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ABSTRACT

Renal microangiopathies and membranoproliferative GN (MPGN) can manifest sim-

ilar clinical presentations and histology, suggesting the possibility of a common

underlying mechanism in some cases. Here, we performed homozygosity mapping

and whole exome sequencing in a Turkish consanguineous family and identified

DGKE gene variants as the cause of a membranoproliferative-like glomerular micro-

angiopathy. Furthermore, we identified two additionalDGKE variants in a cohort of

142 unrelated patients diagnosed with membranoproliferative GN. This gene en-

codes the diacylglycerol kinase DGK«, which is an intracellular lipid kinase that

phosphorylates diacylglycerol to phosphatidic acid. Immunofluorescence confocal

microscopy demonstrated that mouse and rat Dgk« colocalizes with the podocyte

marker WT1 but not with the endothelial marker CD31. Patch-clamp experiments in

human embryonic kidney (HEK293) cells showed that DGK« variants affect the in-

tracellular concentration of diacylglycerol. Taken together, these results not only

identify a genetic cause of a glomerular microangiopathy but also suggest that the

phosphatidylinositol cycle, which requiresDGKE, is critical to the normal function of

podocytes.

J Am Soc Nephrol 24: 377–384, 2013. doi: 10.1681/ASN.2012090903

The term membranoproliferative glomer-

ulonephritis (MPGN) defines a heteroge-

neous group of kidney diseases that

frequently lead to kidney failure.1 The

distinction of MPGN in three subtypes,

based on different pathologic pictures,

was recently replaced by a classification

that accounts for the pathogenetic

mechanisms underlying the diverse ob-

served glomerular lesions. According to

the new classification, MPGN is consid-

ered to fall in two etiological categories,

in which either deposition of Ig or un-

controlled Ig-independent complement

activation induces glomerular prolifera-

tive/exudative processes that result in

mesangial expansion, hyperlobulated

glomeruli, and, in the reparative phase,
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Figure 1. Representation of the pedigrees described in this study and of the DGKEmutations in relation to the gene exon structure and
protein domains. (A) Pedigrees of families UT-062, HU-314, and HU-500. Squares represent males, circles represent females. Black filled
symbols indicate the affected status. Double-horizontal bars indicate consanguinity. (B) Sequence alignment across different species of
theGPRIN1 gene in correspondence of the two sequence variants detected by exome sequencing in the affected individuals of family UT-
062. The reference amino acids are represented in red. Dots on the bottom line representmedium (:) and low (.) evolutionary conservation.
The absence of a dot indicates absence of evolutionary conservation. Numbers indicate the position of the last represented amino acid in
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splitting (double contour or “tram

track” appearance) of the glomerular

basement membrane, thereby causing

injury of podocytes, glomerular capillar-

ies, and mesangial cells.2 Familial oc-

currence has been described for both

primary/idiopathic forms of MPGN3–6

and for rare forms of thrombotic micro-

angiopathy,7–10 but little is known about

the underlying genetic etiology. We per-

formed homozygosity mapping and

whole exome sequencing in a large index

family from Turkey with four siblings

affected with autosomal recessive disease

with histologic signs of MPGN accom-

panied by prominent endothelial distress

to identify genetic variants causative of

this admixed phenotype. Participants

with clinical and histological diagnosis of

MPGN were ascertained and enrolled in

the study after obtaining informed con-

sent, in accordance with human partici-

pant research protocols approved by the

Hacettepe University in Ankara (TBK08/

1-57) and by the University of Texas

Southwestern Medical Center in Dallas

(112006-011).

The two healthy parents as well as two

unaffected and three of the four affected

individuals of UT-062 (Figure 1 A and C,

Figure 2, and Table 1; see the Supplemen-

tal Material for a detailed description of

the clinical history) were genotyped us-

ing the 250K Affymetrix single nucleo-

tide polymorphism array. We identified

three uninterrupted homozygous haplo-

types that overlapped in all three affected

individuals but not in the healthy siblings

(Supplemental Figure 1A). Copy number

variation analysis (Supplemental Figure

1B) excluded the presence of homozygous

deletions within the identified homozy-

gous regions in the affected siblings. The

overall length of these regions was 12.3

Mb and included 1206 exons from 253

genes (Supplemental Table 1). Given the

high number of exons in the regions, we

performed whole exome capture fol-

lowed by massive parallel sequencing

on theDNAof two of the affected siblings

(UT-062 V-2 and UT-062 V-4) to discover

putative deleterious genetic variants

(coverage data are reported in Supple-

mental Table 2). We identified a total of

30 coding single nucleotide variations

within the three shared homozygous in-

tervals, three of which were not anno-

tated in the dbSNP database (build

131). Two of these variants were predicted

to result in nonsynonymous changes

in two residues of the gene G protein–

regulated inducer of neurite outgrowth

(GPRIN1) (p.Glu233Val andp.Gly236Val)

that are poorly conserved in the evolution

(Figure 1B and Supplemental Figure 2).

Most importantly, this gene is exclusively

expressed in neurons and no transcripts

have been detected in the kidney,11

excluding a causative role for the disease

in this family. Furthermore, six loss-of-

function variants (two frame shift and

four missense mutations predicted to be

deleterious by SIFT [sorting tolerant

from intolerant] analysis12) have been

found in GPRIN1 in 628 individuals se-

quenced in the 1000 Genomes Project13

and in the 6503 samples of the National

Heart, Lung, and Blood Institute Exome

Sequencing (NES) Project,14 indicating

that this gene is weakly subject to evolu-

tionary pressure. The third identified sin-

gle nucleotide variation was a transition

from C to T (c.127C.T) in the first cod-

ing exon of DGKE (NM_003647.2),

a gene that encodes the « isoform of di-

acylglycerol kinase,15 and creates a stop

codon at glutamine 43 (p.Gln43X) that

results in a predicted peptide missing all

the functional domains (Figure 1C). The

mutation was confirmed by Sanger se-

quencing and segregated in the pedigree

with an autosomal recessive pattern. Be-

cause we performed homozygosity map-

ping,16 only missense variants within the

homozygous identical by descent regions

were tested for segregation. To support

the causative role of DGKE mutations,

we used exon sequencing to screen a

worldwide cohort of 142 unrelated indi-

viduals diagnosed with MPGN. We

found a homozygous deletion, c.610delA

(p.Thr204GlnfsX6), in two affected sib-

lings from an unrelated consanguineous

Turkish family (HU-314) (Figure 1, A

and C and Figure 2). The mutation causes

a shift in the mRNA reading frame and is

predicted to result in the creation of a stop

codon at position 210 of the aberrant tran-

script. We reproduced the two mutations

by site-directed mutagenesis in DGKE

cDNAs cloned in myc-tagging expression

vectors. After overexpression in HEK293T

cells, our Western blot analysis detected

a truncated protein of the predicted size

obtained from the mutant c.610delA

but not from the c.127C.Tmutant (Fig-

ure 3A), suggesting that the truncated

the corresponding protein. (C) Chromatograms of the three different mutations in the gene DGKE (arrowheads) in the representative
affected individuals from the consanguineous pedigrees UT-062, HU-314, andHU-500, in relation to the corresponding coding exons and
schematic representation of human DGK« protein structure (according to SMART, http://smart.embl-heidelberg.de). Pedigree identifiers
and mutations are reported above the boxes. Upper chromatograms report the homozygous mutations in one affected sibling per each
pedigree. Lower chromatograms show the heterozygousmutations in one of the parents from each family. Codons and the corresponding
translated amino acids are displayed above the chromatograms. Lowercase letters indicate the intronic sequence. Shadingof the first base
of the second codon in HU-314 chromatogram indicates the deleted base. (D) Chromatograms of the RT-PCR on mRNA obtained from
peripheral leukocytes of one affected individual (V-1) and a heterozygous sibling (V-4) of family HU-500. Intron 6 is retained in the presence
of homozygous mutation (left panel), resulting in the transcription of the intron (lowercase letters). Note that in the heterozygous sibling
(right panel), only the wild-type allele is detectable, indicating that the amount of mutatedmRNA is very low compared with the wild type.
Codons and the corresponding translated amino acids are displayed above the chromatograms. Lowercase letters indicate the intronic
sequence. (E) Relative quantitation by real-time PCR of the number of DGKE transcripts in leukocytes from an healthy individual, an
heterozygous carrier, and the homozygous affected individual HU-500 V-1 showing that the mutated transcript undergoes non-sense–
mediated decay. TM, transmembrane domain; C1, protein kinaseC conserved region (C1 domain); DAGKc, diacylglycerol kinase catalytic
domain; DAGKa, diacylglycerol kinase accessory domain; LC, low complexity region.
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peptide is rapidly degraded. A third mu-

tation (c.889-2A.G) that abolishes the

obligatory acceptor splice site of intron

5 was found in the affected siblings of a

family (HU-500) of Lebanese origin

from Australia (Figure 1, A and C and

Figure 2). We sequenced the DGKE

cDNA of one of the affected siblings

(V-1) and of the carrier healthy siblings

(V-4) and found that intron 6 was re-

tained in the presence of the homozygous

change but not in the wild type (Figure

1D, Supplemental Figure 3), confirming

that the mutation results in an abnormal

transcript predicted to create a prema-

ture stop codon (amino acid 350, p.

Trp350X). Interestingly, we could not

amplify the mutated allele from the het-

erozygote carrier (Figure 1D), which

suggested that the number of mutated

transcripts is negligible due to non-

sense–mediated decay. This hypothesis

was confirmed by quantitative real-

time PCR (Figure 1E). The mutations

c.127C.T and c.889-2A.G were not

detected in 332 chromosomes from

166 healthy participants from the same

ethnicity, in the 628 individuals of

the 1000 Genomes Project13 and in the

6503 samples of the NES Project.14 A

heterozygous c.610delA change has re-

cently been reported in one individual

in the 1000 Genomes Project (added

as rs147972030 to dbSNP134) but is

not present in the NES cohort. Based

on these two databases and on our con-

trols, the minor allele frequency of this

change is of 0.0002 (2 of 7297), indicat-

ing that this is an extremely rare variant,

as is expected for mutations causing rare

recessive diseases.17

Diacylglycerol kinases (DGKs) are in-

tracellular lipid kinases that are devoted

to phosphorylate diacylglycerol (DAG)

to phosphatidic acid18 (Supplemental

Figure 4). We determined by immuno-

fluorescence confocal microscopy that

Dgk« is expressed in adult mouse and

rat kidneys and colocalizes with the po-

docyte marker WT119 but not with the

endothelial marker CD31 (Supplemen-

tal Figure 5A). Saturation of the anti-

body with molar excess of an unrelated

Dgk« peptide proved the specificity of

the immune reaction (SupplementalT
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Figure 5B). We also detected DGK« by

Western blot in human immortalized

podocytes and rat kidneys and testes (Sup-

plemental Figure 5, C and D), where the

enzyme was previously reported to be

expressed.18 DGK« is the smallest of the

known mammalian DGKs and lacks

extra-enzymatic regulatory domains,20 a

characteristic that suggests that this iso-

form is constitutively active. Another dis-

tinctive feature of DGK« is its marked

substrate selectivity for DAG that is acyl-

ated with arachidonic acid at the sn-2

position (sn-2-arachidonoil-DAG). The

selectivity for arachidonoil-DAG results

in the enrichment with arachidonic acid

of the phospholipids that participate to

the phosphatidylinositol (PI) cycle and

this effect is considered to be themain func-

tion of the enzyme.21 TRPC6 is a calcium-

permeable cation channel expressed in the

foot processes of podocytes, and is

known to be directly activated by DAG

through a protein kinase C–independent

mechanism.22 To demonstrate that lack

of DGK« affects DAG production in po-

docytes, we tested the effect of DGKE

mutations on intracellular DAG concen-

tration, taking advantage of the fact that

currents through TRPC6 channels are di-

rectly regulated by DAG levels and that,

as a consequence, their registration can

be used as readout of intracellular DAG

abundance.23 We measured TRPC6 ac-

tivity by ruptured whole-cell patch-

clamp electrophysiological analysis in

HEK293T cells cotransfected with

TRPC6, M3 muscarinic receptor, and

full-length or c.610delA mutant human

DGKE. No detectable peptide was ob-

tained from the c.127C.Tmutant (Figure

3A). TRPC6 currents activated by the M3

receptor agonist carbachol were signifi-

cantly reduced in cells transfected with

wild-type DGK« (Figure 3, B–D), sup-

porting the evidence that the enzyme

metabolizes and decreases cellular DAG

content. Consistent with the finding that

the c.610delA mutation is loss of func-

tion, TRPC6 currents in cells expressing

themutant were not different frommock-

transfected cells. Because HEK293 cells

constitutively express DGK«, we also

measured the activity of TRPC6 by

electrophysiological analysis after

Figure 2. Loss-of-function mutations in DGKE cause MPGN-like glomerular micro-
angiopathy. (A) Kidney biopsy of patient UT-062 V-6. The represented glomerulus is hy-
pertrophic and hypercellular. Focal capillary obliteration and thickening of the basement
membrane can also be noticed (arrows) compared with patent capillaries (arrowheads).
Hematoxylin and eosin. (B) Periodic acid–Schiff staining of a specimen from patient HU-
314 IV-2 shows focal duplication of the glomerular basement membrane (arrowheads),
causing thickening of the basement membranes in a hypertrophic glomerulus. (C) Image
of the kidney biopsy from patient HU-500 V-1. The represented glomeruli are hypertrophic,
hyperlobulated, and hypercellular (arrowhead) and present obliteration of the vascular
spaces with endothelial cell swelling (arrows). Hematoxylin and eosin. (D) Transmission
electron microscopy image of a glomerulus of patient UT-062 V-6. The capillary lumen is
obliterated by the body of an endothelial cell (asterisk). Endothelial cytoplasmic rim is
swollen (white arrow). Lamina rara interna is irregularly widened with flocculent material
(black arrows). Foot processes on the epithelial side are partially effaced (arrowheads). (E)
Electron micrograph of kidney biopsy of patient HU-500 V-1. Two swollen endothelial
cells (asterisks) occlude a capillary lumen. The basement membrane is split (arrows) by the
interposition of a mesangial cell. Uranyl acetate and lead citrate. (F) Electron micrograph
of the kidney biopsy of patient HU-500 V-2. A swollen endothelial cell (asterisk) obstructs
the lumen of a capillary. The basement membrane is split (white arrowhead) by the in-
terposition of a mesangial cell (arrow). The podocyte foot processes are effaced (black
arrowhead). Uranyl acetate and lead citrate. (G–J) Immunoperoxidase staining of biopsies
from patient HU-500 V-1. Segmental deposition of IgM (G) and patchy deposition of IgG
(H) are visible. Less intense stain was obtained with anti-C1q (I) and no C3 deposition was
detected (J). (K and L) Immunofluorescencemicroscopy of biopsy frompatient UT-062 V-6
showing week peripheral segmental deposition of IgM (K) and no intraglomerular de-
posits of C3 (L). Scale bar, 20 mm in A–C; 1 mm in E and F; 20 mm in G–L.
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suppressing DGKE expression with tar-

geting small interfering RNAs (siRNAs)

or with nontargeting siRNAs as a con-

trol (Figure 3E). In accordance with

the previous experiment, TRPC6 cur-

rents were increased when DGK« ex-

pression was minimal (Figure 3, F–H),

indicating that DGK« is required to

maintain adequate cellular levels of

DAG.

In this study, we have identified mu-

tations in the podocyte expressed gene

DGKE as the cause of a glomerular mi-

croangiopathy with histologic signs of

both MPGN and endothelial distress in

three unrelated families, by combining

whole exome sequencing and homozy-

gosity mapping.16 Homozygosity map-

ping is based on the remarkable finding

that, for an affected individual born

from consanguineous parents, the prob-

ability of carrying an autosomal reces-

sive deleterious mutation in a genomic

segment that is homozygous by descent

is nearly equal to one,16 which confers a

very high statistical power to this tech-

nique. We have shown that DGKE is ex-

pressed in podocytes and controls the

intracellular concentration of DAG, a

component of the PI cycle that partici-

pates in multiple cellular functions and

in the lipid-mediated intracellular sig-

naling.24 Further experiments will be

needed to verify if perturbation of this

pathway might also affect the signaling

between podocytes and endothelial

cells, which would explain the vascular

lesions observed in our patients. Three

of the patients described in this work

responded to immunosuppressive ther-

apy (steroids and cyclosporine A or cy-

clophosphamide) with partial remission,

alike a patient affected with diffusemesan-

gial sclerosis carrying a loss-of-function

mutation in the gene PLCE1, which

encodes for another enzyme of the PI

cycle, (Supplemental Figure 4),25 sug-

gesting that the components of this

metabolic and signaling pathway are of

particular importance in the physiology

of podocytes.

CONCISE METHODS

Genotyping, Homozygosity

Mapping, and Sequencing
DNAwas extracted with standard procedures

from peripheral blood and whole-genome ge-

notyping was performed by 250K NspISNP-

chip Affymetrix hybridization array. Exome

capture was obtained by using SureSelect

Human All Exon 38 Mb reagent kit (Agilent).

Captured exons were massively parallel

sequenced using a Genome Analyzer IIx

(Illumina). Single nucleotide variants and

insertion/deletion calls were obtained using

CLC Bio Genomic Workbench 4 platform.

Sanger exon sequencing was performed in a

Figure 3. DGK« regulates intracellular DAG levels. (A) Western blot of HEK293T cells transfected with expression vector of myc-tagged
wild-type human DGK« (WT) and c.127C.T (M1) and c.610delA (M2) mutants. Nonspecific bands (asterisks) are observed in theWT lane.
No peptidewas observed overexpressing the c.127C.Tmutant. A truncated protein of the expected size (arrowhead at approximately 23
kD) was produced when cells were transfected with the c.610delA mutant. (B) Time course of carbachol (CCh, 10 mM)-induced whole-cell
inward TRPC6 current density (nA/pF at 2100 mV, mean 6 SD, n=20) measured in HEK293T cells transfected with empty expression
vector (blue trace), wild-type (green), and c.610delA mutant (red) human DGK«. (C) Current-voltage relationships of currents from B. (D)
Mean 6 SD of peak inward current density from B. (E) Western blot of HEK293 cells transfected with 40 or 80 nmol of a pool of DGKE-
targeting siRNAs or a nontargeting siRNA as control. (F) Time course of carbachol–induced (CCh, 10mM) whole-cell inward TRPC6 current
density measured in HEK293T cells transfected with targeting siRNA (40 nmol, dark green) or nontargeting siRNA as a control (purple). (G)
Current-voltage relationships of currents from F. Mean 6 SD (n=20) of peak inward current density from F. *P,0.05; ***P,0.001.
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worldwide cohort of 142 unrelated patients

affected with MPGN.

Whole-Cell Patch-Clamp

Electrophysiological Analyses
HEK293Tcellswere transiently cotransfected

with vectors expressing enhanced green fluo-

rescent protein for the identification of the

transfected cells, M3 muscarinic receptor, hu-

man TRPC6, and wild-type or mutant DGK«.

Whole-cell patch-clamp recording was per-

formed using an Axopatch 200B patch-clamp

amplifier (Axon Instruments Inc., Foster City,

CA) as previously described.26

siRNA-Mediated DGKE Targeting
A pool of four siRNAs targeting different se-

quences of DGKE mRNA was purchased from

Thermo Scientific (SMART pool L-011493-

00-0005, anti-human DGKE NM_003647)

and used according to the manufacturer’s

indications.

Immunofluorescence Confocal
Microscopy
Thefollowingantibodieswereused: anti-DGK«

(sc-98729 and sc-100372) and anti-WT1 (sc-

7385), anti-CD31 (MAB1393; Millipore),

anti-a-smooth actin (A5228; Sigma), anti-

fibrinogen (4440-8004; AbD Serotech), and

anti-C3b (Ab11871; Abcam). Specimens

were fixed with paraformaldehyde and imbed-

ded in optimal cutting temperature (OCT)

compound. Tissue sections were permeabi-

lized in 0.1% Triton X-100 in PBS, incubated

in a solution of 0.1% sodium borohydride,

blocked in a solution with bovine serum albu-

min, and incubated overnight at 4°C with pri-

mary antibody, followed by incubation with

secondary antibody. For the competition assay,

the primary antibody was coincubated in

blocking solution with a competing peptide

at a molar concentration 200 times higher

than the antibody, for 1 hour at room temper-

ature. The solutionwas centrifuged for 5min-

utes, and the supernatant was recovered and

used on tissue sections. Images were acquired

using a Zeiss LSM 510 confocal microscope.

Western Blot Analyses
Equal amounts of protein were mixed with

43 Laemmli sample buffer (Bio-Rad 161-

0737) and denatured at 95°C for 10 minutes.

Samples were run on 10% polyacrylamide

gels, transferred to polyvinylidene difluoride

membranes (LC2002), blocked in 5% BSA,

and probed with primary and secondary an-

tibodies. Proteins were visualized with Lumi-

nol reagent (sc-2048; Santa Cruz).

Site-Directed Mutagenesis
Appropriate mutagenic oligonucleotide pri-

mers were designed flanked by unmodified

nucleotide sequences and used to amplify

full-length DGKE cDNA cloned into

pCDNA3.1 (Supplemental Table 3). Mutant

clones were selected by enzymatic digestion

using the QuickChange mutagenesis kit

(Agilent).

Quantitative Real-Time PCR
Total RNA was isolated using TRIzol (Invi-

trogen) and purified with the Qiagen RNeasy

Mini Kit according to the manufacturer’s

protocols. ThermoScript RT-PCR Kit (Invi-

trogen) was used to obtain first-strand RT.

Real-time PCR was performed using iQ

SYBR Green Supermix (Bio-Rad). The b ac-

tin gene was used as a normalizer.

An exhaustive description of all experi-

ments and methods is available in the Sup-

plemental Material.
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