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Receptor tyrosine kinase (RTK) signals regulate the specification of a varied array of tissue types by utilizing
distinct modules of proteins to elicit diverse effects. The RSK proteins are part of the RTK signal transduction
pathway and are thought to relay these signals by acting downstream of extracellular signal-regulated kinase
(ERK). In this study we report the identification of ribosomal S6 kinase 4 (Rsk4) as an inhibitor of RTK
signals. Among the RSK proteins, RTK inhibition is specific to RSK4 and, in accordance, is dependent upon a
region of the RSK4 protein that is divergent from other RSK family members. We demonstrate that Rsk4 inhibits
the transcriptional activation of specific targets of RTK signaling as well as the activation of ERK. Developmentally,
Rsk4 is expressed in extraembryonic tissue, where RTK signals are known to have critical roles. Further examina-
tion of Rsk4 expression in the extraembryonic tissues demonstrates that its expression is inversely correlated with
the presence of activated ERK 1/2. These studies demonstrate a new and divergent function for RSK4 and support
a role for RSK proteins in the specification of RTK signals during early mouse development.

Receptor tyrosine kinase (RTK) signals have established
roles in a variety of physiological processes, including cellular
proliferation and migration, tissue specification, and hormone
regulation (reviewed in references 50, 53, and 65). RTK signals
are relayed, in part, by the GTPase RAS and a cascade of
kinases which include RAF, MEK, and extracellular signal-
regulated kinase (ERK) (reviewed in reference 5). Though
members of this pathway have been extensively studied, the
mechanism by which the activation of these seemingly generic
signals can illicit such a diversity of specific functions is still an
area of intense investigation.

Studies of the p90 ribosomal S6 kinases (RSKs) indicate that
these proteins may aid in the specification of RTK signals. The
RSK proteins are intercellular serine/threonine kinases and
were among the first identified targets of ERK (39, 64). Their
protein structure comprises an ERK binding site as well as two
distinct functional kinase domains; the C-terminal kinase do-
main is important for autophosphorylation, while the N-termi-
nal kinase domain phosphorylates other target substrates (11,
26, 39, 76). In mammals, there are four p90** genes, termed
Rskl1 to -4 (RPS6K A1, A3, A2, and A6, respectively) (2, 47, 75,
77). Comparative analyses of RSK1-4 suggest that these pro-
teins may have distinct roles for specifying ERK signals. Bio-
chemical studies of RSK1-3 demonstrate that these proteins
have different binding specificities for ERK and, after RTK
stimulation, interact with ERK for different lengths of time
(55, 76). In addition, RSK1 has limited interaction with iden-
tified targets of RSK2 (18), and Rsk1, -2, -3, and -4 genes are
expressed in different patterns during late embryonic stages
and in adult tissues (2, 42, 75). The biochemical differences
among the family members suggest that there may be func-
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tional differences among the RSK proteins on a cellular level.
Moreover, the differential expression patterns of the Rsk genes
suggest distinct roles for the specification of RTK signals dur-
ing mammalian embryogenesis.

Genetic analysis of mice has shown that many components
of the RTK pathway are critical for the formation and pattern-
ing of the extraembryonic tissues, the precursors of the pla-
centa (27, 54, 58, 74). Analysis of activated ERK during early
mouse development further demonstrates that RTK signals
are stimulated in the extraembryonic tissue (21). We wanted to
identify molecules that could modify the outcome of RTK
signals in the developing mouse embryo. Given the well-estab-
lished role of RTK signals in the extraembryonic tissue, we
decided to use this tissue as a source for identifying molecules
that can mediate RTK signals. Unfortunately, the mouse em-
bryo is small and confined to the uterus during the time at
which RTK signals in the extraembryonic tissue are most in-
fluential. To overcome these technical challenges, we devised a
method to identify mediators of RTK signals in the extraem-
bryonic tissue by exploiting the more tractable Xenopus em-
bryo as a screening tool (6, 14). In Xenopus the RTK pathway
is necessary for the formation of the mesoderm, a tissue that
has been well studied (reviewed in reference 29). Based on the
knowledge that the core proteins of RTK signaling are con-
served across species and utilized for the formation of different
types of tissues, we screened a mouse expression library con-
taining extraembryonic tissue for molecules that, upon overex-
pression, could alter the fate of Xenopus mesoderm.

In this screen for RTK modulators, we identified ribosomal
S6 kinase 4 (RSK4), the fourth and least-studied member of
the RSK family (75). Though similar in structure to the other
RSK family members, RSK4 has a function that is distinct from
that of RSK1 to RSK3. Consistent with this functional diver-
gence, the inhibitory activity of RSK4 for RTK signaling is
dependent upon a region that is not conserved in the other
RSK proteins. Analysis of RSK4 in the developing mouse
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embryo demonstrates that Rsk4 is at the right time and place
for this functional activity. Rsk4 expression is altered in mice
without fibroblast growth factor (FGF) signals, suggesting that
RTK signals regulate Rsk4 in vivo. These data provide the first
evidence that an RSK protein may play an important role in
the regulation of RTK signaling and tissue patterning in the
developing mammalian embryo. Moreover, this study provides
further support for the notion that though similar, the RSK
proteins have diverse and distinct functions in the regulation of
RTK signals.

MATERIALS AND METHODS

Construction of the mouse expression library. Construction and subsequent
gridding of the 6.5-day postcoitum (d.p.c.) mouse expression library has been
previously described (6, 7, 14).

Construction of DNA plasmids. The expression library used for the screen was
constructed with the pCS105 expression vector (35). The identified Rsk4 gene
was subcloned from this vector into pCS107 (6) at Sall/NotI sites. Using a PCR
strategy, MYC-tagged clones were constructed by cloning products into the
EcoRI site of MTpCS3+, a modified version of pCS2 (54, 56, 70) (for MTpCS3+
sequence, visit http://sitemaker.med.umich.edu/dlturner.vectors). The original
Rsk4pCS105 plasmid was used as a template for the MYC-tagged Rsk4 and
AI-96Rsk4 constructs. Rsk2 pMT2, provided by C. Bjorback (24), and Homo
sapiens Rskl pKH3 and H. sapiens Rsk3 pkH3 (55) were the templates for the
Rsk2, -1, and -3 MYC constructs, respectively. Primers with EcoRI sequences
were used to amplify the Rsk4 open reading frame (ORF) (forward [F], 5’
CGTCAGAATTCTATGCTGAATTTTAGAAGGACACGCC; reverse [R], 5’
GCGTACGAATTCGGACTGAAGAGCACAAGACTCTTA), AI-96Rsk4 (F,
5" GCGTCAGAATTCTCCTGAAGCGGCGATGCTACCGTT; R, 5" GCGTA
CGAATTCGGACTGAAGAGCACAAGACTCTTA), Mus musculus Rsk2 (F,
5" AGCCTCTAGAAATGCC GCTGGCGCACGTGGCG; R, 5" GAGCCTCT
AGAACAGGGCTGTTGAGGTG). H. sapiens Rskl (F, 5" GCGTCAGGATT
CTATGCCGCTCGCCCG; R, 5" GCGTCAGGATTCTCAGG GTGGTGG) and
H. sapiens Rsk3 (F, 5% GCGTCAGGATTCTATGGACCTGAGCATG; R, 5’
GCGTCAGGATTCTCTACAGCCGCGTGG). Protein analysis using the TNT
coupled reticulolysate system (Promega, Madison, Wis.) with sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot anal-
ysis for MYC demonstrated bands at the expected sizes. A91-860Rsk4 was con-
structed from Rsk4 in MTpCS3+. MTpCS3+Rsk4 was cut with Xhol enzyme to
excise all but the first 272 bp of the Rsk4 gene. Rsk4 in MTpCS3+ was also used
as the template for the KAQ221Rsk4 construct. QuikChange site-directed mu-
tagenesis (Stratagene, La Jolla, Calif.) was used with the following primer and its
reverse complement: F, 5 GGGCAGCTCTATGCAATGCAGGTGTTAAG
AAAAGCTT. Mutations were confirmed by sequence analysis. The full length of
the clone was sequenced to ensure that no other mutations were present. In vitro
transcription and translation of this clone, followed by SDS-PAGE and Western
blot analysis with MYC antibody, demonstrated that a protein at the expected
size was formed.

Transcription of RNA. DNA constructs were linearized, and RNA was tran-
scribed with an mMESSAGE Machine kit (Ambion, Austin, Tex.). The sources
of the constructs are given in Table 1.

Microinjections. Female frogs were primed for ovulation with human chori-
onic gonadotropin (19). Embryos were collected into 0.1X MR solution (52),
fertilized in vitro, and dejellied with 2.5% cysteine, pH 8.0. Embryos were
transferred into 0.3X MR with 2.5% Ficoll for injection. Embryos were injected
at the one-cell stage in either the presumptive ectoderm (for explant assays) or
the presumptive mesoderm (for in situ analysis). Injection of Xenopus laevis
oocytes was completed as previously described (63).

In situ hybridizations. Plasmids used to generate antisense probes are listed in
Table 2.

X. laevis embryos were developed to stage 10.5 or 12.5 and fixed in MEMFA
(52). Single in situ analysis was performed as described previously (30). Double
in situ analysis was completed using a modified protocol (22) which has been
previously described (14). Detection of B-galactosidase (B-Gal) protein was
performed as described previously (62) with the replacement of 5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside with 6-chloro-3-indolyl-B-p-galactoside
(Red-Gal; Research Organics, Cleveland Ohio).

Mouse in situ hybridizations were completed using a modified protocol (10,
72): embryos were dissected from pregnant Swiss Webster mice (Simmonson
Lab, Gilroy, Calif.). Embryos were blocked with 2% BM Block (Roche, India-
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TABLE 1. DNA constructs used in this study

RNA“ Vector Linearization Reference
Fgf8 pCS105 Ascl
Erk sem pGEMHE Nhel 51
p21Ras pSP64 EcoRI 71
M.m. Rsk2 MTpCS3+ Apal This work
H.s. Rsk3 MTpCS3+ Apal This work
X.I. FARsk1 pOTV-LIC Notl 28
H.s. Rsk1 MTpCS3+ Apal This work
Noggin pCS2+ Notl 61
Activin pSP64T Ascl 68
Smad2 pCS105 Ascl 7
Rsk4 MTpCS3+ Apal This work
AI-96Rsk4 MTpCS3+ Apal This work
A91-860Rsk4 MTpCS3+ Apal This work
KAQ221Rsk4 MTpCS3+ Apal This work

“ M.m., M. musculus; H.s., H. sapiens; X.1., X. laevis.

napolis, Ind.) in 1X MAB buffer (52) and incubated at 4°C with anti-digoxige-
nin-AP Fab fragments (Roche) at a 1/2,000 dilution. Embryos were developed
with BM Purple AP substrate (Roche). The antisense probe for Rsk4 was syn-
thesized by using the Rsk4A91-860 construct as a template.

Ectodermal explants and RT-PCR assays. Embryos were injected into the
presumptive ectoderm at the one-cell stage, developed to stage 8-9, and trans-
ferred to 0.75X NAM (52) solution for tissue excision. Explants were cultured in
0.75X NAM until stage 10.5. RNA was isolated, and reverse transcription (RT)-
PCR was performed as previously described (73). Primers used are listed in
Table 3.

Mouse whole-mount antibody analysis. Mouse whole-mount antibody staining
was completed as previously described (21) with polyclonal phospho-p44/42
mitogen-activated protein kinase (MAPK) (Thr202/Tyr204) antibody [Phospho-
p44/42MAPK(Thr202/Tyr204)] (Cell Signaling Technology, Beverly, Mass.).
Staining was detected using Tyramide signal amplification kit no. 15 (Molecular
Probes, Eugene, Oreg.) or diaminobenzidine.

In vitro culture of mouse embryos. Embryos were dissected and cultured as
described previously (21).

Protein assays and immunoblots. Embryos were injected with RNA at the
one-cell stage. Ectoderm was excised at stage 8-9 and allowed to develop until
stage 10.5 in 0.75X NAM. Tissue was lysed in NOP buffer (150 mM NaCl, 10 mM
Tris [pH 7.5], 1 mM MgCl,, 0.75 mM CaCl,, 2% IGPal) with general protease
inhibitors (Sigma, St. Louis, Mo.), 10 mM NaF (Sigma), 10 nM sodium or-
thovanadate (Sigma), and 5 mM B-glyceraldehyde (Sigma). Lysates were centri-
fuged at 4°C for 10 min, and the supernatant was removed. Samples were
analyzed by SDS-PAGE and Western blotting with the following antibodies:
Phospho-p44/42MAPK(Thr202/Tyr204) E10 monoclonal, p42 MAP kinase 3A7
monoclonal, and phospho-Mek1/2 (Ser217/221) (Cell Signaling Technology),
anti-rabbit immunoglobulin, horseradish peroxidase (HRP)-linked whole anti-
body from donkey (Amersham, Piscataway, N.J.), and HRP-labeled polyclonal
anti-mouse immunoglobulin (Pharmingen, San Diego, Calif.).

Kinase assays. One-cell-stage Xenopus embryos were injected with Rsk4, Rsk2,
A1-96Rsk4, and KAQ221Rsk4 RNA. Protein lysates were harvested at the gas-
trula stage and analyzed for kinase activity using the S6 kinase assay (Upstate,
Lake Placid, N.Y.). Five experiments were analyzed for P3? transfer. The counts
per minute (cpm) of Rsk4, Rsk2, and A1-96Rsk4 were significantly different (P <
0.05) from the cpm of the control (uninjected embryo lysates) when analyzed
individually with a matched ¢ test. The cpm of KAQ221Rsk4 were not significantly
different from that of the control lysates.

TABLE 2. Antisense probes used in this study

Probe Vector Reference
Xbra pGEM7 60
Sox173 pSPIC2L 36
Endodermin pBS 57
Goosecoid pG500 13
MyoD pSP73 34
Rsk4A91-860 pCS107 This work
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TABLE 3. Primers used in this study

Gene Primer sequence” Reference
Xbra F, GGATCGTTATCACCTCTG 73
R, GTGTAGTCTGTAGCAGCA
Efla F, CAGATTGGTGCTGGATATGC 73
R, ACTGCCTTGATGACTCCTAG
oDC F, CAGCTAGCTGTGGTGTGG 1
R, CAACATGGAAACTCACACC
Sox173 F, AACTCCCACCAGCAGGCTACTTTG

R, TGTCAATGTCACTCTCCAGATGTCC
Gsc F, ACAACTGGAAGCACTGGA 73
R, TCTTATTCCAGAGGAACC

Endodermin

F, TATTCTGACTCCTGAAGGTG 57

R, GAGAACTGCCCATGTGCCTC

NCAM

F, CACAGTTCCACCAAATGC 31

R, GGAATCAAGCGGTACAGA
Sef F, GTCGAATTCGCCTGCAACGACCAAGTGGC
R, CTGCGAATTCGCCCTCGTGCTTCAGTTTG

Sprouty2

F, CATTCCTTGTTTCAGGC

R, GATGGGAGAGTCCTTGG

“F, forward; R, reverse.

RESULTS

Identification of Rsk4. To identify molecules that regulate
RTK signaling, we performed a functional screen in which
pools of RNA from a 6.5-d.p.c. mouse expression cDNA li-
brary (14) were injected into the presumptive mesoderm of the
one-cell X. laevis embryo. Embryos were cultured to stage 10.5
(midgastrulation) and analyzed for the expression of the T-box
transcription factor, Xbrachyury (Xbra) (60), a downstream tar-
get of RTK signals and a molecular marker of mesoderm.
Using this strategy, a pool of RNA was identified for its ability
to disrupt the Xbra expression pattern in the absence of any
noticeable cell death. From the pool, a single clone was iden-
tified which encoded a 4-kb transcript with a 2.6-kb ORF. The
OREF exhibited similarity to the Ribosomal S6 kinase (p90~)
family and 89% identity to the human Rsk4 (RPS6KA6) gene
(75), indicating that it is the mouse orthologue of human Rsk4.

Rsk4 is the fourth member of the mammalian p90”** gene
family (39). Human Rsk4 was originally identified in a posi-
tional cloning study as a candidate for an X-linked mental
retardation syndrome, although no mutations within the Rsk4
gene were identified in patients affected with the syndrome
(75). To date, the biochemical and cellular characteristics of
RSK4 have not been described. The cloning of Rsk4 in a
functional screen for Xbra inhibition suggested that Rsk4 could
modulate RTK signals.

As seen in Fig. 1, injection of Rsk4 into the marginal zone of
the developing embryos results in the disruption of normal
Xbra expression (Fig. 1E). Upon further development, these
embryos have severe defects, including patent blastopores and
deformed neural tubes (Fig. 1F and G). The resulting tailbud-
stage embryos are truncated along the anterior-posterior axis
(Fig. 1H). These developmental abnormalities are consistent
with the disruption of mesoderm and are similar to the phe-
notypes seen in embryos injected with other RTK inhibitors,
such as dominant-negative forms of the FGF receptor and
RAF proteins (3, 67).

Xbra inhibition by Rsk4 is local. To further characterize the
effect of Rsk4 on Xbra, one-cell-stage embryos were injected at

the margin with both Rsk4 and a lineage tracer, lacz. Embryos
were allowed to develop until stage 10.5, fixed, and analyzed
for both B-Gal activity and Xbra RNA. While embryos injected
with lacz alone showed colocalization of B-Gal activity and
Xbra RNA, embryos injected with Rsk4 and lacz showed no
cellular colocalization of B-Gal activity and Xbra RNA (Fig. 2B
and D). Additionally, in double in situ analysis for Rsk4 and
Xbra performed on Rsk4-injected embryos, there was no colo-
calization of the two RNAs (Fig. 2L and N). These results
indicate that Rsk4 acts locally to inhibit Xbra expression.
Rsk4 specifically disrupts the formation of mesoderm. The
inhibition of Xbra and the resulting developmental phenotype
in Rsk4-injected embryos were consistent with a disruption of
RTK signaling. To assess the specificity of this disruption, we
studied the role Rsk4 had in regulating markers of other tis-
sues. Rsk4-injected embryos were analyzed at gastrula stages
by in situ hybridization with markers for different types of
mesoderm (Fig. 2). At stage 10.5, the mesoderm is patterned
along the dorsal-ventral axis (reviewed in reference 48). In situ
analysis of a dorsally restricted marker, Goosecoid (Gsc) (16),
revealed that injection of Rsk4 did not affect the specification
of dorsal tissues (Fig. 2F). However, expression of MyoD, a
helix-loop-helix transcription factor that marks the more ven-
tral, somitic mesoderm (34), was disrupted in Rsk4-injected
embryos at stage 12.5 (Fig. 2J). Analysis of SoxI7B and
Endodermin, markers of endoderm (36, 57) (both stained in
Fig. 2H), demonstrated a slight reduction of expression in
Rsk4-injected embryos compared to controls. Endodermin nor-
mally stains a subset of mesodermal cells (57), and we suspect
that this slight reduction of expression of these markers is a
loss of expression in these cells. Rsk4-injected embryos have
severe developmental defects and often die prior to neurula-
tion. To investigate the effect of Rsk4 expression on the for-
mation of neural tissue, the naive ectoderm of the one-cell X.
laevis embryo was injected with the bone morphogenic protein
antagonist and neural inducer Noggin (45, 61, 78) with and
without Rsk4 RNA. Injected ectodermal tissue was excised at
the blastula stage (herein referred to as ectodermal explants)
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FIG. 1. Rsk4 is identified in a functional expression screen. Rsk4 was injected into the marginal zone of a one-cell embryo (E to H). Uninjected
embryos were developed under the same conditions (A to D). In situ analysis shows that Rsk4-injected embryos at the gastrula stage (E) display
disrupted Xbra expression compared to controls (A). Upon further development, Rsk4-injected embryos have a patent blastopore (F), fail to
properly neurulate (G), and are truncated at the tailbud stage (H). The development of uninjected controls is also shown (B to D). The arrows

demarcate the blastopore (B and F) and neural tube (C and G).

and cultured in vitro. At the neurula stage, RNA was isolated
from the ectodermal explants and analyzed by RT-PCR to
detect the neural marker NCAM (37). Results of this experi-
ment showed that Rsk4 does not inhibit the signals that induce
neural tissue (Fig. 20). This in situ analysis led us to conclude
that Rsk4 did not affect the expression of all tissue types and
therefore was acting on a specific signaling pathway.

Rsk4 disrupts FGF signaling. The signaling pathways that
regulate the specification, as well as the dorsal-ventral pattern-
ing, of the germ layers in Xenopus have been well studied.
Cursory analysis of the tissue formation of Rsk4-injected em-
bryos allowed for analysis of the effect of Rsk4 overexpression
on several pathways, including the FGF and transforming
growth factor beta (TGF-B) pathways. Both the FGF and
TGF-B signaling pathways are integral to the proper induction
of Xbra (reviewed in reference 29). The TGF-B pathway can
also induce endoderm and specify dorsal mesoderm (16, 33).
These signaling pathways are not independent of each other,
since TGF-B signals cannot induce general mesoderm in the
absence of the FGF pathway. For example, in the presence of
dominant-negative FGF receptor, ectopic TGF-B signals can
no longer induce Xbra or MyoD but maintain the ability to
induce the dorsal mesoderm marker Gsc (20, 44). The large
effect of Rsk4 overexpression on somitic mesoderm, but not
dorsal or endodermal tissues, is consistent with a specific effect
of Rsk4 on the FGF pathway. To further investigate this pos-
sibility, the effect of Rsk4 on the FGF and TGF-B pathways was
analyzed in more detail.

To investigate the effect of Rsk4 on the FGF and TGF-B
pathways, an ectodermal explant assay was performed. Activin,
encoding a TGF-B ligand, Smad2, encoding a mediator of
TGF-B signals, and Fgf8 were injected into the presumptive
ectoderm of one-cell embryos, with or without Rsk4. Ectoderm

explants were cultured to stage 10.5 and then harvested for
RNA. RT-PCR was performed to detect downstream targets
of the TGF-B and FGF pathways. As shown in Fig. 3, Gsc, a
dorsal mesoderm marker, and Sox!73, an endoderm marker,
are induced by Activin. (The level of Smad2 RNA injected was
not high enough to induce dorsal or endodermal genes in this
experiment.) These inductions are maintained in the presence
of Rsk4, indicating that Rsk4 does not directly inhibit the
TGF-B pathway (Fig. 3A). Analysis of Xbra demonstrated that
the presence of Rsk4 inhibited Fgf8, Activin, and Smad2 from
inducing Xbra. Previous studies have shown that if the FGF
pathway is abrogated, TGF-B cannot induce Xbra (20, 44).
Therefore, this result is consistent with Rsk4 directly disrupting
both the FGF pathway and Xbra-inducing capabilities of the
TGF-B pathway or the FGF pathway only. We further inves-
tigated the effect of Rsk4 on two FGF-specific targets, Sprouty2
and Sef (49, 69). Fgf8 enhanced the expression of both Sprouty2
and Sef. This up-regulation was impeded by the presence of
Rsk4 (Fig. 3B), indicating that Rsk4 inhibits FGF signals. Ad-
ditionally, Rsk4 inhibits the induction of Xbra by both FGF and
TGF-B signals. Since the FGF pathway is required for TGF
induction of Xbra and the injection of Rsk4 does not impede
the transcription of other downstream signals of TGF-B, we
conclude that Rsk4 is acting specifically on the FGF pathway.

Rsk4 inhibits the RAS-ERK pathway. In order to elucidate
the molecular mechanism of Rsk4 function, we investigated the
effect of Rsk4 on the RAS-ERK pathway, the mediator of FGF
signals. The FGF ligands signal through an RTK receptor and
the RAS-ERK pathway, a kinase cascade which includes the
p21%4S RAF, MEK, and ERK proteins (reviewed in reference
5). Constitutively active molecules of the FGF receptor,
p21RAS RAF, and ERK, can all induce Xbra (43, 46, 71). To
investigate whether Rsk4 affects this pathway, we injected em-
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FIG. 2. Characterization of embryos injected with Rsk4. (A to J) X. laevis one-cell-stage embryos were injected at the margin with lacZ RNA
(A, C, E, G, and I) or both lacz and Rsk4 RNA (B, D, F, H, and J). Embryos were allowed to develop to stage 10.5 (A to H) or stage 12.5 (I and
J), stained for B-Gal activity, and then analyzed by in situ hybridization. Xbra expression (A to D) is shown from the vegetal (A and B) and lateral
(C and D) view. Goosecoid expression (E and F) is shown from a dorsal-vegetal view. Sox!7B and Endodermin expression (G and H) are shown
from a dorsal-vegetal view. MyoD expression is shown (I and J). X. laevis was injected into the margin of one-cell-stage embryos with Rsk4 RNA.
Double in situ analysis was performed for Xbra (turquoise) and Rsk4 (magenta) (K to N). Uninjected controls are shown (K and M). The
presumptive ectoderm tissue of one-cell embryos was injected with Noggin and Noggin with Rsk4. Ectodermal explants were excised and developed
in vitro to neurula stage. RNA was isolated, and RT-PCR was performed for NCAM, a neural marker, and EF/a, a loading control (O).
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FIG. 3. Rsk4 specifically blocks the Fgf pathway. (A) Embryos were
injected into the presumptive ectoderm tissues with mesoderm induc-
ing molecules with or without Rsk4. The ectodermal explants were
excised and cultured to the gastrula stage. RNA was isolated, and
RT-PCR was performed for Xbra, Gsc, Sox178, and EFla. (B) The
presumptive ectodermal tissue of one-cell embryos was injected with
Fgf8 with or without Rsk4. Ectodermal explants were excised, and
RNA was collected and analyzed by RT-PCR for Sprouty2, Sef, and
ODC, a loading control. UC, uninjected control explants; WE, whole
embryo; RT-, reverse transcriptase minus.

1 Ras

bryos with p2 and Drosophila melanogaster Erk*™ (51),
encoding a constitutively active ERK. Both of these molecules
are capable of inducing Xbra expression in Xenopus (43, 71).
The presence of Rsk4 disrupted the ability of both p21°** and
D. melanogaster Erk**™ to induce Xbra expression (Fig. 3A and
4A). These results indicate that Rsk4 can block the RAS-ERK
pathway and that Rsk4 likely acts directly on or downstream of
ERK.

To further investigate the effect of Rsk4 on ERK, we ana-
lyzed the phosphorylation state of ERK in the presence of
Rsk4. Fgf8 was injected into the presumptive ectoderm of the
one-cell-stage embryo, with or without Rsk4 RNA. Ectodermal
explants were excised and allowed to develop until gastrula-
tion. As can be seen in Fig. 4B, embryos injected with Fgf§8
alone had active ERK as determined by the phosphorylation at
Tyr202 and Thr204 (4). However, active ERK was either re-
duced or absent in embryos injected with Fgf8 and Rsk4. That
Rsk4 is able to block the inducing capabilities of D. melano-
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FIG. 4. Rsk4 disrupts the RAS-MAPK pathway. (A) The presump-
tive ectodermal tissue of one-cell embryos was injected with the Erk*”
or p217% with or without Rsk4. RNA was isolated from injected tissue,
and RT-PCR was performed for Xbra and ODC. (B) Fgf8 was injected
into the presumptive ectoderm of one-cell embryos with or without Rsk4.
Ectodermal explants were excised and allowed to develop to gastrula
stage. Proteins were isolated and analyzed by SDS-PAGE and Western
blot techniques for p42MAPK and phospho-p44/42MAPK(Thr202/Tyr204) 1y,
uninjected control explants; WE, whole embryo; RT-, reverse transcrip-
tase minus.
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gaster Erk®”, and active ERK was not present in Rsk4-injected
embryos, suggests that Rsk4 is acting at the level of ERK.

RTK inhibition is specific to Rsk4. The RSK proteins have
high similarity (Fig. 5A), and RSK1, -2, and -3 have been used
interchangeably in biochemical assays to illicit similar effects
(55, 76). A few studies have suggested a role for RSK proteins
in negative feedback inhibition (23, 24, 40); however, RSK1, -2,
and -3 have not been shown to directly inhibit RTK signaling.
To investigate whether the other Rsk genes were capable of
Xbra disruption, H. sapiens Rskl, M.m. Rsk2, and H. sapiens
Rsk3 (2, 77) were injected into the marginal zone of one-cell X.
laevis embryos and analyzed by in situ analysis for Xbra expres-
sion at the gastrula stage. Xbra expression was not specifically
disrupted by any these genes (Fig. 5C). To measure the protein
level in the injected embryos, 20 embryos from each batch of
injected embryos were removed prior to fixation. Protein was
isolated from these embryos and analyzed by SDS and Western
blotting for the MYC-tag protein. As can be seen in Fig. 5B,
the embryos had similar amounts of protein.

Since the other Rsk homologs do not inhibit Xbra, we hy-
pothesized that perhaps RSK4 was simply a more active iso-
form than the other RSK proteins. To investigate this, we
analyzed the effects of the constitutively active Rsk clone,
FARskl1 (28). FARskl was designed to mimic the hyperphos-
phorylated state of active RSK protein and has acidic residues
at all of the known phosphorylation sites. Unlike its wild-type
counterpart, FARskI induces oocyte maturation in the absence
of progesterone. FARskl was injected into the marginal zone
of the embryos and analyzed by in situ hybridization for Xbra.
Xbra expression was not disrupted in embryos injected with
this molecule (data not shown).

Conversely, we investigated whether Rsk4 could mimic the
activity of FARskl in maturing X. laevis oocytes. Stage 6 0o-
cytes were injected with Rsk4 RNA, and germinal vesicle
breakdown was measured both visually and by ERK activity.
Unlike results with FARskI (28), the Rsk4-injected oocytes did
not mature in the absence of progesterone (data not shown).
Since the Rsk genes are not interchangeable in our assays, we
conclude that Rsk4 has an intrinsic property that is sufficient
for the disruption of the RAS-ERK pathway and is not found
in the other Rsk genes.

Mutational analysis of Rsk4. To identify regions of Rsk4 that
confer Xbra-inhibiting activity, we deleted regions of the Rsk4
gene that are divergent from the other Rsk genes (Fig. 6A).
Members of the p90RS¥ family have a distinct protein struc-
ture, comprised of two functional kinase domains as well as an
ERK (ERK1/2) docking site (26, 39, 76). Alignment of the
Rsk4 translated ORF with members of the p90RS¥ family
shows that these domains are highly conserved (Fig. 5 and data
not shown). However, mouse RSK4 has a 96-amino-acid ex-
tension at its N terminus that is not present in the published
sequences of mouse RSK1-3 or human RSK4 (2, 41, 75). No
known protein motifs are present in this extension. However, it
contains a high number of positively charged residues. To test
whether this N-terminal extension conferred the mesoderm-
inhibiting activity of RSK4, a A7-96Rsk4 construct was created.
Further analysis of the clone demonstrated that it encodes a
MYC-tagged protein of the expected size (Fig. 6B) and it is a
functional kinase (see Materials and Methods). Fgf8§ RNA was
injected into the presumptive ectoderm of one-cell embryos
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H.s. Rsk4 74% 98% 89%
M.m Rsk1 39% 87% 77%
M.m. Rsk2 49% 91% 80%
M.m. Rsk3 43% 88% 79%
C
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FIG. 5. The Rsk family. (A) Using DNA Star MegaAlign, the conversed region of RSK4 (97 to 860 amino acids) was aligned to mouse RSK1,
RSK2, and RSK3 and human RSK4. The percent identities for the N terminus, N-terminal kinase, C-terminal kinase, and C-terminal domains are
listed below the schematized protein structure. M marks the methionine at positions 1 and 97 in the full-length RSK4 protein. The second M is
the start of the region of homology of RSK4 to the RSK family. (B) One-cell-stage embryos were coinjected at the marginal zone with lacz and
Rskl, Rsk2, Rsk3, or Rsk4. Embryos were allowed to develop to gastrula stages, at which point 20 embryos from each variable were removed for
the isolation of protein and the remaining were fixed. Protein lysates were analyzed by SDS-PAGE and Western blotting with MYC antibody.
(C) The fixed embryos were analyzed for B-Gal activity and Xbra expression.

with or without RNA generated from the A/-96Rsk4 construct.
Ectodermal explants were excised, RNA was generated, and
RT-PCR analysis for Xbra was performed. While the full-
length Rsk4 was able to block the induction of Xbra by Fgf8,
AI-96Rsk4 could not (Fig. 6C). To test whether the N-terminal
region alone could confer RSK4 activity, an N-terminal clone,
Rsk4A91-860, was constructed and analyzed. This clone did not
impede the induction of Xbra by Fgf§ (Fig. 6C).

Since the N-terminus region was necessary but not sufficient
for Rsk4 activity, we wanted to investigate the relative impor-
tance of the kinase domain in mediating RSK4 activity. Mem-
bers of the RSK protein family encode a protein with two
distinct kinase domains (39). Previous mutational analysis of
these kinase domains in other RSK family members has dem-
onstrated differential activities for these domains. The carboxy-
terminal kinase is generally required for autophosphorylation,
while the N-terminal kinase domain is required for the phos-
phorylation of other target substrates (11, 26). A lysine-to-
glutamine substitution at the predicted ATP binding site in the
N-terminal kinase domain of RSK4 was created to remove the
putative N-terminal kinase activity. The effect of this construct,
K221QRsk4, on Xbra expression was analyzed by in situ hy-
bridization. Rsk4 or K221QRsk4 was injected into the margin
of one-cell embryos. The embryos were fixed at stage 10.5 and
analyzed by double in situ hybridization. While Rsk4 RNA did
not colocalize with Xbra RNA (Fig. 6D, right panel),
K221QRsk4 and Xbra staining overlapped (Fig. 6D, left panel),
indicating that the N-terminal kinase activity is likely required
for Rsk4 activity in our assay. Protein lysates isolated from
embryos injected with similar amounts of K221QRsk4 and
Rsk4 RNA had similar amounts of protein (Fig. 6B). In assays

for kinase activity, lysates from Rsk4-injected embryos had
significantly different cpm than those from uninjected embryos,
while lysates isolated from embryos injected with K221QRsk4
did not (see Materials and Methods). These results indicate
that Rsk4 is likely dependent on its N-terminal kinase activity
for its Xbra-inhibiting capability.

Rsk4 expression in the developing mouse gastrula. After first
identifying and characterizing mouse RSK4 as a negative reg-
ulator of the RAS-ERK pathway in X. laevis, we proceeded to
investigate the role of RSK4 in the mouse embryo. Since the
Rsk4 gene was identified from an expression library derived
from 6.5-d.p.c. mouse embryos, we examined the expression
pattern of Rsk4 during this developmental time. Whole-mount
in situ analysis revealed that Rsk4 localizes to the extraembry-
onic tissue of the mouse at 6.0 to 8.5 d.p.c. At 6.0 to 7.5 d.p.c.,
expression is restricted to central extraembryonic tissue: it is
not expressed in the ectoplacental cone or the extraembryonic
cells most proximal to the embryonic/extra-embryonic junction
(Fig. 7A to C). Rsk4 expression is strong in the chorion at
7.5 d.p.c. (Fig. 7D) and persists to 8.5 d.p.c. (Fig. 7E). Expres-
sion can also be seen in the allantois (Fig. 7E). The strong
expression of Rsk4 in the extraembryonic tissue suggests a
possible role in the specification of these tissues.

FGF and RAS-ERK signaling are known to have important
roles in the specification of the extraembryonic tissue. Mice
with targeted mutations in Fgf4, FgfR2, Grb2, or Mek! exhibit
peri-implantation lethality due in part to a lack of trophoblast
proliferation (25, 27, 58, 74). Trophoblast stem cells have been
derived from the extraembryonic ectoderm at these stages and
require FGF-RAS-ERK signaling for maintenance of their stem
cell properties (66). Analysis of the temporal and spatial expres-
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FIG. 6. Rsk4 activity is dependent upon its N terminus and its N-terminal kinase. (A) Schematics of the RSK4 constructs, including A7-96Rsk4,
A91-860Rsk4, and the KAQ221Rsk4 clones. (B) Rsk4, A1-96Rsk4, and the KAQ221Rsk4 RNAs were injected into one-cell-stage Xenopus embryos.
At gastrula stage, protein was isolated and analyzed by SDS-PAGE and Western blotting with MYC antibody. (C) The presumptive ectoderm of
a one-cell embryo was injected with Fgf8 and the various Rsk4 constructs. Ectodermal explants were excised, allowed to develop to gastrula stage,
and analyzed by RT-PCR for the presence of Xbra. (D) Using site-directed mutagenesis, a K-to-Q transition at amino acid 221 was made in RSK4.
RNA from this construct, KAQ221Rsk4 (left panel), and the original Rsk4 construct (right panel) was injected into one-cell embryos at the marginal
zone. Double in situ analysis was performed for detection of Xbra (turquoise) and Rsk4 (magenta). Uninjected, uninjected control explants; RT

minus, reverse transcriptase negative.

sion of dual phosphorylated ERK1 and -2 (active ERK) in the
early developing mouse showed that there is strong ERK signal-
ing in the extraembryonic ectoderm and ectoplacental cone (21).
This pattern of ERK is restricted compared to the expression of
FgfR2, encoding an RTK receptor, which is located throughout
the extraembryonic ectoderm (17). To compare the expression of
Rsk4 and active ERK, RNA in situ analysis and whole-mount
antibody staining was performed on similarly staged embryos
(Fig. 8). The region of Rsk4 expression is proximally and distally
flanked by areas of tissue with active ERK. There is dark staining
of active ERK in the ectoplacental cone and in a ring of tissue just
proximal to the embryonic/extraembryonic junction. The juxta-
posed nature of these two expression patterns suggests that Rsk4
may be playing a role in restricting the domain of activated ERK
in the extraembryonic tissue.

Rsk4 expression is altered in embryos cultured in FGF in-
hibitor. The localization of activated ERK just proximal to the
embryonic/extraembryonic junction is dependent upon FGF
signaling. Embryos cultured in the FGF inhibitor SU5402 lack
prominent activated ERK in this ring of tissue (Fig. 9B, right
embryo). In contrast, active ERK expression in the proximal
ectoplacental cone persists. This indicates that FGF is required
for active ERK expression at the embryonic/extraembryonic
junction but not in the ectoplacental cone (21). We hypothe-
sized that if Rsk4 were regulated by FGF signaling, Rsk4 ex-
pression would be altered in embryos cultured in SU5402.

Therefore, we analyzed the expression pattern of Rsk4 in em-
bryos cultured in SU5402. A litter of 6.5-d.p.c. mice was dissected
from a pregnant mouse and divided into two experimental treat-
ments. One group was cultured in vitro in media supplemented
with SU5402. The other was cultured in media with dimethyl
sulfoxide (DMSO), the solvent of SU5402. These two groups
were then further divided. Half of each group was examined for
Rsk4 expression, and half was examined for the presence of acti-
vated ERK. The expression patterns of both Rsk4 and active ERK
in the DMSO-cultured embryos were normal. In contrast, the
mice cultured in SU5402 lacked active ERK expression in the ring
just proximal to the extraembryonic/embryonic junction. Addi-
tionally, Rsk4 expression in these embryos was expanded distally
(Fig. 9D). The expansion of Rsk4 into regions without active ERK
but not into regions where active ERK was still present suggests
that the formation of the Rsk4 and active ERK boundary is
dependent upon FGF signals.

DISCUSSION

RSK4 function is distinct from those of other RSK proteins.
RTK signals are required for a variety of biological processes.
The molecules comprising this pathway utilize distinct modules
of proteins to render specific cellular responses. We demon-
strate that the RSK proteins may be involved in generating
subtle variations in different cellular environments. Studies
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FIG. 7. Rsk4 expression in the early developing mouse embryo. (A to E) In situ analysis was performed on 6.0- to 8.5-d.p.c. embryos. At 6.0
(A), 6.5 (B), and 7.0 (C) d.p.c., expression is restricted to the central region of the extraembryonic tissue; it is not expressed in the ectoplacental
cone or the extraembryonic cells most proximal to the embryonic/extraembryonic junction. (D and E) Rsk4 expression is strong in the extraem-
bryonic ectoderm of the chorion at 7.5 d.p.c. (D) and persists to 8.5 d.p.c. (E). (E) Expression can also be seen in the allantois. Epc, ectoplacental

cone; ch, chorion; al, allantois. Space bar = 100 pm.

have characterized RSK1 to -3 as downstream mediators of
RTK signals (55, 76). In this study, we identified mouse RSK4.
In contrast to the other RSK proteins, overexpression of RSK4
does not mediate, but rather inhibits, RTK signals. The ability
of RSK4 to inhibit RTK signals is dependent upon the 96
amino acids at the amino-terminal end of the protein. This
region is not conserved in the other RSK proteins. These data
add to the growing evidence that though the RSK proteins are
highly similar and can all be activated with stereotyped signals,
subtle differences among them may result in distinct cellular
roles (55, 76).

In vivo analysis of Rsk4. The extraembryonic patterning
events that are regulated by RTK signals in the mouse are
among the earliest in the developing mammal. Given the ge-
netic and functional support for RTK signals in the extraem-
bryonic tissue, we felt that this tissue was ideal for the identi-
fication of RTK modulators, despite some of the technical
challenges. To facilitate the study of this small, less accessible
tissue, we capitalized on the Xenopus embryo. Using an ex-
pression cDNA library from an early developing mouse em-
bryo, we performed a functional screen with Xenopus to iden-
tify molecules that regulate and/or specify RTK signals and

found Rsk4. Despite the obvious caveats of this nonconven-
tional method, the subsequent demonstration of specific tissue
expression of Rsk4 validated our initial studies with the frog
embryo. Rsk4 is expressed in the extraembryonic tissue, a tis-
sue in which the regulation of RTK signals is critical for proper
development. Moreover, Rsk4 is localized to the central region
of the extraembryonic tissue, and its expression is flanked both
distally and proximally by the expression of active ERK. The
most distal expression of active ERK is a layer of cells that
forms a discrete ring (21). Maintenance of such a specific
pattern requires a tight regulation of local signals and there-
fore often involves intricate feedback loops. In the absence of
FGF, an RTK ligand, active ERK is lost distally and Rsk4
expression expands into the ring of cells that normally contains
active ERK. This indicates that Rsk4 and activated ERK sig-
nals have a dynamic interaction in vivo. This interaction may
regulate the specification of the distal extraembryonic cells.
Though the exact role of these distal cells remains unknown,
they are located in an area of active signaling that likely plays
arole in the patterning of both embryonic and extraembryonic
tissues (reviewed in references 8 and 9). Further studies of
Rsk4 in this area may shed more light on the function of these
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FIG. 8. Comparison of Rsk4 and active MAPK expression localization. Embryos at stage 6.25 d.p.c. were analyzed for Rsk4 RNA (A) and active
MAPK protein expression (B and C). Whole-mount antibody stain for MAPK was detected by HRP visualization with both a tyramide amplification kit
(B) and diaminobenzidine staining (C). The left panel in B is the light view of the same embryo under fluorescence on the right panel.

cells, but certainly data from this report provide the first evi-
dence that an RSK may be involved in the modulation of RTK
signals in the early developing embryo.

How and where does Rsk4 act? Results from mutational
analysis provide some information about how RSK4 might act.
Site-directed mutagenesis of the lysine in the N-terminal ki-
nase domain removed the ability of RSK4 to disrupt RTK
signals. This suggests that the inhibition of RTK signals by
RSK4 is a result of the phosphorylation of substrate. Candi-
dates for the molecular target of RSK4 kinase activity are
plentiful. RSK4 could act by directly phosphorylating and in-
hibiting a member of the RAS-ERK pathway. Alternatively, it
could act indirectly by either activating an inhibitor or repress-
ing expression of downstream transcriptional targets. These
possibilities can all be supported by studies of the other RSK
isoforms. In a study using rat PC12 epidermal growth factor
(EGF)-cultured cells, RSK2 was shown to phosphorylate SOS,
a membrane-tethered protein that mediates RTK activities
(23). From this result, it was hypothesized that RSK2 could
feedback negatively on the EGF pathway, though no further
evidence in support of this idea has been put forth. Although
hypothesized for RSK2, we do not support this mode of action
for RSK4. RSK4 is able to inhibit constitutively active forms of
RAS and ERK, which are both downstream of SOS. There-
fore, we think it is more likely that RSK4 can inhibit RTK
signaling at the level of or downstream of ERK. This model is
supported in the literature, where it is shown that RSK iso-
forms localize to the nucleus upon RTK activation (12). More-
over, RSK2 has been shown to up-regulate Estrogen Receptor o
and c-Fos transcription, suggesting a role for the RSK proteins
in transcriptional regulation (15, 18, 38).

Deletion of the N terminus of RSK4, a region not conserved
in the other RSK proteins, removes the ability of RSK4 to
disrupt RTK signaling, indicating that these N-acids are re-
quired for RSK4 activity. Since BLOCK analysis (32) did not
identify any known protein motifs, there is little indication of
the exact role for this region in conferring RSK4 activity. Pro-
tein from the A7-96Rsk4 construct maintains its ability to phos-
phorylate S6, suggesting that deletion of the N terminus does
not disrupt the kinase ability of RSK4. Though no defined

motifs were identified, the N terminus is comprised of many
charged residues, suggesting that it could be targeting RSK4 to
the nucleus or allowing RSK4 to interact with DNA. Analysis
of Sef and Sprouty2, two negative feedback regulators of the
FGF-RAS-ERK pathway, demonstrates that these genes are
not transcriptionally regulated by RSK4. However, this does
not exclude the possibility that RSK4 could be interacting with
SEF and SPROUTY?2 proteins or that RSK4 is interacting with
other nuclear targets.

Our biochemical experiments suggest that RSK4 confers its
Xbra inhibition by blocking signaling directly on or down-
stream of ERK, since RSK4 is able to block D. melanogaster
Erk*™ from inducing its transcription. Consistent with RSK4
acting directly on ERK, tissues injected with Fgf8 and Rsk4 do
not have phosphorylated ERK protein. Functional screens
such as the one described in this report are inherently prone to
the caveats of expressing genes at high, often nonphysiologic
levels. Therefore, it is formally possible that RSK4, with its
carboxy-terminal ERK binding site, is simply sequestering and
inhibiting the activation of ERK to act as a dominant-negative
molecule. We think this is unlikely for several reasons. First,
the RSK4 putative N-terminal kinase activity is required for
Rsk4 activity. Additionally, the other RSK isoforms, in which
the C-terminal ERK docking site is conserved (59), do not
maintain this function. Finally, mutational analysis demon-
strates that without the N terminus of the gene, Rsk4 loses its
ability to disrupt the FGF pathway. Since the conserved car-
boxy-terminal ERK binding site is still present on the Al-
96Rsk4 clone, its presence cannot be the sole reason for the
described Rsk4 function. Thus, while the data are consistent
with RSK4 directly disrupting active ERK, the evidence that
RSK4 requires its kinase activity and that the amino-terminally
truncated RSK4 with an intact ERK binding site is not suffi-
cient for its function suggests a mechanism of action that is
more complex than simple sequestration of ERK by RSK4.
The identification of the mechanism by which Rsk4 inhibits
RTK signals and the identification of other Rsk4 targets will be
exciting avenues for investigation. The use of trophoblast stem
cells for biochemical assays in combination with RSK4 analysis
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FIG. 9. Rsk4 expression is altered in embryos cultured in FGF
inhibitor. (A and B) 6.5-d.p.c. embryos were cultured in DMSO (em-
bryos on the left of panels A and B) or SU5402, an FGF inhibitor
(embryos on the right of panels A and B). Whole-mount antibody
staining was performed for active MAPK. Embryos were visualized by
light (A) and fluorescence (B) microscopy. (C and D) Embryos were
cultured in DMSO (C) or SU5402 (D) and analyzed by in situ hybrid-
ization for Rsk4. Embryos cultured in SU5402 have distal expansion of
Rsk4 compared to DMSO controls. Red and black arrows demarcate
the embryonic/extraembryonic junction and the distal boundary of
normal Rsk4 expression, respectively.

in genetically perturbed mouse models should aid in these
pursuits.

Summary. As a result of the conservation of the RAS-ERK
cascade and the requirement of this pathway in multiple or-
ganisms for the specification of different tissue types, we were
able to identify Rsk4 in a cross-species screen. Since its func-
tion is dependent upon a region of the gene that is divergent
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from the other Rsk family members, it would have been chal-
lenging to identify the full length of this gene by homology
only. Among products of the Rsk genes, the ability to inhibit
RTK signals is specific to RSK4, adding to the evidence that
not all RSK functions are similar. Rsk4 is expressed in the
extraembryonic region of the developing gastrula in a pattern
that is consistent with its activity. Further investigation of Rsk4
in the contexts of general RAS-ERK signaling and the devel-
opment of the extraembryonic tissues should add to these
fields of investigation.
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