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Abstract

We describe a family with autosomal-dominant azotemia, characterized by high serum urea 
levels due to strongly diminished fractional urea excretion (2 - 9%; normal > 30%), while 
all other kidney functions are normal. The phenotype segregates with a duplication of the 
SLC14A1 gene resulting in overexpression of urea transporter B on erythrocytes and in the 
descending vasa recta. The mechanism by which over-expression of UT-B leads to increased 
urea re-absorption is unclear. 
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Introduction

Urea is vital for water conservation and the excretion of nitrogen waste and is used as a marker 
of renal function. Urea handling in the kidney involves glomerular filtration and tubular 
reabsorption predominantly in Henle’s loop and the collecting duct. Fractional urea excretion 
depends on the circulating volume and varies between 27 - 70%; levels below 30% are 
suggestive of pre-renal azotemia. Two human urea transporters have been identified, which 
function as facilitative pathways for transmembrane transport independent of water or ions.1 
Urea transporter A [UT-A] coded by SLC14A2 and urea transporter B [UT-B] coded by SLC14A1 
are located in tandem on chromosome 18.1 UT-A is found in the thin descending limb of 
Henle and the inner medullary collecting duct, while UT-B is expressed in the descending 
vasa recta. UT-B is expressed most abundantly in the erythrocyte where it forms the basis of 
the Kidd blood group with the Jk antigens.2 No human disease has been linked to defects in 
urea transporters, yet. Individuals with nonsense mutations in SLC14A1 show some reduction 
in maximal renal concentration capacity, but they are asymptomatic and have normal urea 
levels.3 
Familial azotemia is an extremely rare autosomal dominant disease characterized by an 
isolated defect in renal urea excretion and very high serum urea concentrations, while 
glomerular filtration rate and other renal tubular functions are normal.4,5 
Here we report a family with autosomal-dominant azotemia which segregates with SLC14A1 
duplication, overexpression of UT-B and increased urea flux.

Material and methods

Family characteristics
Three members of a non-consanginous Dutch family demonstrated high serum urea 
concentrations from early childhood due to impaired urea excretion (pedigree in Figure 1). 
Estimated GFR [eGFR] was calculated using the MDRD equation in adults6 and the Schwartz 
equation7 in III.1, respectively. Fractional excretion [FE] of urea (FE urea % = urea

urine
 x 

creatinine
serum

 x 100 / urea
serum

 x creatinine
urine

). 
Presenting symptoms in II.1 and II.2 were failure to thrive at the ages of 6 and 2 years, 
respectively. Besides azotemia, III.1 has features of Williams syndrome with hypercalcemia, 
hypercalciuria, nephrocalcinosis, short stature and moderate mental retardation. At the age 
of 18 months he developed acute renal failure from histologically proven poststreptococcal 
glomerulonephritis necessitating temporary dialysis, after which his renal function partially 
recovered. At the age of 5 years, a renal biopsy demonstrated sclerosis of 6 out of 14 glomeruli, 
and calcium deposits in the tubulointerstitium which was otherwise intact. 
Informed consent was obtained from all family-members (or legal representatives). The study 
was approved by the institutional review board of the Academic Medical Centre Amsterdam. 
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I.1 I.2

II.1 II.2 II.3

III.1

Figure 1. Pedigree. Family members with azotemia are indicated in black

CGH array
A comparative genomics hybridization [CGH] array was performed using a 4 x 180K oligo 
array (custom design ID: 023363. Agilent technologies Inc) as described before.8 All genome 
coordinates mentioned in this study are according to human genome build 19 (GRCh37). 
Fluorescence In-situ hybridization [FISH] and GTG banding was performed according to 
standard methods.

MLPA
Multiplex ligation-dependent probe amplification [MLPA] was used to determine the copy 
number of the Jka and Jkb alleles in II.2, III.1 and four random donors. MLPA using Blood 
Group mixes p401 and p402 (MRC-Holland) was performed and analysed according to 
the manufacturer’s instructions. An individual with Jka+b- phenotype has two Jka alleles. An 
individual with Jka+b+ has one Jka and one Jkb allele. 

DNA sequencing
Sequence analysis of SLC14A1 and SLC14A2 was performed on genomic DNA of II.2 and III.1 to 
determine the presence of mutations in these genes. 

Kidd blood group status and UT-B expression on erytrocytes
Kidd blood group status was determined with routine serological tests. FACS analysis was 
used to quantify UT-B (Kidd) expression on erythrocytes from II.2, III.1 and 31 random Jka+b- and 
Jka+b+ donors. Anti-Jka or anti-Jkb (Immucor) antibody was added in a 1:8 dilution to a 3% (vol/
vol) erythrocyte suspension and incubated for 45 min at room temperature. Subsequently, 
erythrocytes were washed and goat anti-human-IgG (Alexa-488, Molecular Probes) antibody 
was added in a 1:500 dilution and incubated for 45 min at room temperature. Erythrocytes 
were washed and diluted in PBS and analyzed by flow cytometry and software (LSRII Becton 
Dickinson). Results are expressed as Mode Fluoresence Intensity [MFI].
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UT-B expression in the kidney
A kidney biopsy from III.1 was obtained at the age of 5 years. A kidney biopsy from a 6-year old 
child diagnosed with minimal change nephropathy served as a control. Samples for Western 
blot analysis were snap-frozen.
Biopsy slides were stained with 1:20.000 anti-UT-B antibody followed by horseradish 
peroxidase-linked anti-rabbit IgG and visualized with diaminobenzidine (brown) as described 
previously.9 Cell nuclei were counter-stained with hemotoxylin (blue). Stained sections were 
visualized with an Olympus microscope using a 10x or 40x objective and images collected 
using a SPOT camera and software. 
Biopsy samples were prepared for SDS-PAGE and proteins were separated as described 
previously.9 After transfer of the proteins to PVDF the membrane was incubated with anti-UT-B 
overnight followed by 2 hour incubation with Alexa680-linked anti-rabbit IgG. Bands were 
visualized using infrared detection with the LICOR Odyssey protein analysis system (Lycor). 

Results

Pedigree analysis
The laboratory investigations of family members are shown in Table 1. Three of the family 
members have high plasma urea levels and a strongly diminished urea clearance in 
accordance with familial azotemia. While child III.1 has mild to moderate renal failure, serum 
urea concentrations are disproportionally raised.

Table 1. Laboratory data

Individual
Age

Gender Creatinine 
(mg/dL)

GFR (mL/
min/1.73m2) Urea (mg/dL) FE urea (%)

(years)

Reference range   > 90 7-43 > 30

I.1 65 m 0.86 89 27 32

I.2 65 f 0.48 131 43.2 28

II.1 41 m 0.74 118 225.3 1.5

II.2 35 f 0.64 107 275.8 1.4

II.3 38 m 1.03 84 33.1 59

III.1 6 m 0.63 66 135.7 8.9

Affected family members have a duplication of SLC14A1
Standard cytogenetic analysis showed normal karyotypes for all individuals. The CGH array of II.1, 
II.2 and III.1 demonstrated a gain of 448 kb at 18q12.3 - 21.1: arr 7q11.23 (72338350 - 72933599) 
x1dn, 18q12.3 - 21.1 (41570396 - 42018874) x3mat (Supplementary Figure S1). The duplicated 
area includes the SLC14A1 (UT-B) gene, but not SLC14A2 (UT-A) (Supplementary Figure S1). 
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FISH analysis with probes in the 18q12.3 - 21.1 region confirmed a tandem duplication in 
III.1. The duplication was not detected in I.1 and I.2, suggesting parental germline mosaicism. 
Furthermore, in III.1 a loss of 595 kb at 7q11.23 (atypical William’s syndrome microdeletion) 
was present. A cryptic balanced structural chromosome aberration of the 7q11.23 (72338350-
72933599) region was excluded in the parents of III.1 by FISH analysis using the probe RP11-
101D2. 
The Kidd serological phenotype of II.2 was Jk(a+b-), MLPA showed a copy number of 3.0 for 
Jka, indicating a genotype of Jkaaa that corresponds to three copies of SLC14A1. Her son III.1 had 
a serological phenotype of Jk(a+b+). MLPA showed 2.1 copies of the Jka allele and 1.1 copy of 
the Jkb allele indicating a genotype of Jkaab again demonstrating the presence of three copies 
of SLC14A1. As expected, the Jk(a+b+) controls had one Jka and one Jkb allele and the Jk(a+b-) 
controls had two Jka alleles and no Jkb allele. 
To determine whether mutations were present in the two known human urea transporters 
in the affected family members all exons and intron boundaries of SLC14A1 and SLC14A2 
were sequenced in II.2 and III.1. II.2 and III.1 had no mutations in SLC14A1 (UT-B). The variation 
in SLC14A1 that codes for the Jk blood group antigens (c.838G or c.838A) was concordant 
with serology and MLPA in both II.2 and III.1. II.2 had no mutations in SLC14A2 (UT-A). One 
nonsynonymous variation in SLC14A2 was detected in III.1 (c.1529G>A, rs9960464). This 
variation is common in the population (frequency of the minor A allele is 17%) and we assume 
that the variation has no effect on the function of the UT-A transporter. 

UT-B expression levels are increased on erythrocytes and renal cells in the affected 
family members
To determine the effect of the duplication of the SLC14A1 gene, Jk expression levels were 
determined on red blood cells of two affected family member; II.2 and III.1. Jka expression, 
determined by flow cytomtery, was significantly higher on red blood cells of II.2 compared to 
red blood cells of Jk(a+b-) controls (Figure 2a). The Jka expression on red blood cells of III.1 was 
significantly higher compared to red blood cells of Jk(a+b+) controls, while no difference in Jka 
expression was determined compared to Jk(a+b-) controls. No difference of Jkb expression on 
red blood cells of III.1 was detected compared to red blood cells of Jk(a+b+) controls and also 
no difference was detected on red blood cells of II.2 compared to red blood cells of Jk(a+b-) 
controls (Figure 2b). This indicates a clear gene dosage effect of the SLC14A1 gene, because 
III.1 has the same Jka expression level as the Jk(a+b-) control samples that have the same copy 
number of 2 for the Jka allele, while the Jkb expression level was the same as Jk(a+b+) controls 
that have the same copy number of 1 for Jkb.
Westernblot analysis using anti-UT-B on red cell membranes of II.2 and III.3 confirmed the 
overexpression of UT-B on red blood cells (data not shown). 
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Figure 2. Expression of the Jk antigens on red blood cells of II.2 and III.1 (grey boxes) and control samples 
(open boxes). The Jka (a) and Jkb (b) expression levels were determined by flow cytometry. Box plot 
shows 25% and 75% percentile and average fluorescence intensity, error bars indicate the 2.5% and 
97.5% percentile. Statistical analysis was performed with an unpaired two-sided T-test. a) Red blood cells 
of II.2 and III.1 have significantly higher Jka expression levels compared to red blood cells of controls with 
the same Jk phenotype (p < 0.0001 and p = 0.0003, respectively). Jka expression levels on red blood cells 
of III.1 were comparable with expression levels on red blood cells of Jk(a+b-) controls (p = 0.8498). b) No 
difference in Jkb expression levels was detected in red blood cells of II.2 and III.1 compared to red blood 
cells of controls with the same Jk phenotype (p = 0.4896 and p = 0.0512, respectively).

The kidney biopsies of patient III.1 and the control were restricted to cortex and outer 
medulla sections. In both, staining was positive for UT-B in the descending vasa recta, 
but not in cortical sections indicating orthotopic expression of UT-B (Figure 3a and 3b). 
Western blot analysis demonstrated that expression of UT-B was roughly doubled in III.1  
 (Figure 3c and 3d). Renal tissue from another control contained inner medulla sections 
showing UT-B staining in the vasa recta, but not in inner medullary collecting duct [IMCD] 
cells. As expected, the IMCD stained positive for UT-A1, indicating that UT-B is not expressed 
in the IMCD in humans (data not shown). 
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Figure 3. UT-B expression in the kidney. a) + b) Renal biopsy of the affected child including outer medulla 
section showing UT-B staining (brown) of vasa recta, a) magn. 10x, b) magn. 40x. UT-B expression was 
detected in the descending vasa recta, but not in cortical sections indicating orthotopic expression 
of UT-B. c) Western blot analysis of kidney biopsy samples of the affected child and an aged matched 
control probed for UT-B. d) A graph of the densitometries in arbritrary units of the UT-B western blot 
band normalized for loading differences. The UT-B expression was doubled in the renal cells of III.1 
compared to the healthy control.

 

Discussion

In this family with familial azotemia, high serum urea concentrations due to increased 
reabsorption of urea segregate with a duplication of SLC14A1, the gene coding for urea 
transporter UT-B. No mutations were detected in the SLC14A1 or the SLC14A2 genes that 
encode the two known urea transporters in humans. Furthermore, the five additional genes 
(SIGLEC15, EPG5, PSTPIP2, ATP5A1 and HAUS1) present in the duplicated area do not play a 
role in urea transport or urea homeostasis. We therefore assume that the phenotype in this 
family is due to the duplication of SLC14A1. Moreover, UT-B expression levels were significantly 
increased on red blood cells and in the descending vasa recta of the affected family members. 
In accordance with previous reports of cases with familial azotemia, renal function is normal in 
the affected adults.4,5 The affected child (III.1) has stage 2 CKD which appears to be related to 
his history of glomerulonephritis with acute renal failure and hypercalcemia/nephrocalcinosis 
from coinciding atypical Williams syndrome. 
The concerted action of urea transporters in dedicated parts of the renal vasculature and 
along the renal tubule is essential for the trapping of urea in the renal pyramids and for the 
concentration of urine. Following filtration across the glomerular basal membrane, intratubular 
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urea concentration initially rises as a result of secretion into the thin descending limb of Henle’s 
loop via urea transporter UT-A2 as tubular urea concentration is lower than in the interstitium 
of the inner medulla.10 Following NaCl absorption in the thin ascending limb, urea is the major 
osmole in the tubular fluid in the cortical collecting duct. Urea transporters UT-A1 and UT-A3 
are abundantly present in the IMCD, where urea is reabsorbed thereby limiting water losses 
in the presence of large concentrations of osmotically active urea. These transporters are up-
regulated under the influence of ADH leading to increased urea reabsorption in anti-diuresis. 
Urea transport along the descending vasa recta by UT-B is directed from the interstitium to 
the blood stream leading to net transport of urea towards the tip of the renal pyramid. The 
ascending vasa recta do not express urea transporters but are highly permeable to urea, which 
prevents back-leak of urea into the systemic circulation. To the same end, UT-B in erythrocytes 
rapidly lowers intracellular urea concentrations in the ascending vasa recta. 
Layton’s mathematical model of urea transport in the rat11 correctly predicts a decrease in 
urea excretion by 50% in UT-B knock-out mice.12 Simulating increased urea permeability 
in the descending vasa recta urea in this model leads to increased intramedullary urea 
concentrations, which impairs urea re-absorption in the collecting duct. Therefore, this model 
predicts that overexpression of UT-B in the descending vasa recta should increase rather than 
impair urea excretion as observed in our probants. The phenotype of patients with familial 
azotemia is most compatible with an increase in urea permeability in the collecting duct, i.e. 
up-regulation of UT-A. Although the genes for UT-A and UT-B lie adjacent, the duplication 
in the family presented does not involve the UT-A gene. Unfortunately, the kidney biopsy 
in III.3 was restricted to the outer medulla and did not allow for studying expression of urea 
transporters in the IMCD. UT-B was not expressed in the IMCD in the healthy control, which 
is in line with data from other species. However, ectopic expression of UT-B in the IMCD in 
affected individuals cannot be excluded based on these findings. 

In conclusion, autosomal dominant familial azotemia in this family is associated with a 
duplication of the SLC14A1 gene leading to overexpression of the urea transporter UT-B 
both in erythrocytes and the descending vasa recta and increased activity in erythrocytes. It 
remains to be elucidated whether non-familial azotemia described by Conte et al.13 is related 
to mutations in urea transporters or to changes in the prostaglandin metabolism as suggested 
by these authors. Patients with isolated azotemia may provide further insight into the role of 
urea in the pathogenesis of the complications associated with renal failure.14 
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Supplementary Figure S1. Oligomicroarray results. Values along the y-axis represent log
2
 ratios 

of patient : control signal intensities. Genes (with OMIM reference) in the interval are shown as blue 
horizontal bars. Results showed a single copy gain of 30 probes from 18q12.3-21.1, ~448kb in size (chr 
18:41570396-42018874 Based on UCSC 2006 hg18 assembly) in the index patient (III:1). Probes are 
ordered in the x-axis according to physical mapping position, with the most proximal 18q12.3 probes 
to the left and the most distal 18q21.1 probes to the right. The genomic position (UCSC v280) of the 
SLC14A2 gene is chr18:42,792,947-43,263,060, of the SLC14A1 gene chr18:43,304,092-43,332,485, and of 
the last oligo with normal log

2 
ratio is 18:41547618-41547677.

 


