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Large deletions in WNKI are associated with inherited
arterial hypertension. WNK1 encodes two types of pro-
tein: a kidney-specific isoform (KS-WNK1) lacking ki-
nase activity and a ubiquitously expressed full-length
isoform (L-WNK1) with serine threonine kinase activity.
Disease is thought to result from hypermorphic muta-
tions increasing the production of one or both iso-
forms. However, the pattern of L-WNK1 expression re-
mains poorly characterized. We generated transgenic
mice bearing a murine WNK1 BAC containing the nlacZ
reporter gene for monitoring L-WNK1 expression dur-
ing development and adulthood. We observed previ-
ously unsuspected early expression in the vessels and
primitive heart during embryogenesis, consistent with
the early death of WNK1~/~ mice. The generalized car-
diovascular expression observed in adulthood may also
suggest a possible kidney-independent role in blood
pressure regulation. The second unsuspected site of L-
WNK1 expression was the granular layer and Purkinje
cells of the cerebellum, suggesting a role in local ion
balance or cell trafficking. In the kidney, discordance
between endogenous L-WNK1 and transgene expres-
sion suggests that either cis-regulatory elements impor-
tant for physiological renal expression lie outside the
BAC sequence or that illegitimate interactions occur be-
tween promoters. Despite this limitation, this trans-
genic model is a potentially valuable tool for the analy-
sis of spatial and temporal aspects of WNK1 expression
and regulation. (4m J Pathol 2006, 169:105-118; DOI:
10.2353/ajpath.2006.051290)

Familial  hyperkalemic  hypertension  (FHHt, no.
OMIM145260) is a hereditary form of hypertension

caused by mutations affecting two members (WNK1 and
WNK4) of a new family of serine threonine kinases, the
“with no lysine (K),” or WNK, kinases."? WNK4 is found
primarily in the distal nephron, and a number of recent
experiments have shown this kinase to be important in
the regulation of ion handling.>"®> However, the distribu-
tion of WNK1 is more complex due mostly to the produc-
tion of different isoforms. A long ubiquitous isoform (L-
WNK1) containing the kinase domain is produced under
the control of proximal promoters whereas a shorter iso-
form is produced specifically in the distal nephron (KS-
WNK1).%7 This shorter isoform has no kinase activity and
is generated from an alternative promoter upstream from
exon 4a. Itis unclear whether the FHHt-causing deletions
in intron 1 of WNK1 affect the qualitative and quantitative
production of these two isoforms. The typical renal symp-
toms of FHHt indicate a probable change in expression
pattern, at least in the distal nephron. We previously
observed an increase in WNK1 mRNA levels in leuko-
cytes of affected patients, suggestive of hypermorphic
mutations.” This mechanism is consistent with recent in
vitro findings that L-WNK1 inhibits WNK4, which itself
inhibits the sodium co-transporter NCC, the potassium
transporter ROMK 1, and chloride transtubular transfer.® It
is also consistent with the inhibition of L-WNK1 by KS-
WNK1? and with the effects of L-WNK1 on the epithelial
sodium transporter ENaC.'®!"

The ubiquitous nature of WNK1 probably renders the
whole situation much more complex. Indeed, L-WNK1 is
produced in several epithelia, the heart, muscle, and
brain. However, its distribution remains poorly character-
ized. Expression studies in adults have mostly involved
multitissue Northern blots®”'2-® or the application of
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immunohistochemistry techniques to epithelia.'® In other
organs, such as the heart, it has proved difficult to obtain
consistent results with techniques such as immunohisto-
chemistry and Northern blotting due to alternative splic-
ing of WNK1, hindering studies into the possible multiple
functions of WNK1. Finally, WNK1 expression during de-
velopment has not yet been studied despite its probable
importance, as reflected by the early death of WNK7~/~
embryos.'®

As a first step toward an analysis of the consequences
of FHHt-causing WNKT mutations, we designed an in vivo
model for monitoring L-WNK1 expression during devel-
opment and adulthood. We generated transgenic mice
bearing the murine WNK7 (mWNKT) locus modified to
include a reporter gene. Species-specific variation in
transcription factor binding sites may be responsible at
some level for species-specific differences in gene ex-
pression and regulation. We constructed a mouse trans-
gene to prevent these interferences between cis- and
trans regulatory elements and, thus, potential discor-
dance between the transgene and the endogenous gene
expression. Moreover, we had previously shown that the
organization, structure, and expression of the WNKT
gene are similar in mice and humans.” The construct
used was a bacterial artificial chromosome (BAC RP24-
212e14) containing 47.4 kb upstream from the transcrip-
tion start site and 11.2 kb downstream from the last
mWNKT exon, into which we incorporated in exon 2 the
nuclear lacZ (nlacZ) gene as a reporter. Furthermore we
introduced a stop codon in the KS-WNK1-specific exon
4a to prevent KS-WNK1 overexpression. We used this
BAC reporter assay to analyze L-WNK1 expression in a
physiological model, during embryogenesis and adult-
hood, with high sensitivity and single-cell resolution. This
analysis provided unexpected findings, concerning
WNK1 expression in the cardiovascular and central ner-
vous systems in particular. This transgenic model is of
potential value for the analysis of spatial and temporal
aspects of WINK7 expression and regulation.

Materials and Methods

Generation of the Transgene
BAC Identification

BAC RP24-212e14 spanning the mWNK7 locus
was identified on the National Center for Biotechnology
Information website (http://www.ncbi.nim.nih.gov/). The
RPCI-24 library was constructed from C57BL/6 genomic
DNA using the pTARBAC1 vector (CHORI). The chosen
BAC included the complete mWNK1 gene sequence. It
began at nucleotide —47440 relative to the mWNKT tran-
scription start site (sequenced BAC end: gi 13218338)
and ended 11.4 kb after the last mWNK7 exon (se-
quenced BAC end: gi 13218335).

BAC Modifications

Escherichia coli strains EL-250 and EL-350, electropo-
ration conditions with BAC DNA and targeting cassettes,

selection of recombinant clones, and excision of the se-
lection cassette were described by Lee and colleagues’”
and Liu and colleagues.”® The BAC construct was
checked at each step by DNA digestion and direct se-
quencing of the targeted regions, to ensure that the struc-
ture of the original BAC was conserved and that the
clones included the homologous recombination events.

LoxP Site Deletion from the pTARBAC1 Vector
of the RP24-212¢e14 Clone

We deleted the LoxP site from the backbone to prevent
recombination between this site and the loxP sequences
inserted in the BAC. We constructed a targeting cassette
containing an ampicillin (amp) resistance gene replacing
the LoxP sequence based on pTamp.'” In the targeted
BAC, the LoxP site was replaced by the amp gene.

Exon 4a-Targeting Cassette

The exon 4a-targeting cassette was generated by insert-
ing a translation stop codon just downstream from the
start codon in exon 4a, followed by the SV40 polyadenyl-
ation signal (SV40pA). The kanamycin (kan) resistance
gene was incorporated into the cassette to facilitate pos-
itive selection for homologous recombination in E. coli.
LoxP sites flanking the kan gene made it possible to
remove this gene by arabinose induction of the Cre re-
combinase carried in EL350 before the generation of
transgenic mice, thereby excluding the possibility of pro-
moter interference effects. Two DNA fragments cloned by
polymerase chain reaction (PCR) were incorporated at
the ends of the targeting cassette for bacterial homolo-
gous recombination at the exon 4a locus (Figure 1B). The
346-bp Ex4a-5' sequence was cloned by PCR using
forward primer 5’-CAAAAGTCAAGGAGGCAGAGC-3’
and reverse primer 5’-CATCAGAAAAGGCAACAGACTT-
3’, and the 359-bp Ex4a-3’ sequence was cloned using
forward primer 5'-TAAATTCTCATTGCTGCTGCTGT-3’
and reverse primer: 5-GTTTGTTTGCCAACTAATCTG-
CT-3".

Exon 2-Targeting Cassette

The exon 2-targeting cassette was generated by insert-
ing the gene encoding B-galactosidase (lacZ) together
with a nuclear localization signal (n) and the SV40pA
signal downstream from an internal ribosome entry site
sequence (IRES). Flp recognition target (FRT) sites flank-
ing the kan gene made it possible to remove this gene by
arabinose induction of Flp recombinase before the gen-
eration of transgenic mice. Two DNA fragments cloned
by PCR were incorporated at the ends of the targeting
cassette for bacterial homologous recombination at the
exon 2 locus (Figure 1B). The 375-bp Ex2-5' sequence
was cloned by PCR using forward primer 5'-GTTT-
TTCGAGACAGGGTTTCTCT-3" and reverse primer
5'-TTCTTTGAATCTCTGCCTTTCAG-3’, and the 380-bp
Ex2-3" sequence was cloned using forward primer
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Figure 1. Strategy for studying the production of WNKI kinase domain-containing isoforms. A: Genomic structure of the mouse WNK1 gene. The genomic
segment encompassing WNKT is represented as a horizontal line, and exons are indicated by numbered vertical lines. The two alternative known promoters
for mWNK1 are shown (bent arrows). The proximal promoters (pP) control transcription for the kinase domain-containing isoform (L-WNK1) and a renal
promoter (rP) drives expression for the isoform lacking the kinase domain (KS-WNK1). A, autoinhibitory domain; CC, coiled coil domain. B: Schematic diagram
of the targeting cassettes used to generate the modified RP24-212e14 BAC and the resulting reporter BAC with the n/acZ gene inserted into exon 2 and a translation
stop codon inserted into exon 4a, abolishing KS-WNK1 production. The size of the genomic sequences included in the BAC, on the 5" and 3’ sides of WNK1, is
indicated. The exon 2-targeting cassette was generated by inserting the nuclear /lacZ gene, with the SV40 polyadenylation signal (nlacZ), downstream from an
IRES sequence (internal ribosomal entry site). The kanamycin resistance gene (Kan) is flanked by two FRT sites (black arrows), which are recognized by the
Flp recombinase. At each end of the cassette, sequences homologous to the 5’ (Ex2-5") and 3" (Ex2-3") sequences of exon 2 facilitate recombination with the BAC.
The exon 4a-targeting cassette was generated by inserting a transcription stop signal and the SV40 polyadenylation signal (STOP-SV40polyA), the kan gene
flanked by two loxP sites (white arrows) and sequences homologous to exon 4a at each end (Ex4-5" and Ex4a-3"). C: Exon 2 modification in the BAC was
confirmed by EcoRV digestion. The exon 2 band displayed an appropriate increase in size and a decrease in size consistent with the deletion of the kan gene
after recombinase treatment. D: Exon 4a modification in the BAC was confirmed by BamHI digestion. The fingerprint displayed an appropriate 6-kb band,
confirming stop codon insertion and a decrease in size after recombinase treatment consistent with kan removal. Diagnostic changes are indicated by arrows.
Lane 1: Parental BAC; lane 2: recombinant BAC with kanamycin resistance; lane 3: recombinant BAC with kan removed by Flp or Cre induction. E: The BAC
transgene copy number was quantified by Southern blotting of DNA from F1 mice digested with Psl and probed with an ex4a probe. The expected size of the
endogenous WNK1 gene is 7.8 kb and that for the transgene is 2.8 kb.
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5'-GGAATCCACAGTAAAAGGGAAAA-3" and reverse
primer 5'-CCATGTCTAGTGCTTCCTCTGTT-3'. In the tar-
geted BAC, IRES-nlacZ was inserted 42 bases down-
stream from the first base of exon2.

Generation and Identification of L-WNK1-nlacZ
Transgenic Mice

Transgenic mice were generated by microinjection of
the circular BAC DNA into fertilized (C57BL/6JxSJL) F2
eggs at a concentration of 1 ng/ul using standard tech-
niques.’® Injected eggs were reimplanted the day after
the injection into pseudopregnant CD1(ICR) foster moth-
ers. Genomic DNA was prepared from mouse tails and
analyzed by Southern blot or PCR analysis. For Southern
blot analysis, 15 ug of DNA was digested by Pstl and
subjected to electrophoresis. The Ex4a 5’ sequence was
used as a probe and allowed the detection of a 7.8-kb
fragment in the endogenous mWNKT gene and a 2.8-kb
fragment in the BAC transgene. Transgene copy number
for each transgenic line was determined by analysis of
hybridization signals with the Molecular Imager FX and
Quantity one program (Bio-Rad, Marnes la Coquette,
France). For PCR analysis, the primers used were
forward primer 5'-GTTTTTCGAGACAGGGTTTCTCT-3’
and reverse primer 5'-AACGCACACCGGCCTTATTCC-
AAG-3'.

Analysis of Transgene Expression

Heterozygous males were crossed with nontransgenic
females (C57BL/6N). Embryos were staged taking em-
bryonic day (E) 0.5 as the day of the vaginal plug.

X-gal Staining

Embryos and adult tissues were dissected in phos-
phate-buffered saline (PBS), fixed by incubation in 4%
paraformaldehyde for 10 to 20 minutes at 4°C (depend-
ing on the embryonic stage or the size of the tissue),
rinsed twice in PBS, and stained overnight at room tem-
perature with 0.4 mg/ml 5-bromo-4-chloro-3-indolyl-b-p-
galactopyranoside (X-Gal; Invitrogen, Cergy Pontoise,
France) in PBS, 5 mmol/L K3Fe, 5 mmol/L K4Fe, 2 mmol/L
MgCl,, 0.2% Nonidet P-40. They were then postfixed in
paraformaldehyde. For cryostat sectioning, embryos and
adult tissues were transferred to 15% sucrose in PBS at
room temperature after paraformaldehyde fixation and
then embedded in 7% gelatin and 15% sucrose in PBS
before freezing by immersion in isopentane at —140°C.
Cryosections (10 um) were cut from these tissues and
rinsed in PBS before X-gal staining overnight at room
temperature, as previously described, with postfixing and
counterstaining with eosin.

Immunohistochemistry

We cut 200-um kidney sections with a vibratome after
perfusion of anesthetized transgenic mice with 4% para-

formaldehyde via the right atrium. These sections were
stained overnight in X-gal solution at room temperature
before paraffin-embedding. Sections (8 to 10 um) were
deparaffinized, rehydrated, and endogenous peroxidase
inactivated with 3% H,O, in PBS. They were then blocked
with the avidin-biotin blocking kit (Vector Laboratories,
Burlingame, CA) and 5% normal goat serum in PBS and
incubated with a polyclonal anti-NCC (thiazide-sensitive
Na-Cl co-transporter) antibody (dilution 1/2000),2° anti-
NKCC2 (BSC-1) (renal Na™, K™, 2CI~ co-transporter)
antibody (dilution 1/400),2" or anti-B-ENaC (epithelial so-
dium channel B subunit) antibody (dilution 1/500)22 for 2
hours in PBS, 1% bovine serum albumin, and 0.025%
Tween. Sections were then washed twice in PBS and
incubated for 30 minutes with biotinylated goat anti-rabbit
IgG (Vector Laboratories). This secondary antibody was
amplified and detected with the Vectastain ABC kit and
the DAB peroxidase substrate kit (Vector Laboratories).

In Situ Hybridization

The L- and KS-WNK1 isoforms were detected with
RNA probes labeled with digoxigenin-labeled uridine
triphosphate as recommended by the manufacturer
(Roche Diagnostics, Meylan, France) and binding to
exon 4a (KS-WNK1), exons 1 to 4 (L-WNK1) or exons 25
to 27 (L- and KS-WNK1). Whole-mount in situ hybridiza-
tion on embryos (E9.5 to E13.5) and adult tissues was
performed as previously described.2® In situ hybridization
on microtome sections (10 um) was performed as previ-
ously described.?*

Alternative Splicing

Total RNA from mouse tissues were reverse-transcribed
by using the MMLV RT (Gibco BRL-Life Technologies,
Invitrogen) and random hexamers (Roche Diagnostics).
Exon 4b splice variant was detected with primers binding
to exons 2 and 4b or to exons 4a and 4b.

Real-Time Quantitative PCR on Microdissected
Tubules

Adult mouse kidneys were microdissected at the plate-
forme d’explorations fonctionnelles rénales in vivo and ex
vivo, Institut des Cordeliers (Paris, France) as previously
described.?® Real-time quantitative RT-PCR (QRT-PCR)
assays were performed in a LightCycler (Roche Diagnos-
tics) with the intercalation of SYBR Green (Roche Di-
agnostics) as a fluorescence reporter. Primers were
designed to discriminate between the long and kidney-
specific isoforms. Forward primer from exon 1 (5’-GAC-
AGTCTACAAAGGTCTGGACAC-3') and reverse primer
from exon 2 (5'-GACCCTTTAACATTTCAGCCTCTTC-3")
were used to amplify L-WNK1, and primers from exon 4a
(5'-TTGTCATCATAAATTCTCATTGCTG-3’) and exon 5
(5'-AGGAATTGCTACTTTGTCAAAACTG-3') were used
to amplify KS-WNK1. Forward (5’-TTATGGAAGGTGCA-
GCCACTA-3’) and reverse (5'-CTGTTGCACCAGTAGC-
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Figure 2. L-WNKI1 expression in the developing and adult heart. A and E: Whole-mount X-gal staining. B and G: Iz situ Hybridization with the L-WNK1 mRNA probe.
C, D, and F: X-gal staining on frozen sections counterstained with eosin. A: At E13, the heart is undergoing remodeling and L-WNKI1-nlacZ transgene was strongly
expressed in the right atrium (RA), left atrium (LA), right ventricle (RV), and left ventricle (LV). B: L-WNK1 mRNA was detected in all the cardiac chambers. C: We detected
at E12.5 strong B-galactosidase activity in precursors of the cardiac valves (asterisks) in the atrioventricular canal (ave). OFT, outflow tract; SV, sinus venosus. D: At E14.5,
the transgene is strongly expressed in trabeculae (tr) of the ventricular wall (vw). E and F: Adult heart, showing ubiquitous expression of the transgene (lu, lung),
confirmed by in situ hybridization analysis of myocardium (m) transverse sections (G). Original magnifications: X10 (A, B); X40 (C, D); X2.5 (E); X250 (F, G).

CATATCT-3') primers were used to amplify exon 4b from
both L- and KS-WNK1 transcripts. Forward primer from
exon 4a (5'-TTATTGTAAATTCTCATTGCTGCTG-3') and
reverse primer from exon 4b (5'-ATATCTTGGCAGGC-
CAGTCTTTAT-3’) were used to amplify exon 4b from
KS-WNK1 transcripts, and forward primer from exon 4
(5’-GAATATCCATACTCAGAATGCCAAA-3’) and re-
verse primer from exon 4b (5'-CCTGGTGATGACTCTTT-
TCCACTA-3') were used to amplify exon 4b from L-

WNK1 transcripts. Primers from the lacZ gene (lacZ
forward 5'-TACACCAACGTAACCTATCCCATTA-3’ and
lacZ reverse 5'-GAGTTAACGCCATCAAAAATAATTC-3)
were used to analyze the lacZ mRNA distribution along
the nephron. For all of the samples, the amount of PCR
product was calculated as a percentage of a RNA stan-
dard (whole kidney RNA) per mm of tubule length (arbi-
trary unit). Data were then corrected for PCR efficiency as
previously described.?®
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Figure 3. Embryonic and extraembryonic expression of the L-WNK1-nlacZ transgene in the vascular system. A-D and F-G: Whole-mount X-gal staining. E: X-gal
staining on frozen sections counterstained with eosin. A: E10.5 embryo X-gal stained for a short time, showing marked expression in the primitive heart (A, atrium;
V, ventricle), in the intersegmental arteries (isa), peripheral vessels of the neural tube (white arrows), pinna of the ear (p), and in the retina (r). B: At E13, nlacZ
was still strongly expressed in intersegmental arteries, aorta (ao), and cartilage (asterisks). C and D: Whole-mount staining also clearly demonstrated
B-galactosidase activity in the internal carotid artery (ica; C) and choroid plexus (cp; D). E: Small vessels also displayed strong expression in endothelial cells
(black arrows). F and G: Extraembryonic tissues (F): placental cord (pc) and vessels of placenta and yolk sac (G). E13.5 yolk sac showing staining in the
arterioles and throughout the capillary bed (ca; G). Original magnifications: X5 (A); X10 (B-D, F-G); X250 (E).

Nucleotide Sequence Accession Number

The nucleotide sequence of exon 4b of the mouse
WNK1 gene has been deposited in the GenBank data-
base under GenBank accession no. DQ402040.

Results

Generation of L-WNK1-nlacZ Genomic Reporter
Mice

The ubiquitous kinase domain-containing isoform (L-WNK1)
is produced under the control of proximal promoters up-
stream from and into exon 1 (pP), whereas the kidney-
specific isoform with no kinase activity (KS-WNK1) is pro-

duced under the control of an alternative promoter (rP) in
intron 4 (Figure 1A). We analyzed L-WNK1 expression by
means of a genomic reporter assay, using a BAC bearing
the mWNKT locus (Figure 1B). We constructed two target-
ing cassettes—one to introduce the nlacZ reporter gene
into mMWNKT exon 2 (Figure 1B) and the other to insert a
stop codon into exon 4a, thereby preventing production of
the KS-WNK1 isoform (Figure 1B). The homologous recom-
binant events were checked by means of several restriction
enzyme digestions (Figure 1, C and D). Homologous re-
combination sites and selection cassette excision were
checked by BAC sequencing.

In the resulting construct, the nlacZ gene was fused to
the exon 2 coding sequence, resulting in B-galactosidase
expression under control of the proximal promoters of the
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Figure 4. L-WNKI1 expression in the adult vascular system. A, D, E, and G: Whole-mount X-gal staining. B: X-gal staining of frozen sections counterstained with
eosin. In situ (C) and in toto (F, H) hybridization with the L-WNK1 mRNA probe. A—C: Transgene and L-WNK1 expression in the aorta. The staining of aorta
cryosections shows expression in both endothelial (arrows) and smooth muscle cells (smc). Strong expression is also evident in small arteries (a) and veins (v)
at the surface of the brain (D, E), and of the mesentery (G). Endogenous L-WNK1 expression was confirmed in the brain (F) and mesenteric vessels (H). Original
magnifications: X2.5 (A); X250 (B); X100 (C); X10 (D); X5 (E, F, G); X10 (H).

BAC clone. Internal translation initiation from the IRES
sequence located just upstream from the nlacZ coding
sequence led to production of an efficient B-galactosi-
dase enzyme rather than a WNK1-B-galactosidase fusion
protein. We obtained four transgenic founders from this
construct, and transmission of the BAC transgene to the
F1 generation was confirmed by genomic Southern blot-
ting (Figure 1E). Three of the four lines expressed the
transgene. Transgenic lines 10 and 28 carried 2 and 12
copies of the transgene, respectively, at a single chro-
mosomal location. Transgenic line 12 carried 6 and 10
copies at two chromosomal locations and was separated
into two lines, each with transgene insertion at a single
chromosomal location. The four independent transgenic
lines had almost identical L-WNK1-nlacZ expression pro-
files, with only slight differences in expression intensities.

WNK1 Is Strongly Expressed in the
Cardiovascular System

Cardiac Expression

The L-WNK1-nlacZ transgene was strongly expressed
in the heart during early development. Whole-mount ob-
servation as early as day 7.5 of development revealed
ubiquitous low-level nlacZ expression in the embryo.
Marked changes in X-gal staining occurred during rapid
organogenesis, between stages E8 and E9. During this
period, reporter expression increased in the developing
primitive heart (see Supplementary Figure 1 at http.//
ajp.amjpathol.org). The pattern of L-WNK1-nlacZ expres-
sion in E13 heart (Figure 2A) was similar to that of endog-
enous WNKT7 (Figure 2B). We stained embryo
cryosections to locate nlacZ expression more precisely in
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the primitive heart. At E12.5, expression was strongest in
the outflow tract and atrioventricular canal (Figure 2C). At
E14.5, expression was strongest in the trabeculations of
the ventricular wall (Figure 2D).

L-WNK1 cardiac expression was maintained in
adults. In toto X. gal staining demonstrated sustained
expression of the transgene (Figure 2E). Histological
analysis showed that the transgene was expressed
homogeneously and that its product was present in
cardiomyocytes (Figure 2F). Endogenous cardiac L-
WNK1 expression was confirmed by in situ hybridiza-
tion (Figure 2G).

Vascular Expression

At E10.5 the transgene was expressed throughout the
developing vasculature (Figure 3A). B-Galactosidase ac-
tivity was clearly detected in the intersegmental arteries
and the capillaries of perineural tissues. At E13, B-gal
activity was observed in the aorta and intersegmental
arteries (Figure 3B), internal carotid arteries (Figure 3C),
and vessels of the choroid plexus (Figure 3D). We
stained cryosectioned E12.5 embryos to locate nlacZ
expression precisely. The transgene was expressed
ubiquitously at a low level, but was much more strongly
expressed in the endothelial cells of arteries and veins
(Figure 3E). The transgene was also expressed in the
extraembryonic vasculature. It was detected in placenta
(Figure 3F) and yolk sac vessels throughout development
and throughout its capillary bed (Figure 3G).

As development progressed, nlacZ expression was
evident in many blood vessels throughout the body, in
large and small arteries, capillaries, and veins. B-Galac-
tosidase activity was detected in the adult abdominal
aorta (Figure 4, A and B), vessels in the brain (Figure 4,
D and E), the diaphragm, kidneys, skeletal muscle, and
mesentery (Figure 4G). X-gal staining was detected in the
small arteries and their connecting arterioles at the brain
surface, and in the veins and venules (Figure 4, D and E).

We stained cryosections of adult aorta with X-gal (Fig-
ure 4B) to identify the expressing cell types in the blood
vessels. Both endothelial cells and smooth muscle cells
were stained. The corresponding endogenous expres-
sion was assessed by in situ hybridization with an L-
WNK1 RNA probe. Expression was confirmed in the aorta
(Figure 4C), brain vessels (Figure 4F), and mesenteric
vessels (Figure 4H). In the aorta, endogenous WNK7
expression was detected in the vascular endothelium
and smooth muscle cell layers (Figure 4C).

Expression in the Central Nervous System

In embryos, almost no L-WNK1-nlacZ transgene expres-
sion was observed in the central nervous system, except
in the capillaries surrounding the neural tube (Figure 5A)
and some neurons of the floor plate (Figure 5B). The
transgene was also expressed in epithelial cells of the
optic layer (Figure 5C). In adult mice, the transgene was
expressed in the cerebellum (Figure 5D). The most in-
tense region of X-gal staining was the granular layer and

Figure 5. L-WNK1 production in the central nervous system. A—C and Gz
X-gal staining on frozen sections counterstained with eosin. D and E: Whole-
mount X-gal staining. L-WNK1 i toto (F) and in situe (H) hybridization. A: At
E12.5, capillaries surrounding the neural tube (black arrows) were posi-
tively stained whereas most neurons were not. B: At 12.5, cells of the floor
plate (asterisks) showed strong positive staining. C: Expression in the
epithelial cells of the optic layer (oD). In adults, L-WNK1 expression was
restricted to the cerebellum (Cb; D-H), the granular layer (g), cerebellar
Purkinje cells (Pj), and to a lesser extent, the molecular layer (mol). Original
magnifications: X40 (A, C); X100 (B, G, H); X2.5 (D); X5 (E, F).

cerebellar Purkinje cells, with only weak staining ob-
served in the molecular layer and white matter (Figure 5,
E and G). Expression levels in these layers appeared
constant from 3 days after birth into adulthood (see Sup-
plementary Figure 2 at http://ajp.amjpathol.org). In toto
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Figure 6. Expression in the esophagus, trachea, liver, muscle, and lungs of embryos and adults. A and B: Whole-mount X-gal staining. D—G: X-gal staining on
frozen sections counterstained with eosin. A: Expression in the esophagus (e), trachea (tr), aorta (ao), right atrium (RA), right ventricle (RV), left atrium (LA), in
E17.5 embryo. In adult, L-WNK1-nlacZ transgene expression was detected in the cartilaginous rings of the trachea (cr; B), the tracheal epithelium (black arrow)
and the chondrocytes (white arrow; C) and in the epithelium of the esophagus (D). Staining for B-galactosidase activity in liver (E), skeletal muscle (F), and

lung (G). Original magnifications: X2.5 (A); X5 (B); X40 (D);X100 (C, E, F, G).

hybridization (Figure 5F) and in situ hybridization on cryo-
sections (Figure 5H) gave similar results.

Expression in Other Tissues

During embryogenesis, B-galactosidase activity was de-
tected in the esophagus and in the cartilaginous rings of
the trachea (Figure 6A). In adults, B-galactosidase activ-
ity was detected in the chondrocytes of the cartilaginous
rings and in the epithelia of the esophagus and trachea
(Figure 6, B-D). In adult mice, p-galactosidase activity
was ubiquitous. Muscle, lung, liver, and intestine also
presented strong pB-galactosidase activity, consistent
with the results of Northern blots. Histological analysis
showed positive staining of the hepatocytes (Figure 6E)
and skeletal muscle cells (Figure 6F). However in muscle,
the strongest expression of the L-WNK1-nlacZ transgene
was detected in vascular cells. In the lung, B-galactosi-
dase activity was observed in the vessels and capillaries
and also in pneumocytes (Figure 6G).

Renal WNKT1 Expression

The transgene was expressed in the kidney vasculature
of embryos and neonates. In toto staining of E17.5 kidney
showed sustained expression of the transgene. At birth,
expression was strongest in the glomerular capillaries as
shown by X-gal staining of vibratome sections (Figure
7A). Cross sections of adult kidneys from all four trans-
genic lines showed strong B-galactosidase activity in
cortical tubules and the papilla and uniformly low levels of
expression in other cells, including those of the glomer-
ular capillaries (Figure 7, B-D). We investigated the
possible nephron segment-specific expression of the
L-WNK1-nlacZ transgene by staining kidney sections
from transgenic mice with anti-NKCC2, anti-NCC, and
anti-B-ENaC antibodies. Anti-NCC staining partly coin-
cided with B-galactosidase staining. However, a few tu-
bules were B-galactosidase-positive and NCC-negative
whereas others were NCC-positive and B-galactosidase-
negative (Figure 7C). pB-Galactosidase staining did not
show the same distribution as anti-B-ENaC antibody
staining (not shown), but B-galactosidase activity was
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Figure 7. L-WNK1-nlacZ transgene expression in kidney. A: X-gal staining of a 100-um vibratome transverse kidney section from an embryo. B: Whole-mount
X-gal staining on kidney from adult mouse. C and D: Double-staining with X-gal and immunolabeling. E: Relative expression of nlacZ mRNA and L-WNK1 mRNA
in proximal convoluted tubule, CTAL, and DCT. QRT-PCR results are expressed as percentage of nlacZ and L-WNK1 expression fixed at 100% in proximal
convoluted tubule. Histograms represent means, and bars indicate the minima and maxima for six experiments (L-WNK1) or two experiments (nlacZ). Renal
WNK1 expression. F: I situ hybridization with a probe specific for L-WNK1, with eosin counterstaining. G: I situ hybridization with a probe recognizing both
L- and KS-WNK1, with eosin counterstaining. H: Immunolocalization of NCC and in situ hybridization of WNK1 (both L and KS isoforms). I: Immunolocalization
of NKCC2 and in situ hybridization of WNK1 (both L and KS isoforms). J: Relative abundance of L- and KS-WNK1 mRNA along the length of the mouse nephron,
as determined by QRT-PCR. Experiments were performed on glomerulus (Glom), proximal convoluted tubule (PCT), pars recta (PR), medullar thick ascending
limb of Henle’s loop (MTAL), CTAL, DCT, connecting tubule (CNT), cortical collecting duct (CCD), and outer medullar collecting duct (OMCD) RNA extracts.
Results (arbitrary U per mm tubule length) are expressed as means * SE from four to six animals. Original magnifications, X5 (A); X10 (B); X250 (C, D, H, D);
X100 (F, G).

co-localized with anti-NKCC2 antibody staining in the cortical thick ascending limb of Henle’s loop (CTAL) and

cortex (Figure 7D). The expression of the L-WNK1-nlacZ
transgene was confirmed by real-time RT-PCR on micro-
dissected tubules that showed a fivefold greater abun-
dance of nlacZ mRNA in the distal than in the proximal
convoluted tubule (Figure 7E).

Together, these results show that the L-WNK1-nlacZ
transgene expression was strong in the distal part of the

the proximal part of the distal convoluted tubule (DCT1).
This strong expression contrasted with the uniform low
level of L-WNK1 expression previously reported”'* and
confirmed in this study by in situ hybridization with the
exon 1-4 RNA probe (Figure 7F). Furthermore, in situ
hybridization with a 3" WNK1 RNA probe binding to both
the L- and KS-WNK1 isoforms gave a strong hybridization



signal restricted to the cortical kidney (Figure 7G), with no
staining of the papilla (not shown). This specific cortical
expression of the endogenous WNK7 gene co-localized
with NCC (Figure 7H), but not with NKCC2 (Figure 71),
consistent with low levels of expression of the L-WNK1
isoform and expression of the KS-WNK1 isoform predom-
inantly in the DCT.

The quantitative discordance between the production
of B-galactosidase and the endogenous L-WNK1 mRNA
may reflect the greater sensitivity of histochemical detec-
tion of B-galactosidase activity than of mRNA detection
by in situ hybridization. We used real-time RT-PCR on
isolated microdissected tubules to analyze in more detail
endogenous WNKT expression in the nephron. We as-
sessed the relative abundance and renal distribution of
the L- and KS-WNK1 isoforms, using primers amplifying
either exons 1 and 2 or exons 4a and 5 (Figure 7J). A
striking difference in distribution and abundance was
shown in the mouse adult kidney, consistent with in situ
hybridization results. Primers amplifying sequences corre-
sponding to the L-WNK1 isoform revealed uniform, low-level
expression along the nephron. In contrast, the KS-WNK1
isoform was present primarily in the DCT and, to a lesser
extent, in the CTAL and the connecting tubule (CNT).

We analyzed this discordance further by investigating
whether the specific pattern of transgene expression in
the kidney could be accounted for by the use of other
promoters. 5’RACE-PCR experiments on mouse kidney
WNK1 cDNA, using a primer specific to exon 2, identified
no sequences other than the proximal promoters (not
shown). The amplification of sequences from exon 2 to 3
by QRT-PCR on microdissected tubules gave a similar
profile along the length of the nephron as did the ampli-
fication of sequences from exons 1 to 2 (not shown).
Thus, expression of the transgene could not be ac-
counted for by the use of an alternative promoter.

Finally, because the reporter gene was located on
exon 2 in the BAC construct, we investigated whether
cell-specific alternative splicing of the first four exons of
L-WNK1 could occur. Alignment of an EST from 13-day
mouse embryos (gi 26095199) with the L-WNK1 se-
quence revealed the presence of a 129-bp exon located
between exons 4 and 5 (exon 4b) previously shown to be
expressed in the renal cortex.’ Splicing between exons
2 and 4b (L-WNK1) was confirmed by RT-PCR on all
tested mouse tissues (Figure 8A, left). In the kidney,
RT-PCR also generated an amplicon between exons 4a
and 4b (KS-WNK1) (Figure 8A, right). Nevertheless, the
major product amplified from exons 4ato 5 was a 120-bp
molecule corresponding to a transcript in which exon 4b
was removed by splicing (Figure 8A, right). We then
investigated the expression profile of the exon 4b-con-
taining isoforms by QRT-PCR on mouse microdissected
nephron (Figure 8B) and relative abundance of the L- and
KS- exon 4b-containing isoforms by QRT-PCR on kidney.
Exon 4b was present in both the L- and KS-WNK1 isoforms.
However, it accounted for only ~1/30th of the total amounts
of both isoforms. Interestingly, this new exon contains an
in-frame stop codon when spliced with exon 4 (in the L-
WNK1 isoform) or with exon 4a (in the KS-WNK1 isoform).
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Figure 8. A novel exon 4b alternatively spliced in L- and KS-WNK1. A:
Agarose gel electrophoresis of RT-PCR products from mouse tissues. Ampli-
fied exons (ex) to which the primers bound and the corresponding amplified
fragments are indicated by arrows. B: Quantification of WNKI exon 4b-
containing transcripts in mouse kidney by QRT-PCR on microdissected
nephrons.

Exon 4b splicing may thus regulate WNK1 production.
However, it is not conserved between mice and humans.

Discussion

We have demonstrated here the feasibility of a BAC
transgenic approach for the detailed analysis of L-WNK1
expression during embryogenesis and adulthood. This
strategy gives sensitive detection of a reporter gene with
single cell resolution, which is often difficult to achieve for
endogenous genes. For example, in vessels the histo-
chemical detection of the lacZ gene product has proven
to be more sensitive than the detection of D[4 mRNA by
in situ hybridization.?” Using this genomic reporter assay,
we confirmed that the L-WNK1 isoform is produced in
many organs in addition to the polarized epithelia in
which it was first detected, '® including the cardiovascular
system, in which strong, early expression was observed.
The 172-kb genomic fragment containing the mWNK1
locus drove a pattern of expression in adult mice similar
to that of the endogenous gene, analyzed by in situ hy-
bridization, in all parts of the body. In the kidney, differ-
ence between the distribution of L-WNK1 mRNA along
the nephron and B-galactosidase activity or lacZ mRNA
could be observed. These results were replicated in four
different transgenic lines and indicate that this BAC—
containing the 47 kb upstream from the mWNK7 gene
associated with the entire 34-kb intron 1 sequence and
the first 11 kb of the 3’ flanking region—contains the
regulatory elements required to confer a spatiotemporal
expression pattern very similar to that of the endogenous
gene. It is therefore a potentially useful, sensitive tool for
analyzing the regulation of L-WNK1 expression in re-
sponse to several physiological stimuli in vivo and for
studying the consequences of changes in the spatial,
temporal, and quantitative pattern of expression after the
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deletion of intron 1 of WNKT, as in FHHt-disease causing
mutations.

One of our main findings was the expression of L-
WNKT1 in the cardiovascular system early in embryogen-
esis. Expression was detected as early as day 8.5 in the
developing vasculature and primitive heart. It was stron-
gest during the initial stages of heart development, con-
sistent with a peak of expression during active periods of
differentiation. Expression was observed throughout the
myocardium but was particularly strong in the trabecu-
lated walls of the ventricle. Cardiac trabeculations origi-
nate in the cardiogenic mesoderm and were initially
thought to deliver oxygen and nutrients to the ventricles in
the absence of the coronary vascular system. It has also
been suggested that they act as contractile elements,
maintaining ventricular wall stiffness, and serve to distrib-
ute the electrical impulse for contraction throughout the
ventricles.?® In the adult transgenic mouse, we observed
diffuse L-WNK1 expression, consistent with previous
Northern blot results showing stronger expression in the
heart than in other tissues. Despite high levels of WNK1
mRNA, convincing staining of heart with an anti-WNK1
antibody was not seen in a previous study.'® The anti-
body used recognizes a peptide encoded in exon 12. Itis
known that there is alternative splicing of WNK1.7:13:29
The major WNK1 form in the heart corresponds to a
L-WNK1 transcript in which exon 12 was removed by
splicing,” which thus explains why it is not recognized by
the antibody. Our results show that expression was not
restricted to a particular subtype of cells. Further inves-
tigation is required to determine whether changes in
WNKT1 expression affect cell contractility or cardiac func-
tion. FHHt patients are not known to display any cardiac
abnormality other than arterial hypertension, but it has yet
to be determined whether the disease-causing mutations
selectively modify expression of the L-WNK1 and/or the
KS-WNK1 isoform. Mice lacking L-WNK1 were recently
generated by means of a gene-trap strategy in embry-
onic stem cells.’® Embryos homozygous for the mutation
died early in utero, before 13 days of development. Be-
cause cardiovascular defects are the most frequent
cause of early death in utero in engineered mice,*° our
findings suggest that L-WNK1 may be essential for em-
bryonic cardiovascular development. WNK1 has been
shown to activate the ERK5 mitogen-activated protein
kinase cascade,®' a pathway implicated in multiple phys-
iological functions, such as cell survival, proliferation, and
differentiation; it is also essential for cardiac develop-
ment, endothelial cell growth, and maintenance of vas-
cular integrity during adulthood.®? In adult vessels, L-
WNK1 was detected in endothelial cells and in vascular
smooth muscle cells. Further investigation is required to
determine whether this expression pattern could partly
account for the low blood pressure of L-WNK1 */~mice.

We also unexpectedly detected L-WNK1 in the cere-
bellum, in both embryos and adults, but almost no L-
WNK1 was detected in the cerebral cortex. This molecule
was essentially restricted to the granular layer and cere-
bellar Purkinje cells. In INS-1 pancreatic B-cell line,
WNK1 has been co-localized with synaptotagmin 2 (Syt
2),%® a protein involved in the regulation of membrane

trafficking and vesicle fusion via a calcium-sensing
mechanism.®* According to Lee and colleagues,®
WNK1 selectively binds to and phosphorylates Syt 2,
whereas WNK4 does not. This interaction may lead to the
retention or insertion of proteins in the plasma membrane,
thereby locally regulating ion balance. Our data demon-
strate the strong expression of L-WNK1 in cerebellar
Purkinje cells in which Syt 2 transcripts are very abundant
from postnatal day 15 until adulthood, at the time of major
synaptogenesis,®® suggesting that this molecule plays a
specific role in these cells. In the cerebellum, Purkinje
cells form synapses with parallel fibers that form strategic
elements of its neuronal circuitry.®*® During movement,
tracking position and velocity are signaled by simple
spike discharges from Purkinje cells.®” L-WNK1 may reg-
ulate ion handling and thus activity in Purkinje cells. In-
tegrated studies of the morphological and functional con-
sequences of WINKT inactivation should therefore also
focus in particular on movements controlled by the
cerebellum.

The main clinical and biological features of FHHt and
the detection of WNK4 and KS-WNKH1 in the renal cortex
have led to many studies investigating the pathophysio-
logical effects of WNK1 and WNK4 on ion handling in the
distal nephron. It has been demonstrated that WNK4
regulates diverse ion flux pathways by modulating NCC
and ROMK1 activity and by regulating paracellular per-
meability.* However, much less is known about the re-
spective roles of L-WNK1 and KS-WNK1. Expression
studies in Xenopus oocytes have suggested that L-WNK1
antagonizes the inhibitory effect of WNK4 on NCC,3® and
that this inhibition depends on the catalytic activity of
WNK1.3° In HEK cells, it has been demonstrated that
L-WNK1 inhibits ROMK1, whereas KS-WNK1 reverses
this inhibition.*® L-WNK1 has also been shown to bind the
serum- and glucocorticoid-inducible protein kinase
SGK1, activating this protein by increasing its phosphor-
ylation, leading to activation of the epithelial sodium
channel in Xenopus oocytes.'© It might be difficult to see
how L-WNK1 could play a prominent role in the distal
nephron because its MRNA is present in much smaller
amounts than KS-WNK1 in this tissue” and because KS-
WNK1 may itself act as a dominant-negative regulator of
L-WNK1.9° Nevertheless, a recent study demonstrates
that L-WNK1 is up-regulated and KS-WNK1 is down-
regulated in the kidney of rats fed with a low potassium
diet. An experimental model making it possible to follow
the production of each isoform separately would thus be
very informative. However, although we used a BAC en-
compassing more than 170 kb of the mWNKT locus, our
analyses of transgene and endogenous L-WNK1 expres-
sion, characterized by in situ hybridization and quantita-
tive RT-PCR on microdissected tubules, were not entirely
concordant. BAC transgene expression, like endogenous
L-WNK1 expression, was diffuse along the length of the
nephron and in the glomerular capillaries but was clearly
much stronger in the distal part of the CTAL and the
proximal part of the DCT than endogenous L-WNK1 ex-
pression. The same profile was obtained for all four trans-
genic lines analyzed. Because this BAC provided the
regulatory elements and the essential chromatin environ-



ment for correctly regulated expression in other tissues,
the high levels of expression observed in the DCT and the
distal part of the CTAL may be due to the absence of
additional cis-acting elements involved in L-WNK1 ex-
pression in the kidney. We searched for conserved non-
genic sequences upstream and downstream from the
BAC ends and identified several sequences for future
analysis as potential regulatory elements. However, it is
also possible that transgene expression reflects a modi-
fication to L-WNK1 expression in response to stress con-
ditions. An increase in the level of renal L-WNK1 tran-
scripts has been observed in animals on a low-potassium
diet.?® It remains unclear whether this up-regulation takes
place specifically in the CTAL and DCT. Strong L-WNK1
expression in the DCT may inhibit ROMK1 and modulate
potassium secretion. It may also abolish the inhibitory
effect of WNK4 on NCC activity,*® thereby activating Na*
reabsorption.

Alternatively, given that the renal expression of the
transgene resembles that of KS-WNKH1, the discordance
between endogenous L-WNK1 and transgene expres-
sion in the kidney may be due to an illegitimate interaction
between the proximal promoters of L-WNK1 and the renal
enhancer located upstream from exon 4a. This renal
enhancer is highly active in renal epithelial cells.” This
illegitimate interaction may result from a regulation mech-
anism that is different in the context of the transgene.
There may be an insulator between the L-WNK1 promot-
ers and the renal enhancer. This insulator may be inac-
tivated by methylation,*" a phenomenon known to occur
in transgenes.*? Alternatively, the renal promoter and the
next proximal promoter may be too close together, with
no barrier element, in the case of head to tail insertion of
multicopies of the transgene. This appears likely because
our four transgenic lines had integrated 2 to 12 copies of
the BAC transgene at the same chromosomal location.

Finally, this study demonstrated the physiological ex-
pression of an additional WNK1 isoform in mouse that is
not present in human. Both L-WNK1 and KS-WNK1 may
contain an alternatively spliced exon, exon 4b, and these
alternatively spliced forms have been detected in the
renal cortex.' Exon 4b is 129 bp long and contains a
premature stop codon, leading to a predicted protein of
459 residues, truncated after catalytic kinase subdomain
VII. The corresponding L-WNK1 isoform therefore has no
kinase activity. The inclusion of exon 4b just after exon 4a
should lead to the production of a very short (41 residues)
KS-WNK1 isoform. RT-PCR experiments showed that
exon 4b-containing isoforms are produced in only small
amounts. Exon 4b is not removed by splicing in only 3%
of KS-WNK1 and L-WNKH1 transcripts. We have demon-
strated the occurrence of a similar rare alternative splic-
ing event in the human L-WNK1 isoform.” The use of an
alternative splicing site in intron 3, 83 bp upstream from
exon 4, leads to the introduction of a premature stop
codon and the production of an enzyme with no catalytic
activity. Thus, for both mouse and human WNKT genes,
expression may be regulated by both classical transcrip-
tional means and by alternative splicing leading to the
production of truncated isoforms. This mechanism may
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modulate WNK1 activity, depending on the physiological
conditions.

In conclusion, we describe here an in vivo reporter
assay based on the use of the sensitive and stable nlacZ
reporter, for studies of the expression of WNK1 kinase
domain-containing isoforms in transgenic mice. The pat-
tern of transgene expression in embryos and adult mice
was indistinguishable from that of the endogenous WNK1
gene in all parts of the body except the kidney, making
this a sensitive model for studying the transcriptional
regulation of WNKT. Using this model, we showed that
kinase-containing WNK1 isoforms are produced early in
development, particularly in the cardiovascular system,
suggesting a possible unsuspected role in vascular de-
velopment and blood pressure regulation. We also
showed that the regulation of WNK1 kinase domain-con-
taining isoforms might involve regulatory cis-acting ele-
ments outside the BAC sequence. These elements may
repress L-WNK1 production in the distal nephron.
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