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Translational control

Regulation of protein synthesis in eukaryotes plays a
critical role in development, differentiation, cell cycle
progression, cell growth, and apoptosis (Mathews et al.
2000). Translational control allows for a more rapid re-
sponse than transcriptional modulation because no
mRNA synthesis, processing, or transport is required,
and can be used to coordinate gene expression in systems
that lack transcriptional regulation, such as reticulo-
cytes or platelets (Weyrich et al. 1998; Mathews et al.
2000). Translational control plays a particularly impor-
tant role in early developmental processes, when local-
ized translation is utilized to establish polarity (Wickens
et al. 2000), and localized translation in neurons may be
critical for learning and memory (e.g., Casadio et al.
1999).

Following transcription, processing, and nucleocyto-
plasmic export, mRNAs are competent for translation.
However, two transcripts present in identical quantities
may be translated at very different rates. This phenom-
enon is caused, in part, by the fact that the ribosome does
not bind to mRNA directly, but must be recruited to
mRNA by the concerted action of a large number of eu-
karyotic translation initiation factors (eIFs). This recruit-
ment step, also referred to as the initiation phase, is a
complex process that culminates in the positioning of a
charged ribosome (that is, an 80S ribosome loaded with
an initiator tRNA in its P site) at an initiation codon (for
review, see Hershey and Merrick 2000). As discussed fur-
ther below, the recruitment process is rate-limiting for
translation in many cases, and is subject to exquisite
regulation.

The structure m’GpppN (or the cap, where m is a
methyl group and N any nucleotide) is present at the 5’
end of all nuclear transcribed mRNAs, and plays an im-
portant role in the initiation process. The cap is recog-
nized by the initiation factor eIF4E. eIF4E, via an inter-
action with a large scaffolding protein termed eIF4G, di-
rects the translational machinery to the 5’ end of the
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mRNA. eIF4E and elF4G function as components of a
trimeric complex, termed eIF4F, which also contains the
RNA helicase elF4A (Gingras et al. 1999b; Hershey and
Merrick 2000; Fig. 1). eIF4G also establishes intermo-
lecular contacts with several other components of the
translational machinery, including the multisubunit, ri-
bosome-associated initiation factor eIF3 (Hentze 1997;
Hershey and Merrick 2000). Importantly, optimal bind-
ing of the 40S ribosomal subunit is thought to require a
region of single-stranded mRNA (Sonenberg 1993; Gin-
gras et al. 1999b; Hershey and Merrick 2000). Thus, once
elF4F binds to the cap, elF4A (in conjunction with an
associated ubiquitous cofactor, elF4B) is thought to un-
wind any inhibitory secondary structure present in the
cap-proximal 5’ untranslated region (5'UTR). Through
its interaction with eIF3 and its ability to bind mRNA in
a sequence nonspecific fashion, eIF4G bridges the
mRNA to the 40S ribosomal subunit. Once the 40S sub-
unit is bound to mRNA, the ribosome and associated
factors are believed to scan in a 5’ to 3’ direction, until an
initiation codon in the proper sequence context is en-
countered (Kozak 1989; Jackson 2000). When an initia-
tion codon is recognized, and a codon/anticodon inter-
action established, the initiation factors dissociate from
the small ribosomal subunit and allow for the joining of
a 60S ribosomal subunit. In this way, a single ribosome is
directed to a start codon, and protein synthesis can com-
mence.

Treatment of cells with mitogens, hormones, or
growth factors generally leads to an increase in transla-
tion. Conversely, nutrient deprivation or environmental
stresses such as heat shock, osmotic shock, or UV irra-
diation generally reduce protein synthetic rates (for re-
view, see Kleijn et al. 1998; Gingras et al. 1999Db;
Mathews et al. 2000; Schneider 2000). In mammalian
cells, these changes in translation rates are often corre-
lated with changes in the level or activity of elF4F, re-
sulting in differences in the rate of ribosomal recruit-
ment to mRNA. That is, growing or stimulated cells
contain high levels of elF4F, whereas in quiescent or
stressed cells low eIF4F levels are detected. Mammalian
elF4F formation is regulated by a family of translation
repressors, the eIF4E binding proteins (4E-BPs; Lin et al.
1994; Pause et al. 1994). The 4E-BPs constitute a family
of three small polypeptides that compete with elF4G for
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Figure 1. eIF4F formation and ribosome
recruitment. In resting, starved, or
stressed cells, eIF4E is sequestered by the
4E-BPs (left). Following phosphorylation,
4E-BPs dissociate from eIF4E (1), allowing
eIF4E to be incorporated into the eIF4F
complex (2). Through eIF4E, eIF4F binds to
the mRNA 5’ cap structure (3). elF4A
(along with a cofactor, eIF4B) unwinds cap-
proximal mRNA secondary structure in an
ATP-dependent manner (4). The 408 ribo-
somal subunit bound to eIF3 (and to a ter-
nary complex consisting of eIF2, GTP and
Met-tRNAi, shown as a triangle) is re-
cruited to the single-stranded mRNA,
through eIF4G (5). For further details, see
Hershey and Merrick (2000).

an overlapping binding site on eIF4E. Binding of 4E-BP or
elF4G to the convex dorsal surface of eIF4E is mutually
exclusive. In fact, the cocrystal structures of 4E-BP
bound to eIF4E, and an eIF4G fragment bound to eIF4E,
indicate that the 4E-BPs act as molecular mimics of the
elF4E binding site in elF4G (Marcotrigiano et al. 1999).
Binding of the 4E-BPs to eIF4E is regulated by phosphory-
lation (Lin et al. 1994; Pause et al. 1994). Hypophos-
phorylated 4E-BPs bind avidly to eIF4E, but hyperphos-
phorylation of the 4E-BPs abrogates this interaction. As
discussed in depth below, a basic understanding of the
intracellular signaling pathways that modulate 4E-BP
phosphorylation, the PI3K (phosphoinositide-3 kinase)
and FRAP/mTOR (FKBP and rapamycin-associated pro-
tein/mammalian target of rapamycin) signaling mod-
ules, is beginning to emerge. The phosphorylation state
of eIF4G and eIF4B is also regulated by PI3K and FRAP/
mTOR signaling in mammalian cells, although it is not
yet clear how phosphorylation alters the activity of these
factors. Thus, several translation regulatory proteins are
modulated in a concerted fashion by the same intracel-
lular signaling pathways. This review is focused solely
on how FRAP/mTOR signaling may effect changes in
elF4F activity. For detailed reviews on translation initia-
tion, and the multitude of other mechanisms that con-
tribute to its regulation, see Sonenberg et al. (2000).
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Global control of protein synthesis versus regulation
of translation of individual mRNAs

Whereas global changes in protein synthesis following
hormone or growth factor stimulation are relatively
small (up to twofold), a disproportionate and dramatic
increase in the translation rates of a relatively small
number of mRNAs is observed. How might different
mRNA populations be regulated to different extents in
response to a given stimuli or stress? As adumbrated
more than 25 years ago by Lodish (1976), this is most
likely due, in part, to the discriminatory activity of the
general translation apparatus. One possible mechanism
for this “translational discrimination,” or “mRNA com-
petition,” is a significant disparity in the requirement of
individual mRNAs for eIF4F helicase activity. Because
40S ribosomal subunit binding appears to require a re-
gion of single-stranded mRNA, cap-proximal 5'UTR sec-
ondary structure may be expected to reduce translational
efficiency by rendering the mRNA less accessible to a
ribosome, and/or by impeding the scanning process.
When eIF4F helicase activity is low, translation of
mRNAs that do not possess significant 5'UTR secondary
structure would be expected to be affected to a lesser
degree than mRNAs possessing more extensive 5’UTR
secondary structure. Indeed, eIF4E overexpression pref-
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erentially enhances the translation of mRNAs with
structured 5'UTRs (Koromilas et al. 1992), dominant—
negative elF4A mutant proteins preferentially inhibit
translation of these poorly translated mRNAs in vivo
(Svitkin et al. 2001), and eIF4B inactivation in yeast pref-
erentially inhibits translation of reporter mRNAs pos-
sessing long and structured 5'UTRs (Altmann et al.
1995).

Many specific examples of mRNAs that are regulated
in this fashion have been identified. For instance,
whereas insulin stimulation increases global translation
rates by ~twofold, the increase in the translation rate of
the ornithine decarboxylase (ODC) mRNA, which pos-
sesses a relatively long, and highly structured 5'UTR, is
~20- to 30-fold (Manzella et al. 1991). The ODC mRNA
translational block can be relieved by removing 5'UTR-
structured elements, or by overexpression of eIF4E (e.g.,
Mangzella et al. 1991; Shantz et al. 1996). Many mRNAs
coding for oncogenes or other proteins important for
growth or proliferation control possess large, putatively
highly structured 5'UTRs (Kozak 1991), and are thus pre-
dicted to be targets for translational discrimination.
Consistent with this prediction, overexpression of eIF4E
or elF4G in rodent cells induces cellular transformation
(see below; for review, see Hershey and Miyamoto 2000),
and overexpression of eIlF4E, elF4G, and elF4A has been
noted in several different tumor types (see below).

Not all regulated mRNAs are controlled by the dis-
criminatory activity of the general translation apparatus,
however. Several different specific 5'- or 3'UTR se-
quence elements have also been demonstrated to modu-
late translational efficiency (for review, see Sonenberg et
al. 2000). For instance, the 5’ terminal oligopyrimidine
tract (5'TOP) is a cap-proximal structural element (con-
sisting of an uninterrupted stretch of 4-14 pyrimidines)
that confers very stringent translation regulation. In con-
ditions of nutrient deprivation, lack of growth factors,
contact inhibition, or after initiation of a differentiation
program, the translation of 5'TOP-containing mRNAs is
potently repressed (Fumagalli and Thomas 2000; Meyu-
has and Hornstein 2000).

The advent of cDNA array and DNA chip technologies
has allowed for the determination of the number and
nature of translationally regulated mRNAs in different
cell types, and in response to distinct kinds of stimuli or
stress (for review, see Carter et al. 2000). When applied to
a sucrose density gradient, mRNAs that are actively
translated sediment with heavy polysomes [mRNAs as-
sociated with several ribosomes), whereas mRNAs that
are poorly translated (or not translated at all) are found in
lighter fractions. By comparing these two mRNA popu-
lations in cells subjected to a stress or stimulus, those
transcripts that are translationally activated (or inhib-
ited) can be identified. For example, ~1% of mRNAs (of
the 1200 genes screened) in fibroblasts were found to
shift to polysomes in response to serum-stimulation
(Zong et al. 1999), whereas nearly 10% of the transcripts
(472 genes screened) were observed to be under transla-
tional control following activation of resting T cells
(Mikulits et al. 2000). Following poliovirus infection (a
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condition in which little or no intact eIF4F is present and
cellular protein synthesis is dramatically inhibited) <3 %
of cellular mRNAs (200 of 7000) remain associated with
heavy polysomes (Johannes et al. 1999).

Taken together, these data reinforce the view that in
response to many types of stimuli or stress, global
changes in protein synthesis are relatively modest, but
the translation rates of a small population of mRNAs is
dramatically modulated. This phenomenon likely in-
volves several mechanisms, two of which are: (1) trans-
lational discrimination, due to differences in the require-
ment for elF4F helicase activity and (2) a specific se-
quence element, the 5'TOP, which confers potent
translational inhibition in starved or resting conditions.
Intriguingly, both of these mechanisms are regulated by
PI3K and FRAP/mTOR signaling.

Rapamycin target proteins

Rapamycin, a lipophilic macrolide, was isolated from a
strain of Streptomyces hygroscopicus found in a soil
sample from Easter Island (known by the inhabitants as
Rapa Nui; Vezina et al. 1975). This compound potently
inhibits yeast cell growth, as well as the proliferation of
several types of mammalian cells, including B and T
lymphocytes. Rapamycin treatment results in a G, ar-
rest in a variety of cell types and species (for review, see
Abraham and Wiederrecht 1996; Schmelzle and Hall
2000). Because of its inhibitory effects on lymphocyte
proliferation, rapamycin is a potent immunosuppres-
sant, and effectively prevents allograft rejection (Abra-
ham and Wiederrecht 1996; Kahan 2000, and references
therein). Thus, rapamycin (and its analogs) is now used
in the clinic, in conjunction with other immunosuppres-
sants (reported by Bradley 1999). Rapamycin analogs
have also been reported to inhibit several types of tumor
cell growth, and are currently being tested in clinical
trials (see below).

FKBP12 (FK506-binding protein, MW of 12 kD), an
abundant, ubiquitously expressed protein of 108 amino
acids (in humans), is the primary intracellular rapamycin
receptor (Harding et al. 1989; Siekierka et al. 1989, 1990).
FKBPs are peptidyl-prolyl cis/trans isomerases, cata-
lyzing the interconversion of peptidyl-prolyl bonds, and
are thus presumed to play a role in protein folding (for
review, see Gothel and Marahiel 1999). Although rapa-
mycin binding inhibits the isomerase activity of FKBP12
in vitro (Heitman et al. 1991b; Koltin et al. 1991; Wied-
errecht et al. 1991), inhibition of this activity does not
appear to be the cause of rapamycin sensitivity. In fact,
deletion of the four yeast FKBP genes (termed FPR1-4,
FPR1 being the FKBP12 homolog; for review, see Dolin-
ski et al. 1997) is not lethal, and does not affect growth
significantly. Rather, deletion of FPR1 confers recessive
rapamycin-resistance, indicating that the presence of
Fprlp (but not its catalytic activity) is required for rapa-
mycin action (Heitman et al. 1991b; Koltin et al. 1991;
Wiederrecht et al. 1991).

A subsequent genetic screen in S. cerevisiae for rapa-
mycin-resistant mutants identified two genes, TORI
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and TOR?2 (target of rapamycin 1 and 2; also known as
DRR1 and DRR2, for dominant rapamycin resistant),
coding for two large proteins (>280 kD) sharing 67%
identity at the amino acid level. Unlike the FKBPs, TOR
mutants (which are point mutants, see below) act in a
dominant manner (Heitman et al. 1991a; Cafferkey et al.
1993; Kunz et al. 1993; Helliwell et al. 1994; Lorenz and
Heitman 1995). The curious results of the FPR1 deletion
experiments were explained when Torlp and Tor2p were
demonstrated to interact with an Fprlp-rapamycin gain-
of-function complex (but not with Fprlp or rapamycin
alone). Disruption of the TOR1 gene is not lethal, but
leads to a slight decrease in cell growth rate (Helliwell et
al. 1994), whereas disruption of TOR2 is lethal and is
accompanied by random arrest throughout the cell cycle
(Kunz et al. 1993). Strains disrupted for both TOR1 and
TOR2 recapitulate the phenotype observed with rapamy-
cin treatment, in which cells arrest in G, within one
generation (Kunz et al. 1993; Helliwell et al. 1994).
Taken together, these data indicate that Tor function
(provided by either Torlp or Tor2p) is necessary for G,
progression. The lethality of the TOR2 deletion is not
restored by overexpression of wild-type or rapamycin-
resistant TOR1 proteins (Zheng et al. 1995), indicating
that Tor2p, in addition to a rapamycin-inhibitable activ-
ity, also possesses a rapamycin-resistant activity that is
essential and not shared with Torlp (Kunz et al. 1993;
Zheng et al. 1995). The Tor2p-specific function appears
to be linked to cell cycle-dependent organization of the
actin cytoskeleton, which is disrupted in a tor2 mutant
(Schmidt et al. 1996, 1997).

A mammalian homolog of the Tor proteins was puri-
fied and cloned from various species, and alternatively
termed FRAP, mTOR, RAFT (rapamycin and FKBP12
target), SEP (sirolimus effector protein), and RAPT (rapa-
myecin target; Brown et al. 1994; Chen et al. 1994; Chiu
et al. 1994, Sabatini et al. 1994; Sabers et al. 1995). Here
we refer to the mammalian protein as FRAP/mTOR.
FRAP/mTOR is 289 kD and shares 45% identity with
the yeast Tor proteins (Brown et al. 1994; Sabatini et al.
1994; Sabers et al. 1995). Only one homolog has been
found in mammals, and the human, rat, and mouse
FRAP/mTOR proteins share >95% identity at the amino
acid level (for review, see Abraham and Wiederrecht
1996).

Modular structure of the Tors and FRAP/mTOR

The Tor and FRAP/mTOR proteins possess a carboxy-
terminal region sharing significant homology with lipid
kinases (especially with PI3 kinases, and with weaker
similarity to PI4 kinases). Based on this homology, the
Tors and FRAP/mTOR have been assigned to a larger
protein family termed the PIKKs (phosphoinositide kinase-
related kinases). In mammalian cells, the PIKK family is
comprised of FRAP/mTOR, ATM (ataxia telangiectasia
mutated), ATR/FRP (ataxia telangiectasia and Rad3
related; also known as FRP for FRAP-related protein),
and DNA-PKc (DNA-activated protein kinase, catalytic
subunit). TRRAP (transformation/transcription domain-
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associated protein) also exhibits significant homology
to the PIKKs, but it lacks conserved residues in its cata-
lytic domain, and is therefore not expected to possess
kinase activity. Most PIKKs are conserved from yeast
to mammals, with the exception of the DNA-PKc pro-
tein, which appears to be restricted to vertebrates. PIKK
family members are very large proteins, all of which
have been posited to be involved in cell cycle checkpoint
control.

In addition to the lipid kinase homology domain, all
PIKKs also possess a short segment at their extreme car-
boxyl terminus not present in PI3 and PI4 kinases,
termed FATC (for FRAP, ATM, and TRRAP, carboxy-
terminal homology domain), and a region of weaker ho-
mology termed the FAT domain (between amino acids
1382-1982 in the human FRAP/mTOR; Alarcon et al.
1999; Bosotti et al. 2000). Because the FAT domain is
always found in combination with the FATC region, in-
tramolecular interactions between FAT and FATC have
been postulated to modulate kinase activity. The Tor
FAT domain was also described independently as a
“toxic effector domain,” which inhibits yeast growth
when overexpressed. How this portion of Tor confers a
toxic effect in yeast is unknown, although it is presumed
to interfere with the activity of the endogenous Tor by
titrating out an effector or activator (Alarcon et al. 1999).

Immediately amino-terminal to the kinase domain
(and downstream of the FAT domain), lies the FKBP12—
rapamycin binding (FRB) domain (Cafferkey et al. 1993,
1994; Kunz et al. 1993; Helliwell et al. 1994). The struc-
ture of the FRB domain complexed with FKBP12 and
rapamycin has been determined by X-ray crystallogra-
phy, and reveals that rapamycin simultaneously occu-
pies two hydrophobic pockets, one in FKBP12 and the
other in FRAP/mTOR (Choi et al. 1996). Although lim-
ited interactions occur between the two proteins, rapa-
mycin establishes several contacts with both polypep-
tides, and is thus able to induce an FKBP12-FRAP/
mTOR interaction (Choi et al. 1996). The yeast Tor
mutants selected in the original genetic screens for rapa-
mycin resistance possess mutations at Ser 1972 or Ser
1975 (in Torlp and Tor2p, respectively, corresponding to
Ser 2035 in FRAP/mTOR). Mutation of this serine to
bulkier residues (isoleucine, threonine, or glutamic acid)
engenders rapamycin-resistance, whereas mutation of
this serine to alanine, a smaller amino acid, does not
affect rapamycin binding. The structure of the FRB do-
main complexed with FKBP12 and rapamycin explains
the requirement for a small residue at this position, as a
bulkier residue would be expected to prevent rapamycin
binding in the hydrophobic pocket (Choi et al. 1996).

The first 1200 amino acids of the Tor and FRAP/
mTOR proteins comprise a “HEAT” domain (named for
Huntingtin, elongation factor 3, the regulatory A subunit
of PP2A and Torlp, the first proteins found to possess
such a motif; Andrade and Bork 1995; Groves and Barford
1999; Groves et al. 1999). This motif consists of stretches
of ~40 amino acids in at least three repeats, and displays
a consensus pattern of hydrophobic, proline, aspartic
acid, and arginine residues. HEAT repeats have also been
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described in several other proteins (including elF4G;
Marcotrigiano et al. 2001), many of which function as
adapters or scaffolds. HEAT domains form curved rods
consisting of a-loop-a repeats, providing a large hydro-
phobic surface area for protein—protein interactions
(Chook and Blobel 1999; Cingolani et al. 1999; Groves et
al. 1999; Vetter et al. 1999; Marcotrigiano et al. 2001).
A protein termed gephyrin interacts with a region of
the FRAP/mTOR HEAT domain (amino acids 1017-
1046; Sabatini et al. 1999). Gephyrin is a tubulin-binding
protein involved in postsynaptic clustering of neuronal
glycine receptors, and is presumed to modulate the in-
tracellular localization of FRAP/mTOR. Mutations that
abrogate gephyrin binding also prevent FRAP/mTOR
signaling to two downstream translational targets, the
ribosomal S6 kinase 1 (S6K1) and 4E-BP1 (see below;
Sabatini et al. 1999). In yeast, the HEAT repeats are re-
sponsible for localization of Tor2p to the plasma mem-
brane, most likely through protein—protein interactions
with membrane-associated proteins (Kunz et al. 2000).

FRAP/mTOR kinase activity and a putative
signaling mechanism

FRAP/mTOR, despite its homology to PI3Ks, functions
as a protein kinase. Endogenous FRAP/mTOR, or FRAP/
mTOR expressed in insect cells, autophosphorylates on
Ser 2481 (Brown et al. 1995; Peterson et al. 2000). FRAP/
mTOR immunoprecipitates can phosphorylate several
other protein targets in vitro, including S6K1, 4E-BP1,
and 4E-BP2 (for review, see Fumagalli and Thomas 2000;
Raught et al. 2000b). Protein kinase activity is required
for FRAP/mTOR function. Mutations at positions corre-
sponding to those that abolish the lipid kinase activity of
PI3Ks prevent FRAP/mTOR autophosphorylation, and
abrogate its ability to signal to S6K1 and 4E-BP1 (e.g.,
Brown et al. 1995; Brunn et al. 1997b).

Wortmannin and LY294002 are structurally unrelated
molecules that, at low concentrations, are relatively spe-
cific, cell-permeable PI3K inhibitors (Powis et al. 1994,
Vlahos et al. 1994; Ui et al. 1995). However, wortmannin
also directly inhibits FRAP/mTOR autokinase activity
with an IC., that is ~100-fold higher than that required
for PI3K inhibition (~200 nM in vitro, 300 nM in vivo;
Brunn et al. 1996). LY294002 inhibits FRAP/mTOR au-
tokinase activity in vitro with an IC,, of 5uM (Brunn et
al. 1996). The other mammalian members of the PIKK
family are also sensitive to wortmannin treatment, with
ATM and DNA-PKc being more sensitive than ATR
(Hartley et al. 1995; Sarkaria et al. 1998). Thus, PIKK
inhibition by wortmannin and LY294002 must be con-
sidered when analyzing the effects of these inhibitors: In
some cases, effects that have been attributed to PI3K
inhibition may actually be caused by inhibition of one or
more PIKKs.

Although rapamycin complexed with FKBP12 po-
tently inhibits downstream signaling by FRAP/mTOR in
vivo, whether this complex inhibits the kinase activity
of FRAP/mTOR remains a controversial issue. It was
reported that the modest increase in FRAP/mTOR activ-
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ity elicited by insulin (see below) can be blocked by rapa-
mycin (Scott et al. 1998). Rapamycin in combination
with FKBP12 does inhibit FRAP/mTOR autokinase ac-
tivity in vitro, but a much higher concentration of rapa-
mycin than is required in vivo is necessary to observe
this effect (Peterson et al. 2000, and references therein).
Addition of rapamycin to cells in culture fails to inhibit
FRAP/mTOR autophosphorylation in vivo at Ser 2481,
as determined by the use of a phosphospecific antibody
directed against this site (Peterson et al. 2000), and little
or no difference in the kinase activity of FRAP/mTOR
immunoprecipitates is detected after rapamycin treat-
ment (Peterson et al. 2000, and references therein). Fi-
nally, whereas a mutation in the kinase domain of the
yeast Tor2p is lethal, rapamycin treatment leads to G,
arrest. If rapamycin were to inhibit Tor2p kinase activ-
ity, rapamycin treatment and mutation of the Tor2p ki-
nase domain would be expected to evoke equivalent phe-
notypes. Taken together, these data raise the distinct
possibility that rapamycin does not effect a direct inhi-
bition of the kinase activity of Tor and FRAP/mTOR.
One alternative model is that binding of the FKBP-
rapamycin complex to FRAP/mTOR triggers the activa-
tion of a phosphatase, which then acts on downstream
FRAP/mTOR effector molecules. Genetic screening has
identified several phosphatases, and a phosphatase-asso-
ciated protein, as part of a rapamycin-sensitive signaling
pathway in S. cerevisiae (Di Como and Arndt 1996; Jiang
and Broach 1999). S. cerevisiae expressing mutants of
Tap42p (a protein that interacts directly with the cata-
lytic subunit of the phosphatases PP2A and Sit4p) ex-
hibit a dramatic defect in translation initiation (Di
Como and Arndt 1996). Phosphorylated Tap42p com-
petes with the adaptor (A) and regulatory (B) subunits of
PP2A for binding to the catalytic subunit, but dephos-
phorylated Tap42p cannot compete efficiently (Jiang and
Broach 1999). Phosphorylation of Tap42p is effected
through the Tor proteins, as the rapamycin sensitivity of
Tap42p phosphorylation is abrogated in a yeast strain
expressing a rapamycin-resistant mutant of Torlp (Jiang
and Broach 1999). Furthermore, immunoprecipitates of
Tor2p can phosphorylate Tap42p in vitro (Jiang and
Broach 1999). Dephosphorylation of Tap42p is mediated
by the trimeric PP2A complex (Jiang and Broach 1999).
Consistent with this, the association of Tap42p with
PP2A is disrupted by nutrient deprivation or rapamycin
treatment, most likely through dephosphorylation of
Tap42p (Di Como and Arndt 1996; Jiang and Broach
1999). An ortholog of Tap42p, the B cell receptor-binding
protein a4, has been identified in mammalian cells (Inui
et al. 1995). An interaction between a4 and phosphatases
is also conserved in mammals; a4 binds directly to the
catalytic subunits of PP2A (Murata et al. 1997; Inui et al.
1998), PP4, and PP6 (Chen et al. 1998; Nanahoshi et al.
1999). Like Tap42p, a4 is a phosphoprotein, and the a4-
phosphatase interaction is inhibited by rapamycin (Mu-
rata et al. 1997; Inui et al. 1998). These observations have
led to a model predicting that Tap42p (or a4) phosphory-
lation, and PP2A binding, is regulated by Tor (or FRAP/
mTOR) signaling. An inhibition in Tor (FRAP/mTOR)
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signaling could lead to dephosphorylation of Tap42p
(a4), dissociation of the Tap42p (a4)-phosphatase com-
plex, and phosphatase activation (Fig. 2; Di Como and
Arndt 1996; Schmidt et al. 1998; Beck and Hall 1999;
Jiang and Broach 1999).

Does the phosphoinositide-3 kinase pathway signal
to FRAP/mTOR?

The PI3K signaling pathway has been described in detail
elsewhere (Fruman et al. 1998), and thus will be only
briefly summarized here. The PI3Ks are lipid kinases
that phosphorylate the third position in the inositol ring
(this discussion applies to class I PI3Ks; for review, see
Fruman et al. 1998). Phosphorylated lipids act as second
messengers to recruit and activate downstream targets,
including the serine/threonine kinase Akt/PKB (protein
kinase B; see below). PTEN (phosphatase and tensin ho-
molog deleted from chromosome 10; also known as
MMAC, mutated in multiple advanced cancers; or TEP,
TGFp-regulated and epithelial cell-enriched phospha-
tase) is a lipid phosphatase that dephosphorylates PI3K
lipid products and thus negatively regulates PI3K signal-
ing (Fig. 3; for review, see Cantley and Neel 1999; Di
Cristofano and Pandolfi 2000).

ALkt/PKB (a family of three members in mammals) pos-
sesses at its amino terminus a pleckstrin homology (PH)
domain that specifically binds PI3K lipid products (for
review, see Chan et al. 1999). After lipid binding, Akt/
PKB is targeted to membranes where it is phosphorylated
and activated by the kinase PDK1 (thought to be consti-
tutively membrane localized) and a kinase activity
termed PDK2 (Chan et al. 1999). Artificial membrane
targeting of Akt/PKB (accomplished, for example, by the
fusion of an amino-terminal myristylation signal) results
in constitutive kinase activation. Akt/PKB has been im-
plicated in a variety of cellular processes, including cell

Figure 2. A putative mechanism for Tor (FRAP/
mTOR) signaling in response to nutrient levels. In

growth and proliferation, protection from apoptosis, and
regulation of gene expression, including translational
control (for review, see Chan et al. 1999; Gingras et al.
1999b).

Another PI3K effector that has been implicated in the
control of translation initiation is S6K (two homologs in
mammals). S6Ks phosphorylate the ribosomal protein
S6, and possibly the translation initiation factor eIF4B
(see below; for review, see Fumagalli and Thomas 2000;
Hershey and Merrick 2000). Activation of S6K1 is a com-
plex, multistep mechanism (for review, see Fumagalli
and Thomas 2000). Like Akt/PKB, S6K activity is inhib-
ited by wortmannin and LY294002 (for review, see
Thomas and Hall 1997). Activation of S6K was also dem-
onstrated to require direct phosphorylation by PDKI1
(Pullen et al. 1998). However, S6K activity is also po-
tently inhibited by rapamycin, indicating that both PI3K
and FRAP/mTOR signaling are required for its activation
(for review, see Thomas and Hall 1997). Intriguingly, the
PI3K and FRAP/mTOR inputs to S6K can be separated.
Deletion of an amino-terminal fragment of S6K1 confers
rapamycin resistance, yet this truncation mutant re-
mains sensitive to wortmannin treatment. Deletion of
both the amino- and carboxyl termini of S6K confers
resistance to rapamycin and wortmannin (Dennis et al.
1996; Mahalingam and Templeton 1996). These data ar-
gue against a linear pathway comprised of PI3K and
FRAP/mTOR, but instead suggest that two separate in-
puts are required for full activation of S6K, such that a
disruption in either of the two signaling pathways can
abrogate S6K activity. A role for the atypical PKC iso-
forms in the activation of S6K1 also was described re-
cently (for review, see Fumagalli and Thomas 2000).

The S6K studies suggested that FRAP/mTOR does not
lie directly downstream of PI3K. The roles of growth
factors and various components of the PI3K pathway in
the regulation of FRAP/mTOR activity were thus inves-

conditions of nutrient availability (1, left), Tor (or
FRAP/mTOR) maintains Tap42p (or a4) in a phos-
phorylated state. Phosphorylation induces a direct
interaction with the catalytic (C) subunit of PP2A.
Interaction of Tap42p (or a4) with PP2A prevents
association with the adaptor (A) and regulatory (B)
subunits, and thus inhibits dephosphorylation of
downstream PP2A targets. In the absence of nutri-
ents (2, right), or in cells treated with rapamycin (3),
Tor (FRAP/mTOR) does not signal to Tap42p (or
a4), resulting in Tap42p (or a4) dephosphorylation,

free to associate with the A and B subunits, and to
dephosphorylate downstream targets, resulting in
translation inhibition. Because loss of TOR also
leads to phosphatase activation (4, right), Tor
(FRAP/mTOR)| likely signals constitutively in the

presence of nutrients, whereas in the absence of maintains phosphatase phosphatase is activated and
nutrients it is inactive (resulting in no signal). For in “repressed” state dephosphorylates targets

clarity, only the association of Tap42p (a4) with
PP2A is indicated; it can also associate with other
phosphatases (see text for details). \
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elF4E

Figure 3. Activation of translation initiation factors and in-
hibitors by PI3K and FRAP/mTOR signaling. Activated PI3K
phosphorylates phosphatidylinositols (PtdIns). The reverse re-
action is mediated by the phospholipid phosphatase PTEN.
PI3K-generated lipid products target Akt/PKB to membranes.
The membrane-proximal kinases PDK1 and PDK2 activate Akt/
PKB, which transmits its signal to unknown kinase(s) X, and
possibly to FRAP/mTOR. Kinase(s) X phosphorylates eIF4GI
and the 4E-BPs, repressing the 4E-BPs and possibly activating
elF4GI. PDK1 also phosphorylates and activates S6Ks. FRAP/
mTOR acts as a nutrient-sensor. When sufficient nutrients are
available, FRAP/mTOR transmits a positive signal to the S6Ks
and kinase(s) X, and participates in the inactivation of the 4E-
BPs. These events result in the activation of the translation of
specific mRNA subpopulations. When nutrients are scarce (or
in the presence of rapamycin), FRAP/mTOR does not signal.
The dashed lines indicate possible links. The pathway activated
by extracellular stimuli is shown in green, whereas nutrient-
regulated signaling is indicated in blue. Translational effectors
are depicted in red. GPCR = G-protein coupled receptor. The
targets of inhibition by wortmannin, LY294002, and rapamycin
are indicated. For clarity, the signaling downstream of FRAP/
mTOR by phosphatases is not depicted.

tigated directly. Following growth factor treatment, or in
response to expression of a constitutively active Akt/
PKB molecule, FRAP/mTOR immunoprecipitates dis-
play only a modest increase (or no change at all) in kinase
activity in vitro (Scott and Lawrence 1998; Scott et al.
1998; Sekulic et al. 2000). In fact, FRAP/mTOR kinase
activity in immunoprecipitates is constitutively active,
even when isolated from cells deprived of growth factors.
This is in contrast to the dramatic increase in S6K ac-
tivity observed in vivo following stimulation of the same
cells by the same growth factors (Fumagalli and Thomas
2000). It could be argued that the FRAP/mTOR immu-
noprecipitation and in vitro kinase assay do not accu-
rately reflect the in vivo situation (due, for example, to

Regulation of translation initiation by FRAP/mTOR

the loss of an inhibitor or to an artificial activation of the
kinase during immunoprecipitation). Thus, the exis-
tence of a direct link between Akt/PKB and FRAP/
mTOR was also investigated. Phosphospecific antibod-
ies to putative Akt/PKB phosphorylation sites in FRAP/
mTOR were utilized to monitor the influence of the
PI3K pathway on FRAP/mTOR phosphorylation. One
site, Ser 2448, was found to be phosphorylated in vivo.
Addition of insulin or interleukin-3 increased Ser 2448
phosphorylation in a PI3K- and Akt/PKB-dependent
manner (Navé et al. 1999; Sekulic et al. 2000). However,
the relevance of this phosphorylation to FRAP/mTOR
activity is not clear, because a FRAP/mTOR mutant pro-
tein possessing an alanine substitution at this site is able
to fully activate S6K1 following growth factor stimula-
tion (Sekulic et al. 2000).

Taken together, these data suggest that FRAP/mTOR
activity is not directly regulated by PI3K signaling. PI3K
and FRAP/mTOR signaling are both clearly required,
however, for activation of S6K1 and other downstream
targets (see below). How these signals may be integrated
remains unknown, but (as discussed below) a role for
FRAP/mTOR (and Tor) in nutrient sensing is gaining
widespread acceptance. This model suggests that Tor/
FRAP/mTOR relays a signal to downstream targets only
in the presence of sufficient nutrients, and thus serves as
a nutrient-dependent “gatekeeper.”

Effects of rapamycin on translation rates in yeast

In yeast, rapamycin treatment leads to a precipitous
translational arrest, accompanied by polysome disaggre-
gation (Barbet et al. 1996). The translational arrest occurs
prior to, and is presumed to be the cause of, cell cycle
arrest in G, (Barbet et al. 1996), which could be caused by
inhibition of cyclin 3 (CLN3) mRNA translation. Cln3p
activates the transcription of late G,-specific genes, in-
cluding CLN1 and CLN2, and is subject to translational
control (Polymenis and Schmidt 1997). CLN3 mRNA
translation is rapidly repressed following rapamycin
treatment or nitrogen deprivation (Gallego et al. 1997).
The cycle arrest (but not the general decrease in transla-
tion initiation) can be overcome if the CLN3 coding se-
quence is fused to the promoter and 5'UTR of the polyu-
biquitin-encoding gene UBI4, which renders CLN3
translation less dependent on the cap. Consistent with
this, in S. cerevisiae mutants defective in eIlF4E (which
also arrest in G,), expression of CLN3 is sufficient to
restore progression through the G, to S phase transition
(Danaie et al. 1999).

Effects of rapamycin on translation rates
in mammalian cells

Many of the same mRNAs that respond to hormone and
growth factor stimulation are extremely sensitive to
rapamycin treatment (e.g., Pedersen et al. 1997). The best
studied example of rapamycin-sensitive mRNAs is the
class possessing a 5'TOP (Jefferies et al. 1994; Terada et
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al. 1994). Most 5'TOP-containing mRNAs code for com-
ponents of the translation machinery, such as ribosomal
proteins, elongation factors, and the poly(A) binding pro-
tein (for review, see Jefferies and Thomas 1996; Meyuhas
et al. 1996; Meyuhas and Hornstein 2000). Translation of
these mRNAs is modulated through S6K1, as overex-
pression of a rapamycin-resistant form of S6K1 protects
eEFla (eukaryotic elongation factor la, a 5'TOP-con-
taining mRNA) from the effects of rapamycin (Jefferies et
al. 1997). Conversely, overexpression of a kinase dead
(dominant-negative) S6K1 prevents translational up-
regulation after mitogen treatment (Jefferies et al. 1997).
How S6K1 modulates 5'TOP translation is not under-
stood. For many years the ribosomal S6 protein was the
only known S6K1 target. It was therefore postulated that
5'TOP translation was regulated through S6 phosphory-
lation. However, a direct proof for the involvement of S6
in 5'TOP mRNA translation control is lacking. It is
noteworthy that 5'TOP translation during early Xenopus
embryogenesis is regulated by S6K, but not by the ribo-
somal S6 protein. In this system, 5'TOP mRNAs are
rapamycin-sensitive, but S6 phosphorylation is unaf-
fected by rapamycin (Schwab et al. 1999). Whether this is
an isolated case remains to be established.

A few examples of rapamycin-sensitive non-5'TOP
mRNAs have also been identified. Rapamycin-sensitiv-
ity of the translation of some mRNAs could be mediated
by the binding of specific mRNA binding proteins to
cis-acting elements. For example, the mRNA coding for
IGF-II leader 3 is found in inactive messenger ribonu-
cleoproteins (mRNPs) in resting cells, but its translation
is induced in growing cells in a rapamycin-sensitive
manner (Nielsen et al. 1995). This regulation is conferred
by the 5'UTR, because translation of IGF-II leader 4,
which differs only in the 5'UTR, is constitutive (Nielsen
et al. 1995). One possible mechanism for this regulation
is via the binding of a family of inhibitory proteins in the
5'UTR of the IGF-II leader 3 (and not to the leader 4;
Nielsen et al. 1999).

A third category of rapamycin-sensitive mRNAs are
those presumed to require high amounts of eIF4F heli-
case activity, due to the presence of long, structured
5'UTRs (as described above). Indeed, the translation of
two such mRNAs, those coding for ODC and c-myg, is
strongly inhibited by rapamycin treatment (e.g., Seidel
and Ragan 1997; Pyronnet et al. 1998; West et al. 1998).
Several other mRNAs whose translation is specifically
affected by rapamycin (including Bcl3, GLUT1, and Cy-
clin D1) have also been identified (e.g., Muise-Helmer-
icks et al. 1998; Weyrich et al. 1998; Taha et al. 1999),
but the mechanism mediating the rapamycin-sensitivity
of these transcripts remains to be established. As dis-
cussed previously, a genomic-based approach will be
necessary to obtain a clearer picture of the prevalence
and identity of rapamycin-sensitive mRNAs.

FRAP/mTOR signals to translation initiation effectors

The phosphorylation of the S6Ks, two elF4 proteins
(eIF4GI and elF4B), and the translational inhibitors 4E-
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BP1 and 4E-BP2 is modulated by PI3K and FRAP/mTOR
signaling (illustrated in Fig. 3). The effects of rapamycin
on translation have thus been postulated to be due, in
part, to modulation of the activity of these factors. Note
that, in addition to its effects on initiation factors, rapa-
mycin also affects phosphorylation of the elongation fac-
tor eEF2 (for review, see Proud 2000).

4E-BPs

Phosphorylation of specific serine and threonine resi-
dues modulates the affinity of the 4E-BPs for eIF4E (e.g.,
Lin et al. 1994; Pause et al. 1994; Fadden et al. 1997).
Whereas hypophosphorylated 4E-BPs bind efficiently to
elF4E, phosphorylation of a critical set of residues abro-
gates this interaction (for review, see Raught et al.
2000b). 4E-BP phosphorylation levels are increased by
many types of extracellular stimuli, including hor-
mones, growth factors, cytokines, mitogens, and G-pro-
tein coupled receptor agonists (Gingras et al. 1999b).
Conversely, environmental or nutritional stresses, as
well as infection with certain picornaviruses, decrease
4E-BP1 phosphorylation (Gingras et al. 1999b). Rapamy-
cin treatment decreases 4E-BP1 phosphorylation, and in-
creases its affinity for eIF4E (Lin et al. 1995; Beretta et al.
1996a; von Manteuffel et al. 1996). The sensitivity of the
various phosphorylation sites to rapamycin mirrors the
sensitivity of these sites to serum starvation, or treat-
ment with inhibitors of PI3K (for review, see Raught et
al. 2000b). In HEK293 cells, Thr 37 and Thr 46 are phos-
phorylated even in the absence of serum, and serum
stimulation only mildly increases phosphorylation of
these sites (Gingras et al. 1999a). Phosphorylation of Thr
37 and Thr 46 is also relatively resistant to inhibition by
rapamycin (Gingras et al. 1999a). However, phosphory-
lation of Ser 65 and Thr 70 is strongly enhanced by the
addition of serum, and nearly abolished following rapa-
mycin treatment. 4E-BP1 phosphorylation is an ordered,
hierarchical process (Gingras et al. 1999a). Mutation of
Thr 37 and/or Thr 46 to alanine(s) prevents phosphory-
lation of Ser 65 and Thr 70, but mutation of Thr 37 and
Thr 46 to glutamic acid residues partially restores the
phosphorylation of Ser 65 and Thr 70, indicating that
phosphorylation of Thr 37 and Thr 46 serves as a requi-
site “priming” event (Gingras et al. 1999a; Mothe-Satney
et al. 2000a,b; A-C. Gingras and B. Raught, unpubl.).
FRAP/mTOR immunoprecipitates phosphorylate 4E-
BP1 on the “priming” sites, Thr 37 and Thr 46 (Brunn et
al. 1997a,b; Burnett et al. 1998; Gingras et al. 1999a;
Heesom and Denton 1999). However, FRAP/mTOR
clearly plays a critical regulatory role in the phosphory-
lation of Ser 65 and Thr 70, because these residues dis-
play a higher degree of rapamycin sensitivity than Thr 37
and Thr 46, and expression of a rapamycin-resistant
FRAP/mTOR protein (but not rapamycin-resistant S6K1)
confers rapamycin resistance to 4E-BP1 phosphorylation
at these sites (Brunn et al. 1997b; Hara et al. 1997; von
Manteuffel et al. 1997; Gingras et al. 1998). Because
treatment of cells with the phosphatase inhibitor calycu-
lin prevents 4E-BP1 dephosphorylation (Peterson et al.
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1999), it is possible that a PP2A-type phosphatase di-
rected towards Ser 65 and Thr 70 is activated following
rapamycin treatment. Consistent with this hypothesis,
Tap42 and a4 interfere with PP2A-induced 4E-BP1 de-
phosphorylation in an in vitro assay (Nanahoshi et al.
1998).

The signaling pathway to 4E-BP1 also involves, in
most circumstances, activation of PI3K and Akt/PKB
(e.g., von Manteuffel et al. 1996; Gingras et al. 1998;
Kohn et al. 1998; Wu et al. 1998; Takata et al. 1999),
although PI3K and Akt-independent phosphorylation
has been reported (Rybkin et al. 2000). Wortmannin and
LY294002 inhibit Ser 65 and Thr 70 phosphorylation at
low concentrations. Overexpression of a constitutively
active p110a PI3K catalytic subunit or the Akt/PKB pro-
tein maintains phosphorylation at Ser 65 and Thr 70,
even in the absence of serum or mitogens (Gingras et al.
1998; Kohn et al. 1998; Dufner et al. 1999; Takata et al.
1999). Thus, like S6K1, both FRAP/mTOR and PI3K sig-
naling regulate 4E-BP1 phosphorylation.

In 293 cells, the major phosphorylation sites are Thr
37, Thr 46, Ser 65, Thr 70, and Ser 83 (it is unclear,
however, whether Ser 83 phosphorylation is modulated
by extracellular stimuli). Another phosphorylation site,
Ser 112 (which is rapamycin-resistant, but wortmannin-
sensitive, and which was reported to be a major phos-
phorylation site in adipocytes) has also been identified
(Heesom et al. 1998). Ser 112 was reported to be a target
for ATM (Yang and Kastan 2000). Putative roles for PKC8
and c-abl in activating 4E-BP1 phosphorylation were also
reported recently, although the mechanisms involved in
this process remain to be established (Kumar et al.
2000a,b).

4E-BP2 shares 56 % identity with 4E-BP1, the strongest
homology occurring in the region surrounding the eIF4E-
binding site. Why mammalian cells possess multiple 4E-
BPs, each with apparently identical function, is un-
known. However, some interesting differences between
the 4E-BP isoforms are beginning to emerge. Like 4E-
BP1, 4E-BP2 phosphorylation is sensitive to LY294002
and rapamycin treatment. However, 4E-BP2 appears to
be phosphorylated on fewer residues than 4E-BP1 (B.
Raught and A-C. Gingras, unpubl.). Whereas human 4E-
BP1 is separated into six isoforms in the isoelectric fo-
cusing gel system (A-C. Gingras and B. Raught, unpubl.),
4E-BP2 is separated into only four species. This differ-
ence in the number of phosphorylated residues may af-
fect the binding properties of 4E-BP2: Although 4E-BP1 is
rapidly released from eIF4E in response to adenovirus
infection, 4E-BP2 is released much more slowly (Gingras
and Sonenberg 1997). Thus, the kinetics of eIF4E libera-
tion after the application of a given stimulus could vary
significantly in different tissues containing dissimilar
4E-BP1/4E-BP2 ratios (e.g., Lin and Lawrence 1996).

elF4GI

elF4GI phosphorylation is also regulated by PI3K and
FRAP/mTOR signaling. Three phosphorylation sites
(serines 1108, 1148, and 1192) have been identified in an

Regulation of translation initiation by FRAP/mTOR

elF4GI carboxy-terminal “hinge” region, located be-
tween the “core” middle fragment (a HEAT domain that
interacts with eIF3, eIF4A, and which binds to RNA;
Lamphear et al. 1995; Imataka and Sonenberg 1997; Mar-
cotrigiano et al. 2001) and the modulatory carboxy-ter-
minal region (a domain possessing a second binding site
for elF4A, and which interacts with the eIF4E kinase,
Mnk1; Imataka and Sonenberg 1997; Morino et al. 2000).
Phosphorylation of these sites is up-regulated by serum
or insulin treatment, and is inhibited by rapamycin or
LY294002 (Raught et al. 2000a). However, neither FRAP/
mTOR nor S6K1 can directly phosphorylate the carboxy-
terminal hinge region residues in vitro. Interestingly,
amino-terminally truncated eIF4GI proteins are consti-
tutively phosphorylated on the hinge region residues,
even in the presence of rapamycin (Raught et al. 2000a).
Thus, rapamycin-insensitive kinases must be respon-
sible for the phosphorylation of these residues, whereas
an amino-terminal fragment regulates the accessibility
of the hinge region sites to these kinases in a rapamycin-
sensitive manner. The function of these phosphorylation
events is unclear. The hinge region phosphorylation sites
do not overlap with binding sites for any known eIF4GI
interacting protein, and no differences in the interaction
of elF4GI with several known binding partners (eIlF4A,
elF3, and Mnk1; Raught et al. 2000a) were observed for
elF4GI isolated from serum-starved versus serum-stimu-
lated cells. It was thus suggested that phosphorylation
could affect intramolecular interactions to confer
changes in eIF4GI structure (Raught et al. 2000a).

elF4B

elF4B was first purified as an activity capable of stimu-
lating translation in a rabbit reticulocyte lysate, and pro-
moting ribosome binding to mRNA in vitro (Benne et al.
1977; Schreier et al. 1977; Benne and Hershey 1978). This
ubiquitous protein was later demonstrated to dramati-
cally stimulate the helicase activity of e[F4A (Rozen et
al. 1990). elF4B can dimerize (Methot et al. 1996), and
possesses two separate RNA binding domains, an amino-
terminal RNA recognition motif (RRM), and a carboxy-
terminal arginine rich motif (ARM) that binds RNA in a
sequence-independent manner (Naranda et al. 1994).
elF4B also displays RNA annealing activity, and has thus
been proposed to bridge the mRNA and ribosomal RNA
during translation initiation (Altmann et al. 1995). eIF4B
appears to play an accessory role in translation; it is not
absolutely required for translation in yeast (Altmann et
al. 1993) or for initiation complex formation in vitro
with mammalian factors (Pestova et al. 1996; Morino et
al. 2000). Yeast strains deficient for e[F4B are viable, but
display a slow-growth phenotype (Altmann et al. 1993;
Coppolecchia et al. 1993). However, elF4B may play an
important role in the discriminatory properties of the
general translation machinery: An mRNA with exten-
sive 5'UTR secondary structure is translated poorly in a
yeast strain disrupted for e[F4B (Altmann et al. 1993).
Mammalian elF4B is a phosphoprotein (Benne et al.
1977, 1978; Schreier et al. 1977) and treatment of cells
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with serum, insulin, or phorbol esters results in eIF4B
hyperphosphorylation (Duncan and Hershey 1985; Mor-
ley and Traugh 1989, 1990). However, the biological sig-
nificance of eIF4B phosphorylation is unclear. Recombi-
nant elF4B expressed in E. coli is active both in an in
vitro helicase assay (Rozen et al. 1990) and in a ribosome
toe-printing assay (Pestova et al. 1996; Morino et al.
2000). eIF4B can be phosphorylated in vitro with several
different kinases, including S6K1 (Morley and Traugh
1989, 1990; F. Peiretti and J.W.B. Hershey, pers. comm.).
Intriguingly, two-dimensional tryptic phosphopeptide
mapping has revealed that eIF4B possesses at least one
serum-stimulated phosphorylation site that is sensitive
to rapamycin and LY294002 treatment (B. Raught, F.
Peiretti, and J.W.B. Hershey, unpubl.). Thus, PI3K and
FRAP/mTOR also appear to signal to e[F4B. It remains to
be determined whether phosphorylation of eIlF4B plays a
role in 5'TOP translation.

In summary, how rapamycin exerts its effects on
translation initiation is not understood, but the phos-
phorylation of several translation initiation factors and
inhibitors has been clearly demonstrated to lie down-
stream of PI3K and FRAP/mTOR.

FRAP/mTOR as a sensor molecule

FRAP/mTOR signals to translation in response
to nutrient availability

In mammals, amino acid levels modulate the activity of
several proteins involved in translation, including the
4E-BPs and S6K1 (for review, see Kimball and Jefferson
2000). Amino acid deprivation leads to a reduction in
4E-BP1 and S6K1 phosphorylation (e.g., Hara et al. 1998).
Amino acid readdition to amino acid-deprived cells par-
tially restores 4E-BP1 phosphorylation, and synergizes
with insulin, IGF-I, or serum to elicit complete phos-
phorylation (e.g., Hara et al. 1998; Xu et al. 1998a,b).
Leucine is critical for 4E-BP1 and S6K1 phosphorylation,
and leucine alone (and, to a lesser extent, other
branched-chain amino acids) can partially stimulate the
phosphorylation of 4E-BP1 and S6K1 in amino acid-de-
prived cells. The specificity of leucine suggests that a
leucine receptor may play an important role in amino
acid sensing (for review, see Kimball and Jefferson 2000).

A role for FRAP/mTOR in amino acid signaling was
suggested by the observations that a rapamycin-resistant
FRAP/mTOR protein confers resistance on S6K1 to
amino acid deprivation (Iliboshi et al. 1999), and a rapa-
mycin-resistant S6K1 protein is insensitive to amino
acid withdrawal (Hara et al. 1998). Amino acid depriva-
tion does not affect PI3K or Akt/PKB activity, nor does it
inhibit the activation of these proteins by serum or in-
sulin treatment (Hara et al. 1998; Patti et al. 1998; Camp-
bell et al. 1999; Kimball et al. 1999; Shigemitsu et al.
1999). Therefore, amino acid modulation of S6K1 and
4E-BP1 phosphorylation does not involve PI3K or Akt/
PKB. Amino acid-induced 4E-BP1 and S6K1 phosphory-
lation is sensitive to wortmannin treatment (Patti et al.
1998; Wang et al. 1998; Xu et al. 1998a), but at higher
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concentrations than those required to inhibit phosphory-
lation of 4E-BP1 and S6K1 after insulin stimulation (Shi-
gemitsu et al. 1999). This is consistent with the concen-
tration of wortmannin required for FRAP/mTOR inhibi-
tion (Brunn et al. 1996; Sarkaria et al. 1998; see above).
Thus, several lines of evidence suggest that FRAP/
mTOR may play an important nutrient checkpoint role,
allowing propagation of intracellular signals to the trans-
lational apparatus only when sufficient amino acids are
present. (Fig. 3)

The connection between Tor and nutrient signaling in
yeast has been well documented. Treatment of S. cerevi-
siae with rapamycin mimics the effects of starvation,
and elicits activation or repression of the same subset of
genes modulated following a switch from a rich to a poor
carbon or nitrogen source (Barbet et al. 1996; Schmidt et
al. 1998; Powers and Walter 1999; Beck and Hall 1999;
Cardenas et al. 1999; Hardwick et al. 1999; Shamiji et al.
2000). Tor also plays an important role in autophagy, and
in the regulation of amino acid permeases. The reader is
referred to Dennis et al. (1999) and Schmelzle and Hall
(2000) for recent reviews.

Is FRAP/mTOR a mediator of “translational
homeostasis”?

Treatment of cells with translational inhibitors such as
anisomycin or cycloheximide leads to hyperphosphory-
lation of both 4E-BP1 and S6K1 (e.g., Brown and
Schreiber 1996; von Manteuffel et al. 1996). In contrast,
in a murine fibroblast cell line transformed by eIF4E
overexpression (Lazaris-Karatzas et al. 1990) in which
general translation rates are increased (Rosenwald et al.
1999), both 4E-BP1 and S6K1 are maintained in a hypo-
phosphorylated state (Khaleghpour et al. 1999). Inducible
overexpression of eIF4E also leads to 4E-BP1 and S6K1
dephosphorylation, indicating that this effect is due to
elF4E (or increased translation) itself, and is not, in this
case, a secondary effect of the transformation process
(Khaleghpour et al. 1999). Interestingly, 4E-BP1 was also
shown to be hypophosphorylated in several murine
mammary tumor cell lines, in contrast to nontumori-
genic parental cell strains (Raught et al. 1996). These
data are consistent with a model in which the signaling
pathways modulating 4E-BP1 and S6K1 activity respond
to an unscheduled change in translation initiation. It is
also conceivable that transformed cells may acquire the
ability to bypass this translational inhibition mecha-
nism.

Regulation of cell growth and proliferation by PI3K
and TOR signaling

In the fruit fly Drosophila melanogaster, the PI3K-Akt/
PKB signaling module plays an important role in the
regulation of cell growth (an increase in cell mass) and,
in some cases, in the control of proliferation (Leevers et
al. 1996; Verdu et al. 1999; Weinkove et al. 1999). Mu-
tations in the PI3K or Akt/PKB Drosophila homologs
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reduce cell size, organ size, and organism size. Ectopic
overexpression of these kinases has the opposite effect
(Leevers et al. 1996; Verdu et al. 1999; Weinkove et al.
1999). Mutations in dPTEN increase cell growth,
whereas overexpression of dPTEN inhibits growth (Gob-
erdhan et al. 1999; Huang et al. 1999; Gao et al. 2000).

Recently, an important role has also been established
for the Drosophila FRAP/mTOR ortholog, dTOR, in the
regulation of growth and proliferation (Oldham et al.
2000; Zhang et al. 2000). Homozygotic dTOR mutants
hatch normally, but larvae grow more slowly and are
smaller than their wild type counterparts. These mu-
tants remain viable for as long as 30 days, but eventually
die without pupating. Interestingly, dTOR mutant cell
clones generated by FLP/FRT-mediated mitotic recom-
bination exhibit a pronounced decrease in cell size in
several adult tissues, and in the developing wing imagi-
nal disc (Zhang et al. 2000). Furthermore, the cell cycle
phasing of dTOR mutant cell clones differs from control
cells, with more cells in G, and relatively less cells in the
S and G, phases (Zhang et al. 2000). This observation is
consistent with the ability of rapamycin to arrest yeast
and mammalian cells in G, (Abraham and Wiederrecht
1996; Schmelzle and Hall 2000). Whereas mutations of
dPTEN result in increased cell growth, cell clones lack-
ing both dPTEN and dTOR were indistinguishable from
dTOR clones, indicating that the growth stimulatory ef-
fect of the PI3K pathway requires dTOR function (Zhang
et al. 2000).

As is observed in yeast, loss of dTOR function mimics
amino acid withdrawal, eliciting an extended larval pe-
riod accompanied by a reduction in nucleolar area (indi-
cating decreased ribosome biosynthesis; Britton and
Edgar 1998; Zhang et al. 2000). In larval endoreplicative
tissues (cells which do not divide, but which replicate
their DNA complement), loss of dTOR phenocopies the
cell cycle arrest elicited by starvation. This cell cycle
arrest can be relieved by overexpression of the G, /S regu-
lator cyclin E (Zhang et al. 2000). These data provide
evidence that dTOR is involved in nutrient sensing, and
further suggest that in the presence of sufficient nutri-
ents, dTOR transmits a positive signal, whereas dTOR
signaling is inhibited when the amino acid supply is in-
sufficient to support growth.

Phosphorylation of the Drosophila S6K and 4E-BP
(a.k.a Thor; Bernal and Kimbrell 2000) orthologs is also
sensitive to rapamycin treatment, and thus appears to be
downstream of dTOR (Stewart et al. 1996; Miron et al.
2001). Genetic studies have confirmed dS6K as a down-
stream effector of dTOR, because overexpression of this
kinase partially rescues dTOR hypomorphic mutants, al-
lowing them to survive to adulthood (Zhang et al. 2000).
This effect is consistent with the phenotype of flies de-
void of dS6K (Montagne et al. 1999); although viable,
dS6K mutants are significantly smaller than wild-type
flies because of a reduction in cell size (Montagne et al.
1999). A decrease in cell size is also observed in cells
overexpressing an activated form of Drosophila 4E-BP
(Miron et al. 2001).

PI3K and FRAP/mTOR signaling has also been impli-
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cated in cell growth and proliferation control in mam-
mals. PI3K signaling regulates cell and organ size of the
mouse heart (Shioi et al. 2000). As in Drosophila, a
FRAP/mTOR mouse mutant (termed flat-top) is signifi-
cantly smaller than wild-type animals, displays a
marked developmental delay, and dies in utero (Hentges
et al. 1999; A. Peterson, pers. comm.). Deletion of the
murine S6K1 yielded a small mouse phenotype and a
growth delay, but knockout mice did not exhibit any
other obvious morphological differences from their wild-
type counterparts (Shima et al. 1998). Importantly, not
all cells are affected to the same degree by S6K1 deletion:
For example, a disproportionate decrease in B-cell size in
S6K1-/- mice appears to cause glucose intolerance and
hyperinsulinaemia (Pende et al. 2000). This is believed to
be caused by the extreme dependence of B-cells on mi-
togens and nutrients. The analysis of the results in mice
are complicated by the presence of a second S6K isoform
(S6K2), which is also rapamycin-sensitive (Shima et al.
1998).

In summary, a plethora of results from yeast, Dro-
sophila, and mice suggest that growth (an increase in
mass) and proliferation are points of convergence for at
least two distinct sets of cues: signaling from the PI3K
pathway, and the presence of sufficient nutrient levels to
support growth, as sensed by Tor, dTOR, or FRAP/
mTOR (Fig. 3).

Dysregulation of PI3K and FRAP/mTOR signaling
pathways in cell transformation and cancer

Transforming potential and mutation, amplification,
and deletion in tumors

Consistent with the critical importance of PI3K and
FRAP/mTOR signaling in the control of growth and pro-
liferation, dysregulation of the activity of several com-
ponents in this pathway is associated with transforma-
tion. For example, PI3K was first discovered as a kinase
activity copurifying with the polyoma middle T antigen
and the oncogene v-src (Sugimoto et al. 1984; Whitman
et al. 1985). Since these early reports, the transforming
ability of several other oncogenes has been demonstrated
to correlate with their ability to bind to and activate
PI3K (for review, see Cantley et al. 1991). Oncoproteins
derived from PI3K itself have also been identified. The
p3k protein, isolated from the avian sarcoma virus
ASV16 and derived from the catalytic subunit of PI3K,
induces hemangiosarcoma in chickens and potently
transforms chicken fibroblasts in culture (Chang et al.
1997). p65-PI3K, a truncation mutant of the regulatory
PI3K p85 subunit, was isolated from a thymic lymphoma
(Jimenez et al. 1998). This protein drives constitutive
PI3K activation, causing lymphoproliferative disorders
and autoimmunity when expressed in murine T lympho-
cytes (Jimenez et al. 1998; Borlado et al. 2000). Overex-
pression of the PI3K «a catalytic subunit, caused by gene
amplification, has been detected in ~40% of ovarian can-
cers (Shayesteh et al. 1999). Consistent with an increase
in PI3K activity as a causal agent, treatment of ovarian
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cancer cells in culture with LY294002 decreased prolif-
eration and increased apoptosis (Shayesteh et al. 1999;
Hu et al. 2000). Furthermore, LY294002 administration
decreased the growth of ovarian tumors in athymic mice,
and prevented ascites formation (Hu et al. 2000).

One of the most frequent targets for mutation in hu-
man cancer is PTEN. PTEN was first identified as a can-
didate tumor suppressor gene located on chromosome 10
(10923; Li et al. 1997; Steck et al. 1997). Somatic deletion
or homozygous mutation of PTEN is detected in a large
proportion of human cancers, and is especially frequent
in glioblastomas, melanomas, endometrial carcinomas,
and prostate cancers (for review, see Cantley and Neel
1999). Germ-line mutation of PTEN is associated with
(1) dominantly inherited syndromes associated with can-
cer predisposition and (2) developmental defects (e.g.,
Liaw et al. 1997; Marsh et al. 1997). Ectopic expression of
PTEN inhibits the growth of tumor-derived cell lines (for
review, see Cantley and Neel 1999). Disruption of a
single copy of PTEN (+/-) in mice induces multiple types
of tumors, confirming PTEN as a tumor suppressor,
whereas homozygous PTEN null mice die in utero (Di
Cristofano et al. 1998; Suzuki et al. 1998; Podsypanina et
al. 1999). The basal activity of Akt/PKB is elevated in
PTEN-deficient tumor cell lines (as well as in fibroblasts
and tumors from PTEN knockout mice), consistent with
a resistance of PTEN-/- fibroblasts to apoptosis (for re-
view, see Cantley and Neel 1999).

ALkt/PKB was first described as the cellular counterpart
of the oncogene v-akt, a protein consisting of an amino-
terminal fusion of a viral Gag protein to the amino ter-
minus of Akt, inducing constitutive membrane targeting
of the protein (Bellacosa et al. 1991). Overexpression of
ALkt transforms mammalian cells in culture (e.g., Cheng
et al. 1997; Mirza et al. 2000), and Akt/PKB genes are
amplified or overexpressed in several cancers (breast,
gastric, ovarian, pancreatic, and prostate cancers; Cheng
et al. 1992, 1996; Bellacosa et al. 1995; Ruggeri et al.
1998; Nakatani et al. 1999). Overexpression of antisense
Akt/PKB mRNA can inhibit tumorigenicity in a pancre-
atic cell line expressing high Akt/PKB levels (Cheng et
al. 1996).

Rapamycin as an anticancer drug

Although no mutations in FRAP/mTOR have been de-
tected in tumors to date, signaling through FRAP/mTOR
appears to be critical for tumor growth. Interestingly,
CCI-779 (a rapamycin ester formulated for intravenous
use) inhibits the growth in mice of human tumor xeno-
grafts deficient in PTEN (C.L. Sawyers, pers. comm.).
Lower doses of CCI-779 are required to inhibit PTEN-/-
tumor growth than PTEN +/+ tumors, indicating that
PTEN deletion sensitizes cells to growth arrest elicited
by FRAP/mTOR inhibition. This effect is not confined
to PTEN deletion, as tumors overexpressing myr—Akt (a
membrane-targeted, activated allele of Akt/PKB) are also
sensitized to CCI-779 (C.L. Sawyers, pers. comm.). CCI-
779 administered alone results in growth inhibition (but
not the shrinkage of an existing tumor), but CCI-779
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treatment combined with androgen withdrawal led to
tumor regression in an androgen-dependent prostate can-
cer xenograft lacking PTEN (C.L. Sawyers, pers. comm.).
Rapamycin at low doses (1 ng/mL) reverses the transfor-
mation of chicken embryo fibroblasts expressing p3k or
Akt (Aoki et al. 2001). CCI-779 also arrests the growth of
various human tumor cells in vivo with different poten-
cies (IC;, of ~1 nM to >1 uM; Gibbons et al. 1999). In
nude mouse xenografts, CCI-779 (when given for five
consecutive days) inhibited glioblastoma tumor growth
for up to two weeks after drug withdrawal, whereas nor-
mal immune function was restored as early as one day
following withdrawal, indicating that an intermittent
dosage of CCI-779 could be effective (Gibbons et al.
1999). Thus, rapamycin (or its analogs) may be a prom-
ising therapeutic agent for the treatment of cancers re-
sulting from a dysregulation of the PI3K pathway.

Excessive growth of Epstein-Barr virus (EBV)-trans-
formed B lymphocytes is often the cause of life-threat-
ening posttransplant lymphoproliferative disorders. An-
other rapamycin analog, SDZ RAD, which is in use to
prevent graft rejection, has an antiproliferative effect on
EBV-transformed B lymphocytes in culture and in a
mouse model, blocking these cells in G; and inducing
apoptosis (Majewski et al. 2000). Thus, rapamycin ana-
logs may also be useful in the prevention of lymphoid
hyperplasia or lymphoma in transplant patients.

In regard to the use of rapamycin either as an immu-
nosuppressant or as an anti-cancer drug, it is important
to note that it does not inhibit, but actually stimulates,
the translation of mRNAs containing an Internal Ribo-
some Entry Site (IRES ; for review, see Jackson 2000). All
picornaviruses (including poliovirus, rhinovirus, and
coxsackieviruses) and the hepatitis C virus possess an
IRES (for review, see Belsham and Jackson 2000), and
replication of poliovirus in cultured cells is enhanced by
rapamycin (Beretta et al. 1996b; Svitkin et al. 1998). Be-
cause some of these viruses establish persistent infec-
tions, rapamycin treatment could activate their transla-
tion in patients. It will thus be important to assess the
risks of this possible side-effect.

Translational targets and cancer

Overexpression of 4E-BP1 or 4E-BP2 in cells transformed
by eIF4E, Src or Ras reverts the transformed phenotype
(Rousseau et al. 1996). In the case of Ras-transformed
cells, the mechanism appears to be mediated (at least in
part) through reversal of the anti-apoptotic activity of
Ras (Polunovsky et al. 2000). In fact, 4E-BP1 overexpres-
sion sensitizes Ras-transformed cells to apoptosis in-
duced by lovastatin or camptothecin, but does not sen-
sitize the parental cells to apoptosis (Polunovsky et al.
2000). This phenotype is dependent on the ability of 4E-
BP1 to bind to eIF4E, as a mutant deficient for binding
does not lead to apoptosis sensitization (Polunovsky et
al. 2000). Similar findings using 4E-BP1 peptides were
reported by Herbert et al. (2000).

A significant portion of the anti-tumor effects of rapa-
mycin could be attributable to translational modulation.
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As mentioned previously, eIF4E or eIF4G overexpression
results in malignant transformation (Lazaris-Karatzas et
al. 1990; Fukuchi-Shimogori et al. 1997). Elevated levels
of eIFAF components have been detected in a variety of
tumors. For example, a large number of tumors have
been found to harbor increased levels of eIF4E [e.g.,
breast carcinoma, primary bladder cancer, non-
Hodgkin’s lymphoma, and head and neck squamous cell
carcinomas; for review, see De Benedetti and Harris
1999; Hershey and Miyamoto 2000). Amplification of
the elF4GI gene has been detected in 30% of squamous
lung carcinomas (Brass et al. 1997). High levels of eIF4AI
are found in human melanoma cells (Eberle et al. 1997).
Overexpression of various elF3 subunits in a broad spec-
trum of cancers was also reported (for review, see Her-
shey and Miyamoto 2000). Further studies examining
the protein levels and activity of the translation initia-
tion factors will be necessary to better define the in-
volvement of these factors in tumor formation.

Conclusions

A profusion of recent data suggests that FRAP/mTOR
acts as a nutrient-sensor checkpoint control protein. In
the presence of sufficient nutrients, FRAP/mTOR sig-
nals to several translation factors, and specifically en-
hances the translation of mRNAs involved in growth
and proliferation control. This mechanism may explain
why inhibition of FRAP/mTOR activity can block tumor
growth.

The Tor (and likely FRAP/mTOR|) proteins coordinate
catabolism versus anabolism. Tor (FRAP/mTOR) not
only modulates phosphorylation of translation factors,
but also regulates the rate of synthesis of the compo-
nents of the translation machinery, both at the transcrip-
tional and translational levels (e.g., Cardenas et al. 1999;
Hardwick et al. 1999; Powers and Walter 1999). Aside
from their effects on translation, these proteins also
modulate autophagy and amino acid import (through
modulation of permease activity), and regulate the tran-
scription of several enzymes involved in the nitrogen
discrimination and glucose activation pathways (in the
presence of rapamycin, several of these genes are tran-
scriptionally activated; for review, see Dennis et al.
1999; Schmelzle and Hall 2000). Although only cytoplas-
mic factors have been implicated in these signaling pro-
cesses to date, the recent demonstration that FRAP/
mTOR is a nucleocytoplasmic shuttling protein suggests
that it could also have direct targets in the nucleus (Kim
and Chen 2000).

It is hoped that future research on FRAP/mTOR sig-
naling and its control of translation will increase our
understanding of cell growth and proliferation. This re-
search should provide valuable information on the phar-
maceutical applications of rapamycin, and other poten-
tial inhibitors of this pathway.
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