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SUMMARY
Dehydration, and consequent intracellular hyperosmolarity, is a major challenge to land organisms,
as it is associated with extraction of water from cells and disturbance of global cellular function.
Organisms have thus developed a highly conserved regulatory mechanism that transduces the
hyperosmolarity signal from the cell surface to the cell nucleus and adjusts the expression of cellular
osmolarity-regulating genes. We recently found that the Rho-type guanine nucleotide exchange
factor Brx, or AKAP13, is essential for osmotic stress-stimulated expression of nuclear factor of
activated T-cells 5 (NFAT5), a key transcription factor of intracellular osmolarity. It accomplishes
this by first attracting cJun kinase (JNK)-interacting protein (JIP) 4 and then coupling activated Rho-
type small G-proteins to cascade components of the p38 MAPK signaling pathway, ultimately
activating NFAT5. We describe the potential implications of osmotic stress and Brx activation in
organ physiology and pathophysiology and connect activation of this system to key human
homeostatic states.
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EXPERT COMMENTARY
1. Introduction

Dehydration represents a major challenge to land organisms as they evolved from life in the
sea, an environment where organisms maintain their body fluid and extracellular osmolarity
against surrounding seawater [1]. In organisms that live mainly on land, however, such as
amphibians and mammals, dehydration is associated with extraction of water from their bodies
and resultant extracellular and consequently intracellular hyperosmolarity. Thus, land
organisms developed several biologic mechanisms for counteracting environmental
dehydration through their evolution process from sea organisms. Osmolarity, or osmotic
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pressure, is mainly determined by net concentrations of soluble molecular particles, such as
sodium, chloride and potassium, in addition to some small organic molecules, including
derivatives and metabolites of sugars, amino acids, nucleic acids, peptides and micelle-type
molecules like lipid carrying lipoproteins [2]. Since these small molecules cannot pass through
the plasma membrane, extracellular hyperosmolarity or increased concentration of these
molecules causes imbalance of osmotic pressure between the extracellular and intracellular
compartments, resulting in a shift of water from the intra- to the extracellular space, until
osmotic pressure equilibrates [2,3]. Loss of intracellular water disrupts various cellular
functions, such as DNA repair and protein translation, mitochondrial function, cell cycle
progression and consequent inhibition of proliferation and induction of secondary oxidative
stress and apoptosis mechanisms [3,4], by condensing and denaturing intracellular molecules
and by altering subcellular architecture [2].

To avoid dehydration of the body, land organisms, including humans, have developed several
systemic mechanisms for reducing water loss from their bodies (Figure 1). They thus decrease
water evaporation from their body surface by a keratinized, lipid-containing outermost layer
of the skin, the stratum corneum [5]. Once these organisms sense extracellular hyperosmolarity
with their systemic osmosensor located in the hypothalamus of the central nervous system,
they secrete arginine vasopressin (AVP) (and oxytocin in rats) from the posterior lobe of the
pituitary gland, which in turn causes the kidney to concentrate urine and minimize water loss
(anti-diuresis) [6]. Oxytocin also causes natriuresis in the kidney to reduce circulating levels
of sodium in rats [6].

In addition to these systemic protective mechanisms for dehydration, land organisms possess
the intracellular machinery to protect their tissues and cells from extracellular hyperosmolarity,
a universal cellular mechanism seen in virtually all organisms on earth [2-4]. This regulatory
system -an adaptive response to osmotic stress-is very ancient and highly conserved throughout
phylogeny from prokaryotic bacteria and eukaryotic yeast to humans [2]. This system, although
not well elucidated as yet, senses elevation of extracellular osmolarity (osmotic stress) at the
cellular surface level, transduces the signal through the cytoplasm to the nucleus, changes the
transcription rates of osmotic stress-regulatory genes and accumulates organic molecules
inside the cells to counterbalance the difference in osmotic pressure across the plasma
membrane [2-4,7]. Although not entirely understood and still associated with controversy,
recent intensive research has indicated that this regulatory system may include the guanine
nucleotide exchange factor Brx and a downstream Rel-homology domain-containing
transcription factor, the nuclear factor of activated T-cells 5 (NFAT5) [4,8-11]: Upon elevation
of extracellular osmolarity, Brx activates Rho-type small guanine nucleotide triphosphate
(GTP)-binding proteins (G-proteins) and p38 mitogen-activated protein kinase (MAPK),
ultimately stimulating the transcriptional activity of NFAT5 on osmotic stress-regulatory
genes, specifically aldose reductase, sodium/myoinositol cotransporter and sodium/chloride/
betaine cotransporter to produce/uptake small organic osmolytes [8].

This intracellular adaptive system appears to be functional in virtually all human organs and
tissues, in addition to renal medullary epithelial cells, which are continuously exposed to
hyperosmotic intra-tubular fluid [9]. Specifically, studies have shown that T- and B-
lymphocytes [8,12-14], macrophages [15], neurons [16], myoblasts [17] and embryonic
fibroblasts [18] use this machinery to respond to extracellular hyperosmolarity. Gut, cornea,
hepatocytes and epithelial cells lining the inter-vertebral discs/joints are all exposed to high
osmolar fluids [9] (Table 1), and most likely possess this regulatory system to respond to
cellular changes associated with extracellular hyperosmolarity, however this remains to be
shown. In this review, we describe recent progress in the signaling cascade organizing the
adaptive response to osmotic stress and its implications for organ physiology and
pathophysiology in several human physiologic and pathologic states.

Kino et al. Page 2

Expert Rev Endocrinol Metab. Author manuscript; available in PMC 2010 October 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2. The signaling system responsible for organizing adaptive response to osmotic stress
Yeast cells—Since yeasts are immotile and frequently encounter hyperosmotic
environments, as for instance in ripening fruits, these organisms have a highly active and
sophisticated regulatory system for counteracting hyperosmolarity [19,20]. In response to
osmotic stress, the budding yeast Saccharomyces cerevisiae produces hyperosmotic glycerol
through activation of a signaling complex called the high osmolarity glycerol (Hog) pathway
(Figure 2 A) [20-23]. This system has two signaling branches initiated respectively by
structurally distinct and functionally independent cell surface osmosensing receptors, Sln1
(Sln1 branch) and Sho1/Hkr1-Msb2 (Sho1 branch), and subsequently activates the Hog
mitogen-activated protein kinase (MAPK), a yeast homolog of the mammalian p38 MAPK
[19,21,23,24], to stimulate further downstream transcription factors, such as Hot, Smp1, Sko1
and others [22]. The Sln1 branch employs a phospho-relay mechanism to activate Ssk2/Ssk22
MAPK kinase kinases (MAPKKKs) using several intermediate molecules, including Ypd1 and
Ssk1 [25], while the Sho1 branch uses the Rho-type small G-protein Cdc42 and downstream
kinases Ste20/Cla4 and Ste50 to stimulate Ste1 MAPKKK [20,26]. Independent signals of
Ssk2/Ssk22 and Ste1 MAPKKK converge into activation of downstream MAPKK Pbs2 to
finally stimulate Hog MPAK [20]. In the Sho1 branch, Cdc42 co-operates with Ste50 and Sho1
and acts as an adaptor for mediating osmotic stimuli-induced signal from Ste20/Cla4 to Ste11
and Pbs2 [23].

Mammalian cells—In mammalian cells, the intracellular signaling system that mediates the
adaptive response to osmotic stress has not been as well elucidated as in yeast cells, but its
organization may have some similarity to that of yeast, although admittedly there is a significant
difference between mammalian and yeast cells, as the latter have rigid cell walls, while the
former do not (Figure 2 B). In mammalian cells, the system appears to consist of a multi-protein
osmosensing complex that includes Rho-type small G-proteins and some kinases, including
p38 MAPK [2,27-29]. Exposure to extracellular hyperosmolarity causes phosphorylation of
the transcription factor nuclear factor of activated T-cells 5 (NFAT5)/tonicity enhancer binding
protein (TonEBP; hereafter referred to as NFAT5), which contains a Rel-homology domain
and shares a common Rel-like ancestor with rel/Dorsal/ the nuclear factor-κB (NF-κB) family
proteins and the other NFAT transcription factors [10,15,30-34]. Extracellular hyperosmolarity
leads to translocation of NFAT5 from the cytoplasm into the nucleus, where it stimulates the
transcriptional activity of its responsive genes [12]. In addition to such functional modification
of NFAT5, extracellular hyperosmolarity also stimulates protein expression of this
transcription factor, possibly via direct stimulation of its transcription [8,32]. Some reports
indicate that activation of p38 MAPK in response to extracellular hyperosmolarity stimulates
NFAT5, while detailed mechanisms of action by which p38 MAPK stimulates NFAT5, such
as phosphorylation of NFAT5 and subsequent induction of its nuclear translocation, have not
been clearly demonstrated as yet [32,35,36]. Thus, further intensive research is required for
clarifying the involvement of p38 MAPK and its mechanisms of action on NFAT5 during the
adaptive cell response to extracellular hyperosmolarity.

Accumulation of active NFAT5 in the nucleus increases the transcription rates of
hyperosmolarity-responsive genes, such as those of aldose reductase, taurine transporter and
sodium/myoinositol cotransporter, to produce/uptake small organic osmolytes [2,7,10]. The
promoter region of these hyperosmolarity-responsive genes contains several NFAT/TonEBP-
binding sites through which NFAT5 binds to promoter DNA and activates the transcription of
these genes [2,7]. In mammalian cells, cell surface osmosensing receptors, analogous to yeast
Sln1 and Sh1, have not been identified as yet. Elucidation of the signaling pathway components
between Rho-type small G-proteins and p38 MAPK has been a target of current research. We
recently found that Brx, a guanine nucleotide exchange factor for the activation of Rho-type
small G-proteins, plays an essential role in the activation of small G-proteins in response to
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osmotic stress, helping them couple to the stimulation of p38 MAPK in lymphocytes [8]. In
the following sections, we examine the role of Brx in the adaptive response to osmotic stress
through a p38 MAPK cascade and NFAT5, acting as a cytoplasmic integrator of the
osmosensing cellular regulatory mechanism.

3. Molecular structure and known functions of Brx
Brx is one of the guanine nucleotide exchange factors (GEFs) for Rho-type small G-proteins,
which consists of ~60 members in humans [37,38]. Most of the GEFs, including the Brx-
subfamily, have GEF domains with specific protein motifs characterized by the Dbl-homology
(DH) domain followed by the pleckstrin-homology (PH) domain, and catalyze the conversion
of small G-proteins from the GDP-bound form to the GTP-bound form [37,38]. Small G-
proteins bound with GDP are inactive, while their GTP-bound form is active [39,40]. Active
small G-proteins control target molecules by switching them on or off via physical interaction
[39]. After regulating the activity of their target molecules, GTP-bound small G-proteins are
immediately returned to their GDP-associated form via intrinsic GTPase activity (GAP); thus,
GEFs are essential molecules in controlling the biologic actions of small G-proteins. Small G-
proteins are also stored in an inactive form in association with guanine nucleotide dissociation
inhibitors (GDIs) [39,41], which add further complexity to the regulation of small G-proteins.

The small G-proteins have been classified into five subgroups, the Ras, Ran, Rab, Sar/Arf and
Rho families, depending on functional and/or structural similarities [39]. The Rho family
proteins, which include RhoA, Cdc42, Rac1 and their subfamily molecules, play important
roles in the organization of the cytoskeleton, embryonic development and regulation of gene
expression after activation by numerous extracellular stimuli [39,40,42].

Among a Brx-type subgroup of GEFs, the Lbc molecule, a 424-residue oncogenic protein with
unregulated exchange factor activity transforming NIH-3T3 cells, was discovered in 1995
[43] (Figure 3). In 1998, we first identified a 1429-residue protein, called Brx, by using the
ligand-binding domain (LBD) of the retinoic X receptor β as bait in an expression cloning
scheme [44]. Brx acts not only as a Rho family small G-protein-specific GEF, but also enhances
the transcriptional activity of the estrogen receptors α and β and the glucocorticoid receptor
through their nuclear receptor-interacting domain (NRID) [44-46]. Later, the proto-oncogenic
form of Lbc, proto-Lbc, was isolated containing an additional C-terminal region that attenuated
its transforming activity [47]. AKAP-Lbc or AKAP13 was subsequently reported as an even
larger splicing variant of Brx, containing an additional N-terminal, and consisting of 1389
amino acid residues [48]. This longer form of Brx contains a protein kinase A (PKA)-docking
domain for interaction with the classic G-protein Gα12 in its N-terminal portion and a full Brx
sequence-containing a GEF domain, as well as a NRID at its C-terminal half [48]. Brx and
AKAP-Lbc also have one 14-3-3-binding site with a serine at amino acid 1565 of AKAP-Lbc
located N-terminally to their GEF domains; anchoring of Gα12 to this PKA-docking domain
induces phosphorylation of this serine residue to allow binding to 14-3-3 [49]. Binding of
14-3-3 to these GEFs in turn regulates the exchange activity of Rho-small G-proteins. Inclusion
of the NRID, the 14-3-3-binding site and/or a PKA-docking domain in Brx and AKAP-Lbc
indicates that this family of GEFs acts as an integrator of signal transduction pathways to
orchestrate independent signals toward final biologic actions by controlling the activity of Rho-
type small G-proteins.

Since Brx is a GEF for Rho-type small G-proteins, it is expected that it may play a regulatory
role in several biologic actions catalyzed by this class of small G-proteins. Brx is highly
expressed in several organs and tissues, such as the spleen, thymus, peripheral leukocytes,
skeletal muscles and testis, while its is moderately expressed in the ovary, placenta and lung
[44]. Brx, however, is not or minimally expressed in the liver, brain, small intestine, colon and
prostate [44]. This characteristic tissue distribution of Brx may indicate that this GEF plays
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important roles in regulation of the immune, reproductive and the musculoskeletal systems.
We recently found that mice with a genetic ablation of the akap-lbc (AKAP13 gene) developed
a severe heart defect during fetal organogenesis; the hearts had very thin ventricular walls with
deficient sarcomere formation in the cardiomyocytes, and these fetuses died at embryonic day
10.5 to 11.0 [50]. Since Brx appears to be activated by alteration of cellular cytoskeletal
architecture [51], it is likely that Brx is an interface between cell morphology and various
cellular functions, including steroid hormone actions in the cells.

4. Brx as a cytoplasmic integrator mediating osmotic stress-induced signaling into the
nucleus through p38 MAPK and NFAT5

During phenotypic analysis of brx haploinsufficient mice, we noticed that spleens were smaller
than those of the wild type animals [8]. At the histologic level, these mice also had smaller
splenic follicles [8]. We therefore performed a microarray-mediated transcriptome analysis on
the spleen of brx haploinsufficient mice to look for the causative genes located downstream of
Brx responsible for the observed phenotype [8]. We unexpectedly found that nfat5 was the
most down-regulated gene among ~300 differentially expressed genes [8], while brx
haploinsufficient mice also demonstrated reduced mRNA levels of several NFAT5-responsive
genes [8]. In further analyses on the signaling cascade downstream of Brx in lymphocytes, we
found that osmotic stress-mediated induction of NFAT5 required the Brx GEF domain and
p38 mitogen-activated kinase (MAPK) [8]. Thus, Brx is a key component of the intracellular
signaling cascade transmitting the extracellular hyperosmolarity-induced signal to the nucleus
of cells [8] (Figure 2 B). Since mRNA levels of NFAT5 were also down-regulated in the
medulla of the kidney from brx haploinsufficient mice [8], Brx may also play a role in the
adaptive response to osmotic stress in the renal medullary epithelium.

In agreement with these observations, a yeast two-hybrid screening assay revealed that Brx
attracted the cJun kinase (JNK)-interacting protein (JIP) 4 through its C-terminal domain in
response to osmotic stress [8]. JIP4 is a recently identified member of the JIP family of proteins
[52,53]. This family consists of 5 members, JIP1, 2, 3, 4 and JLP (JNK-associated leucine
zipper proteins), along with several splicing variants [52,53] (Figure 4). All JIP family members
form homo-oligomers, while JIP2 also hetero-oligomerizes with JIP1 and 3 [52-54]. JIP
proteins function as scaffolds for the MAPK family proteins, and positively or negatively
regulate their activities by forming a complex of the kinases with their upstream and
downstream factors, including MKKs, MKKKs, kinesin light chain (KLC), the insulin receptor
substrates and several GEFs, such as p190RhoGEF, Tiam1 and Ras-GRF1 [52,53,55-57].
Thus, JIP proteins organize signaling specificity and facilitate the activation of pathway
components by appropriately localizing them to specific subcellular sites or target molecules.
JIP proteins also act as integration points for different signals to regulate the activity of MAPK
proteins [53].

Among the JIP family proteins, JIP4 that binds Brx functions as a scaffold in the p38 MAPK
cascade activation by communicating with p38 MAPK and its upstream kinases MKK3, MKK6
and MEKK3 [52-54]. Mouse JIP4 consists of 1142 amino acids and contains the p38 MAPK-
binding and leucine zipper domains in its N-terminal portion, multiple coiled-coil structures
in its middle portion, and the putative trans-membrane (TM) domain in the C-terminal region
(Figure 4). The C-terminal portion of Brx between amino acids 1042 and 1429 physically
interacts with the part of mouse JIP4 enclosed by amino acids 251 and 750 located in its middle
portion [8] (Figure 4). Since Brx specifically mediated osmotic stress-stimulated p38 MAPK
activity to NFAT5 expression but showed no effect on this kinase activity induced by the other
extracellular activators [8], Brx may function as a molecular rectifier by coupling small G-
proteins activated by Brx in response to upstream osmostress-induced signal to the JIP4/p38
MAPK complex (Figure 2 B), which directs otherwise diverse actions of p38 MAPK into a
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specific cellular pathway for stimulating NFAT5 expression [58]. Taken together, our recent
results revealed a new role for Brx as a signal integrator in the osmotic stress-activating
signaling pathway through small G-proteins and p38 MAPK [8,9].

The signaling cascade(s) upstream of Brx and Rho-type small G-proteins remain(s) to be
elucidated. Mammalian cells may contain cell surface osmoreceptors analogous to yeast Sln1
and Sho1, and Brx might interact with these osmosensors to activate small G-proteins.
Alternatively, osmotic stimuli might provoke the cellular adaptive response by directly
influencing the cytoskeleton, which in this case, may function as a sensor of cell volume
[59-62]. Indeed, extracellular hyperosmolarity reduces cellular volume by shifting intracellular
water to the outside of the cells, and a substantial number of reports indicate that Rho-type
small G-proteins and their GEFs are central players in the formation/remodeling of cytoskeletal
organization [62]. We recently found that Brx was significantly induced by mechanical stress
in leiomyoma cells and was associated with actin fibers –pivotal components of the
cytoskeleton [51]. Since mechanical stress dramatically alters the cytoskeleton similarly to
osmotic stress [63,64], it is possible that Brx is activated by osmotic stress through modulation
of the cytoskeleton (Figure 2 B), but this remains to be examined.

5. Implication of osmotic stress to inflammation and organ physiology and pathology
Immune system—Mammalian adaptive response to osmotic stress mediated through Brx is
functional in lymphocytes and is required for B-lymphocyte differentiation and normal
development of the spleen [8]. Immune organs, including the spleen and the thymus, have
physiologically elevated osmotic pressure [13,14] (Table 1). Persistent osmotic stress-
mediated activation of NFAT5 may confer normal development and proliferation of both T-
and B-cells, possibly by inducing TNFα family cytokines, such as TNFα, lymphotoxin-β and
B-cell activating factor (BAFF), which have putative NFAT response elements in their
promoter regions [8,12-15,65]. In addition to lymphocytes, macrophages, important immune
accessory cells responsible for antigen processing and presentation [66], also respond to
osmotic stress and can activate NFAT5 [15]. These pieces of evidence indicate that osmotic
stress may be a component of the physiologic regulation of the immune system, in addition to
its well-known protective effect in renal medullary epithelial cells [2]. Of course, these
components of the immune system respond variably to osmotic stress with respect to specific
thresholds of osmotic pressure [15]. More research is required to determine whether mildly
hypertonic extracellular fluid in these immune organs is sufficient to elicit unambiguous
functional properties. Indeed, most of the reported experiments were performed in much higher
levels of osmolarity than those observed in vivo [8,12,36,67], and thus, its is intriguing that
mildly elevated extracellular hyperosmolarity observed in animals could activate NFAT5-
mediated adaptive response in immune cells.

Regulation of the immune system by osmotic stress may not be restricted to the immune organs
spleen and thymus, but local inflammatory sites also feature elevated osmolarity in general,
with electrolytes, bioactive molecules and cell debris discharged from leukocytes, resident
cells, blood vessels and even exogenous pathogens [68] (Table 1). The cellular machinery for
responding to hyperosmolarity would protect migrating immune cells from the elevated
osmolarity on one hand, while it may stimulate production of various cytokines and other
bioactive compounds to further modulate the local as well as systemic immune reaction on the
other (Figure 5).

Osmotic stress-mediated alteration in immune function might also play a role in the
pathogenesis of several disorders associated with extracellular hyperosmolarity. For example,
diabetes mellitus, uremia, diabetes insipidus, dehydration, heat stroke and tissue burns feature
extracellular hyperosmolarity (Table 1), and are associated with an altered immune response
and dysregulation in the secretion of cytokines, such as the interleukin (IL)-1β, −6 and −8
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[69-79]. Hyperosmolarity-mediated NFAT5 activation in macrophages also plays a role in the
vascular homeostasis under high-salt diet [80]. Extracellular hyperosmolarity in the skin of
animals on a high-salt diet stimulates NFAT5 in residential macrophages, which in turn
facilitates secretion of the vascular endothelial growth factor-C that counteracts the elevated
extracellular fluid through expanding the skin vascular bed by increasing expression of
endothelial nitric oxide synthase and production of the vasodilatory nitric oxide [80]. Inflamed
joints, the intestine and the cornea are also sites of altered osmolarity [81-84]. Hyperosmolarity-
induced secretion of various cytokines may not only cause dysregulation of the immune system
itself, but also affect proper function of distant organs, such as the liver, brain, bone, fat and
heart, and may lead to the systemic sickness syndrome and other physiologic or pathologic
conditions [85-90].

Endocrine and other organs/tissues—The NFAT5-mediated adaptive response to
extracellular hyperosmolarity may be active virtually in all human organs and tissues, however,
there could be different potencies and thresholds in their responsiveness, as they are equally
exposed to the hyperosmolar extracellular fluid once dehydration becomes apparent. This
adaptive system may be of particular importance in some tissues and cells, such as epithelial
cells lining the gastro-intestinal tract, uterus and inter-vertebral disc and joints, because these
cells encounter hyperosmolar fluids continuously or periodically [9] (Table 1). As seen in the
immune organs, the machinery for responding to hyperosmolarity might cause organ-, tissue-
and/or cell type-specific responses against elevated osmolarity, as they would need to adjust
their own functions in the hyperosmolar environment, in addition to protecting themselves.
For example, the osmolarities of the fallopian, oviduct and uterine fluids are physiologically
elevated [91,92], and levels of hyperosmolarity in these fluids are critical for embryos to
develop to the blastocyst stage [92] (Table 1). These pieces of evidence indicate that
hyperosmolarity influences embryonic development, possibly regulating their proliferation/
differentiation and apoptosis functions.

Further, the extracellular hyperosmolarity-induced adaptive response might alter various
physiologic functions and influence pathologic courses. We previously demonstrated that Brx
bound the glucocorticoid receptor (GR) and enhanced its transcriptional activity by physically
interacting with this receptor through its C-terminal NRID [46]. This steroid receptor
transduces diverse action of glucocorticoid hormones, which are secreted from the adrenal
gland in response to the adrenocorticotropic hormone (ACTH) and act as end-effector products
of the hypothalamic-pituitary-adrenal axis, an important system for regulating the adaptive
response to external and internal stressors [93-95]. Indeed, extracellular hyperosmolarity is a
strong external stressor, stimulating secretion of arginine vasopressin (AVP) from the
hypothalamic paraventricular and suprachiasmatic nucleus [96]. Secreted AVP further
stimulates ACTH release from the anterior lobe of the pituitary gland and activates the HPA
axis in synergy with corticotropin releasing hormone [96], in addition to inducing an anti-
diuretic response in the kidney [97]. Although Brx is little expressed in the brain, it is still
possible that this molecule contributes also to the function of the osmoreceptor located in the
hypothalamus [98]. It is likely that organisms activate their HPA axis-mediated stress system
in addition to their NFAT5-mediated cellular adaptive response to osmotic stress; the former
glucocorticoid/GR-mediated stress response system and the latter osmo-responsive system
may interact with each other at the cellular level and ultimately influence the various cellular
activities regulated by cortisol (Figure 6). This interaction might occur at the level of Brx. That
is, GR and JIP4 may share a binding site or bind closely on Brx, thus, these molecules could
influence each other’s functions via Brx. Since GR interacts with numerous transcription
factors, including NF-κB and other NFAT transcription factors, and mutually regulates their
activities [94,99], NFAT5 might also interact with the GR and regulate GR-induced
transcriptional activity of glucocorticoid-responsive genes, further altering cellular activities
linked to glucocorticoid actions. Brx and its longer form AKAP-Lbc also physically and
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functionally interact with the estrogen receptor and components of the PKA signal pathway,
which has strong activity in cell growth, differentiation and even cell death [44,45,48]. Thus,
the adaptive response to dehydration-linked osmotic stress or extracellular hyperosmolarity
appears to be an integral component of cellular regulation, which determines the functional
specificity of the cells as well as their fate, such as proliferation, differentiation and death,
ultimately changing the functions of organs and tissues.

FIVE-YEAR VIEW
The molecules located upstream of intracellular Brx have not yet been elucidated. Using recent
results obtained in yeast as a model system, such upstream molecules, for example mammalian
cell surface osmoreceptors analogous to yeast Sln1 and Sho1/Mbs2, could be identified by
searching for molecules that associate with Brx. Brx also associates with actin filaments, which
are important components of the cell cytoskeleton; substantial numbers of reports indicate them
to be a “receptor” for extracellular hyperosmolarity, by sensing alterations of cell morphology
following absorption of water from the cells. Identification of the molecules, which physically
interact with both Brx and actin filaments, could provide a clue for elucidating “mechanical”
receptors for osmotic stress. The involvement of p38 MAPK activation in the adaptive response
to extracellular hyperosmolarity should be clearly addressed. The mechanism responsible for
the activation of NFAT5 was described, however, the signaling cascade responsible for
phosphorylation of NFAT5, its cytoplasmic to nuclear translocation and mRNA induction have
not been well identified as yet. We hope these phenomena will be elucidated during the next
5 years. The pathologic importance of hyperosmolarity, particularly the mild to moderate
elevations encountered in several pathologic conditions, in the activation of the immune system
at inflammatory sites also remains to be clarified. Using mice with genetic defects in
components of the signaling pathways involved in osmotic stress, such as Brx, NFAT5 and
JIP4, and induction of inflammation in these animals, will be particularly interesting.

KEY ISSUES
• Extracellular hyperosmolarity causes a shift of water from the intracellular to the

extracellular compartment towards a state of equilibration between intra- and
extracellular osmotic pressures. Since molecules producing osmotic pressure cannot
pass freely through the plasma membrane, cell dehydration and shrinkage occur.

• Dehydration of the intracellular compartment causes cellular dysfunction in part by
condensation and denaturation of intracellular molecules and by altering the
subcellular architecture.

• To counteract extracellular hyperosmolarity, organisms have developed a regulatory
mechanism in which the Rho-type small G-proteins, kinases, including p38 MAPK,
and the NFAT5 transcription factor play significant roles.

• Brx may act as a cytoplasmic integrator of signal transduction pathways, orchestrating
independent signals towards coordinated biologic actions possibly by coupling
activated Rho-type small G-proteins and their signaling pathway components.

• NFAT5 contains the Rel-homology domain and shares a common Rel-like ancestor
with rel/Dorsal/NF-κB family proteins and the other NFAT transcription factors.
NFAT5 increases the transcription rates of hyperosmolarity-responsive genes in
response to cellular changes associated with extracellular osmolarity.

• JIP4 functions as a scaffold in the p38 MAPK cascade activation by communicating
with p38 MAPK and its upstream kinases MKK3, MKK6 and MEKK3. JIP4
physically interacts with Brx in response to osmotic stimuli and helps couple activated
small G-proteins to the p38 MAPK signal components.
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• Extracellular hyperosmolarity appears to be a component of the physiologic
regulation of the immune organs, such as the spleen and the thymus. It may also be a
component of inflammation, as inflammatory sites are associated with elevated
extracellular osmolarity, while the cellular machinery for responding to extracellular
hyperosmolarity appears to be beneficial for protecting immune cells from ambient
hyperosmolarity and to stimulate production of various cytokines and other bioactive
compounds to further modulate the local as well as the systemic immune reaction.

• The cellular machinery responding to extracellular hyperosmolarity may be active in
virtually all organs and tissues, however, there may be tissue-specific potencies and
thresholds. It may also alter specific functions of organs and tissues by communicating
with other signaling pathways, in addition to protecting them from hyperosmolarity.

• More research is needed to determine unambiguously an adaptive osmotic response
of immune tissues, especially at the mild to moderate levels of extracellular
hyperosmolarity observed in the spleen and the thymus or associated with various
physiologic or pathologic conditions. Osmotic stress-dependent and -independent
functions of Brx, NFAT5 and other components of the osmotic stress-signaling
pathway should be also distinguished.
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Figure 1.
Systemic and intra-cellular adaptive response to dehydration and subsequent extracellular/
intracellular hyperosmolarity.
Humans have developed multi-layered protective mechanisms to counteract extracellular
hyperosmolarity. For instance, they avoid water loss from the surface of the body is reduced
by keratinized skin. Once extracellular hyperosmolarity is sensed by the central nervous
system, the brain stimulates neuronal circuits activating water intake and secretion of the anti-
diuretic hormone arginine vasopressin (AVP) from the posterior lobe of the pituitary gland to
produce highly concentrated urine in the kidney. Oxytocin is also secreted in response to
extracellular hyperosmolarity in rodents and induces natriuresis and hence excretion of
electrolytes. Extracellular hyperosmolarity also stimulates/induces intracellular NFAT5 and
activates a cellular adaptive response to osmotic stress, by inducing several osmotic stress-
responsive genes and causing accumulation of organic osmolytes to equilibrate osmotic
difference across the plasma membrane.
AVP: arginine vasopressin
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Figure 2.
Signal transduction systems for the adaptive response to osmotic stress in yeast and mammalian
cells.
A: Intracellular signaling system for sensing and responding to extracellular hyperosmolarity
in yeast.
Yeast cells have two branches (Sln1 and Sho1 branches) for transducing extracellular osmotic
stress signal into the nucleus. Extracellular hyperosmolarity is sensed by the cell surface
receptors Sln1 and Sho1/Hkr1-Msb2, respectively, and the evoked signal is transduced by
multiple intermediate molecules, stimulating Pbs2 and its downstream Hog1 kinase. Hog1
kinase further activates transcription factors Hot, Smp1, Sko1, finally accumulating the
osmolyte glycerol inside the cells. Note that the small G-protein Cdc42 plays a role in the Sho-1
branch-mediated signal transduction. Hog1 is a yeast ortholog of the mammalian p38 MAPK.
B: Intracellular signaling system for sensing and responding to extracellular hyperosmolarity
in mammalian cells.
Upon exposure to extracellular hyperosmolarity, mammalian cells activate a signaling cascade
similar to that of yeast, which consists of small G-proteins, p38 MPAK and NFAT5, to induce
osmostress-responsive genes and accumulation of several organic osmolytes.
Brx plays a key role in mediating the signal of extracellular hyperosmolarity, sensed by yet
undiscovered osmoreceptors and/or alterations in the cytoskeleton, to a downstream signaling
cascade by forming a complex with small G-proteins, JIP4, p38 MAPK and its upstream
kinases to finally activate NFAT5 and through it to stimulate the transcription rates of osmotic
stress-responsive genes.
GEF: guanine nucleotide-exchange factor, HOG1: high osmolarity glycerol 1, JIP4: JNK-
interacting protein 4, MAPK: mitogen-activated protein kinase, MAPKK: MAPK kinase,
MAPKKK, MAPK kinase kinase, MEKK3: MAPK/ERK kinase kinase 3, NFAT5: nuclear
factor of activated T-cells 5
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Figure 3.
Linearized models of Brx-related guanine nucleotide exchange factors (GEFs) and their
functional domains.
All Brx-related GEFs contain the GEF domain harboring the DH and PH domains in the mid
region of the molecule. Brx, AKAP-Lbc and proto-Lbc contain NRID in their C-terminal end,
while AKAP-Lbc has a PKA/Gα12 docking domain in its N-terminal portion. Brx and AKAP-
Lbc also contain one 14-3-3-binding site.
DH: Dbl-homology, GEF: guanine nucleotide-exchange factor, NRID: nuclear receptor-
interacting domain, PH: pleckstrin-homology, PKA: protein kinase A
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Figure 4.
Linearized models of JIP family proteins and their functional/structural domains.
JIP family consists of 5 members and their splicing isoforms. All have a JNK-binding domain
(JBD) in their N-terminal portion, while JIP1 and 2 contain SH3 and PTB domains in their C-
terminal end. JIP3 and 4 and JLP have a putative transmembrane domain (TM) in their C-
terminal end. JIP4 interacts with Brx through its middle portion enclosing multiple coiled-coil
structures.
CC: coiled-coil, JIP: JNK-interacting protein, JLP: JNK-associated leucine zipper protein,
JBD: JNK-binding domain, LZ: leucine zipper, PTB: phosphotyrosine-binding domain, SH3:
Src homology-3 domain
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Figure 5.
Brx/NFAT5-mediated adaptive response to osmotic stress in a putative inflammatory site and
in pathologic conditions associated with extracellular hyperosmolarity.
Inflammation activates lymphocytes and macrophages accumulated in an inflammatory site
not only through injurious agents and cytokines but also through osmotic stress. The Brx/
NFAT5-mediated intracellular signaling system stimulates further expression of cytokines to
modulate local and systemic inflammatory reactions, while it induces hyperosmolarity-
responsive genes to protect immune and immune accessory cells from the local hyperosmolar
environment. Pathologic conditions associated with extracellular hyperosmolarity may alter
the various functions of white cells through activation of Brx/NFAT5-mediated signaling
system.
BAFF: B-cell activating factor, IL: interleukin, LTβ: lymphotoxin β, NFAT5: nuclear factor
of activated T-cells 5, TNFα: tumor necrosis factor α
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Figure 6.
Mutual interaction between the adaptive response system to osmotic stress and the HPA axis-
mediated stress response system at the systemic and cellular levels. Extracellular
hyperosmolarity activates the HPA axis/cortisol secretion through hypothalamic AVP secreted
into the pituitary portal system in addition to the stimulation of anti-diuretic response in the
kidney through systemically secreted AVP. At a cellular level, GR activated by cortisol and
osmotic stress signal components such as Brx, JIP4 and NFAT5 may influence each other’s
activity.
ACTH: adrenocorticotropic hormone, AVP: arginine vasopressin, GR: glucocorticoid
receptor, JIP4: JNK-interacting protein 4, NFAT5: nuclear factor of activated T-cells 5
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Table 1
Tissues and body fluids known to demonstrate elevated osmolarity

Species Tissues/body fluids Associated physiologic/pathologic conditions Osmolarity (mOsm/kg H2O)
Mean ± S.E. (or distribution)

References

Human Serum Diabetes mellitus (ketoacidosis) 308 ± 4.9 [69]

Uremia 318 ± 6.3 [70]

Dehydration after exercise [71]

Heat stroke 297 ± 1.0 [72]

Fatal burn 312 ± 22.1 [73]

Inflammatory sites Experimental inflammation induced by subcutaneous
injection of BCG

400-600 [68]

Tear Keratoconjunctivitis sicca 343 ± 32.3 [100,101]

Synovial (joint) fluid Normal subjects 404 ± 57 [81]

Faecal fluid Under normal diet 372 ± 11.4 [102]

Pig Uterine fluids Embryonic development in uteri 320 ± 32 [103]

Mouse Spleen Hyperosmotic microenvironment may be necessary
for lymphocyte development and differentiation

330-340 [13]

Thymus Hyperosmotic microenvironment may be necessary
for lymphocyte development and differentiation

320-330 [13]

Liver 330-340 [13]

BCG: Bacillus Calmette-Guérin
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