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Abstract

Ample pharmacological evidence points to a role of kinases in the regulation of cell volume. Given the limited
selectivity of most inhibitors, however, the specific molecules involved have remained largely elusive. The search for cell
volume regulated genes in liver HepG2 cells led to the discovery of the human serum- and glucocorticoid-dependent
serine /threonine kinase hsgk1. Transcription and expression of hsgk1 is markedly and rapidly upregulated by osmotic
and isotonic cell shrinkage. The effect of osmotic cell shrinkage on hsgk1 is mediated by p38 kinase. Further stimuli of
hsgkl transcription include glucocorticoids, aldosterone, TGF-B1, serum, increase of intracellular Ca’* and phor-
bolesters, whereas cCAMP downregulates hsgk1 transcription. The hsgkl protein is expressed in several epithelial tissues
mcludmg human pancreas, intestine, kidney, and shark rectal gland. Co-expression of hsgkl with the renal epithelial
Na*-channel ENaC or the Na*/K*/2Cl -cotransporter NKCC2 (BSC1) in Xenopus oocytes, accelerates insertion of
the transport proteins into the cell membrane and thus, stimulates channel or transport activity. Thus, hsgk1 participates
in the regulation of transport by steroids and secretagogues increasing intracellular Ca?*-activity. The stimulation of
hsgk1 transcription by TGF-B1 may further bear pathophysiological relevance. © 2001 Elsevier Science Inc. All rights
reserved.
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1. Introduction

Transcellular epithelial transport leads to alter-
ations of cell volume, whenever entry and exit of
osmotically active substances are not precisely
balanced (for review see Lang et al., 1998a). To
avoid excessive alterations of cell volume, the
respective transport systems must be under con-
trol of or paralleled by cell volume regulatory
mechanisms.

The major cell volume regulatory mechanisms
comprise activation of KCl co-transport, K*
channels, anion, Cl~ and/or osmolyte channels
during cell swelling (for review see Fiirst et al.,
2000; Junankar and Kirk, 2000; Kinne et al., 2000;
Lang et al., 1998b; Lauf and Adragna, 2000; Nil-
ius et al,, 2000; Valverde et al., 2000), as well as
Na*/K*/2Cl~ co-transport, Na*/H* exchanger
and Na™ channels during cell shrinkage (for re-
view see Bohmer et al., 2000; Wehner et al., 2000;
Lang et al., 1998b; Szaszi et al., 2000). The corre-
sponding release or entry of ions with the obliged
water accomplishes regulatory cell volume de-
crease (RVD) or increase (RVI), respectively.
Furthermore, the cellular generation or accumu-
lation of osmolytes contributes to the mainte-
nance of cell volume constancy (for review see
Burg, 1995; Pasantes-Morales et al., 2000).

The cell volume regulatory transport systems
are under the control of a wide variety of signal-
ing mechanisms including activation of protein
kinases (Burg, 2000; Hoffmann, 2000a,b; Kin-
nunen, 2000a,b; Lepple-Wienhues et al., 2000;
Papakonstanti et al.,, 2000; Schliess and Hius-
singer, 2000; Tinel et al., 2000; van der Wijk et al.,
2000; Weiergraber and Hiussinger, 2000). The
present brief review will concentrate on proper-
ties and role of a serine /threonine kinase, which
has been cloned as a cell volume regulated gene
(Waldegger et al., 1997) and may apparently par-
ticipate in the regulation of transport systems.
The human cell volume-sensitive kinase is highly
homologous to the serum and glucocorticoid-
dependent kinase (sgk) previously cloned from rat
mammary tumor cells (Webster et al., 1993) and
has thus, been labeled hsgk. From shark rectal
gland the shark sgk (ssgk) has been cloned and
again found to be highly homologous to the mam-
malian kinases (Waldegger et al., 1998). As the
isoforms (sgk2 and sgk3) have been cloned in the
meanwhile (Kobayashi et al., 1999), the appropri-
ate labeling is now sgkl or hsgkl.

2. Localized distribution of hsgkl

As shown by Northern blot analysis, hsgkl is
expressed in all human tissues studied, including
pancreas, liver, heart, lung, skeletal muscle, pla-
centa, kidney and brain (Waldegger et al., 1997).
Within the tissues, hsgkl is not expressed in all
cell types. In pancreas particularly high transcript
levels are found in acinar cells (Klingel et al.,
2000). As shown in Fig. 1, marked transcription of
hsgkl is found within enterocytes, whereas crypt
cells are virtually mRNA free (Waldegger et al,,
1999). In the kidney, transcript levels are under
appropriate conditions (see below) maybe high in
distal nephron and thick ascending limb epithelial
cells (Lang et al., 2000).

Apart from epithelial cells, high transcript lev-
els are found in macrophages (Waldegger et al.,
1999) and some renal mesangial cells (Lang et al.,
2000), which are similarly phagocytosing cells.

3. Regulation of hsgkl

Originally, the sgkl has been cloned from rat
mammary tumor cells as a glucocorticoid in-
ducible kinase (Webster et al., 1993). The human
isoform was cloned as a cell volume sensitive
gene (Waldegger et al., 1997). Transcription of
hsgkl is not only upregulated by hyperosmotic
cell shrinkage, but as well by isotonic cell shrink-
age elicited by simultaneous inhibition of the
Na*/H™ exchanger and the Na*/K*/2Cl~ co-
transporter (Waldegger et al, 1997). The tran-
scriptional upregulation is rapid, and significant
increases of transcript levels are observed within
30 min of exposure of the cells to hypertonic
environment (Waldegger et al., 1997).

The transcriptional upregulation of (h)sgkl is
mediated by p38 kinase, which is activated upon
cell shrinkage and in turn is required for upregu-
lation of hsgk1 (Bell et al., 2000; Waldegger et al.,
2000).

Further stimulators of (h)sgkl transcription in-
clude mineralocorticoids (Chen et al., 1999;
Naray-Fejes-Toth et al., 1999; Shigaev et al., 2000)
and TGF-B1 (Waldegger et al., 1999; Lang et al.,
2000). Moreover, hsgkl transcription is also
markedly upregulated by excessive extracellular
glucose concentrations (Lang et al., 2000), an
effect blunted in the presence of neutralizing
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Fig. 1. Transcription of hsgkl in intestine as shown by in situ hybridization. Highest levels of hsgkl mRNA are found in apical villus
enterocytes. The transition from hsgkl expressing enterocytes to virtually hsgkl mRNA-free crypt cells is sharp. Tissue specimens were
fixed in 4% paraformaldehyde, 0.1 M sodium phosphate buffer (pH 7.2) for 4 h and embedded in paraffin. Tissue sections (4 pm) were
dewaxed and hybridized basically as described (Hohenadl et al., 1991; Kandolf et al., 1987; Klingel et al., 1992). The mixture contained
either the *S-labelled RNA antisense or sense control hSGK1 probe (Waldegger et al. 1999) (500 ng/ml) in hybridization buffer (10
mM Tris—HCI, pH 7.4, 50% (v/v) deionized formamide, 600 mM NaCl, 1 mM EDTA, 0.02% polyvinylpyrrolidone, 0.02% Ficoll, 0.05%
bovine serum albumin, 10% dextrane sulfate, 10 mM dithiothreitol, denatured sonicated salmon sperm DNA at 200 pg/ml, and rabbit
liver tRNA at 100 pg/ml. Hybridization with RNA probes proceeded at 42°C for 18 h. Slides were then washed as described
(Hohenadl et al., 1991; Kandolf et al., 1987; Klingel et al., 1992) followed by 1 h at 55°C in 2 X standard saline citrate. Non-hybridized
single-stranded RNA probes were digested by RNAse A (20 pg/ml in 10 mM Tris~HCL, pH 8.0, 0.5 M NaCl for 30 min at 37°C.

Tissue slide preparations were autoradiographed (Klingel et al., 1992) and stained with hematoxylin /eosin.

antibodies against TGF-B 1, 2 and 3 (Lang et al.,
2000).

An increase of cytosolic Ca** activity by cal-
cium ionophore ionomycin (1 wM) strongly up-
regulates hsgkl transcription, as shown in en-
dothelial (Lang et al., 2000) and pancreatic ep-
ithelial (Klingel et al., 2000) cells. Moreover, the
stimulating effect of excessive glucose concentra-
tions is blunted in the presence of Ca’>* channel
blocker nifedipine (Lang et al., 2000), again point-
ing to a role of Ca’* in the transcriptional regula-
tion of hsgkl.

Transcription of hsgkl is further stimulated by
phorbol esters and is inhibited by protein kinase
inhibitor staurosporine (Klingel et al., 2000). Thus,
protein kinase C may be involved in the transcrip-
tional regulation of the kinase.

Cytosolic Ca?* and possibly protein kinase C
may mediate a regulation of sgkl transcription by
secretagogues. Indeed, transcription of the ssgkl
is stimulated in shark rectal gland by vasoactive
intestinal polypeptide and carbachol (Waldegger
et al., 1998), secretagogues in this model epithe-
lium for Cl~ secretion (Bleich et al., 1998; For-

rest et al., 1983; Greger et al., 1986, 1998, 1999a,b;
Thiele et al., 1998; Warth et al., 1998a,b). Surpris-
ingly, however, hsgkl transcription is downregu-
lated by cAMP (Klingel et al., 2000), which acts as
a second messenger during stimulation of Cl~
secretion by several secretagogues (Greger et al.,
1984).

Although transcription is upregulated by hyper-
osmotic incubation (Waldegger et al., 1997; Bell
et al., 2000), the activity of the expressed sgkl
protein is reduced by exposure of the cells to
hypertonic sorbitol (Kobayashi and Cohen, 1999).
This observation casts some doubt on the role of
sgkl in regulatory cell volume increase, which
would require activation of the kinases during
osmotic cell shrinkage. At this point, more infor-
mation is needed on the interplay between cell
volume and sgkl activity. The skgl kinase is acti-
vated by H,0, and insulin-like growth factor
IGF-1 (Kobayashi and Cohen, 1999; Park et al.,
1999). The signaling of IGF-1 to sgkl involves
P13-kinase and subsequent activation of the ser-
ine /threonine kinase PDK1 (Kobayashi and
Cohen, 1999; Park et al., 1999).
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4. Role of hsgkl in transport regulation

As illustrated in Fig. 2, co-expression of (h)sgkl
with the rat epithelial Na* channel ENaC in
Xenopus oocytes leads to a strong increase of its
activity (Chen et al., 1999; De la Rosa et al., 1999;
Lang et al., 2000; Naray-Fejes-Toth et al., 1999).
The amiloride sensitive current reflecting ENAC
activity is in ENAC expressing oocytes signifi-
cantly higher at co-expression with the active
kinase (sgkSD) as compared to oocytes co-ex-
pressing the inactive mutant (sgkKN). Elimina-

tion of the only hsgkl consensus site of ENaC by
site directed mutagenesis does not affect the sti-
mulating effect of hsgkl on the channel, suggest-
ing that it is not the channel itself which is
phosphorylated by the kinase (Fig. 2b).
Furthermore, hsgkl stimulates the Na'*/
K*/2Cl~ co-transporter BSC-1 (NKCC2) of the
thick ascending limb. The effect on both ENaC
and BSC-1 requires a catalytically activated ki-
nase as an inactive mutant of hsgkl, does not
stimulate these two transport proteins. Only the
a-subunit of ENaC contains a consensus site for

(@ +sgkSD +sgkKN +H,0

T T 30 sec

Amiloride

(b)

_| 100 nA

30 sec

Amiloride

Fig. 2. Stimulation of ENaC by co-expression with hsgkl in Xenopus laevis oocytes. If a-, B-, and y-subunits of ENaC were injected
together with the active kinase sgkKD, the amiloride sensitive current was much larger than in oocytes co-injected with the inactive sgk
mutant (sgkKN) or with ENaC alone (+H,0). Oocytes (stages V and VI) were isolated by collagenase treatment as described (Wagner
et al., 2000) and allowed to recover overnight. Plasmid DNA of the a-, B-, and y-subunits of wild type rat epithelial Na* channel
(ENaC) (Canessa et al., 1993, 1994) or the mutant 52?4, 8-, and y-rENaC devoid of the hsgkl consensus site, were linearized with
Not I and transcribed in vitro with T7 RNA polymerase in the presence of the cap analog m’G(5)ppp(5')G at a concentration of 1
mM. The active hRSGK1 mutant hSGK155422P] (sgkSD), and the inactive hSGK1 mutant hSGK1X!?"N! (sgkKN), were transcribed from a
PCR product containing the T7 promotor. cRNA encoding the «- and B-subunits of rat epithelial Na* channel (ENaC) were linearized
with BglII and transcribed in vitro with SP6 polymerase. Template cDNA was removed by digestion with RNase-free DNase I. The
complementary RNA (cRNA) was purified by phenol/chloroform extraction followed by precipitation with 0.5 volumes of 7.5 M
ammonium acetate and 2.5 volumes of ethanol to remove unincorporated nucleotides. The integrity of the transcript was checked by
denaturing agarose gel electrophoresis. Two-electrode voltage clamp measurements were performed to determine amiloride-sensitive
currents (50 wM amiloride) at a holding potential of —80 mV, 1-3 days after the injection. (a) Original traces of amiloride sensitive
currents of wildtype a-, B-, and y-rENaC + hsgk1SD /hsgk1KN /H,O; and (b) original traces of amiloride sensitive currents of mutant
o522 B. and y-rENaC + hsgk1SD /hsgk1KN /H,0.
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Fig. 3. Tentative model illustrating the role of hsgk1 in the regulation of epithelial transport.

phosphorylation by hSGK (Kobayashi and Cohen,
1999). Mutation of this site in the ENaC protein
does, however, not eliminate the stimulatory ef-
fect of hSGKI. Thus, it is unlikely that hsgkl
activates ENaC by direct phosphorylation. In-
stead, hsgkl apparently stimulates trafficking of
its target proteins into the cell membrane (De la
Rosa et al., 1999). We and others have tested for
an effect of sgkl on a wide variety of further
transport proteins. While preliminary evidence
points to activation of Kv1.3 by hsgkl (Friedrich
et al., 2001), other K* channels tested including
ROMK?2 (Chen et al., 1999) proved to be insensi-
tive to co-expression of sgkl. We have not seen
upregulation of the osmolyte transporters BGTI,
TAUT and SMIT when co-expressed with hsgkl
in Xenopus oocytes (J. Matskevitch et al., unpub-
lished observation). This does not conclusively
rule out regulation of those carriers by hsgkl in a
different cellular background, but it demonstrates
the specificity of the trafficking effect observed in
Xenopus laevis oocytes. The domains mediating
this specificity are yet unknown. A clear picture
of the regulatory role of sgkl must await the
identification of its immediate targets.

Given the regulation of sgkl by aldosterone

and secretagogues the stimulation of epithelial
ion transport is one of the major physiological
functions of skgl. Most likely it operates as an
early gene in the stimulation of Na™ reabsorption
by mineralocorticoids. Its role in the regulation of
secretion is less clear. The abundant expression
of sgkl in acinar cells of the pancreas and shark
rectal gland strongly suggests a role in regulation
of Cl™ secretion.

Fig. 3 summarizes the role of h-sgk in transport
regulation: The protein is upregulated by cell
shrinkage, TGFB and aldosterone, it is activated
by IGF1 and oxidative stress and it modulates
transport by insertion of Na* channels,
Na*/K*/2Cl~ co-transport, and possibly K*
channels into the cell membrane.

5. Putative pathophysiological role of hsgk

The upregulation of hsgkl-transcription by
TGF-B1 (Lang et al, 2000; Waldegger et al.,
1999) probably bears pathophysiological rele-
vance, as TGF-B1 is considered a crucial patho-
physiological component in the generation of fi-
brosing disease (Border and Noble, 1994) as oc-
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curs in diabetic nephropathy (Cohen et al., 1998;
Hoffman et al., 1998; Kumar et al., 1999; Lang et
al., 2000; Reeves and Andreoli, 2000; Sharma and
Ziyadeh, 1995; Sharma et al., 1997; Ziyadeh and
Han, 1997; Ziyadeh and Sharma, 1995; Ziyadeh
et al, 2000), glomerulonephritis (Bitzer et al.,
1998; Border et al., 1990, 1995; Border and Noble,
1993, 1994, 1997, Ketteler et al., 1995; Yamamoto
et al., 1996), liver cirrhosis (Annoni et al., 1992;
Bayer et al.,, 1998; De Bleser et al., 1997; Okuno
et al., 1999; Roulot et al., 1999; Tiggelman et al.,
1995; Tsushima et al., 1999; Zhang et al., 1999),
inflammatory bowel disease (Babyatsky et al.,
1996; Rugtveit et al, 1997), and lung fibrosis
(Agarwal et al., 1996; Coker et al., 1997; Eickel-
berg et al., 1999; Korfhagen et al., 1994; Manis-
calco and Campbell, 1994; Phan and Kunkel,
1992). One of the factors which are thought to
contribute to fibrosis is the promotion of cell
hypertrophy by TGF-B1 (Fine et al., 1985; Ling et
al., 1995; Sharma et al., 1996), which has similarly
been observed in diabetes mellitus (Burg and
Kador, 1988; McManus et al., 1995; Morocutti et
al., 1997). The stimulation of Na*-reabsorption
via activation of ENaC and BSC-1 might increase
cell volume and hence, could contribute to TGF-
B-induced cell hypertrophy (Lang et al., 1998a,b).

Within the kidney, stimulation of the
Na*/K*/2CI~ co-transporter in thick ascending
limb (Lang et al., 2000) is expected to decrease
the delivery of NaCl to the macula densa and
thus, through triggering of tubuloglomerular
feedback enhance glomerular filtration rate
(Schnermann and Briggs, 1982). Hyperfiltration is
in turn, one of the early and deleterious derange-
ments of renal function in diabetic nephropathy
(Hostetter et al., 1982). Indeed, reduced sensitiv-
ity of tubuloglomerular feedback has been shown
to participate in the hyperfiltration of diabetic
nephropathy (Blantz et al, 1991; Vallon and
Richter, 1998).

The stimulation of the renal Na* channel and
Na*/K*/2Cl™ co-transporter should lead to re-
nal Na™* retention, which in turn, should favor the
development of arterial hypertension.
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