten-
tial biases in GFR estimation because the 
employed estimating equations contained a 
race term. Using genome-wide genetic data, 
we computed genetic ancestry and excluded 
a small number of individuals because they 
showed outlying values along any of the first 
10 principal components from a principal 
component analysis in order to maximize 
sample homogeneity, as described previously 
(37). Furthermore, we only kept samples with 

available high-quality DNA microarray genotype data, resulting in 4,868 
samples with available whole-exome sequencing data.

Laboratory parameters
The measurement of laboratory parameters was performed following 
standard routine, with exceptions as listed below.

Measurement of plasma oxalate concentration
Plasma oxalate concentration was measured enzymatically using an 
oxalate oxidase assay as previously described (Trinity Biotech) (38).

Measurement of plasma and urinary sulfate concentrations
Patient. Venous blood samples were collected into Vacuette heparin-
ized plasma tubes (Greiner Bio-One GmbH), immediately put on wet 
ice, and centrifuged for 10 minutes at 1,800g. The supernatant was ali-
quoted and stored at –80°C. For measurement of urinary sulfate, 5 mL 
of urine was collected at the same time the blood was collected, put on 
wet ice, and then stored at –80°C. After thawing, free sulfate levels in 
plasma and urine were measured using an AB Sciex 4000 Q-TRAP or 
5000 LC-MS/MS system operating in negative ionization mode. Sam-
ples were introduced via flow-injection analysis, and the transitions 
m/z 97→80 and m/z 99→82 were monitored for sulfate (SO4) and 
34SO4 (serving as internal standard, mass shift is +2), respectively. Uri-
nary samples were prepared by an initial 100-fold dilution of the orig-
inal urine with distilled water. Twenty microliters of the diluted urine 
was mixed with 2 nmol of 34SO4, and the obtained mixture was purified 
through a 10 kDa filter (Amicon) by centrifugation. From the final fil-
trate, 10 μL was introduced to the mass spectrometer by flow injection 
analysis. Plasma samples were prepared by mixing 20 μL of plasma with 

Sanger sequencing (brother of index patient)
The SLC26A1 sequence region in which the identified pathogenic 
variant is localized was PCR amplified under standard conditions with 
Thermo-Start DNA Polymerase (Thermo Fisher Scientific) and the 
primers SLC26A1-001: CTGACCTCGCAGCTCAAAC (forward prim-
er) and SLC26A1-002: CACCACGATGACCAGCAG (reverse primer).  
Subsequently, Sanger sequencing was performed (SLC26A1 refer-
ence sequence NM_022042.4). Sequence reactions were performed 
with Big Dye Terminator Chemistry v1.1 (Applied Biosystems) on the 
Applied Biosystems 3730xl DNA Analyzer. Sequences were analyzed 
with the Sequence Pilot algorithm v5.1.0 (JSI Medical Systems).

Study population (GCKD study)
Genomic DNA from blood samples collected at the enrollment visit 
underwent paired-end 100-bp whole-exome sequencing at Human 
Longevity Inc., using the Illumina NovaSeq 6000 platform and IDT 
xGen v1 capture kit. On average, greater than 97% of consensus cod-
ing sequence (CCDS) (30) release 22 had at least 10× coverage, and 
average coverage of the CCDS achieved 141-fold read depth.

The exome sequences were processed at AstraZeneca from their 
unaligned FASTQ state in a custom-built cloud compute platform run-
ning the Illumina DRAGEN Bio-IT Platform, and germline Pipeline 
v3.0.7 was adopted to align reads to the GRCh38 reference genome and 
perform variant calling (23).

Variants were annotated using the variant effect predictor (VEP) 
v101 (31). Using the standard settings, we annotated the canonical 
transcript, gene symbols, and included frequencies from the Genome 
Aggregation Database (gnomAD v2.1; https://gnomad.broadinsti-
tute.org/). We used VEP plugins to add the REVEL score (v2020-5) 

Figure 7. Qualifying SLC26A1 variants in the GCKD study and their localization, frequency, conse-
quence, effect size, and effect direction. All qualifying rare, coding variants included in the aggregate 
variant test are plotted at the corresponding amino acid position of SLC26A1 (Uniprot ID Q9H2B4) on 
the x axis. The protein domains are based on Pfam 35.0. The y axis represents the minor allele count of 
each variant among the 4,708 GCKD study participants. The shape of the variant’s lollipop corresponds 
to its predicted consequence. The position of our patient’s mutation (Leu275Pro) is noted as well. The 
size of the variant’s lollipop represents the absolute value of the effect size of a single variant test with 
inverse normal transformed plasma sulfate levels (Supplemental Table 2), and the color indicates the 
direction of the effect size: the darker blue represents negative effect sizes and the lighter blue posi-
tive ones. All variants with an effect size of less than –1 or with a P value of less than 0.05 are labeled 
with their predicted amino acid exchange, where the ones with a P value of less than 0.05 are labeled 
in red. STAS domain, sulfate transporter and anti–sigma factor antagonist domain.
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5′-GTCATCAGCATGAGGGCGGTGGCG-3; for Pro237Leu, for-
ward 5′-CGTGCGGATCCTGCGGCACCAGG-3′ and reverse 
5′-CCTGGTGCCGCAGGATCCGCACG-3′; for Leu348Pro, forward 
5′-TGCCGTGGCCCCGGCCCTCGTGG-3′ and reverse 5′-CCAC-
GAGGGCCGGGGCCACGGCA-3′; and for Ser358Leu, forward 5′-TGC-
CGCCTTCTCCATCTTGCTGGCGGA-3′ and reverse 5′-TCCGC-
CAGCAAGATGGAGAAGGCGGCA-3′. An HA epitope was inserted by 
PCR mutagenesis into the second extracellular loop, after Pro155 of WT 
SLC26A1 and the Leu275Pro mutant. All constructs were confirmed by 
sequencing the complete open reading frame.

Expression of cRNA in Xenopus oocytes
Oocytes were injected with cRNA (10 ng) transcribed with the mMes-
sage Machine T7 kit (Thermo Fisher Scientific) according to the man-
ufacturer’s instructions after linearization of the plasmid with XbaI. 
Oocytes injected with 10 ng of cRNA or water (as a control) were main-
tained at 17.5°C in ND96 buffer containing penicillin/streptomycin 
(100 μg/mL) for 2 days before use.

Isotopic influx
Oocytes were incubated for 15 minutes at room temperature in ND96 
bath solution (in mM): 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, and 5 
HEPES, pH 7.40, containing 1 mM (13 μCi/mL) 35SO4

2− (Biotrend) or 1 
mM (2.5 μCi/mL) 14C-oxalate (ViTrax). For 14C-oxalate influx experi-
ments, ND96 bath solution was nominally Ca2+ and Mg2+ free. Influx 
experiments were terminated with 4 washes in ice-cold ND96, fol-
lowed by oocyte lysis in 150 μL of 2% sodium dodecyl sulfate (SDS). 
Control experiments indicated that at 15 minutes uptake was still in a 
near-linear range. Duplicate 10 μL aliquots of influx solution (in 150 
μL 2% SDS) were used to calculate specific activities of radiolabeled 
substrate. Single oocyte uptake was calculated from oocyte-associ-
ated counts per minute (cpm) and bath specific activity. All samples 
were analyzed by scintillation counting with 2 mL of the scintillation 
cocktail Aquasafe 300 plus (Zinsser Analytics) in a Tri-Carb 2810 TR 
β-scintillation counter (PerkinElmer).

Western blotting
Oocytes were homogenized in a buffer containing (in mM): 20 Tris-
HCl pH 7.4, 140 NaCl, 2 EDTA, and protease inhibitors (4 mM Pefabloc, 
Complete EDTA-free protease inhibitor mixture, Roche). The homoge-
nate was cleared by centrifugation for 10 minutes at 1,000g twice, and 
membrane fractions were pelleted from the cleared homogenate by 
ultracentrifugation for 30 minutes at 100,000g. The membrane pellet 
was resuspended by sonication in 50 mM Tris-HCl, pH 6.8, 140 mM 
NaCl, 0.5 mM EDTA, 1% SDS (w/v), and 1% Triton X-100 (w/v) with 
protease inhibitors. Equal amounts of protein (30 μg) were separated via 
SDS-PAGE and blotted onto a nitrocellulose membrane. Western blots 
were probed with monoclonal rabbit anti-HA tag antibody (Cell Signal-
ing Technology, catalog 3724) or rabbit anti-SLC26A1 (Novusbio, catalog 
NBP1-5908). ImageJ (NIH) was used for quantification of the Western 
blots. Protein levels were normalized to actin (rabbit polyclonal; Sig-
ma-Aldrich, catalog A3066) on the same blot.

Immunofluorescence
Two days after injection with cRNA (10 ng) encoding WT or mutant 
HA-tagged SLC26A1, oocytes were fixed with 1% paraformalde-
hyde (PFA) in phosphate-buffered saline (PBS) for 10 minutes at 4°C 

2 nmol of 34SO4 and 180 μL of purified water, followed by a deproteiniza-
tion step using a 10 kDa filter (Amicon) by centrifugation. From the final 
filtrate, 1 μL was introduced to the mass spectrometer by flow injection 
analysis (10 mM formic acid adjusted to pH 8.75 with ammonia). Aque-
ous calibrators with known amounts of sulfate were used for quantifica-
tion. The obtained peak-area ratios of the trace of sulfate related to the 
trace of the internal standard were then used for the estimation of the 
free sulfate levels in the examined body fluids.

Population. Sulfate was measured in plasma collected at the 
GCKD study enrollment visit as part of a nontargeted MS-based 
metabolomics panel (Metabolon HD4) at Metabolon described in 
detail previously (39). Sulfate levels were quantified as part of the LC/
MS Neg platform, with an intra-assay coefficient of variation of 6.9%, 
and available for 5,144 participants.

Measurement of oxalate and sulfate transport in Xenopus laevis oocytes

Molecular biology
Human SLC26A1 (NM_022042) subcloned into the Xenopus oocyte 
expression vector pXT7 (pXT7-SLC26A1) was provided by Seth Alper 
(Harvard Medical School, Boston, Massachusetts, USA). The various 
point mutations were introduced by QuikChange II (Agilent) site-di-
rected mutagenesis kit using specific mutagenic oligonucleotides (for 
Leu275Pro, forward 5′-GGCGGTGCTGCCAGCCGCGAAGG-3′ and 
reverse 5′-CCTTCGCGGCTGGCAGCACCGCC-3′; for Thr185Met, 
forward 5′-CGCCACCGCCCTCATGCTGATGACC-3′ and reverse 

Figure 8. Functional evaluation of SLC26A1 variants identified in the 
GCKD study. SLC26A1-mediated SO4

2− uptake by oocytes previously water 
injected or injected with 10 ng of cRNA encoding WT SLC26A1 or the 
indicated mutants (Thr185Met, Pro237Leu, Leu348Pro, and Ser358Leu). 
Uptakes were carried out from a bath solution containing 1 mM SO4

2− for 15 
minutes. The experiments were performed with oocytes from 4 different 
frogs (and 3 different cRNA preparations) with a total number of 36 WT, 
23 Thr185Met, 41 Pro237Leu, 41 Leu348Pro, 33 Ser358Leu, and 40 water 
injected. Data are presented as mean ± SEM. ***P < 0.001 by 1-way ANO-
VA with Bonferroni’s multiple-comparison test.
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and washed 3 times with cold PBS. Oocytes were blocked for 1 hour 
at room temperature in PBS containing 1% bovine serum albumin 
(PBS-BSA) and subsequently incubated for 1 hour at room tempera-
ture with anti-HA tag antibody (Cell Signaling Technology, catalog 
3724) in PBS-BSA, after which the oocytes were washed 3 times with 
cold PBS. Antibody-labeled oocytes were then incubated for 1 hour at 
room temperature with secondary antibodies coupled to Alexa Fluor 
555 (Molecular Probes), washed 3 times with cold PBS, and stored at 
4°C until imaging. Confocal images were taken with a Zeiss LSM880 
microscope using ZEN software. For the quantification of immunoflu-
orescence microscopy images, ImageJ was used.

Statistics
To investigate the combined effects of rare exonic genetic variants in 
SLC26A1 on plasma sulfate levels in the GCKD study, we performed an 
aggregate variant test using data from 4,708 GCKD study participants 
with all available data. The qualifying variants aggregated in SLC26A1 
were selected using annotations from VEP v101 (31). All variants with 
minor allele frequency of less than 0.5% that were predicted to be either 
high-confidence loss-of-function variants or missense variants with a 
MetaSVM score (40) greater than 0 or inframe nonsynonymous vari-
ants with a fathmm-XF-coding score (41) greater than 0.5 were includ-
ed for gene-based testing (N = 43). Aggregate variant testing was per-
formed with the burden test as implemented in the SeqMeta R package 
version 1.6.7 (42). Sulfate levels in plasma were rank-based, inverse nor-
mal transformed prior to analysis, and adjusted for age, sex, ln(eGFR), 
serum albumin, and the first 3 genetic principal components. The statis-
tical significance threshold for the burden test was set to a P value of less 
than 0.05, corresponding to the test of 1 candidate gene.

Concerning the experiments with Xenopus laevis oocytes, the statis-
tical analyses are always indicated in the figure legends (1-way ANOVA 
with Bonferroni’s multiple-comparison test or 2-tailed, unpaired t test, 
where appropriate). A P value of less than 0.05 was considered significant.
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