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Abstract

Receptor expressed in lymphoid tissues (RELT) is a new member of the TNFR family with little known regarding its signaling. Typ-
ically, TNFRs engage TRAFs for activation of NF-jB and MAPK cascades. We found that RELT does not use the standard signaling
pathways characteristic of other TNFRs. While overexpression of RELT in 293 cells induced p38 and JNK activation, it did not activate
NF-jB. In addition, no binding of RELT to TRAF1,2,3,5, or 6 was detected. Using a yeast two-hybrid system, we identified a Ste20-
related proline-alanine-rich kinase (SPAK) that binds RELT. Disruption of the SPAK binding motif, 349RFRV, in RELT inhibited
RELT activation of p38 and JNK. In addition, a kinase-dead SPAK acted as an inhibitor of RELT signaling. Thus, we conclude that
RELT does not rely on the canonical TRAF pathways for its function, but instead uses a kinase, SPAK, to mediate p38 and JNK
activation.
� 2006 Elsevier Inc. All rights reserved.
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Members of the tumor necrosis factor receptor
(TNFR) family are important modulators of biological
processes including immune responses, hematopoiesis,
and tumor suppression [1,2]. The extracellular domains
of TNFRs have one to four distinct cysteine-rich repeats
that are evolutionarily conserved and serve as a hallmark
for the classification of new receptors as members of the
TNFR family [3]. TNFRs are further sorted into three
groups based on their intracellular structural attributes:
death domain (DD)-containing receptors, TRAF-binding
receptors, and decoy receptors [2]. DD-containing recep-
tors typically induce apoptosis by recruiting adaptors
with DDs that lead to the activation of caspase cascades.
In contrast, TRAF-binding receptors, which lack DDs,
often govern cellular proliferation and differentiation,
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utilizing TRAFs to activate downstream signaling path-
ways, including NF-jB and MAPK pathways (p38,
JNK, and ERK). Decoy receptors, which are either sol-
uble, secreted receptors or receptors with truncated cyto-
plasmic domains, function by competing with their
cognate receptors for ligand binding, thus inhibiting their
signaling.

RELT is a newly identified TNFR, that currently has
no known ligand and whose mRNA is highly expressed
in various hematologic tissues and cell lines [4]. RELT
was cloned by searching the human expressed sequence-
tagged database for novel molecules homologous to the
extracellular domain of OX40 [4]. It has two cysteine-rich
domains (one complete and the other incomplete) in its
extracellular domain and does not contain a cytoplasmic
DD. Overexpression of RELT has been shown to activate
NF-jB and bind to TRAF1. The observation that RELT
binds only to TRAF1, but not TRAFs 2,3,5 or 6, was
intriguing and unusual for TNFRs. We therefore sought
to elucidate the downstream signaling pathways activated
by RELT.
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We found that RELT induced activation of the p38 and
JNK, but not NF-jB, pathways. It did not bind any of the
TRAF adaptor molecules directly, but instead bound to
the kinase SPAK. The binding of SPAK to RELT was
direct and mapped to residue F350 within RELT’s cyto-
plasmic domain. In addition, SPAK played a role in medi-
ating RELT-induced activation of the p38 and JNK
MAPK cascades. Our study establishes RELT as the first
identified non-DD TNFR that does not bind TRAFs
directly, but instead, binds to a kinase, SPAK. As a result,
RELT does not activate NF-jB, but stimulates the p38 and
JNK pathways via SPAK.

Experimental procedures

Chemicals and reagents. GST-Jun and GST-ATF2 from Cell Signaling
Technology (Beverly, MA). Anti-phospho-c-Jun, anti-p38, and anti-
phospho-ATF2 polyclonal antibodies were from Cell Signaling Technol-
ogy, anti-FLAG antibodies were from Sigma–Aldrich, anti-Myc and
anti-JNK1 antibodies were from Santa Cruz Biotechnology (Santa Cruz,
CA), and anti-HA tag monoclonal antibodies (12CA5) were from Roche
Applied Science (Indianapolis, IN).

Construct generation and fusion protein purification. FLAG-RELT was
constructed into the HindIII/BamHI sites of pCMVFLAG1 by PCR
amplification of amino acids 27–430 (without the signal peptide encoded
within amino acids 1–26) from IMAGE clone #4873951 (GenBank
BC017279, Invitrogen). GST-RELTCD was cloned by inserting amino
acids 188–430 of the RELT cytoplasmic domain into the XbaI/SalI sites of
pGEX-KG. To construct the chimeric receptor RANK/RELT, amino
acids 191–430 of RELT were fused to pCMVFLAG1-RANK241 [5].
GST-RANKCD was cloned as described previously [5].

Human TRAF1 and TRAF2 (IMAGE clones #3832475 (GenBank
BC024145) and #6528158 (GenBank BC064662), respectively) and human
TRAF3, a generous gift of Gail Bishop, Ph.D. (University of Iowa, Iowa
City, Iowa) were cloned into the NotI/EcoRV sites of pcDNA3.1/myc-
His(�) A. Mouse TRAF5 and TRAF6 were cloned into pCR3FLAG [5].

Full-length mouse SPAK (IMAGE clone #6843981 (GenBank
BC064443)) was cloned into the NheI/BamHI sites of pcDNA3.1/myc-
His(�) A and into the EcoRI/XhoI sites of pGEX-KG. FLAG-SPAK-
Myc/His (an N-terminal FLAG- and C-terminal Myc/His-tagged mouse
SPAK) was created by subcloning SPAK-Myc/His into pCR3FLAG.
Human oxidative stress responsive 1 (OSR1) was cloned from IMAGE
clone #3163379 (GenBank BC008726) into the BamHI/HindIII sites of
pcDNA3.1/myc-His(�) A. Amino acids 1–260 of human Na–K–2C1
cotransporter 1 (NKCC1) were cloned from IMAGE clone #4824556
(GenBank BC033003) into pGEX-KG.

RELT(F/A), SPAK(K/E) [6], and SPAK(T/E) [7] mutants were gen-
erated by using the QuickChange site-directed mutagenesis kit (Strata-
gene, La Jolla, CA).

GST fusion proteins were purified essentially as described in [8] except
that expression of GST-RANK was induced at 15 �C and buffers were at
pH 7.4.

Transfections, immunoprecipitations, and Western blot analyses. 293
cells were transfected using calcium phosphate (Invitrogen Corporation)
and HeLa cells using FuGENE 6 (Roche Applied Science). Cells lysis,
immunoprecipitations, and Western blot analysis were performed as
described in [8].

In vitro kinase assay. GST-fusion proteins were washed twice in low
salt buffer (20 mM Hepes, 25 mM NaCl, and 1 mM DTT), incubated for
30 min at 30 �C with 12 ll of kinase buffer (50 mM Hepes, 20 mM MgCl2,
5 mM MnCl2, and 1 mM DTT) containing 10 lCi [c-32P]ATP and 2 lg of
the indicated substrate, and then analyzed by SDS–polyacrylamide gel
electrophoresis (SDS–PAGE) and autoradiography.

Nonradioactive kinase assay. Cells were cotransfected with the indi-
cated receptor and either HA-tagged p38 or JNK kinase and then lysed
as described above. Anti-HA antibodies were used for immunoprecipi-
tations and samples were washed two times in lysis buffer and two
times in Hepes buffer (20 mM Hepes, pH 7.4; 25 mM NaCl; and 1 mM
DTT with protease inhibitors). The kinase assay was performed in
50 mM Hepes, pH 7.4; 20 mM MgCl2; 1 mM DTT; 0.33 mM ATP, and
1 lg of substrate (GST-ATF2 for p38 and GST-Jun for JNK) and
incubated for 30 min at 30 �C. Samples were subjected to Western blot
analysis.

Ras recruitment yeast two-hybrid screen. A modified Ras recruitment
yeast two-hybrid screen [9] generous gift of Dr. Ami Aronheim
(Technion, Israel Institute of Technology, Haifa, Israel) was performed
using RELTCD as the bait. RELTCD (amino acids 188–430) was sub-
cloned with an N-terminal glycine linker domain into the BamHI site
of pMet425MycRasBam. This vector, which contains a pMet425 pro-
moter, allows expression of the bait only in the absence of methionine
and was used to transform the CDC25-2a ura3, lys2, leu2, try1,
hisD200, ade2-101 strain of Saccharomyces cerevisiae. A clone with
high bait expression and negative methionine regulation (as determined
by anti-Myc Western blot) was transformed with a CytoTrap� human
thymus library (Stratagene). Library plasmids from positive colonies
(those that grew at 37 �C on galactose, but not glucose, in the absence
of methionine) were electroporated into DH5a-competent cells and
sequenced. Binding to RELT was verified by in vitro translation in the
presence of [35S]methionine (TNT Quick-Coupled Transcription/
Translation System, Promega, Madison, WI) and pull-down analysis
with GST-RELTCD.

Results

RELT overexpression activates MAP kinase pathways but

not the NF-jB pathway

Overexpression of RELT in 293 cells revealed the pres-
ence of two bands, a 46-kDa full-length receptor and a
22-kDa truncated form, probably resulting from proteolyt-
ic cleavage of the extracellular domain (data not shown)
[6]. To circumvent this cleavage of wild-type RELT, we
made a chimeric receptor with the intracellular domain of
RELT (residues 191–430) fused to the extracellular domain
(amino acids 33–241) of receptor activator of NF-jB
(RANK). This chimeric receptor, termed RANK/RELT,
was highly expressed and not cleaved like the wild-type
receptor, which facilitated studying RELT-induced signal-
ing pathways.

Since little is known about signaling pathways down-
stream of RELT, we investigated the ability of RELT
to activate the p38 and JNK MAPK pathways. To this
end, RELT and RANK/RELT were overexpressed in
293 cells, and an in vitro kinase assay was performed with
the appropriate substrate (GST-ATF2 for p38 and GST-
Jun for JNK) (Fig. 1). Overexpression of RELT or
RANK/RELT induced phosphorylation of c-Jun and
ATF2 indicating activation of the p38 and JNK signaling
cascades (Figs. 1A and B). In addition, since the p38s and
JNKs are potent upstream activators of the activator pro-
tein-1 (AP-1) transcription factor, we tested the ability of
RELT to initiate AP-1 transcriptional activity. Indeed,
RELT and RANK/RELT induced a 2.5- to 4-fold induc-
tion of AP-1 activity in a luciferase reporter assay, provid-
ing additional support for RELT’s ability to activate p38
and JNK (Fig. 1C).
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Fig. 1. RELT induces activation of the p38 and JNK MAPK signaling pathways. (A) 293 cells were transfected with 0.5 lg of HA-JNK and increasing
amounts (0.1, 0.5, 1.0, and 1.5 lg) of FLAG-RELT or FLAG-RANK/RELT. Cells cotransfected with 0.1 and 0.5 lg of RANK served as positive
controls, while cells transfected with HA-JNK only (No Receptor) served as a negative control. Cells were lysed, immunoprecipitated with anti-HA, and
subjected to an in vitro kinase assay using GST-Jun as a substrate. Samples were separated by SDS–PAGE, and the signal was detected using anti-
phospho-c-Jun antibodies. Lower panel – Western blot (IB) with anti-FLAG antibodies for detection of receptor expression or anti-JNK1 antibodies for
kinase levels. (B) As in (A), except that 0.5 lg HA-p38 was transfected into 293 cells, and GST-ATF2 was used as a substrate. 293 cells treated with 1 lg/
ml anisomycin for 10 min or transfected with 0.5 lg of RANK, were used as positive controls. Signal was detected using anti-phospho-ATF2. Lower panel
– Western blot with anti-FLAG for detection of receptor expression or anti-p38 antibodies for kinase levels. (C) 293 cells were transfected with FLAG-
RANK (0.5 lg), FLAG-RANK/RELT (0.5, 1, and 2 lg), or FLAG-RELT (0.5, 1, and 2 lg), together with 0.5 lg of AP-1 luciferase. Cells treated with
250 nM TPA for 24 h served as positive control. Samples were analyzed for luciferase activity using the dual luciferase reporter system (Promega) and
activities were normalized to the levels of Renilla expression. Lower panel – Anti-FLAG Western blot shows receptor expression.
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Sica et al. [4] reported that overexpression of RELT in
293 cells activated the NF-jB pathway as measured using
a reporter assay. To confirm those results, we repeated
the assays in 293 cells overexpressing RELT or RANK/
RELT using both luciferase and secreted alkaline phospha-
tase (SEAP) reporters. In contrast to the former findings,
we could not detect significant NF-jB activation by RELT
or RANK/RELT, whereas the positive control, RANK,
activated NF-jB very well in the same assays (Figs. 2A
and B). Increasing the amount of the RELT or RANK/
RELT expression plasmid used for the transfection did
not lead to an increase in reporter activity and similar
results were seen in HeLa cells (data not shown). Thus, it
appears that RELT is a potent activator of the p38 and
JNK MAPK pathways, but not NF-jB.
RELT does not bind the TRAF adaptor proteins

TNF receptors lacking DDs generally use TRAFs to
transmit signals and activate the NF-jB, p38, and JNK
pathways. Therefore, we examined RELT’s ability to bind
TRAFs 1,2,3,5, and 6 using a GST-pull-down assay. 293
cells were transfected with Myc- or FLAG-tagged TRAF
proteins and pulled down with GST-RELT cytoplasmic
domain (GST-RELTCD) or with GST-RANKCD, which
served as a positive control [10]. As shown in Fig. 3A,
GST-RELTCD did not bind any of the TRAFs, whereas
GST-RANKCD was able to bind TRAFs 1,2,3,5, and 6.
Additionally, we tested RELT’s ability to bind TRAFs in
another system in which TRAFs 1 and 2 were translated
in vitro with [35S]methionine. Again, no binding of TRAFs
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Fig. 2. RELT does not activate the NF-jB pathway. (A) 293 cells were transfected with FLAG-RANK (0.5 lg), FLAG-RANK/RELT (0.5, 1, and
1.5 lg), or FLAG-RELT (0.5, 1, and 1.5 lg), together with 0.5 lg of 3· NF-jB-driven luciferase plasmid. Activity is presented as fold luciferase activation
compared with vector-transfected cells. Lower panel – Total cell lysates were separated by SDS–PAGE and probed with anti-FLAG to evaluate receptor
expression. (B) As in (A), except that 293 cells were transfected with FLAG-RANK (0.1 lg), FLAG-RANK/RELT (0.1, 0.5, 1, and 2 lg), or FLAG-
RELT (0.1, 0.5, 1, and 2 lg), together with 0.5 lg of NF-jB SEAP reporter.
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Fig. 3. RELT does not bind the adaptor TRAF molecules. (A) 293 cells were transfected with the vector alone, Myc-tagged hTRAF1, hTRAF2,
hTRAF3, or FLAG-tagged mTRAF5 or mTRAF6. GST, GST-RELTCD, and GST-RANKCD were used to pull down the TRAFs. Total cell lysates
(TCL) show TRAF expression levels. The samples were analyzed by SDS–PAGE and Western blotting with either anti-Myc or anti-FLAG antibodies. (B)
hTRAF1 and hTRAF2 were translated in vitro and labeled with [35S]methionine. Labeled TRAFs were pulled down with GST-RELTCD or GST-
RANKCD and samples were analyzed by SDS–PAGE and autoradiography. Ten percent of the total input was run to show TRAF expression levels. (C)
Coomassie brilliant blue staining of the equivalent amounts of GST, GST-RELTCD, and GST-RANKCD that were used in the assay is shown.
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to GST-RELTCD was detected, whereas GST-RANKCD

pulled down [35S]TRAFs 1 and 2 (Fig. 3B). This lack of
binding of RELT to TRAFs was not due to low expression,
since all the TRAFs were highly expressed and were able to
bind RANK.
RELT binds to SPAK and is phosphorylated by SPAK

To identify new molecules that bind RELT and may be
involved in RELT signaling, we used the Ras recruitment
system (RRS) [9]. The RRS is a yeast two-hybrid system
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that is based on the strict requirement that RAS be local-
ized to the plasma membrane for its function, and is suit-
able for studying interactions between transmembrane
receptors and cytoplasmic proteins. We screened 1 · 105

transformants and found 50 clones that grew on galactose
in the absence of methionine at 37 �C when cotransformed
with RELTCD, but not vector alone. These clones were
sequenced, and pertinent candidates were translated in vitro
with [35S]methionine and screened for interaction using
GST-RELTCD. Of these clones, one that codes for the C-
terminal domain (amino acids 322–547) of SPAK consis-
tently interacted with the GST-RELTCD (Figs. 4A and
B). This interaction was specific since SPAK bound to
RELT, but not to RANK (Fig. 4B).

To further verify the interaction between SPAK and
RELT, Myc-SPAK was transfected into 293 cells stably
expressing FLAG-RELT or RANK/RELT. Immunopre-
cipitations were performed with anti-FLAG antibodies,
SPAK(322-547)
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mutation in RELT completely eliminated the binding of
Myc-SPAK to GST-RELT(F/A)CD (Fig. 5A). Moreover,
in the complementary experiment, GST-SPAK bound to
FLAG-RELT but not FLAG-RELT(F/A) (Fig. 5B). Addi-
tionally, the kinase-dead SPAK, GST-SPAK(K/E) also
bound FLAG-RELT, but not FLAG-RELT(F/A)
(Fig. 5B).

SPAK interacts with and is a substrate of the ‘‘with no
K (lysine) protein kinases,’’ WNK1 and WNK4, which
are mutated in Gordon’s hypertension syndrome [12,13].
In a recent study, WNK1 and WNK4 were shown to phos-
phorylate SPAK and OSR1 on two residues: 233T and 373S
on SPAK and 185T and 325S on OSR1 [7]. Phosphorylation
on residue 185T of OSR1, which is located in the activation
loop of the kinase catalytic domain, mediated OSR1 acti-
vation. To test whether phosphorylation at the activation
loop is also required for SPAK’s catalytic activity, we con-
structed a SPAK mutant, GST-SPAK(T/E), in which resi-
due 243T (the mouse residue corresponding to human 233T)
was mutated to glutamic acid. As seen in Fig. 6A, the activ-
ity of GST-SPAK(T/E) was much higher than the activity
of GST-SPAK as judged by both autophosphorylation and
phosphorylation of the SPAK substrate NKCC1, suggest-
ing that phosphorylation of residue 243T increases the cat-
alytic activity of SPAK.

Next, we performed an in vitro kinase assay to find out
whether RELT is a substrate for SPAK. The abilities of
GST, GST-SPAK, GST-SPAK(K/E), and GST-SPAK(T/
E) to phosphorylate GST, GST-RELTCD, and NKCC1
were tested. As expected, GST and kinase dead GST-
SPAK(K/E), did not phosphorylate any of the exogenous
substrates (Figs. 6A and B). GST-SPAK exhibited a weak
autophosphorylation activity, but did not phosphorylate
GST, GST-RELTCD or NKCC1. However, the constitu-
tively active GST-SPAK(T/E) phosphorylated both GST-
RELTCD and NKCC1, but not GST, suggesting that the
RELTCD may be a substrate for SPAK.

SPAK is involved in RELT-induced p38 and JNK activation

To determine the role of SPAK in RELT-activated sig-
naling pathways, we first investigated the ability of the
RELT(F/A) mutant, which cannot bind SPAK, to activate
JNK and p38 signaling. As shown in Fig. 7A, impaired
activation of the p38 and JNK kinase pathways was
observed in 293 cells overexpressing RANK/RELT(F/A),
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but not in cells expressing RANK/RELT. To further inves-
tigate the connection between RELT signaling and SPAK,
we examined the effect of overexpression of the SPAK
kinase-dead mutant, SPAK(K/E), on RELT signaling in
293 cells (Fig. 7B). Increased expression of SPAK(K/E)
inhibited RELT-induced activation of the p38 and JNK
signaling cascades in a dose-dependent manner, thereby
acting in a dominant-negative fashion. In contrast,
SPAK(K/E) expression had little effect on the signaling
induced by RANK, suggesting that this inhibition is specif-
ic for RELT and is not a general effect on signaling by
other TNFRs.

Discussion

TNFRs are devoid of intrinsic kinase activity and typi-
cally engage TRAFs to regulate downstream kinase signal-
ing cascades. In this study, we present the first example of a
TNFR family member, RELT, which uses a kinase, SPAK,
instead of TRAFs to activate p38 and JNK signaling.
Interestingly, inspection of the intracellular domains of
all TNFRs revealed that RELT is the only receptor con-
taining the (R/K)FX(V/I) SPAK-binding consensus site,
suggesting that RELT is the only TNFR that binds SPAK.

TNFRs lacking DDs usually activate both the MAPK
and NF-jB signaling pathways and bind to TRAFs [1,14].
We showed, however, that RELT, despite lacking a DD,
is unable to activate the NF-jB pathway (Fig. 2) or bind
TRAFs (Fig. 3). These results contradict those published
by Sica et al. [4], who showed that overexpression of RELT
in 293 cells activates NF-jB and that TRAF1 (but not
TRAF2,3,5, or 6) binds RELT. We confirmed the lack of
NF-jB activation by RELT using two different reporter
assays, luciferase and SEAP, in both 293 and HeLa cells
(Fig. 2 and data not shown). In addition, a wide range of
RELT and RANK/RELT protein expression levels were
tested, as was stimulation of cells expressing the RANK/
RELT chimera with RANK ligand (data not shown). Nev-
ertheless, although overexpression of RANK or the p65
subunit of NF-jB induced considerable NF-jB activation,
we were unable to detect significant NF-jB activation by
RELT or RANK/RELT (Fig. 2). We cannot exclude the
possibility that in other cell types RELT is able to activate
NF-jB, yet, under conditions in which other TNFRs lack-
ing DDs readily induce NF-jB activation (e.g., overexpres-
sion in 293 cells), RELT is unable to do so.

NF-jB activation by TNFRs is primarily mediated by
the recruitment of TRAFs [15–17]. Therefore, the inability
of RELT to activate NF-jB is consistent with the observa-
tion that RELT does not bind TRAFs. We tested the inter-
actions between TRAFs and RELT using a GST-RELTCD

pull-down assay with TRAFs 1,2,3,5, or 6 (Fig. 3A) and in
an in vitro transcription/translation assay with TRAFs 1
and 2 (Fig. 3B). Still, we were consistently unable to detect
any TRAF binding to RELT, although RANK did bind to
all the TRAFs under these conditions. In addition, our
results (except for TRAF1) also agreed with those of Sica
et al., who could not detect binding of RELT to TRAFs
2,3,5, and 6.

SPAK, a serine/threonine kinase in the Ste20 family,
was identified in a yeast two-hybrid screen as a protein that
binds RELT’s cytoplasmic domain (Fig. 4A). SPAK is a
60-kDa kinase with an N-terminal proline/alanine-rich
region, followed by a kinase domain, a putative nuclear
localization signal, and a potential caspase cleavage site
(399DEMDE) [18]. SPAK binding to RELT was verified
using GST-pull-down and coimmunoprecipitation assays
(Fig. 4). The interaction was mapped to 349RFAV in
RELT’s cytoplasmic domain which is similar to the con-
sensus motif (R/K)FX(V/I) found in members of the cation
chloride cotransporters [11] (Fig. 5). In addition, binding of
RELT to SPAK was mapped to the last 154 C-terminal
amino acids in mouse SPAK based on the cloned human
SPAK library plasmid (amino acids 322–547) identified
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by the yeast screen and on the observation that a SPAK
mutant, SPAKDC402, ending at the potential caspase cleav-
age site did not bind RELT (data not shown). This C-ter-
minal sequence in SPAK contains no known motifs, and
further studies are required to narrow down the interacting
region and determine the role that caspase cleavage plays in
SPAK regulation.

SPAK is a member of the Ste20 family of kinases that
includes germinal center kinases (GCKs) and p21-activated
kinases (PAKs) [19]. Ste20 was originally identified in yeast
as a mitogen-activated protein kinase kinase kinase kinase
(MAP4K) [20] and several other mammalian homologues
of Ste20 have also been shown to be upstream regulators
of MAPK cascades, including hematopoietic progenitor
kinase-1 (HPK1), germinal center kinase-like kinase, and
PAK2 [19].

Little is known about the function and regulation of
SPAK. However, like other members of the Ste20 group
of kinases, SPAK has been shown to activate the p38
and JNK signaling cascades [6,11,12,21,22]. In T cells,
SPAK has been shown to associate constitutively with
PKCh and to serve as a substrate of PKCh in T-cell recep-
tor-induced AP-1 activation [6]. In addition, SPAK regu-
lates the activity of ion transporters such as NKCC1 and
KCC2 through its interaction with WNKs [13,23].

Our results suggest a function for SPAK in mediating
RELT-induced activation of the p38 and JNK signaling
cascades. Overexpression of RELT(F/A), which is
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incapable of binding SPAK, greatly reduced RELT’s
ability to activate the p38 and JNK signaling pathways
(Fig. 7A). Furthermore, a kinase-dead mutant of SPAK
inhibited p38 and JNK signaling by RELT, but not
RANK (Fig. 7B). Ste20 family members have been
shown to play important roles downstream of TNFRs,
although SPAK is the only member so far that has been
shown to bind a TNFR directly [24–28].

The molecular mechanism of the signaling induced by
RELT and SPAK is as yet unclear. We found that the
RELT is phosphorylated by SPAK in an in vitro kinase
assay (Fig. 6); however, the effect of phosphorylation on
RELT’s activity is still not known. SPAK appears to be
constitutively bound to RELT and may be activated by
binding of a putative RELT ligand. Alternatively, WNK1,
WNK4, or some other kinase may be involved in regulating
SPAK activity by phosphorylation. The constitutively
active SPAK mutant, SPAK(T/E), supports the notion that
phosphorylation at the activation loop is required for
SPAK’s catalytic activity (Fig. 6). In addition, the activity
of SPAK may be regulated by caspase cleavage of a C-ter-
minal regulatory domain in a manner similar to other mem-
bers of the Ste20 family, such as PAK2, HPK-1, Mst, and
SLK [25–32]. It is possible that both proteolysis and phos-
phorylation are required for full activation.

Classification of TNFRs is based on the presence of an
intracellular DD that serves to distinguish between two clas-
ses of receptors: those with DDs and those lacking DDs, also
called TRAF-binding receptors. Because DDs are associat-
ed with caspase activation and TRAFs with NF-jB, p38,
and JNK activation, this classification involves structural
features and has implications for receptor function
[16,17,33,34]. Using this classification scheme, it was pre-
dicted that a non-DD-containing TNFR such as RELT
would bind TRAFs and activate the NF-jB, p38, and
JNK pathways. However, our results suggest that RELT
does not depend on TRAFs for signaling, but uses SPAK
for p38 and JNK activation. We believe that RELT may rep-
resent a new group of TNFRs that has further diverged from
the standard signaling scheme typical of other TNFRs.
Future studies will entail analysis of the molecular mecha-
nism by which RELT transmits signals for activation of
SPAK and downstream signaling pathways.
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