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Activation of 40S ribosomal protein S6 kinases (S6Ks) is mediated by anabolic signals triggered by hormones, growth factors, and nutrients. Stimulation by any of these agents is inhibited by the bacterial macrolide
rapamycin, which binds to and inactivates the mammalian target of rapamycin, an S6K kinase. In mammals,
two genes encoding homologous S6Ks, S6K1 and S6K2, have been identified. Here we show that mice deficient
for S6K1 or S6K2 are born at the expected Mendelian ratio. Compared to wild-type mice, S6K1ⴚ/ⴚ mice are
significantly smaller, whereas S6K2ⴚ/ⴚ mice tend to be slightly larger. However, mice lacking both genes
showed a sharp reduction in viability due to perinatal lethality. Analysis of S6 phosphorylation in the
cytoplasm and nucleoli of cells derived from the distinct S6K genotypes suggests that both kinases are required
for full S6 phosphorylation but that S6K2 may be more prevalent in contributing to this response. Despite the
impairment of S6 phosphorylation in cells from S6K1ⴚ/ⴚ/S6K2ⴚ/ⴚ mice, cell cycle progression and the translation of 5ⴕ-terminal oligopyrimidine mRNAs were still modulated by mitogens in a rapamycin-dependent
manner. Thus, the absence of S6K1 and S6K2 profoundly impairs animal viability but does not seem to affect
the proliferative responses of these cell types. Unexpectedly, in S6K1ⴚ/ⴚ/S6K2ⴚ/ⴚ cells, S6 phosphorylation
persisted at serines 235 and 236, the first two sites phosphorylated in response to mitogens. In these cells, as
well as in rapamycin-treated wild-type, S6K1ⴚ/ⴚ, and S6K2ⴚ/ⴚ cells, this step was catalyzed by a mitogenactivated protein kinase (MAPK)-dependent kinase, most likely p90rsk. These data reveal a redundancy
between the S6K and the MAPK pathways in mediating early S6 phosphorylation in response to mitogens.
Reduced insulin levels are caused by a reduction in pancreatic
endocrine mass and an impairment of insulin secretion, which
can be traced to a selective reduction in ␤-cell size. Unexpectedly, the effects on body mass and hypoinsulinemia do not
appear to be attributable to a reduction in S6 phosphorylation,
as this response proved to be largely intact in S6K1-deficient
animals (51). However, S6 phosphorylation in such animals
was still sensitive to the bacterial macrolide rapamycin (51),
which inhibits the mammalian target of rapamycin (mTOR) (1,
7, 16, 48), the upstream S6K1 kinase (4, 8, 18), suggesting the
existence of a second S6K. Subsequent searches of expressed
sequence tag databases and biochemical studies led to the
identification of S6K2, which exhibited overall homology of
over 80% with S6K1 in the highly conserved kinase and linker
domains (17, 47, 51). In all tissues examined from S6K1-deficient mice, S6K2 transcripts were upregulated (51). From this
observation, it was reasoned that S6K1 and S6K2 functions
were redundant and that a deletion of the S6K1 gene led to a
compensatory increase in the expression of S6K2.
In parallel studies, it was demonstrated that rapamycin suppressed the serum-induced translational upregulation of a family of mRNAs which contain a polypyrimidine tract at their 5⬘
end (5⬘-terminal oligopyrimidine [5⬘TOP] mRNAs) (20, 55).
These mRNAs largely code for components of the transla-

Recent studies showed that the 40S ribosomal protein S6
kinase (S6K) p70S6K/p85S6K, termed S6K1 (51), is a major
effector of cell growth. This conclusion stems from gene deletion studies with Drosophila (39) and with mice (51) as well as
recent studies with cell cultures (11). The loss of the Drosophila
S6K (dS6K) gene is semilethal, with the few surviving adults
having a severely reduced body size. The larvae of such flies
exhibit a long developmental delay, consistent with a twofold
increase in cell cycle doubling times. The few surviving adults
are quite lethargic, living no longer than 2 weeks, and females
are sterile. Surprisingly, the reduction in mass is strictly due to
a decrease in cell size rather than to a decrease in cell number
(39).
In mice, removal of this kinase is not lethal, but the mice are
approximately 20% smaller at birth (51). Such mice exhibit
normal fasting glucose levels but are mildly glucose intolerant
due to markedly reduced levels of circulating insulin (42).
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MATERIALS AND METHODS
Generation of an S6K2-targeted allele. A P1 129/Ola mouse ES cell library
(Genome Systems Inc., St. Louis, Mo.) was screened by PCR with the following
S6K2-specific primers: 5⬘-CCTTTGAGGGGTTCCGG and 5⬘-TTCTCACAGC
TGCCCTCTCTTCCTCTATTCTCCTAACG. A positive clone containing a
genomic DNA fragment larger than 70 kb encompassed all of the S6K2 coding
exons. The 1.3-kb EcoRI-PstI fragment of the S6K2 gene was ligated to the
ClaI-NotI sites of a targeting vector containing a neomycin resistance gene and
a thymidine kinase gene for negative selection and positive selection, respectively
(2). The 5.5-kb SmaI fragment of the S6K2 gene was ligated to the HpaI site of
the targeting vector (Fig. 1A). The S6K2 targeting vector was linearized at the
ClaI site and electroporated into E14 129/Ola ES cells as described previously
(51). Homologous recombination events were identified by Southern blot analysis of ES cell DNA after digestion with BamHI and hybridization with the probe
corresponding to the 1-kb BamHI-SpeI fragment of the S6K2 gene (Fig. 1A).
Three clones were found to be positive for the homologous recombination event.
Hybridization with a probe for the neomycin resistance gene revealed a single
integration site.
Animals and cell cultures. S6K2-targeted ES cells from clone 36 were aggregated with morula-stage embryos as described previously (51). Chimeric mice
were crossed with C57BL/6 mice, and germ line transmission was assessed by
Southern blot analysis. S6K2⫺/⫺ mice were crossed with S6K1⫺/⫺ mice (51) to
generate mice carrying the combined deletions. Wild-type and mutant mice
initially were kept in a hybrid C56BL/6-129/Ola background and subsequently
were backcrossed in a pure C57BL/6 background for 10 generations. Animals
were maintained on a 12-h light-dark cycle and were allowed free access to food.
Mouse embryonic fibroblasts (MEFs) were prepared from embryos at embryonic

day 13.5 and analyzed for cell proliferation and mRNA translation as previously
described (51).
Primary hepatocytes from 12- to 14-week-old male mice were isolated by liver
perfusion by the method of Seglen (50) as modified by Klaunig et al. (25). After
cannulation in the subhepatic vena cava, the liver was perfused at a flow rate of
10 ml/min with calcium-free HEPES buffer (0.33 mM, pH 7.6) for 3 min and then
with HEPES buffer containing 7 g of collagenase (Liberase; Roche)/ml and 5
mM calcium chloride for 5 min. The solutions were allowed to run through a cut
made in the portal vein. After enzymatic digestion, cells were collected in L-15
medium (Invitrogen Corporation) supplemented with 1 mg of bovine serum
albumin (BSA)/ml, filtered, and centrifuged for 2 min at 100 ⫻ g. Viable hepatocytes were purified by centrifugation on a 45% Percoll gradient for 10 min at
100 ⫻ g. The pellet was collected and washed twice in L-15 medium containing
1 mg of BSA/ml. Hepatocytes were plated at 12 ⫻ 104 cells/cm2 in Primaria
dishes (Falcon) or on coverslips coated with collagen I (Sigma) in M-199 medium
(Invitrogen) supplemented with 10% fetal calf serum (FCS), 1 mg of BSA/ml,
and 100 nM dexamethasone in a 37°C incubator with a 5% CO2 atmosphere.
After 3 h of adhesion, cells were incubated in serum-free M-199 medium containing 1 mg of BSA/ml. On the next day, hepatocytes were treated as indicated
above. All of the media contained penicillin (100 U/ml), streptomycin (100
g/ml), and amphotericin B (Fungizone) (250 ng/ml).
Antibody production. S6K2 cDNA sequences coding for amino acids 1 to 43 or
440 to 484 were cloned into vector pMAL (New England Biolabs) to bacterially
express N-terminal or C-terminal S6K2 peptides fused to maltose binding protein. Fusion proteins were purified according to the manufacturer’s protocol.
Monoclonal antibodies (MAbs) were generated by immunization of BALB/c
mice with the following protocol. Two mice were immunized by intrasplenic
injection (52) of 13.5 g of purified antigen, 10 g of adjuvant peptide (Nacetylmuramyl-L-alanyl-D-isoglutamine; Sigma A5919), and 10 mg of liposomes,
with encapsulated muramyl tripeptide phosphatidylethanolamine as an additional adjuvant (mixed in phosphate-buffered saline [PBS]; total volume, 70 l).
Booster injections with mixtures of 15 g of antigen, 10 g of adjuvant peptide,
550 U of interleukin 2, and 560 U of gamma interferon with 10 mg of liposomes
in PBS were administered at days 17 (subcutaneously [s.c.]), 33 (s.c. and intrperitoneally [i.p.]), 49 (s.c.), and 67 (s.c. and i.p.).
Serum samples were taken on days 40 and 73 and tested for the presence of
specific antibodies by using an enzyme-linked immunosorbent assay with fulllength S6K2 protein fused to glutathione S-transferase (GST) (N terminus free
and C terminus free, respectively). A final booster injection (same composition)
was administered i.p. at day 86, followed by fusion of the spleen cells (30) at day
89. The fusion partner cell line was mouse myeloma line SP2/0-AG-14. After
hypoxanthine-aminopterin-thymidine selection, hybridomas were grown in
HB101 hybridoma medium containing 10% CLEX serum supplement, and hybridoma supernatants were screened for the presence of antibodies to the GSTS6K2 fusion protein. Positive hybridoma cells were subcloned, and clones producing specific MAbs were selected (enzyme-linked immunosorbent assay,
Western blotting, and immunocytochemical analysis). MAbs to the S6K2 N
terminus (140.9.11 and 140.8.1) and to the S6K2 C terminus (141.8.5 and
141.5.23) were identified, and milligram amounts were produced by using a
Miniperm culture system (Heraeus). Clones were screened for binding to the
full-length S6K2 protein fused to GST.
2D PAGE, immunoprecipitation, immunoblotting, kinase assays, and nuclear
fractionation. Total 80S ribosomal proteins were isolated from either MEFs or
mouse liver, and the level of in vivo S6 phosphorylation was examined by
two-dimensional (2D) polyacrylamide gel electrophoresis (PAGE) as previously
described (36, 41). For the preparation of total protein extracts, MEFs and
hepatocytes were washed twice with cold PBS, scraped from the culture dish into
egg lysis buffer, and homogenized with 10 strokes in a Teflon-glass homogenizer.
To remove cell debris, homogenates were spun at 8,000 ⫻ g for 10 min. For the
preparation of nuclear and cytosolic extracts, cells were scraped into hypotonic
buffer (10 mM morpholinepropanesulfonic acid [MOPS] [pH 7.4], 10 mM KCl,
2 mM MgCl2, 0.1 mM EDTA, 5 mM dithiothreitol [DTT]), homogenized with 10
strokes in a glass-glass homogenizer, and spun at 8,000 ⫻ g for 3 min. The
supernatants represented the cytosolic extracts. To purify nuclear proteins, pellets were resuspended in buffer I (0.32 mM sucrose, 3 mM CaCl2, 2 mM Mg
acetate, 0.1 mM EDTA, 0.1% Triton X-100, 1 mM DTT, 10 mM Tris [pH 8]),
layered onto a sucrose cushion (2 M sucrose, 5 mM Mg acetate, 0.1 mM EDTA,
1 mM DTT, 10 mM Tris [pH 8]), and spun at 30,000 ⫻ g for 45 min. Protein
concentrations were measured by using a Bio-Rad D/C protein assay.
For immunoblot analysis, protein extracts were resolved by sodium dodecyl
sulfate-PAGE before transfer to Immobilon membranes and incubation with the
following primary antibodies: mouse anti-N-terminal or anti-C-terminal S6K2,
rabbit anti-ribosomal protein L7a (62), rabbit anti-phosphorylated ribosomal
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tional apparatus, most notably, ribosomal proteins (37). Earlier studies had shown that the translation of such transcripts is
under selective translational control (22) and requires an intact
5⬘TOP tract (19, 49). In addition, a dominant interfering allele
of S6K1 inhibited the mitogen-induced translational upregulation of 5⬘TOP mRNAs to the same extent as rapamycin,
whereas an activated allele of S6K1, which exhibits a substantial degree of rapamycin resistance, largely protected these
transcripts from the inhibitory effects of rapamycin (19, 49).
Seemingly consistent with these arguments, in embryonic
stem (ES) cells from which S6K1 had been homologously deleted by selection with high doses of G418, serum no longer
had an effect on the upregulation of 5⬘TOP mRNAs, nor was
there a redistribution of 5⬘TOP mRNAs from polysomes to
nonpolysomes in the presence of rapamycin (24). However, S6
phosphorylation was initially reported to be abolished in these
cells (24), despite the fact that it was largely intact in cells and
tissues derived from S6K1⫺/⫺ mice (51). This difference
seemed to be resolved in subsequent studies, where S6 phosphorylation was detected in these same S6K1⫺/⫺ ES cells and
S6K2 was present and active (31, 60). Despite these observations, it was again recently reported that S6 phosphorylation
was absent from these same cells (53). Furthermore, it was also
claimed in the latter study that S6K activation, S6 phosphorylation, and rapamycin had little impact on 5⬘TOP mRNA
translation in PC12 cells (53), although others working with
these same cells had reported earlier that rapamycin treatment
abolished the selective recruitment of these transcripts from
small to large polysomes (44).
Obviously, cells lacking both S6K1 and S6K2 would facilitate
such studies. Therefore, we set out to delete the S6K2 gene
from mice and to determine whether we could generate
S6K1⫺/⫺/S6K2⫺/⫺ mice. Here we report on the deletion of the
S6K2 gene and the effects of deleting both S6K1 and S6K2 on
animal growth and viability as well as on S6 phosphorylation,
cell proliferation, and 5⬘TOP mRNA translation.
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protein S6 (Ser235 and Ser236 [Ser235/236] and Ser240 and Ser244 [Ser240/
244]), and anti-phosphorylated ERK1/ERK2 (Cell Signaling Technology). The
specificity of the anti-phoshorylated S6 antibodies was demonstrated by competition with differentially phosphorylated S6 peptides (V. L. Goss and R. Polakiewicz, unpublished data). For immunoprecipitation, 300 g of protein extract
was incubated with 4 g of MAb precoupled to protein G-Sepharose beads. S6K
activity was measured by using an immune complex assay with 40S ribosomal
subunits as a substrate as previously described (45).
Immunofluorescence analysis. Primary hepatocytes were plated at 12 ⫻ 104
cells/cm2 on coverslips coated with collagen I and incubated overnight in M-199
medium containing 1 mg of BSA/ml. Hepatocytes were stimulated with 1 M
insulin, 25 ng of epidermal growth factor (EGF)/ml, and 10% FCS for 1 h in the
presence or absence of 20 nM rapamycin. Cells were washed twice with Trisbuffered saline (TBS) (50 mM Tris [pH 7.4], 150 mM NaCl), fixed with 4%
paraformaldehyde for 10 min at room temperature, and washed once again with
TBS. Cells were permeabilized with methanol for 5 min at ⫺20°C and washed
three times for 5 min each time with TBS. Incubation in fresh 0.1% sodium
borohydride in TBS for 5 min quenched the activity of the cells. Cells were rinsed
once in TBS, blocked for 1 h at room temperature with PBS containing 10% goat
serum, 1% BSA, and 0.02% sodium azide, and washed for 5 min with TBS. Prior
to use, anti-phosphorylated ribosomal protein S6 (Ser235/236) primary antibodies or anti-60S ribosomal protein L7a primary antibodies were centrifuged at
13,000 ⫻ g for 5 min at 4°C, diluted 1:200 in TBS containing 0.1% BSA, and
applied to the cells during overnight incubation at 4°C. After three washes for 5

min each time with TBS, the cells were incubated with a secondary fluorescent
antibody (anti-rabbit Alexa 488; Molecular Probes) diluted 1:200 in TBS containing 0.1% BSA for 45 min at room temperature. After the cells were washed
three times for 5 min each time with TBS in the dark, coverslips were mounted
with a ProLong antifade kit (Molecular Probes) and observed under a confocal
microscope.
Histological analysis. Newborn mice were left for several minutes on ice
before being anaesthetized and sacrificed. Tissues were fixed by injecting at
several points under the skin 10% formalin in 0.1 M phosphate buffer (pH 7.4)
(Baker) and incubating overnight at 4°C. Bodies were cut into three parts: the
head, the thorax, and the abdomen. Samples were embedded in paraffin, and five
consecutive transverse sections 5 m thick were obtained at different levels (100
m apart) of each mouse pup with a Leica RM2135 microtome. Sections were
mounted, and one out of five consecutive slides was stained with hematoxylin and
eosin for histological examination.

RESULTS
Deletion of the S6K2 gene in mice. The coding sequence of
the murine S6K2 gene spans a 7-kb region of genomic DNA
containing 15 exons (Fig. 1A). The overall structure of the
S6K2 gene was similar to that of the homologous S6K1 gene, as
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FIG. 1. Generation of an S6K2-null allele. (A) Murine S6K2 gene map and targeting vector. Rectangles represent the coding exons of the S6K2
gene as well as the neomycin resistance (Neo) and thymidine kinase (TK) genes. The exons containing the T loop and APE sequences and the
initiation and stop codons are indicated. The four exons deleted following the homologous recombination event are shown in grey. Restriction sites:
B, BamHI; Sp, SpeI; E, EcoRI; P, PstI; Sm, SmaI. (B) Genotypes of littermates from S6K2⫹/⫺ crosses. Tail DNA was digested with BamHI,
analyzed by Southern blotting, and hybridized with the probe depicted in panel A. The corresponding BamHI fragments of genomic DNA are 9.8
kb in the wild-type allele and 8.2 kb in the targeted allele. (C and D) Loss of S6K2 protein and kinase activity in S6K2 homozygous mutant cells.
(C) Western blot (WB) analysis of fibroblast cell extracts from wild-type or S6K2⫺/⫺ embryos with a MAb against the N-terminal (N-term) region
of S6K2. The apparent molecular mass of S6K2 is 68 kDa. (D) MEFs from wild-type or S6K2⫺/⫺ embryos were starved overnight and either
stimulated with 10% FCS for 30 min or left untreated. Equal amounts of protein extracts were immunoprecipitated (IP) with the anti-S6K2
antibody, and S6K activity was measured with an immune complex assay (see Materials and Methods).
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TABLE 1. Genotype analysis of littermates from crosses of S6K1⫹/⫺
and S6K2⫹/⫺ mice at postnatal day 21
% of mice

Genotype
⫹/⫹

⫹/⫹

S6K1 /S6K2
S6K1⫹/⫹/S6K2⫹/⫺
S6K1⫹/⫺/S6K2⫹/⫹
S6K1⫹/⫺/S6K2⫹/⫺
S6K1⫺/⫺/S6K2⫹/⫹
S6K1⫹/⫹/S6K2⫺/⫺
S6K1⫹/⫺/S6K2⫺/⫺
S6K1⫺/⫺/S6K2⫹/⫺
S6K1⫺/⫺/S6K2⫺/⫺

Expected

Obtained

6.25
12.5
12.5
25
6.25
6.25
12.5
12.5
6.25

10.0
18.1
12.4
24.7
6.4
5.9
12.6
8.1
1.9

placenta (Fig. 2A). Among the S6K1⫺/⫺/S6K2⫺/⫺ mice that
were born alive and emerged from the yolk sac, the majority
developed signs of cyanosis, and approximately half of them
died shortly after birth. The mice surviving the first day after
delivery usually reached adulthood and were fertile. However,
the litters from the viable S6K1⫺/⫺/S6K2⫺/⫺ parents were
small and showed a high incidence of perinatal lethality (data
not shown). Caesarean delivery appeared to rescue neonatal
viability, although the S6K1⫺/⫺/S6K2⫺/⫺ mice were more likely
to develop transient signs of hypoxia, as indicated by a bluish
discoloration of the skin (Fig. 2B).
To analyze the rates of growth of S6K1⫺/⫺, S6K2⫺/⫺, and
S6K1⫺/⫺/S6K2⫺/⫺ mice during development, mice homozygous for each genotype were inbred, and the weights of their
offspring were compared to those of wild-type mice during
embryonic development and early postnatal life (Fig. 2C and
D). As previously reported, at birth, S6K1⫺/⫺ mice were about
15% smaller than wild-type mice (51). This growth defect was
more evident in embryos at midgestation, when the difference
in body weight was approximately 30% at embryonic day 12.5
(Fig. 2C). During postnatal growth, the S6K1⫺/⫺ mice failed to
attain the same body size as wild-type mice and remained
about 20% smaller at 2 months of age (Fig. 2D). Conversely,
the S6K2⫺/⫺ mice tended to be larger at later stages of embryonic development and during the postnatal period; however, their weights did not differ significantly from those of
wild-type mice throughout the entire period of observation
(Fig. 2C and D). Moreover, the growth defect of the S6K1⫺/⫺
mice was not reduced further in an S6K2⫺/⫺ background, as
S6K1⫺/⫺ mice and the surviving S6K1⫺/⫺/S6K2⫺/⫺ mice had
similar growth rates (Fig. 2C and D). Growth rates and newborn viability were initially assessed with mice in a hybrid
C57BL/6-129Ola genetic background and were confirmed following backcrossing for 10 generations in a C57BL/6 genetic
background (data not shown). Thus, the impairment of body
growth appears to be caused selectively by deletion of the S6K1
gene, whereas perinatal lethality is revealed only when the
S6K1 and S6K2 gene products are both absent.
To assess the possible causes of reduced viability of the
S6K1⫺/⫺/S6K2⫺/⫺ mice, histopathological analyses of mice
born dead, viable mice with signs of cyanosis, and viable mice
with no signs of cyanosis were compared to those of wild-type
mice at postnatal day 0. Such analyses failed to reveal any gross
anatomical defects in S6K1⫺/⫺/S6K2⫺/⫺ neonates. Moreover,
in all viable neonates, the lungs were inflated and properly
developed. However, in the nonviable neonates and in the
cyanotic neonates, the internal organs were hyperemic and the
heart chambers tended to be more dilated. In addition, the
nonviable neonates showed several hemorrhagic sites, as revealed by diapedesis of red blood cells throughout the entire
myocardium (Fig. 2E).
S6 phosphorylation in S6K-deficient mice. Upon growth
factor stimulation, ribosomal protein S6 is multiply phosphorylated at the carboxy terminus on five serine residues in an
ordered fashion beginning with Ser236, followed sequentially
by Ser235, Ser240, Ser244, and Ser247 (27, 36). This response
is readily measured by the decreased electrophoretic mobility
of S6 following the separation of its differentially phosphorylated derivatives by 2D PAGE. To determine whether the
deletion of the S6K2 gene affected the mitogen-induced phos-
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most of the intron-exon boundaries were conserved between
the two genes (data not shown). To generate a targeted deletion of the S6K2 gene by homologous recombination in ES
cells (6), we used a vector in which a neomycin resistance
cassette replaced four exons of the catalytic domain, including
the activation loop and the conserved APE motif (Fig. 1A).
Heterozygous mice carrying the targeted allele were identified
by Southern blot analysis and mated to obtain homozygous
mutant offspring (Fig. 1B). The resulting S6K2⫺/⫺ homozygous
mice were viable and showed no obvious phenotypic abnormalities. That the S6K2 gene had been correctly targeted was
demonstrated by the absence of S6K2 protein on Western blots
of extracts from S6K2⫺/⫺ MEFs compared to MEFs from
wild-type mice with monoclonal antibodies directed against
either the N terminus or the C terminus of the protein (Fig. 1C
and data not shown). Moreover, with either of the two antibodies, S6K2 activity was undetectable by immunoprecipitation in extracts derived from either quiescent or serum-stimulated MEFs of S6K2⫺/⫺ mice compared to those of wild-type
mice (Fig. 1D and data not shown). These results indicated
that the gene had been correctly deleted without causing any
obvious phenotype.
Phenotypes of S6K1ⴚ/ⴚ/S6K2ⴚ/ⴚ mice. As the S6K1 and
S6K2 genes share a high degree of homology and as S6K2
mRNA is upregulated in S6K1⫺/⫺ mice (51), the two genes
might compensate functionally for one another in vivo. To fully
evaluate the impact of the S6K pathway on mouse development, we set out to generate mice lacking both protein kinases.
We intercrossed mice null for the S6K1 and S6K2 genes to
obtain mice with combined heterozygous mutations in both
alleles. The S6K1⫹/⫺/S6K2⫹/⫺ mice were bred, and the genotypes of the progeny were identified by Southern blot analysis.
As shown in Table 1, all possible genotypic combinations
were represented, although S6K1⫺/⫺/S6K2⫹/⫺ and S6K1⫺/⫺/
S6K2⫺/⫺ mice were born at lower frequencies than expected,
65 and 30%, respectively (Table 1). Indeed, only 10 S6K1⫺/⫺/
S6K2⫺/⫺ mice were viable from among 526 offspring. However,
analysis of embryos at 18.5 days of gestation indicated a normal
Mendelian distribution of genotypes (data not shown). These
data suggested that the reduced viability of S6K1⫺/⫺/S6K2⫹/⫺
and S6K1⫺/⫺/S6K2⫺/⫺ mice was due to wastage between delivery and the time of weaning. Close observation of the litters
revealed that approximately one-third of the S6K1⫺/⫺/
S6K2⫺/⫺ mice were born dead. The corpses were found in a
fetal position, still lying in the yolk sac and attached to the
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FIG. 2. Phenotypes of S6K1⫺/⫺/S6K2⫺/⫺ mice. (A) Littermates from an S6K1⫺/⫺/S6K2⫹/⫺ cross a few minutes after natural delivery. The
genotypes of the mice are indicated. The S6K1⫺/⫺/S6K2⫺/⫺ mouse was born dead and left in the yolk sac. (B) Littermates from an S6K1⫹/⫺/
S6K2⫺/⫺ cross at embryonic day 19.5 a few minutes after caesarean delivery. The genotypes of the mice are indicated. S6K1⫺/⫺/S6K2⫺/⫺ mice were
more prone to develop transient signs of cyanosis. (C and D) Fetal (C) and postnatal (D) growth curves for mice from homozygous crosses. Values
for mice with the same genotype did not differ from those for mice derived from heterozygous crosses. Data represent the average and standard
deviation for at least 10 mice per genotype. wt, wild type. (E) Heart histologic findings for wild-type and S6K1⫺/⫺/S6K2⫺/⫺ mice a few minutes after
delivery. The S6K1⫺/⫺/S6K2⫺/⫺ mouse was born dead. Note hemorrhages in the myocardium.
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phorylation of ribosomal protein S6, total ribosomal proteins
from serum-stimulated MEFs were analyzed by 2D PAGE. As
shown in Fig. 3A, in serum-stimulated wild-type MEFs, the
majority of S6 migrated in highly phosphorylated derivatives d
and e, corresponding to proteins phosphorylated on four and
five serine residues, respectively (36, 41). Under similar experimental conditions, Shima et al. previously demonstrated that
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the extent of S6 phosphorylation in S6K1⫺/⫺ cells was largely
comparable to that in wild-type MEFs (51). In S6K2⫺/⫺ MEFs,
S6 was still highly phosphorylated in response to serum, although to a lesser extent than in wild-type and S6K1⫺/⫺ MEFs;
a considerable amount of S6 was present in phosphorylated
derivatives a, b, and c, representing phosphorylation on one,
two, and three serine residues, respectively (Fig. 3A). Pretreatment with rapamycin drastically decreased S6 phosphorylation
in all three genotypes, resulting in the presence of the unphosphorylated, monophosphorylated, or biphosphorylated forms
of S6 (Fig. 3A) (51). These data suggest that in S6K2⫺/⫺ cells,
S6 phosphorylation was catalyzed by a second rapamycin-sensitive kinase, most likely S6K1, although somewhat less efficiently. To test this hypothesis, we assessed S6 phosphorylation
in MEFs from S6K1⫺/⫺/S6K2⫺/⫺ mice. As shown in Fig. 3B,
the combined deletion of the S6K1 and S6K2 genes severely
suppressed S6 phosphorylation compared to that in wild-type
cells. Moreover, rapamycin treatment attenuated S6 phosphorylation in wild-type MEFs, bringing it to the same level as that
in serum-stimulated S6K1⫺/⫺/S6K2⫺/⫺ MEFs, where rapamycin had no effect on S6 phosphorylation (Fig. 3B). S6 phosphorylation was also attenuated in the liver of S6K1⫺/⫺/
S6K2⫺/⫺ mice following refeeding of starved animals (data not
shown). These data suggested that S6K1 and S6K2 are the sole
kinases responsible for mediating rapamycin-sensitive phosphorylation.
Intracellular localization of S6K activity. The majority of S6
is found in the cytoplasm as an integral component of the 40S
ribosomal subunit. However, S6 is also present in nucleoli, the
site of ribosome biogenesis, and in perinucleolar structures
called coiled bodies (or Cajall bodies). Given the large relative
abundance of S6 in the cytoplasm compared to the nucleus, the
quantitation of S6 phosphorylation by 2D PAGE would largely
reflect the status of S6 phosphorylation in the cytoplasm. However, as the p85S6K isoform of S6K1 is targeted to the nucleus
(46) and S6K2 also contains a nuclear targeting sequence (17,
47, 51), it is possible that one of the two kinases is responsible
for mediating selective phosphorylation of S6 in the nucleolus.
Consistent with this idea, previous studies demonstrated that
S6K1 and S6K2 are differentially targeted within the cell (26,
46, 57). In wild-type hepatocytes, growth factors predominantly
stimulated S6 Ser235/236 phosphorylation in the cytosol and
nucleoli (Fig. 4A). This staining matched the localization of the
ribosomal subunits, as shown by immunostaining with antibodies against 60S ribosomal protein L7a (Fig. 4A) (62). In agreement with the 2D PAGE analysis (Fig. 3A), the deletion of
S6K2 caused a sharper reduction of S6 phosphorylation in the
cytosol than did the deletion of S6K1 (Fig. 4A). Interestingly,
this also appeared to be the case in nucleoli (Fig. 4A). The
overall intensity of S6 phosphorylation was further reduced by
combining the deletion of S6K1 with the deletion of S6K2. In
addition to the immunofluorescence analysis, nuclear fractionation of hepatocytes was performed following growth factor
stimulation (Fig. 4B). The purity of the fractions was assessed
with specific nuclear and cytosolic protein markers, CREB and
␣-tubulin, respectively (Fig. 4B). Consistent with the results of
the immunofluorescence experiments, the deletion of S6K2
significantly affected S6 phosphorylation in both cell compartments, and the combination of the two gene deletions further
reduced the levels of the phosphorylated protein. Moreover, in
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FIG. 3. Regulation of S6 phosphorylation. (A) In S6K2⫺/⫺ cells, S6
phosphorylation was reduced yet regulated by mitogens and inhibited
by rapamycin (Rapa). 2D PAGE was carried out with 80S ribosomal
proteins from wild-type and S6K2⫺/⫺ MEFs. Cells were stimulated
with 10% FCS for 1 h, with or without pretreatment with 20 nM
rapamycin. (B) S6 phosphorylation in S6K1⫺/⫺/S6K2⫺/⫺ cells was reduced to the same extent as in rapamycin-treated cells. 2D PAGE was
carried out with 80S ribosomal proteins from wild-type and S6K1⫺/⫺/
S6K2⫺/⫺ MEFs. Cells were treated as described for panel A. See the
text for an explanation of a to e on the panels.
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FIG. 4. Intracellular localization of S6K activity. (A) Immunostaining of wild-type, S6K1⫺/⫺, S6K2⫺/⫺, and S6K1⫺/⫺/S6K2⫺/⫺ hepatocytes with
anti-phosphorylated S6 (Ser235/236) and anti-L7a antibodies (left panels). The right panels represent phase-contrast images of the same fields.
Cells were growth factor deprived for 1 day and stimulated with 4 nM EGF (25 ng/ml) and 1 M insulin for 1 h (GF), with or without pretreatment
with 20 nM rapamycin (R). Arrowheads indicate nucleoli. (B) Immunoblot analysis of nuclear and cytosolic extracts from wild-type, S6K1⫺/⫺,
S6K2⫺/⫺, and S6K1⫺/⫺/S6K2⫺/⫺ hepatocytes with anti-phosphorylated S6 (Ser235/236), anti-␣-tubulin, and anti-CREB antibodies. The latter two
were used as cytosolic and nuclear markers, respectively.
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tion in primary hepatocytes stimulated with EGF and insulin
by using phosphospecific antibodies directed against the first
and second phosphorylation sites, Ser236 and Ser235, or the
third and fourth phosphorylation sites, Ser240 and Ser244.
Following insulin stimulation, phosphorylation at both Ser235/
236 and Ser240/244 increased in wild-type, S6K1⫺/⫺, and
S6K2⫺/⫺ hepatocytes, whereas only Ser235/236 phosphorylation was detectable in S6K1⫺/⫺/S6K2⫺/⫺ hepatocytes (Fig. 6A
and B); these results were consistent with the order and extent
of S6 phosphorylation (Fig. 3B) (3). In wild-type hepatocytes
as well as in S6K1⫺/⫺ and S6K2⫺/⫺ hepatocytes, the increase in
S6 phosphorylation was sensitive to rapamycin (Fig. 6A). However, in S6K1⫺/⫺/S6K2⫺/⫺ hepatocytes, the increase in S6
phosphorylation was resistant to rapamycin (Fig. 6B), suggesting that a rapamycin-resistant S6K was operating in the absence of S6K1 and S6K2.
It is known that Akt has a substrate recognition motif similar
to that of S6K1 and S6K2 (32) and phosphorylates S6 in vitro
(23). However, the phosphatidylinositide-3OH kinase inhibitor
wortmannin, which blocks Akt activation, had no effect on
insulin-induced S6 phosphorylation in S6K1⫺/⫺/S6K2⫺/⫺ hepatocytes, whereas it was as potent as rapamycin in blocking S6
phosphorylation in wild-type hepatocytes (Fig. 6B). As p90rsk
appears to be the rapamycin-resistant kinase responsible for
regulating S6 phosphorylation during progesterone-induced
meiotic maturation of Xenopus oocytes (9, 49), we next tested
the effect of the MEK inhibitor U0126 on S6 phosphorylation
in S6K1⫺/⫺/S6K2⫺/⫺ hepatocytes. MEK mediates MAPK activation, which in turn phosphorylates and activates p90rsk (13,
54). Such treatment had no measurable effect on S6 phosphorylation in wild-type cells; however, it inhibited Ser235/236 and
MAPK phosphorylation in a dose-dependent manner in
S6K1⫺/⫺/S6K2⫺/⫺ cells (Fig. 6C).
The MAPK-dependent phosphorylation of S6 could represent either the upregulation of a compensatory pathway or the
presence of a pathway that normally operates in wild-type cells
but whose activity is masked by S6Ks. It was difficult to distinguish between these possibilities, given the high level of basal
S6 phosphorylation displayed by wild-type hepatocytes. To circumvent this problem, hepatocytes were deprived of nutrients
as well as serum, a step which resulted in the complete dephosphorylation of S6 (Fig. 6D). Under these conditions, rapamycin abolished the insulin-induced increase in Ser240/244
phosphorylation but only attenuated the phosphorylation of
Ser235/236 (Fig. 6D). In contrast, PD184352, an MKK1/
ERK1/ERK2 pathway inhibitor that is more specific than
U0126 (38), had little effect on S6 phosphorylation when used
alone but, when used together with rapamycin, totally abolished the insulin-induced response. In contrast, in S6K1⫺/⫺/
S6K2⫺/⫺ hepatocytes, rapamycin had no effect on Ser235/236
phosphorylation, whereas PD184352 abolished this response
(Fig. 6C). Thus, in the absence of S6K1 and S6K2 activity, an
MAPK pathway which cooperates in the regulation of S6 phosphorylation was unveiled.
DISCUSSION
Studies with gene deletions or RNA interference can be
instructive in revealing biological functions. For S6Ks, such
studies have been carried out by double-stranded RNA inter-
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contrast to the results obtained with the other genotypes, the
residual S6 phosphorylation staining observed with the antiphosphorlyated S6 (Ser235/236) antibody in the cytosol and
the nuclei of S6K1⫺/⫺/S6K2⫺/⫺ hepatocytes was not inhibited
by rapamycin treatment (Fig. 4A) (also see below).
5ⴕTOP mRNA translation and cell cycle progression of
S6K1ⴚ/ⴚ/S6K2ⴚ/ⴚ cells. It was previously demonstrated that
rapamycin inhibits the selective upregulation of 5⬘TOP
mRNAs following mitogen stimulation (20, 55) and that this
effect requires intact 5⬘TOP (19, 49) and may be mediated by
S6K1 (19, 49). However, recently it was claimed that neither
the S6Ks nor rapamycin appears to be involved in this response
(53). As 5⬘TOP mRNAs code for ribosomal proteins, their
increased expression is essential to sustaining translation during the phases of cell growth (56). To examine the roles of
S6K1, S6K2, and rapamycin in this response, we used cells
derived from S6K1⫺/⫺/S6K2⫺/⫺ mice. Initially, we examined
the distribution of 5⬘TOP elongation factor 1␣ (EF1␣) mRNA
on polysomes in MEFs derived from wild-type and S6K1⫺/⫺/
S6K2⫺/⫺ mice. As shown in Fig. 5A, serum induced the recruitment of EF1␣ mRNA into polysomes in both cell types to
almost the same extent, and this effect was largely abolished by
rapamycin in both S6K1⫺/⫺/S6K2⫺/⫺ and wild-type cells. Furthermore, the combined deletion of S6K1 and S6K2 did not
alter the cell doubling times or the saturation densities compared to that of wild-type MEFs (data not shown). Rapamycin
inhibited the S-phase entry of cells from both genotypes with
similar potencies and 50% inhibitory concentrations (Fig. 5B).
The analysis of 5⬘TOP mRNA translation was extended to
ES cells, as Kawasome et al. (24) previously reported that
5⬘TOP mRNAs are constitutively upregulated in S6K1⫺/⫺ ES
cells and resistant to the effects of rapamycin, although these
findings were not consistent with those of a later study with the
same ES cells (53). To examine this possibility, we analyzed the
distribution of EF1␣ mRNA on polysomes in ES cells derived
from embryos of S6K1⫺/⫺/S6K2⫺/⫺, S6K1⫺/⫺, and wild-type
mice. Similar to what was observed for MEFs, the deletion of
S6K1 alone or the deletion of both S6K1 and S6K2 in ES cells
did not alter the upregulation of 5⬘TOP mRNA or sensitivity to
rapamycin (Fig. 5C). Thus, despite a pronounced effect on the
development and growth of the animal, in two distinct cell
types, neither the reduction of S6 phosphorylation nor the loss
of S6K1 and S6K2 function is sufficient to deregulate 5⬘TOP
mRNA translation; these findings suggest that other rapamycin-sensitive events are required.
Evidence for functional redundancy with the mitogen-activated protein kinase (MAPK) pathway. The findings described
above raised the possibility of either a compensatory or a
redundant S6K pathway. On closer analysis of S6 phosphorylation, a small amount of partially phosphorylated S6 was still
detected in MEFs from S6K1⫺/⫺/S6K2⫺/⫺ mice as well as in
rapamycin-treated wild-type MEFs, as evidenced by the presence of derivatives a and b (Fig. 3B). The residual S6 phosphorylation in wild-type MEFs could have been due to the
relatively short treatment in the presence of rapamycin, as
longer times were reported for complete S6 dephosphorylation
(20). However, this finding was unexpected for S6K1⫺/⫺/
S6K2⫺/⫺ MEFs, as the level of S6 phosphorylation was low in
these cells and was unaffected by rapamycin (Fig. 3B). To
examine this situation further, we monitored S6 phosphoryla-
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ference with Caenorhabditis elegans (33) and by gene deletion
with Drosophila melanogaster (39) and mice (42). In C. elegans,
disruption of the gene encoding the S6K1/S6K2 orthologue,
Cep70, by double-stranded RNA interference led to only minor growth deficits (33). In contrast, deletion of the Drosophila
gene encoding the S6K1/S6K2 orthologue, the dS6K gene,
resulted in semilethality, with most flies dying during the late
third larval instar or early pupation (39). In addition, the sur-

viving flies were strikingly reduced in size and lived only a few
weeks, and the females were sterile (39). However, S6K1deficient mice are viable and fertile, although they are 15 to
20% smaller than wild-type mice at birth and are hypoinsulinemic (42, 51). Furthermore, these mice, unlike Drosophila,
have a second S6K, S6K2, which is upregulated in all tissues
examined in S6K1-deficient mice, suggesting a compensatory
response for the loss of S6K1. Consistent with this argument,
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FIG. 5. Regulation of 5⬘TOP mRNA translation and cell cycle progression is preserved in S6K1⫺/⫺/S6K2⫺/⫺ MEFs. (A and C) 5⬘TOP mRNA
translation is modulated by serum and rapamycin (Rapa), although S6 phosphorylation is resistant to rapamycin treatment. Cytoplasmic extracts
were prepared from wild-type (⫹/⫹), S6K1⫺/⫺, and S6K1⫺/⫺/S6K2⫺/⫺ MEFs (A) or ES cells (C) that had been stimulated with 10% serum (FCS)
in the presence (empty circles) or absence (filled circles) of 20 nM rapamycin after serum deprivation for 48 h. Extracts were centrifuged on a
sucrose gradient prior to fractionation as previously described (22). RNA from the different fractions was analyzed by Northern blotting with a
probe specific for EF1␣ (EF-1a) mRNA. The relative amount of mRNA present in each fraction is expressed as a percentage. Fractions 1 to 7
contain polysomes, whereas fractions 8 to 14 are enriched in monosomes, ribosomal subunits, and mRNPs. nr., number. (B) Inhibitory effect of
rapamycin on the proliferation of S6K-null cells. Wild-type MEFs (filled circles) and S6K1⫺/⫺/S6K2⫺/⫺ MEFs (empty circles) were seeded in a
24-well plate at a density of 2 ⫻ 104 cells per well. Cells then were treated with 0.5% serum for 48 h and stimulated for 20 h with 10% serum in
the absence or presence of rapamycin concentrations ranging from 0 to 100 nM. Cells were labeled with [3H]thymidine (1 Ci/ml) throughout the
entire stimulation period Radioactivity incorporated (incorp.) into the DNA was measured, and the average values for triplicate samples were
determined. Data are expressed as the percent inhibition of [3H]thymidine incorporation by rapamycin-treated cells compared to untreated cells.
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we show here that deletion of S6K1 and S6K2 in mice, as for
dS6K in flies, is also semilethal, with pups dying at the time of
delivery or shortly thereafter. A potential difference between
the findings for C. elegans or D. melanogaster and mice is that
small interfering RNAs reduce gene expression, whereas it is
abolished by gene deletion. It should also be noted that the
combined inactivation of two other elements of the phosphatidylinositide-3OH kinase pathway, Akt1 and Akt2, also leads to
perinatal lethality of unknown cause (43). The results of macroscopic and histological analyses of newborns lacking S6K1
and S6K2 were compatible with the mutant mice experiencing
a period of hypoxic stress. This finding might have been partly
due to heart failure or a placentation defect, a possibility which
is presently being addressed.
One of the early intracellular responses to growth factor
stimulation in both invertebrates and vertebrates is multiple
phosphorylation of 40S ribosomal protein S6 (14, 58). Al-

though many kinases have been shown to mediate this response in vitro, only two have been demonstrated to phosphorylate S6 in the same specific order and extent as those observed
in vivo: S6K1 (10) and p90rsk from Xenopus (61). Although a
role for p90rsk in this response has been controversial, studies
of progesterone-induced meiotic maturation of Xenopus oocytes support such a function (29, 49). That S6K1 is not involved in this response is further supported by the fact that
rapamycin, which selectively inhibits S6K1 but not p90rsk activation (28), abolished S6K1 activity, with little effect on progesterone-induced S6 phosphorylation (49). In contrast to the
findings in progesterone-treated Xenopus oocytes, rapamycin
eliminates serum-induced S6 phosphorylation in mammalian
cells (20), an inhibitory effect that is reversed by the use of an
S6K1 variant that is largely rapamycin resistant (19, 59). In
seeming agreement with the findings in mammalian cells,
S6K1⫺/⫺ ES cells were reported to be devoid of phosphory-
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FIG. 6. Evidence for a rapamycin-insensitive S6K. Western blot analysis of protein extracts from wild-type, S6K1⫺/⫺, S6K2⫺/⫺, and S6K1⫺/⫺/
S6K2⫺/⫺ hepatocytes was carried out with anti-phosphorylated S6 (Ser235/236 and Ser240/244), anti-phosphorylated ERK1/ERK2, anti-phosphorylated S6K (Thr389), anti-phosphorylated Rsk (Thr359 and Ser363), and anti-L7a antibodies, the latter being used as a loading control. Cells were
stimulated with 4 nM EGF (25 ng/ml) and 1 M insulin for 30 min (GF), with or without pretreatment with 20 nM rapamycin (R), 1 M
wortmannin (W), 10 or 30 M U0126 (U0 10 or U0 30, respectively), and 3 M PD184352 (PD). Extracts in panels A and C were derived from
cells deprived of GFs for 1 day, whereas those in panels B and D were derived from cells deprived of GFs for 2 days. In panel D, cells were also
deprived of nutrients (all of the amino acids and glucose) for 3 h.
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S6K1⫺/⫺ mice and could represent a mechanism to ensure the
survival of the animal (51). This suggestion is supported by the
data presented here, showing semilethality in both S6K1⫺/⫺/
S6K2⫺/⫺ and S6K1⫺/⫺/S6K2⫹/⫺ mice. Interestingly, Wang et
al. (60) showed that S6 phosphorylation was reduced in the
S6K1⫺/⫺ ES cells described above (24) but found no difference
in the level of S6K2 protein. These ES cells were obtained by
selection in vitro with high doses of G418 (24), rather than
from crossing heterozygous founders. Therefore, they may not
have upregulated S6K2 compensatorily, as they have not undergone the stress associated with embryonic development.
Following a similar reasoning, the MAPK-dependent S6K activity described here could alleviate the phenotype of the double-mutant mice. Surprisingly, the body size phenotype of the
single-mutant mice did not appear to correlate with the extent
of S6 phosphorylation. For S6K1⫺/⫺ mice, body size was clearly
reduced, with little effect on S6 phosphorylation, whereas
S6K2⫺/⫺ mice exhibited normal body size but had reduced
levels of S6 phosphorylation. Similarly, the defect in ␤-cell
growth and insulin levels was associated mainly with the deletion of S6K1, which has a minor effect on S6 phosphorylation
in ␤ cells (data not shown). These data raise the interesting
possibility that S6K1 and S6K2 also exert specific functions
through distinct substrates. Consistent with such a model, the
two kinases have been reported to be differentially localized
and regulated (5, 31, 35). Despite these observations, it should
be noted that recent studies with phosphospecific site mutations in Drosophila S6 suggested that Drosophila S6 is epistatic
to dS6K, the single S6K gene in Drosophila, arguing that it may
be required to elicit the dS6K growth response (T. Radimerski
and G. Thomas, unpublished data).
Initial studies showed that rapamycin selectively inhibited
the translation of 5⬘TOP mRNAs (20, 55), with the extent of
inhibition varying between cell types (21). This finding led to
the conclusion that some cell types use both rapamycin-sensitive and rapamycin-resistant pathways to control this response,
whereas other cell types are largely reliant on the rapamycinsensitive pathway (20). Such an explanation is consistent with
the ability of rapamycin to inhibit cell proliferation in certain
cell types, such as endothelial, smooth muscle, and naive T
cells, while having a less dramatic impact on other cell types.
Here we show, as previously demonstrated (51), that the inhibitory effect of rapamycin on 5⬘TOP mRNA translation is
complete in MEFs derived from wild-type cells (Fig. 5). Earlier
it was also demonstrated that the effect of rapamycin requires
an intact polypyrimidine tract, that dominant interfering alleles
of S6K1 were as effective in blocking the upregulation of
5⬘TOP mRNAs as rapamycin, and that the inhibitory effects of
rapamycin could be largely prevented by the use of a rapamycin-resistant allele of S6K1 (19, 49). Unexpectedly, we
found here that rapamycin still inhibited the translation of
5⬘TOP mRNAs despite the absence of S6K1 and S6K2 (Fig. 5).
The effect of the dominant-negative S6K1 allele can be rationalized by its ability to titrate mTOR, potentially through Raptor (40), and block mTOR from phosphorylating other key
downstream targets (19, 59). However, in view of the findings
presented here, it is more difficult to understand the ability of
the rapamycin-resistant allele of S6K1 to protect 5⬘TOP
mRNA translation from the inhibitory effects of rapamycin
(19, 49). One possibility is that S6K1 is not involved in this

Downloaded from http://mcb.asm.org/ on October 14, 2019 by guest

lated S6 (24, 53). However, in tissues derived from S6K1⫺/⫺
mice, S6 phosphorylation was shown to be intact but still rapamycin sensitive (51), leading to the discovery of S6K2 (17, 47,
51). Although studies with ES cells have been difficult to rationalize, some investigators recently demonstrated that
growth factor stimulation of these same cells leads to S6K2
activation and increased S6 phosphorylation in a rapamycinsensitive manner (31, 60). These conflicting results may be
attributable to different stimulation conditions or detection
methods.
The studies presented here reveal two novel aspects of S6
phosphorylation in mammalian cells in vivo, i.e., the major role
of S6K2 in this response and the involvement of an MAPK
pathway, whose function is detectable when S6K1 and S6K2
are inactive. S6K2 appears to be the dominant S6K in embryo
fibroblasts as well as in adult hepatocytes and skeletal and
heart muscle, as S6K2⫺/⫺ mice showed a more dramatic reduction in the amount of phosphorylated S6 in these tissues
than did S6K1⫺/⫺ mice (Fig. 3 and 6 and data not shown). In
addition, the nucleolar phosphorylation of S6 was greatly affected in S6K2⫺/⫺ hepatocytes (Fig. 4), implying that the nucleus-targeted isoform of S6K1, p85S6K (46), may not efficiently mediate phosphorylation in nucleoli. Ectopically
expressed S6K2 predominantly resides in the nucleus due to a
nuclear localization signal in the C-terminal region of the protein (26, 57). Upon mitogen stimulation, protein kinase Cdependent phosphorylation of S6K2 in the C-terminal region
masks the nuclear localization signal, causing the retention of
the kinase in the cytosol (57). Our data are compatible with
this model and suggest the presence of active S6K2 in the
cytosol and nucleoli, where it can phosphorylate S6. However,
S6K1 clearly contributes to the overall amount of S6 phosphorylation, as deletion of both kinases was required to reduce S6
phosphorylation to the same extent as rapamycin (Fig. 3).
Indeed, with our experimental model, we cannot conclusively
determine to what extent each kinase contributes to this response under physiological conditions, as it was previously
reported that in S6K1⫺/⫺ mice, S6K2 mRNA transcripts are
upregulated in all tissues examined (51). Such upregulation of
S6K2 could explain its dominance as an S6K and the reliance
of complete S6 phosphorylation on S6K1. That S6K1 and S6K2
are the only genes coding for rapamycin-sensitive S6Ks is consistent with two other S6K genes identified by the human
genome project representing pseudogenes (34). However, the
combined inactivation of S6K1 and S6K2 revealed the presence
of another S6K, most likely p90rsk, which is rapamycin resistant and phosphorylates at least the first two Ser residues of S6
(Fig. 3 and 6). p90rsk appears to be the physiological S6K
during Xenopus (49) and mouse (15) meiotic maturation. The
murine p90rsk family includes several members which are directly phosphorylated and activated by ERK1 and ERK2 (12).
p90rsk family members have two kinase domains; the N-terminal one shows approximately 60% sequence identity with
S6K1 and S6K2 and has a similar consensus substrate recognition motif (32). The functional redundancy among the S6K
pathways indicates the importance of the phosphorylation of
S6 or another common substrate at one or more steps of
embryonic development.
The functional compensation between S6K1 and S6K2 was
initially proposed based on the upregulation of S6K2 in
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