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Elucidating the signalling mechanisms by which obesity leads to
impaired insulin action is critical in the development of thera-
peutic strategies for the treatment of diabetes1. Recently, mice
deficient for S6 Kinase 1 (S6K1), an effector of the mammalian
target of rapamycin (mTOR) that acts to integrate nutrient and
insulin signals2, were shown to be hypoinsulinaemic, glucose
intolerant and have reduced b-cell mass3. However, S6K1-
deficient mice maintain normal glucose levels during fasting,
suggesting hypersensitivity to insulin3, raising the question of
their metabolic fate as a function of age and diet. Here, we report
that S6K1-deficient mice are protected against obesity owing to
enhanced b-oxidation. However on a high fat diet, levels of
glucose and free fatty acids still rise in S6K1-deficient mice,
resulting in insulin receptor desensitization. Nevertheless,
S6K1-deficient mice remain sensitive to insulin owing to the
apparent loss of a negative feedback loop from S6K1 to insulin
receptor substrate 1 (IRS1), which blunts S307 and S636/S639
phosphorylation; sites involved in insulin resistance4,5. Moreover,
wild-type mice on a high fat diet as well as K/K Ay and ob/ob (also
known as Lep/Lep) mice—two genetic models of obesity—have
markedly elevated S6K1 activity and, unlike S6K1-deficient mice,
increased phosphorylation of IRS1 S307 and S636/S639. Thus
under conditions of nutrient satiation S6K1 negatively regulates
insulin signalling.

As animals reach adulthood their growth rate decreases and fatty
acids are largely converted into triglycerides and stored as an energy
reserve in adipose tissue. To investigate the effect of age on growth, a
matched set of S6K1-deficient (S6K12/2) and wild-type male mice
were placed on a normal chow diet (NCD) (4% total calories
derived from fat, 3,035 kcal kg21) and monitored over a period of
17 weeks from 10 weeks of age. The rate at which S6K12/2 mice
increased body weight on the NCD was significantly reduced
compared with wild-type mice: at 27 weeks of age the difference
in body weight was 25% (Fig. 1a). Dissection of S6K12/2 mice
revealed a marked reduction in epididymal white adipose tissue
(WAT) (Supplementary Fig. 1a). When normalized for body weight,
epididymal, inguinal and retroperitoneal fat pads (Fig. 1b), as well
as the brown fat pad (Supplementary Fig. 1b) were significantly
reduced. Furthermore, the decrease was specific for fat, as the weight
of other major organs such as liver was not affected after correction
for total body weight (Fig. 1b).

Analysis of adipocytes in epididymal fat pads by either scanning
electron microscopy or by haematoxylin and eosin staining showed
a sharp reduction in size, with some adipocytes exhibiting a multi-
locular-like phenotype (Fig. 1c and see below). Morphometric
analysis revealed that S6K12/2 adipocytes were consistently smaller

compared with adipocytes from wild-type mice (Fig. 1c), with an
average 71% decrease in size (Supplementary Fig. 1c). The decrease
in fat accumulation in S6K12/2 mice was not due to less food
intake, which was increased 17% when food consumption was
adjusted for body weight (Fig. 1d). Moreover, on the basis of
normal fasting and feeding glucose levels and no increase in ketone
body formation3 (Table 1), S6K12/2 mice did not seem to be
starving, nor was there an alteration in adaptive thermogenesis
(data not shown). This raised the possibility that triglycerides were
being broken down rather than stored in WAT. Consistent with this,
basal rates of lipolysis were fivefold higher in S6K12/2 versus wild-
type adipocytes, although norepinephrine-induced fatty acid and
glycerol release increased in both genotypes in a dose-dependent
manner to the same final extent (Fig. 1e; see also Supplementary
Fig. 1d). Moreover the metabolic rate was greatly enhanced in
S6K12/2 mice, as indicated by the 27% increase in oxygen con-
sumption versus wild-type mice (Fig. 1f). The respiratory exchange
ratio (RER) of 0.713 ^ 0.004 for wild-type mice and 0.709 ^ 0.003
for S6K12/2 mice (P , 0.01) showed that both animals were largely
using fatty acids as an energy source. Thus the failure to accumulate
fat with age in S6K12/2 mice seems to stem from a sharp increase in
lipolytic and metabolic rates.

These increased responses, combined with the finding that levels
of circulating triglycerides and free fatty acids (FFAs) were similar in
both genotypes (Table 1), suggested that in S6K12/2 mice tri-
glycerides were being rapidly oxidized in WAT and/or muscle. WAT
is not an energy-consuming tissue; however, electron micrographs
revealed multi-locular adipocytes, with mitochondria of increased
size and number—phenotypes that are absent in wild-type adipo-
cytes (Fig. 2a). Consistent with this, analysis of the messenger RNA
levels of genes involved in energy combustion and oxidative
phosphorylation were found to be strongly increased in S6K12/2

adipocytes compared with wild-type adipocytes, including uncou-
pling protein 1 (UCP1), UCP3, carnitine palmitoyltransferase 1
(CPT1) and PPAR-g co-activator 1-a (PGC1-a) (Fig. 2a; see also
Supplementary Fig. 2a). Mitochondrial content was also affected in
S6K12/2 skeletal muscle (Fig. 2b), consistent with increased
expression of peroxisome proliferator-activated receptor b/d
(PPAR-b/d), PGC1-a, UCP3 and CPT1 (Fig. 2b; see also Sup-
plementary Fig. 2b). As S6K12/2 mice have reduced WAT and
increased oxidative phosphorylation, this raised the possibility that
S6K12/2 mice are protected against diet-induced obesity, which is
linked to the oxidative phosphorylation pathway6–10. Indeed, when
S6K12/2 mice were challenged with a high fat diet (HFD) (60%
total calories derived from fat, 4,057 kcal kg21) weight accumu-
lation was significantly reduced compared with wild-type mice
during the 4-month feeding period (Figs 2c, d). Although food
intake in S6K12/2 mice is similar to that of wild-type mice, when
normalized to body weight they consume 44% more food (Sup-
plementary Fig. 2c). Metabolic rate measured by indirect calori-
metry increased for both genotypes on the HFD, with the effect
more pronounced for S6K12/2 mice (compare Figs 2e and 1f).

Table 1 One-hour post-prandial values after overnight fasting of wild-type and
S6K12/2 mice

Wild type S6K12/2

Diet Normal High fat Normal High fat
.............................................................................................................................................................................

Insulin (mg l21) 0.57 ^ 0.09 2.22 ^ 0.87 0.38 ^ 0.08† 0.27 ^ 0.06†
Triglycerides (mmol l21) 0.61 ^ 0.09 1.08 ^ 0.15 0.55 ^ 0.06 0.95 ^ 0.14
FFAs (mmol l21) 0.26 ^ 0.05 0.27 ^ 0.02 0.19 ^ 0.04 0.56 ^ 0.10†
Leptin (ng ml21) 6.11 ^ 0.82 12.6 ^ 0.00 3.22 ^ 0.50 6.34 ^ 2.35†
b-Hydroxybutyrate (mg dl21)* 1.30 ^ 0.05 ND 1.40 ^ 0.16 ND
.............................................................................................................................................................................

Values are for 6-month-old male mice of the indicated genotype fed a normal or high fat diet. Data
represent mean ^ s.e.m. ND, not determined.
*The level of b-hydroxybutyrate was measured in 6-h-fasted mice.
†P , 0.05 compared with wild type (n ¼ 6–18).
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Moreover RER remained unchanged in S6K12/2 mice on a HFD
(0.708 ^ 0.002), whereas in wild-type mice it increased from
0.713 ^ 0.004 to 0.729 ^ 0.002 (n ¼ 6, P , 0.01), indicating an
increase in carbohydrate relative to fatty acid oxidation. To deter-
mine the weight gain corresponding to fat, mice were subjected to
magnetic resonance imaging (MRI) analysis at 2-month intervals
while on the HFD. A transverse section through the abdomen
showed a marked reduction in fat depots, depicted by the less
intense signal (Supplementary Fig. 2d). MRI assessment of total fat,
corrected for body weight, revealed that the body fat index for
S6K12/2 mice increased by 20% over this period, whereas it
doubled for wild-type mice (Fig. 2f). Thus, consistent with the
increase in oxidative phosphorylation, S6K12/2 mice are protected
against diet-induced obesity.

Although S6K12/2 mice have a high metabolic rate when on a
HFD, they exhibit a threefold increase in circulating FFAs (Table 1),
consistent with an increase in fat on their skin and hair (data not
shown). As increased circulating FFAs are implicated in insulin
resistance11–13 and S6K12/2 mice are hypoinsulinaemic3, it seemed
likely that they would become insulin resistant on the HFD. On a
NCD both S6K12/2 and wild-type mice exhibited similar fasting
levels of glucose (Fig. 3a), although S6K12/2 mice were more
insulin sensitive, as indicated by faster glucose clearance in the

insulin tolerance test (Fig. 3a). In contrast, both genotypes dis-
played increased hyperglycaemia on a HFD, although the effect was
more pronounced in wild-type mice (Fig. 3b). However, despite the
increases in glucose and in FFAs, S6K12/2 mice remain as insulin
sensitive on a HFD as on a NCD (Fig. 3b versus a). In the case of
wild-type mice, insulin resistance on a HFD (Fig. 3b) can be
explained by persistently elevated insulin levels (Table 1), inducing
insulin receptor desensitization, as measured by reduced receptor
auto-phosphorylation in response to insulin (Fig. 3c). In S6K12/2

mice insulin levels fail to rise on a HFD (Table 1), consistent with
higher insulin receptor auto-phosphorylation (Fig. 3c). However,
insulin receptors still desensitize in S6K12/2 mice on a HFD
(Fig. 3c), probably due to the large increase in FFA levels
(Table 1). That insulin receptors desensitize in S6K12/2 mice but
remain insulin sensitive suggests that absence of S6K1 facilitates
insulin signalling downstream of the insulin receptor. To test this we
monitored protein kinase B (PKB) phosphorylation, as insulin
sensitivity is tightly linked to the phosphatidylinositol-3-OH kinase
(PI(3)K)–PKB signalling pathway14. As with insulin receptor auto-
phosphorylation in wild-type mice on a HFD, insulin-induced PKB
phosphorylation was suppressed in fat, liver and muscle compared
with wild-type mice maintained on a NCD (Fig. 3d). However, there
was no significant effect on PKB phosphorylation in S6K12/2 mice,

Figure 1 Reduced adiposity in S6K1 2/2 mice. a, Growth curves of wild-type and

S6K1 2/2 mice on a NCD. Wild type, n ¼ 11; S6K1 2/2, n ¼ 13. b, Weights of

epididymal, inguinal and retroperitoneal adipose tissue (EWAT, IWAT and RWAT,

respectively) and liver normalized by body weight (n ¼ 6 each genotype). WT, wild type.

c, Scanning electron microscopic (top) and histological analysis of epididymal WAT

(bottom). Arrowheads indicate multi-locular adipocytes. Magnification for scanning

microscopy and for histology are £ 500 and £ 200, respectively. Mice were 6-month-

old males in b and c. d, Food intake per mouse measured over 15 days (n ¼ 12;

P ¼ 0.8) or normalized by body weight (n ¼ 12). e, Enhanced lipolysis in S6K1 2/2

adipocytes. f, Oxygen consumption (VO2) in wild-type and S6K1
2/2 mice fed a NCD

(n ¼ 6 each genotype). All values are given as mean ^ s.e.m. Asterisk, P , 0.01;

double asterisk, P , 0.001. Filled symbols/columns indicate wild type; open symbols/

columns, S6K1 2/2 mice.
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regardless of diet or tissue (Fig. 3d). This suggested that S6K1
elicited a selective inhibitory effect on PKB activation at a point
downstream of the insulin receptor, consistent with little effect on
mitogen activated protein kinase and S6K1 activation in wild-type
animals on a HFD (see below and data not shown).

Recently, we demonstrated in Drosophila that dS6K negatively
regulates dPKB activity in a cell-autonomous manner15. To test
whether this was the mechanism responsible for the observed

responses, S6K1 levels were reduced with small interfering RNAs.
The results show that lowering S6K1 levels potentiates insulin-
induced PKB phosphorylation, with no effect on insulin receptor
auto-phosphorylation (Fig. 3e), suggesting that the target of inhi-
bition resided downstream of the insulin receptor. Indeed,
reduction of S6K1 levels is paralleled by a decrease in phosphoryl-
ation of S307 and S636/S639 of insulin receptor substrate 1 (IRS1)
(Fig. 3e), sites shown to inhibit PI(3)K binding to IRS1 (ref. 4) and

Figure 2 Increased mitochondria and resistance to diet-induced obesity. a, The left

panels show transmission electron microscopic analysis of epididymal fat. Arrowheads

indicate mitochondria and lipid droplets (L) ( £ 5,000 magnification). The right panels

show UCP1 and mCPT1 mRNA (relative values) measured by quantitative RT–PCR (see

Methods). b, The left panels show transmission electron microscopic analysis of plantaris

muscle ( £ 10,000 magnification). m, mitochondria. The right panels show PPAR-d and

PGC1 mRNA levels (relative values) measured by quantitative RT–PCR. In a, b, n ¼ 4–7;

asterisk, P , 0.01; double asterisk, P , 0.001. c, Representative wild-type and

S6K1 2/2 mice after 6 months feeding on a HFD. d, Growth curves of wild-type and

S6K1 2/2 mice maintained on a HFD. WT, n ¼ 11; S6K1 2/2, n ¼ 15; P , 0.001.

e, Oxygen consumption (VO2) in wild-type and S6K1
2/2 mice maintained on a HFD for 6

months (n ¼ 6 each genotype). f, Body fat index determined by MRI analysis of wild-type

(n ¼ 10) and S6K1 2/2 mice (n ¼ 12) maintained on a HFD for 4 months. Filled

symbols/columns indicate wild type; open symbols/columns, S6K1 2/2 mice. Values are

mean ^ s.e.m. Asterisk, P , 0.01; double asterisk, P , 0.001 in d–f.
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to be involved in insulin resistance in skeletal muscle cells from
patients with type 2 diabetes5. Thus, removal of S6K1 can facilitate
insulin signalling in a cell-autonomous manner.

Hyperglycaemia, hyperaminoacidaemia and hyperlipidaemia are
associated with obesity and insulin resistance16; however, the role of
increased nutrients in insulin action is not well understood17–19. As
S6K1 is activated by nutrients20–22 and acts negatively on PI(3)K
signalling, this raised the possibility that on a HFD S6K1 is involved
in inducing insulin resistance. This hypothesis is supported by the
reversal of amino acid inhibition of insulin-induced PI(3)K signal-
ling by rapamycin, which inhibits mTOR23, an immediate upstream
S6K1 kinase2. Consistent with this hypothesis, phosphorylation of
S6K1 T389, S6 S240/S244, IRS1 S307 and IRS1 S636/S639 is highly
elevated in wild-type mice maintained on a HFD compared with
wild-type mice maintained on a NCD (Fig. 4a, b). Furthermore, the
increase in IRS1 S307 and S636/S639 phosphorylation is absent in
S6K12/2 mice on a HFD (Fig. 4b). Under these conditions there
were no apparent alterations in IRS1 levels (Fig. 4b). These findings
suggest that nutrient-induced S6K1 activation acts to suppress
insulin signalling through modulating IRS1 S307 and S636/S639
phosphorylation. To test this further, two genetic models of obesity
were examined: K/K Ay and ob/ob mice24,25. The results show that

the K/K Ay and ob/ob mice maintained on a NCD have elevated
S6K1 T389, S6 S240/S244, IRS1 S307 and IRS1 S636/S639 phos-
phorylation as compared with wild-type mice on a NCD (Fig. 4c).
Moreover, in contrast with PKB S473 phosphorylation in adipose
and muscle (Fig. 3d), insulin stimulates S6K1 T389 phosphoryl-
ation to even higher levels in wild-type animals on a HFD compared
with a NCD (Fig. 4d), potentially further suppressing PI(3)K
signalling. Thus, either nutritionally or genetically driven obesity
leads to the upregulation of S6K1, which may in turn act to suppress
PI(3)K signalling, contributing to insulin resistance.

The results presented here indicate that S6K12/2 mice are
protected against obesity and insulin resistance due to the upregu-
lation of the oxidative phosphorylation pathway and increased
insulin sensitivity. Enhanced oxidative metabolism is consistent
with the increase in mitochondria number, as well as the induction
of genes that control the oxidative phosphorylation pathway. That
S6K12/2 mice remain insulin sensitive despite high circulating
FFAs may be explained by the strong protection against metabolic
syndrome by overexpression or activation of PPAR-d6–8. Despite the
increase in the oxidative phosphorylation pathway and reduced
insulin levels, circulating glucose and FFA levels still rise in S6K12/2

mice; however, these animals remain sensitive to insulin, and PI(3)K

Figure 3 Enhanced insulin sensitivity and insulin signalling in the absence of S6K1.

a, b, Insulin tolerance test in 3-h-fasted mice on a NCD (a) or HFD (b) at 6 months of age.

Asterisk, P , 0.05; double asterisk, P , 0.01. Values are mean ^ s.e.m. c, Insulin

receptor tyrosine phosphorylation in liver of wild-type and S6K1 2/2 mice before (2) or

after (þ) insulin stimulation on a NCD or HFD. d, Level of phosphorylation of PKB Ser 473

in fat, liver and muscle (n ¼ 3–8 for each genotype in c, d). e, Lowering S6K1 expression

by siRNA potentiates insulin-induced PKB phosphorylation in HeLa cells.
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signalling is unaffected. This observation may be explained by the
loss of S6K1, whose activation by either nutrients or insulin leads to
increased IRS1 serine phosphorylation (Fig. 4e). In the case of
insulin, this is mediated by a negative feedback loop triggered by
PKB phosphorylation of the TSC1/2 tumour suppressor complex,
leading to Rheb activation and stimulation of S6K1 (ref. 26). Thus,
in a homeostatic setting, as nutrients and amino acids are con-
sumed, mTOR/S6K1 activity would decrease, restoring PI(3)K
signalling, whereas the incessant supply of nutrients associated
with the obese state would lead to constitutive activation of
mTOR/S6K1 and desensitization of insulin signalling (Fig. 4e).
Taken together the results suggest that S6K1 may have a central
function along with other signalling components in development of
obesity and insulin resistance, and may be an important drug target
in the treatment of patients suffering from these pathological
disorders. A

Methods
Mice
S6K12/2 mice were generated as previously described3. Male C57BL/6J, K/K Ay and ob/ob
(C57BL/6J background) mice were obtained from E. Janvier, CLEA Japan Inc., and The
Jackson Laboratory, respectively.

Metabolic studies
At 10 weeks of age male mice were placed on either a NCD (diet number 3807,
KLIBA-NAFAG) or HFD ad libitum (diet D12492, Researchdiets) and monitored for
24 weeks. Body weight was recorded weekly and food intake was measured every second
day for 15 consecutive days. Insulin tolerance tests, oxygen consumption, RER
measurements and quantification of blood metabolites were performed as previously
described27.

Histology and morphometric analysis of tissues
Adipose tissue was analysed by haematoxylin and eosin staining as previously described27.
Morphometric analysis of epididymal WAT from 500 or more cells from three different

animals per genotype was performed with ImageJ software (NIH). Adipose and plantaris
muscle tissue were prepared as described for scanning and transmission electron
microscopy27.

Magnetic resonance imaging analysis
MRI experiments were carried out on a Biospec 47/30 spectrometer (Bruker Medical) at
4.7 T equipped with a self-shielded 12-cm bore gradient system28. Animals were
anaesthetized with 1.5% isoflurane (Abbott). Adipose tissue was measured with an
optimized turbo-RARE2 imaging sequence. Acquisition parameters were: repetition delay
(TR) ¼ 250 ms; echo delay (TE) ¼ 8.6 ms; RARE factor ¼ 32 (effective echo time
73.1 ms); number of averages ¼ 8; slice orientation transverse, image matrix ¼ 128 £ 128
pixels; field-of-view ¼ 3.5 £ 3.5 cm; slice thickness ¼ 1.2 mm (contiguous). Fat pad
volumes were assessed with an in-house software algorithm based on IDL software
package (Research Systems Inc.). Body fat indices were calculated by dividing adipose
tissue weight by body weight.

Lipolysis in isolated adipocytes
Primary adipocytes were prepared from epididymal fat pads as described previously29.
Cells were incubated for 30 min at 37 8C with or without norepinephrine (Sigma-Aldrich
SARL) at the indicated concentrations.

Real-time quantitative RT–PCR
Total RNA was extracted from frozen tissue samples or cells using the RNeasy kit (Qiagen).
Complementary DNA was synthesized from total RNA with the SuperScript First-Strand
Synthesis System (Invitrogen) and random hexamer primers. The real-time polymerase
chain reaction (PCR) measurement of individual cDNAs was performed using SYBR
green dye to measure duplex DNA formation with the Roche Lightcycler system and
normalized to the expression of either b-actin or 18S ribosomal RNA. The primers and
probes used in the real time RT–PCR were the following: UCP1 sense 5

0
-GGCCCTTGT

AAACAACAAAATAC-3
0
, antisense 5

0
-GGCAACAAGAGCTGACAGTAAAT-3

0
; UCP3

sense 5 0 -ACTCCAGCGTCGCCATCAGGATTCT-3 0 , antisense 5 0 -TAAACAGGTGAG
ACTCCAGCAACTT-3

0
; mCPT1 sense 5

0
-TTGCCCTACAGCTCTGGCATTTCC-3

0
,

antisense 5 0 -GCACCCAGATGATTGGGATACTGT-3 0 ; mPPAR-d sense 5 0 -CTCTTCATC
GCGGCCATCATTCT-3 0 , antisense 5 0 -TCTGCCATCTTCTGCAGCAGCTT-3 0 ; PGC-1
sense 5

0
-AAGTGTGGAACTCTCTGGAACTG-3

0
, antisense 5

0
-GGGTTATCTTGGTTGG

CTTTATG-3 0 .

Figure 4 S6K1 activation in obesity. a, S6K1 Thr 389 and S6 Ser 240/244

phosphorylation in fat of wild-type mice maintained on a NCD (2) or HFD (þ) for 4

months. b, IRS1 Ser 307 and Ser 636/639 phosphorylation in fat of wild-type or

S6K1 2/2mice maintained on a NCD (2) or HFD (þ). c, S6K1 Thr 389, S6 Ser 240/244,

IRS1 Ser 307 and IRS1 Ser 636/639 phosphorylation in fat of wild-type, K/K A y or ob/ob

mice maintained on a NCD. d, S6K1 Thr 389 phosphorylation in fat or muscle of wild-type

mice maintained on a NCD or HFD for 4 months before (2) or after (þ) injection of

insulin (0.75 U kg21 of body weight). All mice of each genotype (n ¼ 3–8) in a–d were

fasted for 6 h and were 6 months old. e, Model of inhibition of IRS1 signalling through

activation of S6K1.
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Measurement of insulin receptor and IRS1 phosphorylation in vivo
After a 6-h fast mice were injected intravenously with 0.75 U kg21 insulin (Eli Lilly) or
equal volume of vehicle. All indicted tissues were collected in liquid nitrogen 5 min after
injection. Protein extracts from tissue samples were analysed as described30. Antibodies
were from Santa Cruz (anti-insulin receptor b and anti-S6K1 antibodies), Upstate
Biotechnology (anti-phosphotyrosine and anti-IRS1 antibodies) and Cell Signaling (anti-
PKB, anti-phospho-PKB Ser 473, anti-phospho-IRS1 Ser 636/639, anti-phospho-S6K Thr
389 and anti-phospho-S6 240/244 antibodies). Antibodies to S6 and phospho-IRS1 Ser
307 were from J. Mestan and Y. Le Marchand-Brustel, respectively.

RNA interference
RNA interference (RNAi) duplexes corresponding to human S6K1 (5

0
-

AAGGGGGCTATGGAAAGGTTT-3
0
) were purified, annealed and transfected into HeLa

cells using oligofectamine (Invitrogen). After 60 h cells were deprived of serum overnight
and either lysed directly or stimulated with 200 nM insulin for 30 min. The effect of RNAi
on S6K1 expression and PKB phosphorylation was measured by western blot analysis. Cell
lysates were incubated for 4 h with anti-IRS1 or anti-insulin receptor b antibody pre-
absorbed on protein A Sepharose at 4 8C, and analysed by western blot analyses after gel
electrophoresis.

Statistical analysis
Data are presented as mean ^ s.e.m. The main and interactive effects were analysed by
analysis of variance (ANOVA) factorial, repeated measurements or by one-way ANOVA
followed by Bonferroni t-test (MRI analysis). Differences between individual group means
were analysed by Fisher’s PLSD test. Analyses were performed using Statview Software
(Brainpower).
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Transforming growth factor b (TGF-b) is a pluripotent cytokine
that controls key tumour suppressive functions1–3, but cancer
cells are often unresponsive to it1,4. The promyelocytic leukaemia
(PML) tumour suppressor of acute promyelocytic leukaemia
(APL) accumulates in the PML nuclear body, but cytoplasmic
PML isoforms of unknown function have also been described5,6.
Here we show that cytoplasmic Pml is an essential modulator of
TGF-b signalling. Pml-null primary cells are resistant to TGF-b-
dependent growth arrest, induction of cellular senescence and
apoptosis. These cells also have impaired phosphorylation and
nuclear translocation of the TGF-b signalling proteins Smad2
and Smad3, as well as impaired induction of TGF-b target genes.
Expression of cytoplasmic Pml is induced by TGF-b. Further-
more, cytoplasmic PML physically interacts with Smad2/3 and
SARA (Smad anchor for receptor activation) and is required
for association of Smad2/3 with SARA and for the accumulation
of SARA and TGF-b receptor in the early endosome. The
PML–RARa oncoprotein of APL can antagonize cytoplasmic
PML function and APL cells have defects in TGF-b signalling
similar to those observed in Pml-null cells. Our findings identify
cytoplasmic PML as a critical TGF-b regulator, and further
implicate deregulated TGF-b signalling in cancer pathogenesis.

APL is almost invariably associated with chromosomal transloca-
tions involving the PML tumour suppressor and RARa genes,
resulting in the generation of a PML–RARa leukaemogenic fusion
protein that can function as a dominant-negative PML and RARa
mutant7–9. PML–RARa physically interacts with nuclear PML iso-
forms causing their delocalization from the PML nuclear body
(PML-NB) into aberrant microspeckled nuclear structures7,8. Until
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additional model whereby natural restriction factors may act by
preventing capsid disassembly. In turn, compounds that cross-link
capsid components, such as multi-functional reagents designed to
target the central channel of the hexamer, might be expected to
inhibit retroviral replication. A

Methods
Protein production
The DNA sequence coding for the NTD of N-MLV (capsid residues Pro 1 to Ser 132) was
amplified by polymerase chain reaction (PCR) using a plasmid containing the proviral
DNA26 as a template. The PCR product was inserted into a pET22b expression vector
(Novagen) between the NdeI and XhoI restriction sites in order to produce a C-terminal
hexa-histidine fusion and the sequence Met-Pro at the N terminus. The protein was
expressed in the Escherichia coli strain BL21 (DE3) and purified using ion exchange,
immobilized metal ion affinity and gel filtration chromatography. Verification of the
processing of the N-terminal methionine to produce the mature form of the protein was
analysed by electrospray ionization mass spectrometry (ESI-MS). The double substitution
mutant L4M L126M was prepared using the Quickchange site-directed mutagenesis kit
(Stratagene). Seleno-methionine-substituted protein was prepared by expressing the
protein in the E. coli methionine auxotroph B834 (DE3) grown on seleno-methionine-
substituted media.

Crystallization and structure solution
Proteins were crystallized using the vapour batch method. A 16–22mgml21 solution of
N-MLV(NTD) or N-MLV(NTD/L4ML126M) in 150mM NaCl, 20mM Tris-HCl pH 8.0
was mixed with an equal volume of crystallization solution containing 13–16% PEG 3350,
100mM sodium citrate pH 5.6. Two-microlitre droplets were dispensed into 96-well
vapour batch plates (Douglas instruments) covered with 6ml of ‘Al’s oil’ (Hampton
Research) using an IMPAX 1-5 robot (Douglas instruments). A solution of 10% (v/v)
aqueous isopropanol was placed in the side wells of the tray and the drops equilibrated
overnight. Next day, the 10% isopropanol solution was replaced with a 20% (v/v)
isopropanol solution and crystals typically grew to 0.2 £ 0.2 £ 0.1mm3 in one to two
weeks. Crystals were collected by transfer into fresh crystallization solution supplemented
with 10% (v/v) isopropanol and 15% (v/v) 1,2-propanediol as a cryoprotectant then flash-
frozen in liquid nitrogen. The crystals belong to the space group P21 (a ¼ 86.0 Å,
b ¼ 78.3 Å, c ¼ 85.76 Å, b ¼ 118.98) with six capsid NTDs in the asymmetric unit. The
structure was solved by a three-wavelength MAD experiment using seleno-methionine-
containing crystals of the double-methionine-substituted N-MLV(NTD/L4M L126M) on
Station 14.2 at the Synchrotron Radiation Source (SRS), Daresbury, UK. All data sets were
reduced using the HKL suite of processing software. Twelve selenium atoms were located
and the phases refined using the program SOLVE28, resulting in an overall figure of merit
(FoM) of 0.61. The local six-fold operators were identified using information from a self-
rotation function and the six pairs of Se sites, and were used for averaging and density
modification in DM29. The quality of this initial map was good enough to build a
polyalanine model into a single monomer using the program O. The hexamer was
generated by application of the non-crystallographic symmetry operators to themonomer
and the fit improved using real-space rigid-body refinement in the program O. Further
refinement against a high-resolution data set collected on the SeMet crystal using
REFMAC and ARPP30 resulted in a map into which an essentially complete model was
built. The data collection, phasing and refinement statistics are reported in Table 1.
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In Fig. 4e of this Letter, the arrowhead fromTSC to Rheb should be a
horizontal bar (as from PKB to TSC). In addition, the phosphoryl-
ation sites of IRS1 for human should be S312 and S636/639 and for
mouse the corresponding phosphorylation sites should be IRS1
S307 and S632/S635. This does not affect any of the results or
conclusions of the paper. A
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