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Sarah Bruneau,1 Mélanie Néel,1 Lubka T. Roumenina,2,3,4 Marie Frimat,2,5 Lætitia Laurent,1 Véronique Frémeaux-Bacchi,2,6
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Key Points

• Loss of DGKe in endothelial
cells induces cell death,
impairs angiogenic responses,
and leads to an activated and
prothrombotic phenotype.

• DGKE silencing in resting
endothelial cells does not
affect complement activation
at their surface.

Atypical hemolytic uremic syndrome (aHUS) is classically described to result from a

dysregulation of the complement alternative pathway, leading to glomerular endothelial

cell (EC) damage and thrombosis. However, recent findings in families with aHUS of

mutations in the DGKE gene, which is not an integral component of the complement

cascade, led us to consider other pathophysiologic mechanisms for this disease. Here,

we demonstrate that loss of DGK« expression/activity in EC induces an increase in

ICAM-1 and tissue factor expression through the upregulation of p38-MAPK–mediated

signals, thus highlighting a proinflammatory and prothrombotic phenotype of DGK«-

deficient ECs. More interestingly, DGKE silencing also increases EC apoptosis and im-

pairs EC migration and angiogenesis in vitro, suggesting that DGKE loss-of-function

mutations impair EC repair and angiogenesis in vivo. Conversely, DGKE knockdown

moderately decreases the expression of the complement inhibitory protein MCP on

quiescent EC, but does not induce complement deposition on their surface in vitro.

Collectively, our data strongly suggest that in DGKE-associated aHUS patients, thrombotic microangiopathy results from impaired

EC proliferation and angiogenesis rather than complement-mediated EC lesions. Our study expands the current knowledge of aHUS

mechanisms and has implications for the treatment of patients with isolated DGKEmutations. (Blood. 2015;125(6):1038-1046)

Introduction

Atypical hemolytic uremic syndrome (aHUS) is a severe form of
thrombotic microangiopathy (TMA) that affects primarily the kidney.
It is characterized by the occurrence of endothelial damage and fibrin/
platelet thrombi in the kidney microvasculature, leading to its typical
triad of hemolytic microangiopathic anemia, thrombocytopenia,
and acute renal injury.1 aHUS has a poor prognosis, with a 2% to
10% mortality rate, and about two-thirds of patients progress to-
ward end-stage renal disease, and there is a high risk of recurrence
of the disease after kidney transplantation.2 Over the past decade,
many studies have highlighted the central role of complement
alternative pathway dysregulations in the development of aHUS.3-5

Several mutations in genes encoding complement regulatory
proteins (factor H,6 MCP,7 factor I,8 thrombomodulin9) or com-
ponents of the alternative C3 convertase (C3,10 factor B11), as well
as the presence of circulating inhibitory anti–factor H antibodies,12

have been shown to predispose to the development of aHUS. It is
currently assumed that complement alternative pathway activation
triggered mainly by infection or pregnancy13 leads to endothelial

cell (EC) damage and TMA. These observations led to the devel-
opment of complement-targeted therapies for the treatment of
aHUS,14 and eculizumab, a monoclonal antibody directed against
human complement component C5, has led to the reversal of
thrombocytopenia and hemolysis, a remarkable improvement in
the renal outcome of aHUS patients, and the resolution of extra-
renal manifestations of aHUS (reviewed in reference 15). Neverthe-
less, a recent study identified inpatientswith aHUS newmutations in
a gene unrelated to the complement pathway, the DGKE gene,
which encodes the e isoform of diacylglycerol kinase (DGKe).16

Complement activation in patients with DGKE mutations is
variable,16,17 suggesting that DGKE loss of function may be in
itself the main trigger of TMA. Little data are available regarding
the role of DGKe in EC, which adds to the complexity of the
physiopathology of DGKE-related aHUS.

Diacylglycerol kinases (DGKs) are intracellular lipid kinases
that phosphorylate diacylglycerol (DAG) to phosphatidic acid (PA),
thus terminatingDAGsignaling.18TheDGKe isoformphosphorylates
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and inactivates preferentially arachidonic acid–containing DAG
(AADAG), and is thus mainly involved in the phosphatidylinositol
cycle.19 DGKe lacks extra-enzymatic regulatory domains found in
other DGK isoforms,20 which suggests that it may be constitutively
active in physiologic conditions. In the kidney, DGKe has been
found to be expressed in several cell types, including podocytes21

and glomerular ECs.16 Because AADAGs are known to activate
protein kinase C (PKC),22 which has the potential to stimulate a
broad range of signaling pathways, in particular MAP kinase–
mediated signals,23 it is plausible that loss of DGKe in ECs may
result in overactivation of PKC and of its downstream signaling
networks, leading in turn to activation of various endothelial bio-
logical responses.24 However, the exact role of DGKe in the reg-
ulation of intracellular signaling pathways downstream ofAADAG
is still little described, and its function in the regulation of EC re-
sponses is unknown.

Here,wedemonstrate that loss ofDGKe inEC results inpermanent
overactivation of p38- and p44/42-MAP kinases, leading to a pro-
inflammatory and prothrombotic state of these cells.DGKE silenc-
ing in EC also leads to increased apoptosis and impaired migration/
angiogenesis. In addition,DGKE knockdown slightly modulates the
expression of the complement regulatory protein MCP without the
occurrence of C3 deposition on resting ECs. Collectively, our data
define a model whereby loss of DGKe expression/activity in EC
triggers the development of aHUS through complement-unrelated
mechanisms, mainly the impairment of EC proliferation and angio-
genesis, and they suggest that complement-targeted therapies may
not be appropriate for patients with isolated DGKE mutations.

Materials and methods

Antibodies and reagents

Full details of antibodies and reagents used can be found in supplemental
Methods, available on the Blood Web site.

Cell culture and siRNA knockdown

Primary human umbilical vein ECs (HUVECs) and human dermal microvas-
cularECs (HMECs) fromsingle donorswere purchased fromClonetics (Lonza)
and cultured in complete endothelial growth medium (EGM-2; Lonza) and
complete microvascular endothelial growth medium (EGM-2-MV; Lonza),
respectively. Cells were subcultured and used at passage 4 or 5, and the surface
expression of the endothelial marker CD31 was assessed after each passage
(data not shown). Of note, we were unable to perform experiments in com-
mercially available primaryhumanglomerularECs because in 3 batches of cells
we tested, we could not detect CD31 expression, and because these cells rapidly
acquired a fibroblastlike phenotype. A pool of 4 independent small interfering
RNAs (siRNAs) targetingdifferent sequencesofDGKEmRNAanddesigned to
achieve strong on-target knockdownwithminimal off-target effects (“SMART-
pool”) was purchased from Thermo Scientific, as was a pool of 4 nontargeting
siRNAs, which were used as a negative control. HUVECs and HMECs were
transfected with siRNAs (10 or 20 nM) using lipofectamine RNAiMAX (Life
Technologies, Invitrogen) according to manufacturer’s instructions.

RNA isolation and quantitative real-time polymerase

chain reaction

Total RNA was isolated from HUVECs using Trizol (Life Technologies).
cDNA was generated using M-MLV-RT (Life Technologies) according
to the manufacturer’s instructions. Real-time polymerase chain reaction
(PCR) was performed using specific TaqMan Gene Expression Assays
(Applied Biosystems) on a 7900HT real-time PCR system (Applied Bio-
systems). The HPRT gene was used to normalize the results.

Enzyme-linked immunosorbent assay

The human coagulation factor III/tissue factor Quantikine enzyme-linked
immunosorbent assay (ELISA) kit (R&D Systems) and the human von
Willebrand Factor (VWF) ELISA kit (Abcam) were used for ELISA assays
in culture supernatants, according to the manufacturer’s instructions.

In vitro migration assays

HUVECs were transfected with DGKE or control siRNAs, and after
24 hours, cells were harvested with trypsin/ethylenediamine tetraacetic
acid and seeded in 24-well plates (100 000 cells/well). After another
24 hours, a linear wound was created in confluent cell monolayers by
scratching with a pipette tip. After an additional 6-hour incubation, cell
migration into the wound was assessed by microscopy (Olympus IX71
inverted microscope). Images (320 magnification) were taken with an
Olympus DP72 camera and viewed with CellSens Viewer acquisition
software (Olympus, Rungis, France), and migration was measured using
ImageJ software as the percentage of area covered by migrating cells in
the initial wound. Results are expressed as the ratio between DGKE
siRNA–transfected cells and control siRNA–transfected cells, from 4 inde-
pendent experiments.

Tube formation assay

Twenty-four–well plates were coated with 175 mL per well of Matrigel
basement membrane matrix (BD Biosciences), which was then allowed
to polymerize for 30 minutes at 37°C. HUVECs transfected with DGKE
or control siRNAs were seeded on top of the Matrigel (75 000 cells/well),
and after 6 hours of incubation at 37°C, the network of tubes formed
was observed under an inverted microscope (Olympus IX71, 310 mag-
nification). Five fields of view per condition were randomly photographed
(Olympus DP72 camera and CellSens Viewer acquisition software, Olympus).
The number of junctions in the capillary network was quantified using
ImageJ software. Results are expressed as the ratio of the number of junc-
tions per field between DGKE siRNA– and control siRNA–transfected
cells.

Protein arrays

Protein arrays were performed using the Human Phospho-Kinase Array
Kit (Proteome Profiler Array; R&D Systems), according to the manufac-
turer’s instructions.

Platelet adhesion assays

Human platelets were isolated from the blood of healthy volunteers as
previously described.25 Briefly, blood was drawn in Vacutainer tubes (BD
Diagnostics) containing sodium citrate, acid citrate, and glucose (ACD) and
centrifuged at 170g for 20 minutes to separate the platelet-rich plasma.
Platelet-rich plasma was further centrifuged for 10 minutes at 1500g and
platelets were resuspended at 100 3 106/mL in M199 containing 1 mM
prostaglandin E1 to prevent their activation. Platelets were then stained
with 2.5 mmol/L calcein acetoxymethyl ester (calcein-AM; Life Technol-
ogies) for 15 minutes at 37°C in the dark. After washing, platelets were
resuspended in M199 and preactivated with 0.5 U/mL thrombin for
10 minutes at 37°C. Thrombin was then inactivated with 2 U/mL hirudin
for 10 minutes at 37°C and platelets were coincubated with siRNA-
transfected HUVECs for 1 hour at 37°C (125 3 106 platelets/mL). After
3 washes in phosphate-buffered saline, adherent platelets were visualized
by fluorescent microscopy on an Olympus IX71 inverted microscope
(310 magnification) with an Olympus DP72 camera using CellSens
Viewer acquisition software (Olympus), and quantified using ImageJ
software.

Statistical analyses

Statistical analyses were performed using the Kruskal-Wallis test and P values
,.05 were considered significant.
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Full details of other experimental procedures can be found in the sup-
plemental Methods.

Results

DGKE knockdown in ECs induces ICAM-1, E-selectin, and

tissue factor expression

Although DGKe was shown to be expressed in ECs from different
vascular beds, including kidney glomerular ECs,16 its function in
EC biological responses is still elusive. Here, we analyzed the role
of DGKe in the regulation of EC activation and prothrombotic
responses using a knockdown approach with specific siRNAs.
Transfection ofHUVECs andHMECswithDGKE siRNAs at 10 nM
or 20 nM led to a dose-dependent decrease in DGKE mRNA
expression of ;50% and 60%, respectively, as assessed by quan-
titative PCR analyses (Figure 1A), resulting in amarked decrease in
DGKe protein expression, as documented by western blot analysis
(Figure 1B). Using flow cytometry, we found that DGKE knock-
down in HUVECs and in HMECs induced a significant increase
in ICAM-1 (Figure 1C) and a minimal but significant increase in
E-selectin expression (P , .01, Figure 1D), reflecting activation
of these cells. To verify that these EC responses were actually
caused by the specific inhibition of DGKe expression, and not to

an off-target effect of one of the siRNAs from the Smartpool, we
analyzed ICAM-1 expression after DGKE knockdown using 2
independent siRNAs from the pool. Transfection of HUVECs with
20 nM of these siRNAs was able to achieve a 60% reduction in
DGKE mRNA expression (supplemental Figure 1A) and again in-
duced a significant increase in ICAM-1 expression as assessed by
flow cytometry (P , .01) (supplemental Figure 1B).

In addition to its effects on HUVEC and HMEC activation
responses, DGKE knockdown also led to a marked increase in
tissue factor (TF) expression at the surface of EC (P , .01)
(Figure 2A), followed by the release of TF in cells supernatant
48 and 72 hours after transfection, suggesting a prothrombotic state
of the cells (Figure 2B). DGKE knockdown also potentiated tu-
mor necrosis factor-a (TNFa)-induced TF expression on HUVECs
(P , .05) (Figure 2C), which suggests that a mutation or the ab-
sence of DGKe in ECs may amplify the procoagulant effects of
inflammatory mediators. In contrast, knockdown of DGKE in ECs
did not affect VWF cell-surface expression levels (supplemental
Figure 2A), and even led to a decrease in soluble/secreted VWF in
cells supernatants (supplemental Figure 2B).To determine whether
loss of DGKe in ECs has prothrombotic effects, we analyzed
platelet adhesion to ECs in vitro after DGKE knockdown. As is
shown in Figure 2D, we found that DGKE siRNA transfection
resulted in a significant increase in platelet adhesion comparedwith
control siRNA–transfected cells. Collectively, these data suggest

Figure 1. DGK« knockdown promotes an activated

phenotype of ECs. (A) HUVECs and HMECs were

transfected with control siRNAs or DGKE siRNAs, and

DGKE expression was analyzed after 48 hours at the

mRNA level to assess knockdown efficiency. The bar

graph shows the mean percentage of inhibition of

DGKE mRNA expression (6 standard error of the

mean [SEM]) from at least 3 independent experiments.

**P , .01, ***P , .001. (B) DGKe protein expression

was also assessed in cells transfected with control or

DGKE siRNAs using western blot analysis. Represen-

tative results from 3 independent experiments are

shown. (C) ICAM-1 and (D) E-selectin expression at

the surface of HUVECs and HMECs was evaluated

by flow cytometry 48 hours after DGKE knockdown vs

control siRNA–transfected cells. HUVECs stimulated

for 4 hours with 100 U/mL TNFa as a positive control

for activation. Representative histograms are shown,

and the bar graphs illustrate the mean fold change in

median fluorescence intensity (MFI) (6 SEM) from 4

independent experiments. *P , .05, **P , .01.
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that DGKe mutations in ECs likely lead to the activation of these
cells and the initiation of thrombosis—2 main features of aHUS.

DGKE knockdown induces EC apoptosis and impairs EC

migration and angiogenic responses

EC damage is the main feature of aHUS, where it is classically
induced as a result of complement activation. We thus analyzed
whether DGKE mutations may directly induce EC damage and/or
interfere with EC repair. We first evaluated EC angiogenic responses
in a tube-formation assay in vitro. As is shown in Figure 3A, we
found that DGKE knockdown induced a dramatic decrease in the
angiogenic response of HUVECs in vitro (P, .01). We also eval-
uated EC migration using a wound-healing in vitro assay and,
consistent with the impaired angiogenesis observed previously, we
found that HUVEC migration was strongly decreased after DGKE
knockdown (P , .05) (Figure 3B). Finally, we analyzed EC apo-
ptosis by flow cytometry after staining with Annexin V and 7-AAD.
As shown inFigure 3C,we found thatDGKEknockdown inHUVECs
and HMECs dramatically increased the number of apoptotic cells
(AnnexinV17-AAD–) comparedwith control siRNA–transfected cells
(P , .05). In contrast, EC proliferative responses (as assessed by

Ki67 staining) were similar inDGKE siRNA–transfected EC vs con-
trols (data not shown), suggesting that DGKe regulates angiogenesis
through the modulation of EC survival and migration. Collectively,
these results indicate that DGKe is critical for EC survival and repair,
and that its mutation in aHUS patients will likely promote the devel-
opment and maintenance of vascular damage.

DGK« regulates EC activation through p38-MAPK–mediated

signals

DGK proteins are classically known to convert DAG to PA, thus
downregulating DAG downstream signaling pathways, in partic-
ular PKC-mediated signals.18 To identify signaling pathways reg-
ulated by DGKe in ECs, we performed a phosphokinase array and
thereby profiled the relative levels of phosphorylation of multiple
kinases and some of their protein substrates in DGKE siRNAs–
transfectedHUVECs comparedwith control siRNA–transfected cells.
As illustrated in Figure 4A, the array highlighted a most notable effect
of DGKe in the regulation of MAP kinases phosphorylation/
activation, including both p44/42-MAPK (ERK1/2) and p38-MAPK.
Other phosphokinases were also markedly increased in DGKE
siRNA–transfected cells, in particular MSK1/2 (a downstream

Figure 2. DGK« deficiency leads to a prothrombotic

phenotype of ECs. (A) HUVECs were transfected with

20 nM of control siRNA or with DGKE siRNA at 10 nM

or 20 nM, and tissue factor (TF) cell-surface expres-

sion was analyzed 48 hours later by flow cytometry.

HUVECs stimulated for 4 hours with 100 U/mL TNFa

were used as a positive control. A representative

histogram is shown, and the bar graph illustrates the

mean fold change in MFI (6 SEM) from 4 indepen-

dent experiments. **P , .01. (B) The concentration of

TF was measured by ELISA in culture supernatants

from HUVECs and HMECs transfected with control

or DGKE siRNAs 48 and 72 hours after transfection.

The bar graphs represent the mean concentration

of TF (6 SEM) from 4 independent experiments.

(C) HUVECs were transfected with control or DGKE

siRNAs and cultured for 48 hours. TNFa was added

for the last 4 hours of cell culture, and the expression

of TF at the surface of cells was then analyzed by flow

cytometry. The bar graph represents the mean fold

change in MFI (6 SEM) vs control siRNA–transfected

and unstimulated cells, from 3 independent experi-

ments. **P , .01 and ***P , .001 vs control siRNA–

transfected unstimulated cells, and #P , .05 vs control

siRNA–transfected and TNFa-stimulated cells. (D)

Adhesion of freshly isolated calcein-AM–stained hu-

man platelets to HUVECs transfected with control or

DGKE siRNAs (20 nM) was assessed by immunoflu-

orescence microscopy. Representative photomicro-

graphs show adhering platelets (green) on HUVECs

(magnification 340). The bar graph represents the

mean fold change in the number of adherent platelets

(6 SEM) from 4 independent experiments.
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target of MAP kinases26) and endothelial growth factor receptor.
A few other phosphoproteins were downregulated, including
Src family kinases (Fyn and Hck) and endothelial nitric oxide
synthase (eNOS). The marked induction of MAPK activation
upon DGKE knockdown was confirmed in additional experiments
using western blot analyses (Figure 4B). Interestingly, although
we found that DGKE knockdown in EC tended to increase PKC
activity (Figure 4C), as expected, this effect seemedminimal com-
paredwithMAPK activation, suggesting that other intermediaries
and/or amplification loops may be involved in DGKe-mediated
regulation of MAPK signaling.

Because MAPK are well known to be critical mediators of EC
responses associated with inflammation,27 we studied whether in-
duction of p38-MAPK and p44/42-MAPK activation after DGKE
knockdown was responsible for the induction of EC activation ob-
served in the first part of this study. We transfected HUVECs
with DGKE or control siRNAs, and after 6 hours, we added to the
culture medium a specific pharmacologic inhibitor of p38-MAPK
(SB203580, 10 mM) or of p44/42-MAPK (PD98059, 10 mM).
After another 42 hours of culture, we analyzed the expression of
ICAM-1 and E-selectin at the surface of cells by flow cytometry.
As is shown in Figure 5A-B,we found that inhibition of p44/42-MAPK
failed to suppress the induction of ICAM-1 and E-selectin ex-
pression induced by DGKE knockdown. In contrast, inhibition
of p38-MAPK activity abrogated the induction of ICAM-1 and

E-selectin on cells transfected with DGKE siRNAs. Collectively,
these results demonstrate that loss of DGKe in ECs results in their
activation through p38-MAPK-mediated mechanisms.

DGK« modulates the expression of the complement regulatory

proteins MCP and DAF without inducing C3 deposition at the

cell surface

Because the complement alternative pathway is amajor player inmost
forms of aHUS,14 we tested whether DGKe regulates the expres-
sion of complement inhibitory proteins on EC and/or binding of com-
plement fragments to these cells.We thus analyzed by flow cytometry
the expression ofMCP (CD46),DAF (CD55), andCD59at the surface
ofHUVECs andHMECs 48 hours afterDGKE knockdown and found
a marked decrease in MCP expression (P , .001) (Figure 6A, left
panel). In contrast,DAFexpressionwas slightly increased afterDGKE
silencing in HUVECs (P, .01), but this increase was not significant
in HMECs (Figure 6A, middle panel). In addition, DGKE knock-
down had no effect on CD59 expression on HUVECs and HMECs
(Figure 6A, right panel). Because MCP is known to be a major in-
hibitor of complement activation at cell surfaces, mutated in as much
as 15% of aHUS patients,1,7 we studied whether DGKe regulates C3b
binding to ECs. HUVECs and HMECs were transfected with DGKE
siRNAs, and after 48 hours, cells were incubated with fresh media
containing 1:4 normal human serum (NHS) for 30 minutes, and C3b

Figure 3. DGKE knockdown in EC impairs their

angiogenic responses in vitro by inhibiting migra-

tion and increasing apoptosis. (A) Control siRNA–

or DGKE siRNA–transfected HUVECs (10 nM and

20 nM, respectively) were seeded on top of a Matrigel

matrix and cultured for an additional 6 hours to allow

the formation of tubelike structures. A representative

photomicrograph of each condition is shown (310).

The bar graph shows quantitative analysis of the mean

fold change in the number of junctions between tubes

per field (6 SEM) vs control siRNA–transfected cells

from 4 independent experiments. (B) HUVECs were

transfected with control or with 2 concentrations of

DGKE siRNAs, and after 48 hours, a linear “scratch”

was created in cell monolayers. Migration of cells into

this wound was measured after 6 additional hours.

Representative photomicrographs (320) of wounds at

0 hours and after 6 hours are shown; the white lines

highlight the linear wound for each group of cells. The

bar graph shows the mean fold change in percentage

of wound closure vs control siRNA–transfected cells

(6 SEM), from 3 independent experiments. (C) HUVECs

and HMECs transfected with control or DGKE siRNAs

were stained with Annexin V and 7-AAD 48 hours after

transfection to evaluate apoptosis by flow cytometry.

Representative dot plots are shown on the left, and the

bar graph represents the mean percentage (6 SEM)

of apoptotic cells (Annexin V1 and 7-AAD2) from 4

independent experiments. *P , .05, **P , .01.
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deposition at their surface was further evaluated by flow cytometry.
ECs treated for 20 minutes with 100 mM of heme before incuba-
tion with NHS were used as a positive control for C3 deposition, as
previously described.28 As is shown in Figure 6B, DGKE knock-
down did not increase C3b binding to ECs. Similarly, blocking
MCP activity at the surface of quiescent ECs using a specific in-
hibitory antibody did not alter C3b deposition, in contrast to ob-
servations on preactivated ECs (data not shown), or on ECs exposed
to factor H–depleted serum or serum from aHUS patients with a C3
mutation, where C3 deposition has been shown to be enhanced.29 In
addition, C3b deposition on ECs exposed to heme tended to decrease
after DGKE knockdown compared with heme-exposed control
siRNA–transfected cells. This apparent decrease may be caused by

important cell injury as a result of the combination of DGKE
knockdown and heme exposure. Collectively, these results suggest
that DGKE deficiency is responsible for EC activation and damage
but does not directly upregulate complement activation at the surface
of these cells, at least in vitro.

Discussion

Over the past decade, great advances have been made in the un-
derstanding of aHUS mechanisms, the major breakthrough being
the identification of a dysregulation of the alternative complement

Figure 4. DGKE knockdown induces activation of p38- and p44/42-MAP kinases in ECs. (A) HUVECs were transfected with control or DGKE siRNAs (20 nM) and after

48 hours, a phosphokinase protein array was performed on cell lysates to analyze the relative expression of 46 individual kinases or some of their target proteins. The bar

graph illustrates the fold change in pixel density for each protein of the array in DGKE siRNA–transfected cells vs control cells. (B) The expression of phospho-p44/42-MAPK

(T202/Y204), total p44/42-MAPK, phospho-p38-MAPK (T180/Y182), and total p38-MAPK, as well as (C) phospho-PKC (S660), total PKC, and b-actin was examined in

control or DGKE siRNA–transfected HUVECs using western blot analyses. Representative results of 3 independent experiments are shown.
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pathway as the central pathophysiologic event in this disease.14

This finding paved the way for the introduction of disease-specific
complement-targeted therapies. However, 20% to 30% of aHUS
patients do not exhibit any complement gene mutation, suggesting
that the etiology of aHUS is diverse and that our understanding of
its pathophysiologic mechanisms still remains incomplete. This was
recently highlighted by the identification of recessive forms of
aHUS linked toDGKE deficiency,16,17 which is not directly related
to the complement cascade. Here, we studied the role of DGKe
in EC responses and demonstrated that its expression is critical
to maintain EC integrity and normal angiogenesis, because DGKe
deficiency impairs EC angiogenic responses and promotes an ac-
tivated and prothrombotic state of these cells. Our results suggest
thatDGKE deficiency will likely induce intrarenal TMA as a result
of altered EC proliferation and angiogenesis rather than complement-
induced damage to ECs.

Our findings show that loss of DGKe in ECs results in an
overactivation of p38- and p44/42-MAPK pathways, probably in
part through the relief of the DGKe inhibitory effect on PKC-
mediated signals.23 However, we found only amoderate increase in
PKC activation upon DGKE knockdown in ECs, which suggests
that other mechanisms may be involved in DGKe-mediated reg-
ulation of MAPK activity and/or that amplification loops may
enhance MAPK activation in this setting. We also find that over-
activation of p38-MAPK signaling is responsible for increased
ICAM-1 and E-selectin expression after DGKE knockdown. It
is established that p44/42-MAPK is a central mediator of EC pro-
liferation and survival,30 and it may therefore seem discrepant
that DGKE knockdown leads to increased cell apoptosis and im-
paired angiogenic responses. Nevertheless, studies have shown
that p38-MAPK canmediate EC apoptosis upon TNFa exposure,
for example, and negatively regulates EC proliferation and
angiogenesis.31 In addition, we hypothesize that DGKE silencing in
ECsmay induce the production of other factors that will in turn result
in increased cell death and impaired migration. For instance, one
interesting candidate is eNOS, which we found decreased in the
protein array after DGKE knockdown. eNOS is well known to be

critical for EC protection, and its inhibition has been suggested to
induce EC dysfunction in various models.32 It is therefore likely that
a decrease in its expression levels upon DGKE knockdown par-
ticipates in damage to ECs.

Surprisingly, despite its important effects on EC activation,
DGKE knockdown did not promote VWF expression in ECs.
We even found soluble VWF expression to be reduced in the
supernatant of DGKE siRNA–transfected ECs compared with
control siRNA–transfected ECs, which may be a result of the
important cell death induced by DGKE silencing. VWF secretion
from Weibel-Palade bodies as a result of endothelial damage is
a rapid event that is essentially mediated through intracellular
calcium mobilization and cAMP33,34 and does not involve p38-
MAPK–mediated signals, which explains why DGKE siRNA–

transfected cells, although activated, do not overexpress VWF. In
addition, although studies have shown that PKC mediates vascular
endothelial growth factor–induced VWF release from ECs, ad-
ditional unidentified intermediates are required for this process,35

and PKC overactivation by itself is not sufficient to promote VWF
release,36 which explainswhyDGKe-mediated PKC regulation does
not induce VWF secretion in our model. Nevertheless, although
VWF expression was unchanged, we found platelet adhesion to be
enhanced when HUVECs were transfected with DGKE siRNAs.
Because VWF and P-selectin expression were unchanged at the
surface of ECs after DGKE silencing (data not shown), we hy-
pothesize that the increase in TF expression induced by DGKE
knockdown may be directly responsible for adhesion of platelets,
as observed in other models.25

In a first report, one patient with a recessive form of DGKE-
associated aHUS presented a relapse of his disease while receiving
eculizumab therapy,which suggests thatDGKe deficiency inducesEC
damage without affecting the complement cascade itself.16 However,
among the 19 cases of DGKE-associated aHUS reported thus far,
4 patients were found to have moderately decreased C3 levels.17,37

Three of these patients had isolated DGKE mutations, and one was
found to have a concurrent mutation in the C3 gene.37 Our data dem-
onstrate that EC damage induced upon DGKE silencing is likely re-
sponsible for the development of aHUS, independently of any effect
of DGKe on the complement pathway. DGKE knockdown did not
modify C3 deposition on resting ECs in vitro, despite a decrease in
MCP expression at the surface of these cells. This could be explained
by the fact thatDGKE silencing in ECs also induces an increase in the
expression of the other complement inhibitory protein DAF, which
may counterbalance the effects of MCP loss. Moreover, blockade
of MCP on resting ECs using a blocking antibody does not promote
C3 deposition in vitro, suggesting that additional triggering eventsmay
be needed in MCP-associated aHUS patients. Conversely, DGKe-
deficient apoptotic ECs may release microparticles that will promote
C3 cleavage in the circulation and lead to the serum C3 consumption
that has been described in some patients,17,38 and it could therefore
be considered that transient complement activation may amplify
in vivo EC damage as a result of DGKe inactivation. Finally, some of
these patients withDGKE-associated aHUSmay also carry mutations
in other genes related to the complement system, as reported recently
bySanchezChinchilla et al,37whichmay influence thedisease severity
and explain the low C3 levels observed in some patients.

Patients withDGKEmutation exhibit different phenotypes ranging
from aHUS to membranoproliferative glomerulonephritis with heavy
proteinuria and nephrotic syndrome. DGKe has also been found to be
expressed in podocytes and platelets,16 2 cell types that are involved
in the development of glomerular microangiopathy. It is most likely
that DGKe deficiency in ECs and podocytes disrupts the glomerular

Figure 5. Loss of DGK« induces EC activation through p38-MAPK–mediated

signals. HUVECs were transfected with 20 nM of control siRNA or DGKE siRNA,

and a specific inhibitor of either p38-MAPK (SB203580, 10 mM) or p44/42-MAPK

(PD98059, 10 mM), or dimethyl sulfoxide (DMSO) (vehicle) was added to the culture

medium after 6 hours. (A) The expression of ICAM-1 and (B) E-selectin was

analyzed 48 hours after transfection by flow cytometry. The bar graph represents the

mean fold change in MFI (6 SEM) from 3 independent experiments. #P , .05 vs

control siRNA–transfected and DMSO-treated cells, *P , .05 vs DGKE siRNA–

transfected and DMSO-treated cells.

1044 BRUNEAU et al BLOOD, 5 FEBRUARY 2015 x VOLUME 125, NUMBER 6

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/125/6/1038/1387003/1038.pdf by guest on 19 M

ay 2024



filtration barrier and would therefore explain the susceptibility of these
patients to develop basement membrane abnormalities and heavy
proteinuria.16,21 However, it remains unknown why patients with a
DGKE mutation exhibit different phenotypes.

Altogether, our studies suggest that DGKe loss of function by itself
leads to EC activation, apoptosis, and impaired angiogenesis, and
ultimately to the development of aHUS, although complement de-
position on EC does not seem to contribute to cell damage, at least in
vitro, in this setting. DGKe deficiency should be added to the ex-
panding list ofmechanisms that lead to TMA,which already includes
ADAMTS13 deficiency,39 complement dysregulation,14 VEGF
deficiency,40 and Shiga-toxin–induced EC damage, among others.41
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Figure 6. DGK« regulates the expression of com-

plement regulatory proteins but does not promote

C3 deposition on ECs. (A) HUVECs and HMECs were

transfected with 20 nM of control siRNA (shaded

histogram) or with 10 nM (dashed histogram) or 20 nM

(open histogram) of DGKE siRNA, and expression of

MCP (CD46), DAF (CD55), and CD59 was analyzed

48 hours later by flow cytometry. Representative his-

tograms are shown, and the bar graphs represent

the mean fold change in MFI (6 SEM) vs control

siRNA–transfected cells from at least 4 independent

experiments. **P , .01, ***P , .001. ns, not signif-

icant. (B) HUVECs and HMECs were transfected

with control or DGKE siRNAs. After 48 hours, cells

were incubated with 1:4 normal human serum (NHS)

for 30 minutes at 37°C, and the deposition of C3c at

their surface was evaluated by flow cytometry. Cells

incubated for 20 minutes with 100 mM heme before

NHS exposure were used as a positive control for

C3 deposition, as described elsewhere.28 HUVECs

treated for 30 minutes with a blocking anti-MCP anti-

body or a control IgG1 isotype (50 mg/mL) before NHS

exposure were used to determine whether MCP

blockade affects C3 deposition at the surface of ECs.

A representative histogram is shown, and the bar graphs

represent the mean fold change in MFI (6 SEM) from at

least 3 independent experiments. **P , .01.
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