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SUMMARY

Mutations in WNK kinases cause the human hyper-
tensive disease pseudohypoaldosteronism type Il
(PHAII), but the regulatory mechanisms of the WNK
kinases are not well understood. Mutations in
kelch-like 3 (KLHL3) and Cullin3 were also recently
.identified as causing PHAII. Therefore, new insights
into the mechanisms of human hypertension can be
gained by determining how these components
interact and how they are involved in the pathogen-
esis of PHAIIl. Here, we found that KLHL3 interacted
with Cullin3 and WNK4, induced WNK4 ubiquitina-
tion, and reduced the WNK4 protein level. The
reduced interaction of KLHL3 and WNK4 by PHAII-
causing mutations in either protein reduced the ubiqg-
uitination of WNK4, resulting in an increased level of
WNK4 protein. Transgenic mice overexpressing
WNK4 showed PHAII phenotypes, and WNK4 protein
was indeed increased in Wnk4P%%'+ PHAIl model
mice. Thus, WNK4 is a target for KLHL3-mediated
ubiquitination, and the impaired ubiquitination of
WNK4 is a common mechanism of human hereditary
hypertension.

INTRODUCTION

Hypertension is one of the biggest health problems in the indus-
trialized world because it damages critical organs. Studies of
monogenic hypertensive diseases, such as Liddle syndrome
(Shimkets et al.,, 1994) and pseudohypoaldosteronism type |l
(PHAI) (Achard et al., 2001), have provided new insight into the
mechanisms of blood pressure regulation in humans. Liddle
syndrome is caused by mutations in the epithelial sodium
channel (ENaC) that increase the amount of ENaC in the apical
membranes of collecting ducts in the kidney through the
impairment of ENaC ubiquitination, thereby increasing sodium
reabsorption (Rossier and Schild, 2008). PHAIl is another auto-
somal-dominant hereditary hypertensive disease that is charac-
terized by hyperkalemia and metabolic acidosis (Gordon, 1986),

and genes encoding the WNK kinases (WNK1 and WNK4) were
identified in 2001 as responsible (Wilson et al., 2001). However,
the pathogenesis of PHAIl was totally unknown when the WNK
genes were identified. Since then, numerous in vitro and in vivo
studies have been performed for clarifying the molecular patho-
genesis of PHAIl (Bergaya et al., 2011; Lalioti et al., 2006; Liu
et al., 2011; McCormick and Ellison, 2011; Yang et al., 2003).
We generated a mouse mode! of PHAIl carrying the same muta-
tion as patients with PHAII (Wnk4”%6"* knockin mouse) (Yang
et al., 2007) and discovered that the constitutive activation of
a novel signal cascade, consisting of WNK kinases, OSR1 and
SPAK kinases, and the Na-Cl cotransporter (NCC), is the major
pathogenic mechanism of PHAIl (Chiga et al.,, 2008, 2011).
However, the molecular pathogenesis of how the missense
mutation of WNK4 activates the cascade remains to be clarified.

Recently, two new genes (KLHL3 and Cullin3) were also iden-
tified as being associated with PHAIl (Boyden et al., 2012; Louis-
Dit-Picard et al., 2012). However, how these genes are involved
in PHAIl is unknown. Determining how these responsible genes
(WNK, KLHL3, and Cullin3) are orchestrated and how patho-
genic mutations in these genes cause a common hypertensive
disease will contribute to the understanding of the molecular
pathogenesis of human hypertension and also to the identifica-
tion of new targets for antihypertensive drugs.

The purpose of the present study was to determine the path-
ogenic role of PHAIl-causing mutations in the WNK4, KLHLS3,
and Cullin3 genes. We found that WNK4 kinase is a substrate
of KLHL3-Cullin3-targeted ubiquitination and that the PHAIIl-
causing mutations of WNK4 and KLHL3 resulted in impaired
WNK4 ubiquitination. The resultant increase in the WNK4 level
was confirmed in Wnk4P674* PHAIl model mice; this increase
constitutively activates the WNK-OSR1/SPAK-NCC signal
cascade and causes PHAII. Data from WNK4 transgenic mice
were consistent with this idea.

RESULTS

KLHLZ Interacted with and Regulated the Abundance

of WhNK4 Kinase Protein

We have reported that the activation of the WNK-OSR1/SPAK-
NCC signal cascade is the major pathogenic mechanism of
PHAIl caused by a WNK4 mutation (Yang et al., 2007), and

75
Cell Reports 3, 1-11, March 28, 2013 ©2013 The Authors 1



bpen

ACCESS

(2013), http://dx.doi.org/10.1016/].celrep.2013.02.024

| Please cite this article in press as: Wakabayashi et al., Impaired KLHL3-Mediated Ubiquitination of WNK4 Causes Human Hypertension, Cell Reports

A B
FLAG-CUL3 - -+ Fd&&o FLAGWNKd — — <+ +
Halo-KLHL3 -+ 4+ S& £ HaloKLHLZ =  + 4 -
B s KL WL FI& s
FLAG HaloKLHL3 — — + + + + + (WAKa)
{CUL3) 8 CuL3 Lysates
Halo Lysates 7 Halo
(KLHLS) Lysates (KLHL3)
FLAG
FLAG Halo (WNK4)
(cuL3) prae  (KLHL) 1P FLAG
(CUL3) cuLs i
Halo
Halo
(KLHL3) . Py
P17
Halo
(KLHL3)

Figure 1. KLHL3 Was Coimmunoprecipitated with Cullin3 and WNK4

(A) FLAG-tagged Cullin3 (CUL3) was coimmunoprecipitated with Halo-tagged KLHL3 in HEK293T cells. IB, immunobilot; IP, immunoprecipitation.

(B) T7-tagged WNK4, OSR1, SPAK, and NCC were coexpressed with Halo-tagged KLHL3 in HEK293T cells and immunoprecipitated with T7 antibody. KLHL3
was coimmunoprecipitated only with WNK4. The asterisks indicate T7-tagged proteins.

(C) WNK4 was coimmunoprecipitated with endogenous Cullin3 in HEK293T cells in the presence of KLHL3 coexpression. Results similar to those shown in (A),

(B), and (C) were obtained in three separate experiments.

mutations in the KLHL3 and Cullin3 genes were also reported
as causing the same PHAIl phenotypes (Boyden et al., 2012;
Louis-Dit-Picard et al., 2012). These data suggest that
KLHL3 and Cullin3 may somehow interact with the compo-
nents of the WNK-OSR1/SPAK-NCC signal cascade. Because
KLHL proteins function as substrate adaptors in Cullin3-based
E3 ligase (Cirak et al., 2010; Kigoshi et al., 2011; Lee et al,,
2010; Lin et al., 2011), we first confirmed a complex formation
of KLHL3 and Cullind via coimmunoprecipitation (Figure 1A).
We then investigated whether KLHL3 interacted with the
components of the WNK-OSR1/SPAK-NCC signal cascade.
To verify this, we performed coimmunoprecipitation assays
of KLHL3 with WNK4, OSR1, SPAK, and NCC. As shown in
Figure 1B, KLHL3 was coimmunoprecipitated with WNK4,
but not with OSR1, SPAK, or NCC. The interaction of Cullin3
with WNK4 was also confirmed through coimmunoprecipita-
tion when KLHL3 was overexpressed (Figure 1C), consistent
with the previously reported role of KLHL proteins as substrate
adaptors in the Cullin3-based ubiquitin E3 ligase (Cirak et al.,
2010; Kigoshi et al., 2011; Lee et al., 2010; Lin et al,, 2011).
We tried to demonstrate coimmunoprecipitation of endoge-
nous WNK4 and KLHL3 in kidney tissue and in cultured cells.
However, this was not successful due to the relatively low
level of expression of WNK4 in cultured cells and the lack of
KLHL3 antibodies adequate for immunoprecipitation. The
finding that WNK4 might be readily degraded by the bind-
ing to KLHL3 within cells as shown below also made the
detection of coimmunoprecipitation difficult, especially in
kidney samples.

To clarify the functional role of KLHL3 on WNK4, we overex-
pressed KLHL3 along with WNK4. As shown in Figure 2A,
KLHL3 overexpression dramatically decreased WNK4 protein
expression, even when overexpressed by a strong cytomegalo-
virus (CMV) promoter. The expression level of bacterial alkaline
phosphatase (BAP) driven by the same promoter was not
affected by KLHL3 coexpression. OSR1, SPAK, and NCC
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expression levels were also not affected by KLHL3 coexpres-
sion (Figure 2B), supporting the results from the coimmunopre-
cipitation. To confirm the effect of KLHL3 on WNK4, we
evaluated this effect on the endogenous WNK4 in mpkDCT
cells, a mouse distal-tubule-derived cell line (Duong Van Huyen
et al, 2001) (Figure 2C). Wild-type KLHL3 significantly
decreased the endogenous WNK4 protein level. Conversely,
KLHL3 knockdown significantly increased the WNK4 protein
level (Figure 2D). Although these effects of KLHL3 expression
on WNK4 were observed without Cullin3 overexpression, we
further tested the effect of Cullin3 overexpression on WNK4 in
human embryonic kidney 293T (HEK293T) cells. As shown in
Figure 2E, coexpression of Cullin3 with KLHL3 further
decreased the WNK4 protein level compared with the expres-
sion of KLHL3 alone. Cullin3 alone did not affect WNK4 abun-
dance. These data suggested that the KLHL3-Cullin3 complex
might be a strong regulator of the WNK4 protein abundance
within cells. Although we tried to measure the half-life of
WNK4 in the presence of KLHL3 and Cullin3, the robust
decrease of WNK4 by KLHL3 and Cullin3 made the measure-
ment extremely difficult. The difference could be highly signifi-
cant based on the steady-state levels of transiently expressed
WNK4, as shown in Figures 2A and 2B.

Next, we evaluated how a PHAIl-causing mutation (R528H) of
KLHL3 and Cullin3 affected the abundance of WNK4. When the
expression levels of wild-type and mutant KLHL3 were similar,
the R528H mutant was less able to reduce the endogenous
protein level of WNK4 as compared to wild-type KLHL3
(Figure 2C). The PHAIll-causing mutations of the Cullin3 gene
were reported to cause skipping of exon 9, which codes the
segment (57 residues from 403-459) linking the BTB-binding
and RING-binding domains of Cullin3 (Boyden et al., 2012). To
investigate the pathogenic effect of the mutant Cullin3, we
prepared Cullin3 lacking this segment. As shown in Figure 2E,
the mutant Cullin3 was also less able to reduce WNK4 as
compared to wild-type Cullin3.
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Figure 2. Effect of Wild-Type and PHAll-Causing Mutant KLHL3 and Cullin3 Expression on Cellular WNK4 Abundance

(A) When coexpressed with KLHL3, the abundance of WNK4 protein within HEK293T cells expressed by CMV promoter (p3xFLAG-CMV-10 vector, Sigma-
Aldrich) was dramatically decreased, whereas the abundance of BAP expressed by the same expression vector was not affected by KLHL3 coexpression.

(B) The reduction of WNK4 by KLHL3 coexpression was confirmed in another expression system of WNK4 (pRK5 vector), and OSR1, SPAK, and NCC levels were
not affected by KLHL3 coexpression. Results similar to those shown in (A) and (B) were obtained in three separate experiments.

(C) Effect of wild-type and a PHAIl-causing mutant (R528H) KLHL3 expression on the cellular abundance of WNK4. Endogenous WNK4 level in mpkDCT cells was
decreased by wild-type KLHL3 expression. However, a similar level of the mutant KLHL3 expression failed to reduce WNK4 (*p < 0.05, compared with the WNK4
levels without KLHL3 coexpression [left lane] and with the mutant KLHL3 coexpression [right lane]; n = 3; mean + SEM). '
(D) Effect of the endogenous KLHL3 knockdown in mpkDCT cells on WNK4 expression. The protein levels of WNK4 were higher in KLHL3-knocked-down cells
than in control cells. siRNA, small interfering RNA.

(E) Effect of wild-type and a PHAIl-causing mutant Cullin3 expression on the cellular abundance of WNK4. Although the expression of Cullin3 alone did not affect
WNK4 protein level, Cullin3 expression with KLHL3 dramatically reduced WNK4 protein. The mutant Cullin3 lacking the portion corresponding to exon 9 was less
able to reduce WNK4 protein. The existence of two bands in the immunoblot of Cullin3 was reported previously (McEvoy et al., 2007). Similar results were
obtained in three separate experiments.

PHAH-Causing Mutations of WNK<4 and KLHLS Affected and WNK4 was immunoprecipitated with FLAG antibody. First,
the Interaction of WNK4 and KLHLS and the we evaluated whether KLHL3 expression increased WNK4
Ubiquitination of WNK4 ubiquitination. For the exclusion of ubiquitination signals from
To investigate the mechanism(s) by which KLHL3 regulates the  other proteins coimmunoprecipitated with WNK4, the immuno-
WNK4 protein level, we examined the ubiquitination of wild- precipitation was performed under a denaturing condition (Fig-
type and PHAIl-causing WNK4 with or without wild-type and  ure 3A). As previously shown in Figures 2A and 2B, when we
mutant KLHL3. In this assay, we did not overexpress Cullin3, expressed the wild-type KLHL3, the level of coexpressed wild-
but used endogenous Cullin3 in HEK 293T cells (Figure 1C) type WNK4 decreased significantly, even in the presence of
because the overexpression of Cullin8 with KLHL3 robustly a potent proteasome inhibitor (see WNK4 immunoblots of
decreased WNK4 protein abundance (Figure 2E) under our lysates and immunoprecipitated products in Figures 3A and
experimental conditions, even in the presence of proteasome 3C). As shown in the ubiquitin (HA) immunoblot (Figure 3A), the
inhibitors, which made it difficult to recover WNK4 for immuno-  ubiquitination signals were observed as a smear band of over
precipitation. After coexpression of FLAG-tagged WNK4, Halo- 200 kDa, which is the apparent molecular size of WNK4 (arrow).
tagged KLHL3, and hemagglutinin (HA)-tagged ubiquitin in  This data strongly suggested that WNK4 itself was indeed ubig-
HEK293T cells, the cells were treated with 1 uM epoxomicin, uitinated, given that the immunoprecipitation was performed
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Figure 3. Effect of KLHL3 on the Ubiquitination of Wild-Type and PHAl-Causing Mutant WNK4

(A) Left panels: KLHL3 coexpression significantly induced the ubiquitination of wild-type WNK4. WNK4 was immunoprecipitated under a denaturing condition,
and ubiquitinated WNK4 was observed as a smear band over 200 kDa, which is the apparent molecular size of WNK4 (arrow). Coexpression of wild-type KLHL3
significantly reduced the wild-type WNK4 level, even in the presence of 1 1M epoxomicin. Accordingly, in the lower panels, we reloaded the immunoprecipitated
WNK4 samples to have equal amounts of immunoprecipitated WNK4 in each lane to demonstrate the difference in ubiquitination in each lane more clearly. We
confirmed in the preliminary experiments that the data after loading adjustment faithfully reflected the data corrected by the immunoprecipitated WNK4
abundance before adjustment.

Right panels: In vitro ubiquitination assay of WNK4. WNK4 (490-626; 50 kDa) was incubated with ubiquitin, E1, and E2 (UbcH5a/UBE2D1) with or without the
Cullin3-KLHL3 complex. Cullin3-KLHL3 significantly ubiquitinated WNK4 (490-626) in vitro. Similar results were obtained in three separate experiments.

(legend continued on next page)
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Acidic motif lane in Figure 3A. A significant increase of WNK4 ubiquitination
WNKT 28 TQV T¥icoro by KLHL3 was observed.
:::z PGP P 4 u ?;: t {i »p To further confirm that WNK4 was directly ubiquitinated by the
¥ 'S 4
WK ;i?, ; ‘;’;’: S {;}! Qr 3‘; KLHL3-Cullin3 complex, we performed an in vitro ubiquitination

assay. Because the preparation of whole WNK4 protein was not
successful, we prepared a portion of human WNK4 protein (resi-
dues from 490 to 626) containing the PHAIl mutation sites as
a GST fusion protein with a C-terminal His tag (50 kDa). As show-
n in the right panels of Figure 3A, we could confirm that the
KLHL3-Cullin3 complex was able to directly ubiquitinate WNK4
(490-626).

Second, we tested the effect of the R528H KLHL3 mutation on
WNK4 binding and ubiquitination. As already shown in Figure 2C,
coexpression of wild-type KLHL3 significantly reduced WNK4
expression as compared with the mutant KLHL3 (Figure 3B,
upper three panels). We observed a significant decrease in
WNK4 ubiquitination by the mutant KLHL3 and also the
decreased interaction of WNK4 with the mutant KLHL3 (Fig-
ure 3B, lower three panels).

We also tested the effect of PHAIl-causing mutations of WNK4
on WNK4-KLHL3 interaction and WNK4 ubiquitination. As
shown in Figure 3A, wild-type KLHL3 decreased WNK4.
However, this decrease mediated by KLHL3 was blunted in all
three PHAIl-causing WNK4 mutants (Figure 3C, upper WNK4
panels). In the lower panels of Figure 3C, we showed the immno-
blots of coimunoprecitated KLHL3 and ubiquitinated WNK4 after
the loading adjustment as shown in Figures 3A and 3B. At the
same time, we measured the signals before the loading adjust-
ment and corrected the levels of WNK4 abundance as shown
in Figure 3D. In either analysis, we could observe that the
WNK4 mutants appeared to show less interaction with wild-
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Figure 4. Direct Binding of KLHL3 fo the Acidic Motif of Wild-Type
WNK4

The diffusion time of a single-molecule TAMRA-labeled peptide corresponding
to the acidic domain of wild-type WNK4 was measured by FCS. The addition of

GST-KLHL3, not of GST only, dose-dependently increased the diffusion
time, indicating the direct binding of KLHLS3 to the acidic domain of WNK4 (K4 =
0.20 pM). The diffusion time of a TAMRA-labeled peptide carrying a PHAII-
causing mutation (D564A) was not affected by the addition of GST-KLHL3. The
results are presented as means = SEM (n = 5). N.D., not determined.

under a denaturing condition. This ubiquitination was apparently
increased by KLHL3 coexpression when the ubiquitination
signals were corrected by the immunoprecipitated WNK4 abun-
dance. To make the difference clear without correction, we
adjusted the loading amount of the immunoprecipitated product
to have the same amount of immunoprecipitated WNK4 in each

type KLHL3 and less ubiquitination compared with wild-type
WNK4. An in vitro ubiquitination assay using the wild-type and
the mutant (D564A) WNK4 also supported this data (Figure S1).

The above data suggested that the acidic domain of WNK
kinases (Figure 4), where PHAIl mutants were clustered in
WNK4, might be involved in the interaction with KLHL3. To inves-
tigate this hypothesis and to clarify whether the interaction of
WNK4 and KLHL3 was direct, we measured the binding of
TAMRA-labeled WNK4 peptide covering the acidic motif to the
whole KLHL3 protein as a GST fusion protein in vitro. We used
fluorescence correlation spectroscopy (FCS) to measure the
diffusion time of the fluorescent peptide (FluoroPoint-Light,

(B) Effect of wild-type and a PHAIl-causing mutant KLHL3 expression on WNK4-KLHL3 binding and WNK4 ubiquitination. Upper panels: as shown in Figure 2C,
wild-type KLHL3 reduced the coexpressed WNK4 protein level more significantly than did the mutant KLHL3, even in the presence of 1 pM epoxomicin.
Accordingly, as in Figure 3A, the immunoprecipitated WNK4 samples were reloaded for equal amounts of immunoprecipitated WNK4 in each lane (lower panels).
The binding of WNK4 to mutant KLHL3 and WNK4 ubiquitination by the mutant KLHL3 were significantly impaired. The immunoprecipitation was performed
under a nondenaturing condition for assessing the binding to KLHL3 in the same experiments. Similar results were obtained in three separate experiments.
(C) Effect of PHAIl-causing mutations of WNK4 on WNK4-KLHL3 binding and WNK4 ubiquitination. As shown in Figure 3A, coexpression of wild-type KLHL3
significantly reduced the wild-type WNK4 level, even in the presence of 1 uM epoxomicin. However, this decrease was blunted in PHAIl-causing WNK4 mutations
(see WNK4 immunoblots of lysates or immunoprecipitates in the upper panels). All three PHAII-causing WNK4 mutants showed less ubiquitination and less
binding to KLHL3 (see quantification of blots in D).

(D) Quantification of the results showing the comparison of WNK4 ubiquitination and WNK4 binding to KLHL3 among wild-type and PHAIll-causing WNK4
mutants. Upper graph, immunoprecipitated WNK4 abundance; middle graph, coimmunoprecipitated KLHL3 corrected by WNK4 abundance; lower graph,
WNK4 ubiquitination corrected by WNK4 abundance. WNK4 ubiquitination was evaluated by separate sets of immunoprecipitation experiments under
a denaturing condition. Data before loading adjustment were used for quantification. (#p < 0.05 compared with wild-type [WT]-WNK4 without KLHL3; *p < 0.05
compared with WT-WNK4 with KLHL3; n = 3; mean = SEM).

See also Figure S1.
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Olympus, Tokyo) (Kuroki et al., 2007), in the presence of different
concentrations of GST-KLHL3. As shown in Figure 4, the diffu-
sion time of TAMRA-labeled peptide became slower as the
concentration of GST-KLHL3 increased, indicating that the
WNK4 peptide bound to GST- KLHL3. GST alone did not affect
the diffusion time, and the introduction of a PHAll-causing muta-
tion (D564A) abolished the decrease in diffusion time by GST-
KLHL3, clearly indicating that KLHL3 directly binds to WNK4.

WHK4 Protein Level Increased in the PHAI Model Mouse
{WnkdP5CT4%) Kidney

To determine whether the mechanism clarified in the cell culture
studies was in fact working in the in vivo kidney, we re-evaluated
our PHAIl model mice carrying the D561A WNK4 mutation,
which is equivalent to the human D564A mutation.

By using a recently generated WNK4 antibody that recognizes
the amino terminus of WNK4 (Ohno et al., 2011), we found that
the WNK4 protein level was significantly increased in the
Wnk4P%74* mouse kidney (Figure 5A), which we missed in our
initial report (Yang et al., 2007). The specificity of this WNK4 anti-
body was rigorously verified (Chno et al., 2011) and also recently
confirmed by using WNK4 knockout mice (Figure $2). Further-
more, the WnkgPo7AP561A homozygous mouse showed
a more increased WNK4 protein level, suggesting that the muta-
tion may have a substantial effect in the regulation of the WNK4
protein level in vivo. We confirmed that the WNK4 messenger
RNA (mRNA) level was not increased in the Wnk4P567A/D5614
homozygous mouse kidney (Figure 5B), indicating that the
increase in the WNK4 protein level was not caused by transcrip-
tional activation.

increased Expression of WHK4 in the Kidney Induced
the Activation of the WNIK-OSR1/SPAK-NCC Signal
Cascade

To confirm whether the increased WNK4 protein level activates
OSR1/SPAK-NCC signaling in the kidney, we generated bacte-
rial artificial chromosome (BAC)-transgenic (TG) mice harboring
multiple copies of the wild-type WNK4 gene, as previously re-
ported (Lalioti et al., 2008). As shown in Figure 6A, we presented
the results of two representative transgenic lines; one had a low
copy number of the transgene (two copies) and the other had
a high copy number (thirty copies). WNK4 protein levels in the
kidneys of low copy number (LC) and high copy number (HC)
TG mice were increased 1.7 + 0.1 (mean + SEM)-fold in LC-TG
mice and 9.1 + 0.2-fold in HC-TG mice (n = 5), compared with
those of wild-type mice. The phosphorylation of OSR1, SPAK,
and NCC in the kidney (Figure 6A) clearly increased as the
WNK4 protein levels increased in the TG mice. Immunofluores-
cence of phosphorylated NCC and WNK4 also clearly showed
the overexpression of WNK4 and the increased phosphorylation
of NCC in the distal convoluted tubules (Figure S3), confirming
the activation of WNK-OSR1/SPAK-NCC signaling in the TG
mice. Nighttime systolic, diastolic, and mean blood pressure
and daytime diastolic blood pressure were significantly
increased as the WNK4 protein levels increased in the TG mice
(Figure 6B). The blood pressure in these TG mice was also
comparable to that of Wnk4”°%"4"* knockin mice measured by

the same telemetry system (wild-type versus Wnk4Po87A%
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(A) WNK4 in Wnk4P50"4* and Wink4P567A/D561A mice was increased 2.2 + 0.1-
and 2.7 x 0.2-fold, respectively, compared with that in wild-type mice (n = 6,
mean + SEM).

(B) WNK4 transcription was not increased in the Wink4P56"4/D5614 pyA|l model
mouse. Quantitative RT-PCR revealed that WNK4 mRNA levels in Wnk4*"*
(open bar) and Wnk4PS6"4P567A (closed bar) mouse kidneys were not statis-
tically different (mean + SEM; n = 6; p = 0.34). n.s., not significant.

See also Figure S2.

knockin: 118.3 + 0.77 versus 125.1 + 0.90, mean +SEM, n = 4,
p < 0.05). The LC-TG and HC-TG mice also showed hyperkale-
mia and metabolic acidosis (Table 1) like Wnk42%%"4* knockin
mice, and these phenotypes were more severe in HC-TG than
LC-TG mice. We also investigated the phosphorylation status
of NCC in two additional lines of transgene: one with no increase
in WNK4 protein with two copies of the transgene, suggesting
that the copy number of the transgene did not assure overex-
pression of the gene product, and the other with a robust
increase in WNK4 protein with twenty copies of the transgene.
The increased phosphorylation of NCC was only observed in
the line with WNK4 overexpression (Figure S4). These results
clearly indicate that the activation of the WNK-OSR1/SPAK-
NCC cascade and the induction of PHAll phenotypes were
dependent on the increased WNK4 protein levels in the in vivo
kidney.

DISCUSSION

We previously demonstrated the activation of the WNK-OSR1/
SPAK-NCC phosphorylation cascade in the mouse model of
PHAIIl, Wnk4P%54+ knockin mice (Yang et al., 2007), by devel-
oping phosphospecific antibodies for residues of the amino-
terminal domain of NCC (Chiga et al., 2008; Yang et al., 2007).
Then, we and others clarified that this signal cascade was impor-
tant in blood pressure regulation under certain pathophysiolog-
ical conditions other than PHAIl (Hoorn et al., 2011; Komers
et al., 2012; San-Cristobal et al., 2009; Sohara et al.,, 2011).
Thus, there is wide agreement (Gamba, 2012) that the
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Figure 8. Generation and Analysis of WNK4 TG Mice

(A) Status of the WNK-OSR1/SPAK-NCC phosphorylation cascade in the
WNK4 TG mice (T g(Wnk4WT)). WNK4 protein levels in the kidneys of LC (two
copies) and HC (thirty copies) TG mice were increased 1.7 + 0.1-and 9.1 + 0.2-
fold, respectively (*p < 0.05, n = 5, mean + SEM). NCC phosphorylation in
these mice was significantly increased, compared with that of wild-type mice
(p < 0.05, n =5, mean = SEM). The phosphorylation of SPAK in LC-TG and HC-
TG mice and that of OSR1 in HC-TG mice was also significantly increased
compared to that of wild-type mice (p < 0.05, n =5, mean + SEM). The total and
phosphorylated OSR1, SPAK, and NCC in HC-TG mice were significantly
increased compared with those in LC-TG mice (p < 0.05, n = 5, mean + SEM).
(B) Nighttime systolic, diastolic, and mean blood pressure (BP) and daytime
diastolic blood pressure were significantly increased as the WNK4 protein
levels increased in the Tg(Wnk4"") mice. Values were collected over 7
consecutive days (daytime: from 8:00 until 20:00; nighttime: from 20:00 until
8:00). *p < 0.05 versus WT; {p < 0.05 versus LC; WT n=5; LC-TG n=5; HC-TG
n = 4; mean + SEM.

See also Figures S3 and S4.

phosphorylation status of NCC governed by WNK-OSR1/SPAK
signaling reflects NCC activity in vivo. Given that PHAIl is a thia-
zide-sensitive disease, we speculated that KLHL3 and Cullin3

Table 1. Blood Biochemistries of WT and LG~ and HC-Ta{Wnk4™™)
Mice

WT Mice LC (n=16) HC (n = 16)
(n=16) Tg(Wnk4""y Mice Tg(Wnk4"") Mice

pH (venous) 30 23 7. .
Values are the mean + SEM. *, p < 0.05; **, p < 0.01 versus wild-type (WT)
(one-way ANOVA followed by Tukey's post hoc test). f, p < 0.05; ',
p < 0.01 versus low copy number (one-way ANOVA followed by Tukey’s
test). Low copy number (LC) and high copy number (HC) Tg(Wnk4"'")
mice showed hyperkalemia and metabolic acidosis.

mutations would also activate the WNK-OSR1/SPAK-NCC
phosphorylation cascade. Gamba’s group also recently clarified
that the major WNK kinase regulating NCC phosphorylation in
the kidney is WNK4 (Castafieda-Bueno et al., 2012). Accord-
ingly, we first performed coimmunoprecipitation assays of
KLHL3 with the components of the WNK4-OSR1/SPAK-NCC
cascade because KLHL proteins have been recently identified
as substrate adaptors in the Cullin3-based ubiquitin E3 ligase
(Cirak et al., 2010; Kigoshi et al., 2011; Lee et al,, 2010; Lin
et al,, 2011).

We found that KLHL3 showed a clear interaction only with
WNK4 among the components of the cascade. The direct
binding of WNK4 to KLHL3 at the acidic motif was also
confirmed in this study. In addition to the interaction, we showed
that KLHL3 coexpression dramatically reduced both overex-
pressed and endogenous WNK4, indicating that KLHL3 is
a strong regulator of WNK4 protein abundance within cells.
Such an effect was reduced in the PHAIl-causing mutations of
WNK4 and KLHLS3, resulting in a common consequence: the
increase in WNK4 protein abundance. We also confirmed that
the interaction of KLHL3 with WNK4 induced the ubiquitination
of WNK4 in HEK293T cells and in in vitro ubiquitination assay.
The reduced interaction of KLHL3 with WNK4 by PHAII-causing
mutations in either protein also reduced the ubiquitination of
WNK4, and the PHAIl-causing mutant Cullin3 was less able to
reduce WNK4 protein abundance. Although we cannot exclude
the possibility that KLHL3 may have targets other than WNK4,
these results strongly suggest that WNK4 protein abundance
within cells is regulated by KLHL3-Cullin3-mediated ubiquitina-
tion of WNK4 and that the major common molecular mechanism
of PHAIl is the impaired ubiquitination of WNK4.

Because the in vitro data could explain the molecular patho-
genesis of PHAII caused by three different kinds of molecules,
i.e., WNK4, KLHL3, and Cullin3, we verified this idea in vivo.
Previously, WNK4 was shown to be able to phosphorylate and
activate OSR1 and SPAK, as well as WNK1, in vitro (Moriguchi
et al., 2005), and Ahistrom and Yu (2009) reported in HEK293
cells that the intrinsic kinase activity of PHAIll-causing mutant
WNK4 was not different from that of wild-type WNK4. Given
that the recent data on WINK4 knockout mice (Castaneda-Bueno
et al., 2012) clearly indicate that WNK4 is the major WNK kinase

Cell Reports 3, 1-11, March 28, 2013 ©2013 The Authors 7
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in the kidney, we think it is reasonable to infer that the increased
WNK4 abundance in the kidney, as we observed in the
Wnk4P%67A* mice, could activate the cascade and was the
cause of PHAII. To further prove this idea, we generated wild-
type WNK4-TG mice as previously reported (Lalioti et ai.,
2006). We evaluated several lines of TG mice with different
levels of WNK4 protein overexpression, and we think that
WNK4 TG mice could mimic Wnk42%6"A"* knockin mice. We
clearly showed that the WNK-OSR1/SPAK-NCC cascade and
the PHAIl phenotypes were induced according to the increases
in wild-type WNK4 protein overexpression. This WNK4-depen-
dent expression of phenotypes strongly suggests that these
phenotypes were not caused by a nonspecific effect of the
transgene. Several studies, mainly performed in Xenopus
oocytes and in cultured cells, have shown that WNK4 behaves
as a negative regulator of NCC (Wilson et al., 2003; Yang
et al., 2003). This negative effect was shown to be a kinase-
activity-independent function of WNK4 (Yang et al., 2005), sug-
gesting that the kinase-activity-dependent positive and
-activity-independent negative effects of WNK4 might act on
NCC concomitantly and that the net effect might differ in
different experimental situations. In fact, the WNK4-TG mouse
with the wild-type WNK4 gene generated by Lalioti et al.
(2006) was reported to show Gitelman-syndrome-like pheno-
types rather than those of PHAII, which is contrary to our TG
data in this study. No data regarding the status of the WNK-
OSR1/SPAK-NCC cascade and WNK4 protein level in their TG
mice have been reported (Lalicti et al., 2006). In addition, it
was not clear whether the negative effect of wild-type WNK4
on NCC was dependent on WNK4 protein levels, because
only a single line of TG mice was reported. Therefore, the reason
for the discrepancy between our WNK4 TG study and Lalioti’s
study is not clear. It is possible that the level of WNK4 protein
in their TG mice might be less than those in our WNK4 TG
mice and PHAIl models (about 2-fold increases); they
mentioned that only a 50% increase in WNK4 mRNA expression
was observed in their TG mice. The net effect of WNK4 on NCC
might be expressed as a negative effect under such conditions.
Our previous study using the triple knockin mice of WNK4,
OSR1, and SPAK suggested that the contribution of this nega-
tive effect of WNK4 on NCC might be minimal in the kidney, at
least under PHAII conditions (Chiga et al., 2011). Our TG data
in this study also clearly indicate that the increase in WNK4
protein at the PHAIl level or higher brought about a positive
net effect on NCC.

Because NCC phosphorylation in the kidney is highly depen-
dent on WNK4 (Castafieda-Bueno et al., 2012; Oi et al., 2012;
Susa et al., 2012), we focused on WNK4 in this study. However,
WNK kinases other than WNK4 may also be regulated by the
KLHL3-Cullin3 complex. The amino acid sequence of the
KLHL3 binding site in WNK4 is highly conserved in other WNK
kinases (Figure 4), and we could observe that WNK1 protein,
as well as WNK4 protein, was decreased by overexpression
and increased by knockdown of KLHL3 (Figure S5). In this
respect, WNK1 as well as WNK4 may be increased in the kidneys
of patients with PHAII carrying the KLHL3 and Cullin3 mutations,
thereby contributing to the activation of OSR1/SPAK-NCC
signaling and to more severe PHAII phenotypes via Cullin3 and
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KLHL3 than those via WNK1 and WNK4 (Boyden et al., 2012).
Because the PHAIll-causing mutations of WNKT are the large
deletions of intron 1, which reportedly increases WNKT tran-
scription (Wilson et al., 2001), the mechanism clarified in this
study may not be directly related to the pathogenesis of PHAIl
by the WNK7 mutations. However, we may consider PHAIl as
a disease caused by increased WNK kinase abundance either
by the dysregulation of transcription or by the ubiquitination of
WNK kinases.

In summary, our study identified that WNK4 is a substrate of
KLHL3-Cullin3-mediated ubiquitination and that the impaired
ubiquitination of WNK4 is a common mechanism of PHAII by
WNK4, KLHL3, and Cullin3 PHAIl-causing mutations. Additional
studies may be necessary to confirm this pathogenic mecha-
nism in vivo by generating KLHL3 and Cullin3 knockin mice
carrying PHAIl mutations.

EXPERIMENTAL PROCEDURES

Plasmids

Expression plasmids for 3XFLAG-tagged human WNK4 and 3xFLAG-tagged
D564A human WNK4 have been described previously (Yamauchi et al., 2004).
E562K and Q565E mutations were also introduced by using a QuikChange
Site-Directed Mutagenesis Kit (Stratagene). The complementary DNA
(cDNA) encoding Halo-tagged human KLHL3 in pFN21A vector (HT-KLHL3)
was purchased from Promega, and a disease-causing mutation (R528H)
was introduced. Human Cullin3 cDNA was isolated by RT-PCR using human
prostate mRNA as a template, and the cDNA was cloned into 3XFLAG-
CMV10 vector (Sigma-Aldrich). T7-tagged OSR1, T7-tagged SPAK, and
T7-tagged NCC expression plasmids in pRK5 vector were kindly provided
by T. Moriguchi and H. Shibuya (Moriguchi et al., 2005). T7-tagged human
WNK4 construct was also generated by introducing the T7 epitope by PCR.
HA4-tagged ubiquitin expression vector was kindly provided by T. Ohta (St.
Marianna University School of Medicine).

Cell Culture and Transfections

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% (v/v) fetal bovine serum, 2 mM L-glutamine, 100 U/ml
penicillin, and 0.1 mg/ml streptomycin at 37°C in a humidified 5% CO, incu-
bator. The mpkDCT cell line kindly provided by A. Vandewalle was cultured
in a defined medium as described previously (Duong Van Huyen et al.,
2001). HEK293T cells and mpkDCT cells (3 x 10° cells per 6 cm dish) were
transfected by the indicated amount of plasmid DNA with Lipofectamine
2000 reagent (Invitrogen). For each transfection, 4~8 pg of expression vectors
were used, and the total amount of plasmid DNA was adjusted by adding
empty vectors. In preliminary experiments, FLAG-tagged BAP (Figure 2A)
was used for evaluating the transfection efficiency of transient expression of
FLAG-tagged WNK4.

Inmunoprecipitation

HEK293T cells transfected with the indicated amount of DNA were lysed in
a buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 1 mM
sodium orthovanadate, 50 mM sodium fluoride, and protease inhibitor cock-
tail) for 30 min at 4°C. When the cells were transfected with the HA-ubiquitin
expression plasmid, the cells were treated with 1 uM epoxomicin (specific
and irreversible proteasome inhibitor; Peptide Institute, Osaka, Japan) for
3 hr before harvesting. After centrifugation at 12,000 X g for 15 min, the protein
concentration of the supernatants was measured, and equal amounts of the
supernatants were used for immunoprecipitation with anti-FLAG M2 beads
(Sigma-Aldrich) or anti-T7 beads (Merck Millipore) for 2 hr at 4°C. Thereafter,
the precipitants were washed with the lysis buffer and the immunoprecipitates
were eluted in SDS sample buffer after boiling for 5 min. To detect ubiquitina-
tion of WNK4 in denatured samples, the cells transfected with various plas-
mids were lysed in 2% SDS buffer (2% SDS, 150 mM NaCl, 10 mM Tris-HCl
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[PH 8.0], 2 mM sodium orthovanadate, 50 mM sodium fluoride, and 1x
protease inhibitors) and boiled for 10 min, followed by sonication. Before
immunoprecipitation, the lysates were diluted 1:10 in a dilution buffer
(10 mM Tris-HCI [pH 8.0], 150 mM NaCl, 2 mM EDTA, and 1% Triton X-100),
incubated at 4°C for 1 hr with rotation, and centrifuged at 12,000 x g for
15 min.

Immunoblotling

Whole homogenates of mouse kidney without the nuclear fraction (600 x g)
or the crude membrane fraction (17,000 x g} were subjected to semiguanti-
tative immunoblotting, as described previously (Yang et al., 2007). Cells
transfected with the indicated amount of plasmid DNA were lysed in lysis
buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 1 mM
sodium orthovanadate, 50 mM sodium fluoride, and protease inhibitor cock-
tail [Roche Diagnostics]) for 30 min at 4°C. After centrifugation at 12,000 x g
for 15 min, the supernatants were boiled with SDS sample buffer (Cosmo
Bio USA) and subjected to SDS-PAGE. Blots were probed with the following
primary antibodies: anti-total NCC (Ohno et al,, 2011), anti-phosphorylated
NCGC (pSer71) (Yang et al., 2007), anti-WNK4 (Chno et al, 2011; Ohta
et al., 2009), anti-total OSR1 (M9; Abnova), anti-phosphorylated OSR1
(Ohta et al., 2009), anti-total SPAK (Cell Signaling Technology), anti-phos-
phorylated SPAK (Yang et al, 2010), anti-GAPDH (Santa Cruz Biotech-
nology), anti-actin (Cytoskeleton), anti-HA (Merck Millipore), anti-KLHL3
(Abcam), anti-Cullin3 (Abcam), anti-FLAG (Sigma-Aldrich), anti-Halo (Prom-
ega), and anti-T7 (Merck Millipore). Specificities of anti-pNCC, pOSR1, and
pSPAK were rigorously determined in our previous reports (Chiga et al.,
2008; Ohta et al.,, 2009; Yang et al., 2007, 2010). Alkaline-phosphatase-
conjugated immunoglobulin G antibodies (Promega) were used as
secondary antibodies for immunoblotting. The intensity of the bands was
analyzed and quantified by using ImageJ software (National Institutes of
Health).

i Vitro Ublguitination Assay

cDNA encoding human WNK4 (490-626) with a C-terminal His-tag was ampli-
fied by PCR and cloned into pGEX6p-1 vector. Recombinant GST fusion
WNK4 protein was expressed in BL21 E. coli cells and purified by using
glutathione sepharose beads. KLHL3-Cullin3 complexes were immunoprecip-
itated from the lysates of HEK293T celis transiently expressing FLAG-Cullin3
and Halo-KLHL3. Then, the complexes were incubated in 20 pl of reaction
buffer (50 mM Tris-HCI [pH 7.4], 2.5 mM MgCl2, 0.5 mM DTT, and 2 mM
ATP) for 2 hr at 30°C with purified GST-WNK4-His (5 ng), 100 ng recombinant
human E1 {Boston Biochem), 500 ng recombinant human UbcH5a/UBE2D1
(Boston Biochem), and 2.5 pg recombinant human ubiquitin (Boston
Biochem). The reaction was terminated by the addition of SDS-PAGE sample
buffer, followed by boiling for 5 min. The reaction mixtures were then subjected
to immunoblot analyses with ubiquitin (Cell Signaling Technology) or His
(Abcam) antibodies.

Guantitative RT-PCR

Both kidneys were removed, immediately frozen in dry ice, and fragmented
and homogenized in TRIzol Reagent (Invitrogen). Isolated total RNA was
reverse-transcribed by using Omniscript reverse transcriptase (QIAGEN),
and quantitative real-time PCR analysis was performed in triplicate by using
SYBR Green | (Roche Applied Science) on LightCycler 2.0 (Roche). Amplifica-
tion primers for WNK4 were the same as reported previously (O'Reilly et al.,
20086), and the primers for GAPDH were purchased from Roche Diagnostics.
WNK4 mRNA levels were corrected by GAPDH mRNA levels.

Fluorescence Correlation Speciroscopy

Fluorescent TAMRA-labeled WNK4 peptides covering the PHAIl mutation
sites were prepared (Hokkaido System Science, Hokkaido, Japan). The
sequence details of the peptides are shown in Figure 4. Human full-length
KLHL3 was cloned into pGEX6P-1 vector. Recombinant GST fusion KLHL3
protein was expressed in BL21 E. coli cells and purified by using glutathione
sepharose beads. The TAMRA-labeled WNK4 peptides were incubated at
room temperature for 30 min with different concentrations of GST-KLHL3
(0-2 pM) in 1 x PBS with 0.05% Tween 20 reaction buffer, and the FCS

measurements of single-molecule fluorescence were performed using the
FluoroPoint-Light analytical system (Olympus) (Kuroki et al., 2007). The assay
was performed in a 384-well plate. All experiments were performed in 10 s of
data-acquisition time, and the measurements were repeated five times per
sample.

Production of Wnk4 BAC TG Mice

The BAC clone bMQ428009, which contains the mouse genomic Wnk4
locus, was used. For Southern blot analysis and PCR genotyping, a new
Spel site was created in intron 6 of the Wnk4 genomic locus. The BAC modi-
fication was performed as previously described (Warming et al., 2005). Purified
BAC DNA was then digested with Swal, and the desired 36.8 kb fragment was
isolated after fractionation via inverted pulse field gel electrophoresis, as re-
ported previously (Lalioti et al., 20086). The purified fragment was injected
into one-cell embryos of C57BL/6J mice. The copy number of the transgene
was estimated by Southern blotting and quantitative PCR. The Animal Care
and Use Committee of Tokyo Medical and Dental University approved this
experiment (0120038B).

Blood Pressure Measurements

We measured blood pressure by using a radiotelemetric method (Mills et al.,
2000) in which a blood pressure transducer (Data Sciences International, St.
Paul, MN, USA) was inserted into the left carotid artery. Seven days after trans-
plantation, each mouse was housed individually in a standard cage on
areceiver under a 12 hr light-dark cycle. Systolic and diastolic blood pressure,
heart rate, and activity were recorded every minute via radiotelemetry. Mice
showed alternating periods of high activity (20:00-8:00) and low activity
(8:00~20:00). For each mouse, we measured blood pressure values for more
than 5 consecutive days and calculated the mean + SEM of all values during
both the high- and low-activity periods.

Bicod Data Analyses

Blood for electrolyte analyses was obtained as described previously (Yang
et al,, 2007). Electrolyte levels were determined with an i-STAT analyzer
(Fuso Pharmaceutical Industries, Osaka, Japan).

Statistical Analysis

Comparisons between the two groups were performed with unpaired t tests.
ANOVA with Tukey’s post hoc test was used to evaluate statistical significance
in the comparison among multiple groups. p values <0.05 were considered
statistically significant. Data are presented as the mean + SEM.
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Abstract A Japanese patient presented with lymphedema,
severe Varicella zoster, and Salmonella infection, recurrent
respiratory infections, panniculitis, monocytopenia, B- and
NK-cell lymphopenia, and myelodysplasia. The phenotype
was a mixture of the monocytopenia and mycobacterial
infection (MonoMAC) and Emberger syndromes. Sequencing
of the GATA-2 cDNA revealed the heterozygous missense
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mutation 1187 G>A. This mutation resulted in the amino acid
mutation Arg396GIn in the zinc fingers-2 domain, which is
predicted to cause significant structural change and prevent a
critical interaction with DNA. Functional analysis of the
patient’s GATA-2 mutation is required to understand the rela-
tionship between these distinctive syndromes.

Keywords Emberger syndrome - MonoMAC -
Monocytopenia - B- and NK-cell lymphopenia -
Immunodeficiency - Myelodysplasia

Recent studies have characterized a novel primary immunode-
ficiency known as monocytopenia and mycobacterial infection
(MonoMAC), also known as dendritic cell, monocyte, B and
NK lymphoid (DCML) deficiency. This form of immunodefi-
ciency occurs either as an autosomal dominant form or sporad-
ically. It is primarily characterized by persistent and profound
peripheral monocytopenia, diagnostic B- and NK-cell lympho-
cytopenia, and variable T cell lymphocytopenia, along with
increased susceptibility to mycobacterium or papilloma virus
infections [1, 2, 13]. Moreover, most patients with MonoMAC
eventually develop acute myelogenous leukemia (AML)
following myelodysplastic syndrome (MDS). Another rare dis-
order called Emberger syndrome (MIM614038) is character-
ized by congenital deafiness and primary lymphedema of the
lateral lower limb; typically, onset occurs in childhood and is
associated with a predisposition to MDS or AML in addition to
other minor anomalies such as hypotelorism and long tapering
fingers. It is also a sporadic or familial disorder [8]. Familial
MDS/AML without other hematopoietic defects has also been
reported [6]. Surprisingly, it was reported recently that these
three distinctive syndromes are all caused by GATA-2

@ Springer



Eur J Pediatr

mutations, which suggests that these syndromes are different
phenotypes caused by the same genetic alteration [5-7, 9]. Here,
we report the case of a patient with a GATA-2 mutation bearing
the characteristic features of MonoMAC/Emberger syndrome.

Case report

The patient was the second child of non-consanguineous
parents. Neither the parents nor the elder brother had a
history of increased susceptibility to infection. The medical
history of the patient included BCG vaccination 3 months
after birth without any side effects and a severe Varicella
zoster infection at 2 years of age. After that, she suffered
repeated upper and lower respiratory tract infections that
required antibiotics. At 4 years of age, the patient's
peripheral blood showed mild neutropenia and profound
monocytopenia (0-20x10/L), and mild hypocellularity
but no dysplasia was observed in the bone marrow. At
8 years of age, she experienced a prolonged Salmonella
enterocolitis infection. Lymphedema in the left leg first

appeared at 13 years of age. She subsequently devel-
oped recurrent panniculitis. Recently, the patient (now
19 years old) was admitted to hospital with fever (with
no apparent cause) and panniculitis (Fig. la). She had
mild hypotelorism and lymphedema, with warts on her
left leg (Fig. 1b). Her mental ability was appropriate for
her age. An immunodeficiency was first suspected after
the severe Varicella zoster and Salmonella infections
during early childhood. The most recent recurrent epi-
sode of fever supported this suspicion.

Peripheral blood analysis revealed a white blood cell
count of 1.5x10°/L with 45% neutrophils, 54 % lympho-
cytes, and 1 % monocytes, a hemoglobin level of 11.0 g/dl,
and a platelet count of 146 % 10%/L. Flow cytometric analysis
of the peripheral blood also revealed a deficiency in den-
dritic cells (lineage /DR*/CD123" or CD11c" cells, 0%), B
cells (CD19" cells, 0.7%), and NK cells (CD3/CD56" cells,
0.5%), and profound monocytopenia (CD14" cells, 0.2%).
Lymphocytes comprised 97% T cells (CD4/8 ratio, 0.54),
33% of which were TCR v&" T cells. Immunological anal-
yses revealed IgG, IgA, IgM, and IgE levels of 711, 65, 131,

h
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Fig. 1 Clinical and bone marrow features and GATA-2 protein muta-
tion sites. a A gadolinium-enhanced T2-weighted MRI image of the
left thigh was performed when the patient developed panniculitis at
19 years of age. An increased signal was observed in the subcutaneous
tissue and fascial layers. b After she was cured, the patient showed
lymphedema in her left leg. ¢-g Bone marrow taken at the same time
revealed decreased granule numbers within neutrophils and a pseudo-
Pelger anomaly (¢), binucleation (d), and megaloblastic changes in
erythroblasts, dysplastic nuclei in megakaryocytes (e) and micromega-
karyocytes (f), and hemophagocytosis (g). h Depiction of the GATA-2
protein mutations previously identified in MonoMAC/DCML deficien-
cy and Emberger syndrome. ZF1 and ZF2 are functional DNA-binding
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domains. The star indicates the Arg396Gin mutation identified in the
present case. Arrows indicate previously reported mutations. These
include missense, nonsense, and frameshift mutations (short down-
ward arrows, respectively) and long deletions (horizontal arrows).
Black arrows denote mutations associated with Emberger syndrome,
gray arrows denote mutations associated with MonoMAC syndrome/
DCML deficiency, long horizontal arrows indicate long deletions that
have been observed in MonoMAC syndrome/DCML deficiency, bro-
ken black arrows denote mutations associated with familial MDS/
AML, and bold arrows denote multiple pedigrees with the same
mutation
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and 5 mg/dl, respectively, and lymphocyte stimulation
responses to phytohemagglutinin at the lower limits of the
normal range. Antibody memory responses to infections
contracted in early childhood (Varicella and measles) were
maintained, and fibroblast sensitivity to radiation was nor-
mal. Flow FISH analysis of peripheral blood lymphocytes
revealed normal telomere length; however, the peripheral
blood contained 160 copies/iig WT1-mRNA (the upper
limit of normal is 50 copies/pg RNA), and bone marrow
aspirates showed hypocellularity, particularly of myeloid
and lymphoid cells. Strikingly, despite monocytopenia in
the peripheral blood, CD64" macrophages (accompanied
by a few hemophagocytes) were observed in bone marrow
specimens. Significant trilineage dysplasia was also present
(Fig. 1c—g). Cytogenetic and chromosomal breakage analy-
ses showed normal results. Meanwhile, profiles of familial
peripheral blood showed a white blood cell count of 5.6%
10°/L with 50% neutrophils, 30% lymphocytes, and 8%
monocytes, a hemoglobin level of 15.1 g/dl, and a platelet
count of 199x10°/L in the father; 5.1x10%/L with 51 %
neutrophils, 36% lymphocytes, and 9% monocytes,
10.7 g/dl, and 225x10”/L in the mother; and 6.6 x 10%/L with
41% neutrophils, 45% lymphocytes, and 10% monocytes,
15.4 g/dl, and 208x10°/L in the brother. Flow cytometric
analysis of peripheral blood samples taken from these family
members showed a normal frequency of B cells (CD19™ cells)
and NK cells (CD37/CD56" cells) (the father 11 and 8%, the
mother 10 and 12%, and the brother 9 and 15%, respectively).
Taken together, these findings suggested that the patient might
have sporadic MonoMAC/Emberger syndrome.

Sequencing of GATA-2 cDNA revealed a 1187 G>A
heterozygous missense mutation. This mutation resulted in
an Arg396GIn substitution in the zinc finger-2 domain,
which is predicted to cause significant structural changes
that prevent critical interactions with DNA (Fig. 1h).

Furthermore, sequencing of cDNA from her healthy familial
members revealed no mutations, including 1187 G>A in
GATA-2 gene. Ultimately, the patient was diagnosed with
MonoMAC/Emberger syndrome with a de novo GATA-2
mutation.

Discussion

GATA-2 plays a critical role in both hematopoietic stem cell
development and the maintenance of normal adult stem cell
homeostasis [10]. It is likely that the significant protein
structural alterations caused by mutations in GA74-2 result
in loss-of-function or have a dominant-negative effect on the
DNA-binding ability of wild-type GATA-2 [9] It seems
reasonable to suggest that the loss of hematopoiesis-
indispensable transcription factor activity results in impaired
hematopoietic-cell differentiation and hematopoietic stem
cell exhaustion; this in turn may promote the development
of related diseases such as MDS and AML. Additional
genetic alterations may also be required.

The patient's phenotype included hypotelorism, primary
lymphedema (which had an onset during childhood before
the recurrent episodes of panniculitis), peripheral monocy-
topenia, B- and NK-cell lymphocytopenia, neutropenia
since early childhood, and myelodysplasia. The Arg396Giu
mutation in GATA-2 identified in this patient was not
detected in 150 healthy individuals [7]. Taken together,
these factors confirmed the diagnosis of MonoMAC/
Emberger syndrome with a de novo GATA-2 mutation;
however, the GATA-2 mutations alone cannot explain the
phenotypic diversity between these three syndromes (Mono-
MAC, Emberger syndrome, and familial MDS/AML) and
the presented patient. Interestingly, she developed neither
BCG dissemination nor severe lymphadenitis after her BCG

Table 1 Summary of the clini-

cal features of MonoMAC, MonoMAC/DCML Emberger Present
Emberger syndrome, and the deficiency syndrome case
present case
DCML? deficiency + +/— +
MDS/AML ¥ + .
Lymphedema ND + +
Deafness ND o+~ -
Hypotelorism ND +/— +
Long slender fingers ND +/~ -
Mycobacterial infection + ND -
ND not described, MDS Fungal infection e e -
myelodysplastic, AML acute Papillomaviral infection/warts + + +
myelogenous syndrome, + most Severe varicella and/or Salmonella infection +/— ND +
cases, +/~ some cases Pulmonary alveolar proteinosis +/- ND -
“Dendritic cell, monocyte, Band  panniculitis/erythema nodusa +/- /- +

NK lymphoid syndrome

@__ Springer



Eur J Pediatr

vaccination 3 months after birth. This indicates normal
functioning of tissue macrophages, because protective im-
munity to mycobacteria is dependent upon the interleukin
(IL)-12/1L-23-interferon (IFN)-y axis, possibly mediated by
intracellular killing of phagocytes following the production
of IFN~y by CD4 T lymphocytes in response to IL-12/IL-23
secreted by infected macrophages [3]. Patients with Mono-
MAC/DCML deficiency show very low numbers of
circulating monocytes and no detectable myeloid or plasma-
cytoid dendritic cells in the peripheral blood, but relatively
normal numbers of Langerhans cells and tissue macro-
phages accompanied by prominent hemophagocytosis in
the bone marrow [1, 2]. This supports the idea that tissue
and marrow macrophages, in addition to Langerhans cells,
may be maintained by a distinct precursor from circulating
monocytes or dendritic cells [1].

Mansour et al. [8] reported that the age of onset of MDS/
AML in Emberger syndrome is 9-14 (median 11) years of
age. This appears to be earlier than that of MDS/AML in
MonoMAC syndrome (7-52 years, median 32 years) [2].
Moreover, the level of WT1-mRNA in the peripheral blood
increases significantly as MDS progresses and is a strong
predictor of rapid AML transformation in adult patients with
de novo MDS [11]. The level of WT1-mRNA in the periph-
eral blood of the current patient was as high as that in
patients that show worse survival than those with a low
level WT1 mRNA (10%-10* vs. <10? copies/ug) [12]. How-
ever, it is unclear whether phenotypic variation and in-
creased WT1 mRNA level are related to hematological
disease progression. In any case, neutropenic patients who
suffer recurrent infections and/or MDS are likely to need a
transplant in the near future. Therefore, for such cases, we
perform hematopoietic stem cell transplantation with a re-
duced intensity conditioning regimen before the disease has
progressed [4]. Table 1 summarizes the clinical features of
MonoMAC, Emberger syndrome, and the present case.

Our observations suggest that children with recurrent or
prolonged common infections that respond to antibiotics
and recover well may suffer from unknown primary immu-
nodeficiencies. Although the relationship between GATA-2
and lymphedema or deafness requires further investigation,
tissue-specific lesions such as lymphedema provide impor-
tant clues to primary immunodeficiencies that also affect
non-hematopoietic cells.
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Summary

Background In spite of the accumulating evidence on the
interaction between the immune and endocrine systems based
on the recent progress in molecular genetics, there have been
few epidemiological studies focused on the endocrine complica-
tions associated with primary immunodeficiency diseases (PID).
Objective To investigate the prevalence and clinical features of
endocrine complications in patients with PID in a large-scale
study.

Design and participants
patients with PID who were alive on 1 December 2008 and
those who were newly diagnosed and died between 1 December
2007 and 30 November 2008 in Japan. We investigated the prev-
alence and the clinical data of the endocrine complications in

This survey was conducted on

923 patients with PID registered in the secondary survey.
Results Among 923 PID patients, 49 (5:3%) had endocrine disor-
ders. The prevalence of the endocrine diseases was much higher in
patients with PID than in the general population in the young age
group, even after excluding patients with immune dysregulation.
Conclusions Endocrine disorders are important complications
of PID. Analysis of the endocrine manifestations in patients with
PID in a large-scale study may provide further insights into the
relationship between the immune and endocrine systems.

(Received 15 November 2011; returned for revision 23 December
2011; finally revised 19 January 2012; accepted 13 March 2012)

Introduction

A wide variety of clinical complications have been described in
primary immunodeficiency diseases (PID)."” PID have been
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reported to be associated with an increased risk of cancer, in
particular non-Hodgkin lymphoma,” and the contribution of
immune dysfunction in PID to cancer risk is receiving much
attention. It is also well known that patients with PID often have
complications such as autoimmune and allergic disorders.?
Recently, the interaction between the immune and endocrine
systems has been getting increasing attention.*” However, there
have so far been no reports focusing on the endocrine complica-
tions associated with PID in a large-scale survey.

Many endocrine disorders in patients with PID are thought to
be due to the development of the autoimmunity, which is clo-
sely related to the pathophysiology of PID.® However, it is not
known how the immunological and molecular defects in indi-
vidual PID contribute to the development of various autoim-
mune endocrine disorders. In addition, the genetic defects in
some PID can lead to these complications directly or indirectly
via nonimmunological mechanisms.®

We analysed the endocrine complications in PID from the
information obtained from the nationwide PID survey in Japan
conducted in 2008. This is the first large-scale survey focusing
on the endocrine complications in PID.

Materials and methods

This survey was performed according to the nationwide epide-
miological survey manual of patients with intractable diseases
(2nd edition 2006, Ministry of Health, Labour and Welfare of
Japan) as described previously.” PID classification was based on
the criteria of the International Union of Immunological Socie-
ties Primary Immunodeficiency Diseases Classification Commit-
tee in 2007.® The survey was conducted on patients with PID
who were alive on 1 December 2008 and those who were newly
diagnosed and died between 1 December 2007 and 30 November
2008 in Japan. The initial survey covered 1224 paediatric depart-
ments and 1670 internal medicine departments, which were ran-
domly selected according to the number of beds among the
2291 paediatric departments and 8026 internal medicine depart-
ments in Japan. Primary questionnaires regarding the number of
patients and the disease names based on the PID classification
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were sent to the selected hospitals. The initial survey was con-
ducted to investigate the prevalence of the respective PID. The
secondary survey was performed to study the detailed clinical
features of individual patients with PID. Secondary question-
naires regarding age, gender, clinical manifestations and compli-
cations other than those related to haematopoietic stem cell
transplantation of individual patients with PID were sent to the
respondents who answered that they observed at least one PID
patient with characteristics listed in the primary questionnaires.
The details of the methods of the questionnaire investigation,
the response rates and the breakdown of the number of patients
in both paediatric and internal medicine departments were
described elsewhere.” The questionnaires were designed to eluci-
date the clinical characteristics including the manifestations and
laboratory data of the patients. In this study, all endocrine mani-
festations in patients with PID were included as complications
of PID, even if they were well known major symptoms of PID.

Results

Detailed clinical information was available from 923 (secondary
survey) out of 1240 patients with PID (initial survey).” Among
the 923 patients with PID, 49 (5:3%) had endocrine disorders. As
shown in Table 1, more than two thirds of the patients with PID
were <20 years old and the prevalence of endocrine diseases was
much higher in the young population of patients with PID than
that in the general young population,”'®™* even after excluding
patients with immune dysregulation (PID category IV). As
expected, hypoparathyroidism was the most common endocrine
disorder, because it is very frequently observed in patients with
DiGeorge syndrome. Endocrine manifestations were also com-
mon in patients with diseases of immune dysregulation, such as
immune dysregulation, polyendocrinopathy, enteropathy, X-
linked (IPEX) syndrome and autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy (APECED). Although the
number of patients with defects in innate immunity was small,
endocrine complications seemed to be more common than
expected. Interestingly, endocrine disorders were not observed in
patients with complement deficiencies. In addition, Graves’ dis-
ease and Addison’s disease were not observed in any of the
patients with PID in this study.

Type 1 diabetes mellitus (T1D) was observed in six patients
with PID (Tables 1 and 2) including four with type 1A (autoim-
mune) and two with type 1B (autoantibody-negative, idiopathic).
Type 1A diabetes mellitus occurred frequently in patients with
IPEX or IPEX-like syndrome (two of six patients, 33-3%)
(Table 1). One patient of unknown aetiology in PID category IV
showed type 1A diabetes and Hashimoto’s thyroiditis along with
recurrent viral infections (Tables 1, 2 and S1). In the cases of type
1A diabetes mellitus, anti-glutamic acid decarboxylase (GAD) au-
toantibodies and anti-insulin autoantibodies (IAA) were positive
in all patients and in two of four patients, respectively (Table 2).
The patients with IPEX and IPEX-like syndrome had a history of
diabetic ketoacidosis with poor glycaemic control, and they devel-
oped T1D at a younger age than the other patients with PID. The
first case of warts, hypogammaglobulinaemia, infections, and
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myelokathexis (WHIM) syndrome with T1D and hypothyroidism
was included (Tables 2 and S2).'> With regard to type 1B diabetes
mellitus, the patient with hypogammaglobulinaemia of unknown
aetiology had diabetic ketoacidosis (Table 2). On the other hand,
type 2 diabetes mellitus (T2D) was observed in two patients with
PID (Table 1).

Hashimoto’s thyroiditis was observed in five patients with
PID (Tables 1 and S1). The onset was very early in the patient
with IPEX syndrome (at birth). All patients had at least 1 auto-
antibody among the anti-thyroid peroxidase (TPO), anti-thyro-
globulin (Tg) and thyroid stimulating hormone receptor
autoantibodies (TRAD).

Nonautoimmune hypothyroidism was reported in seven
patients with PID (Tables 1 and S2). Anti-thyroid autoantibod-
ies were all negative when measured. Among these, three
patients with X-linked agammaglobulinaemia (XLA), 1gG sub-
class deficiency or WHIM syndrome had primary (congenital)
hypothyroidism detected by newborn mass screening. Hypothy-
roidism in the other four patients with normal TSH levels was
considered to be due to central hypothyroidism, a disorder of
the pituitary, hypothalamus or hypothalamic-pituitary portal cir-
culation. Two patients with severe combined immunodeficiency
(SCID) developed hypothyroidism before they received haemat-
opoietic stem cell transplantation.

Growth hormone deficiency (GHD) was observed in six
patients with PID (Tables 1 and S3), whose heights at the diag-
nosis of GHD ranged from —11-3 SD to —2'5 SD. Five patients
were treated with growth hormone. One patient with SCID
received cord blood transplantation when she was 20 months
old, without conditioning chemotherapy or radiation.

Hypogonadism was observed in three patients with PID
(Tables 1 and S4). Among them, two had hypergonadotrophic
(primary) hypogonadism, whereas the other had hypogonado-
trophic (central) hypogonadism. None of the patients received
haematopoietic stem cell transplantation.

One common variable immunodeficiency disease (CVID)
patient had isolated ACTH deficiency (Table 1). The other
endocrine complications included hypophosphataemia, pseudo-
hypoaldosteronism, adrenal crisis, hypoglycaemia and hypophos-
phataemic rickets as shown in Table 1.

Discussion

This is the first nationwide survey focusing on the endocrine com-
plications of PID. Among these, hypoparathyroidism was the most
common, observed in patients with DiGeorge syndrome and APE-
CED.'®' In APECED, the calcium-sensing receptor has been
reported to be the autoantigen responsible for hypoparathyroid-
ism.'® Although it has been reported that 79% of patients with A-
PECED have hypocalcaemia due to hypoparathyroidism,'” only 1
(25%) among four patients with APECED developed hypopara-
thyroidism in this study, which might be one of the clinical char-
acteristics of patients with APECED in Japan.

The prevalence (33:3%) of T1D in patients with IPEX syn-
drome in this study seemed to be lower than that (>70%) of the
previous reports.'>?® The low prevalence of T1D might be due to



