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Summary PHAS-I is a recently discovered regulator
of translation initiation. Non-phosphorylated PHAS-
I binds and inhibits eukaryotic initiation factor-4E,
the mRNA cap-binding protein that mediates a rate-
limiting step in translation initiation. When PHAS-I
is phosphorylated in response to insulin, the PHAS-
I/eukaryotic initiation factor-4E complex dissociates.
The present study was conducted to investigate
mechanisms involved in the control of PHAS-I. Phos-
phorylation of PHAS-I was monitored by immuno-
blotting after subjecting extracts to polyacrylamide
gel electrophoresis in the presence of sodium dodecyl
sulphate. This was possible because phosphorylation
markedly decreases the electrophoretic mobility of
PHAS-I. Incubating 3T3-L.1 adipocytes with rapamy-
cin and wortmannin inhibited insulin-stimulated
phosphorylation of PHAS-I at concentrations simi-
lar to those that inhibited activation of p705°k,
Both agents increased the amount of PHAS-I that

co-purified with eukaryotic initiation factor-4E when
extracts were fractionated using a cap affinity resin,
indicating that PHAS-I binding to the initiation fac-
tor was increased. Incubating adipocytes with the
protein phosphatase inhibitors, calyculin A and oka-
daic acid, increased PHAS-I phosphorylation and
opposed the effects of rapamycin on decreasing
PHAS-I phosphorylation. However, neither okadaic
acid nor calyculin A abolished the effects of rapamy-
cin on PHAS-I. These results suggest that the phos-
phorylation of PHAS-I in response to insulin occurs
via the p70%X signalling pathway. By regulating eu-
karyotic initiation factor-4E, PHAS-I may have im-
portant roles in the control of both protein synthesis
and mitogenesis. [Diabetologia (1997) 40: S18-S24]
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Insulin is of vital importance in the control of pro-
tein metabolism, as dramatically exemplified by
the severe muscle wasting that occurs with insulin
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deficiency in untreated diabetes mellitus [1]. Insulin
stimulates protein synthesis in skeletal and cardiac
muscle cells, hepatocytes, and adipocytes by complex
regulatory mechanisms involving both transcrip-
tional and translational processes [1, 2]. At the tran-
scriptional level, messages encoding many proteins
and enzymes involved in the insulin response are
synthesized at an increased rate. At the translational
level, mRNA is translated more rapidly, resulting in
a generalized increase in protein synthesis. In addi-
tion, the rates of translation of certain classes of
mRNAs are increased much more than the overall
rate of translation [3, 4]. Examples are messages
containing structured (G/C-rich) 5' non-translated
regions [5], and messages having a polypyrimidine
motif near the 5' end [6], as is found in mRNAs
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encoding ribosomal subunits. Indeed, the rapid syn-
thesis of ribosomal proteins serves to gear the cell
up for making protein [3, 4].

Because many minutes to hours are required for
newly synthesized proteins to accumulate in response
to insulin, the effects of insulin on protein synthesis
have been viewed as ‘long-term’ effects and have
been distinguished from the acute actions of insulin
involved in the regulation of carbohydrate and lipid
metabolism. There has been a tendency to assume
that the transduction pathways involved in control-
ling protein synthesis must differ from those involved
in the acute responses. However, this is based on a
misperception as initial events involved in the stimu-
lation of protein synthesis by insulin occur rapidly. In-
deed, there is increasing evidence that protein syn-
thesis is controlled by transduction elements that are
also involved in the regulation of carbohydrate and li-
pid metabolism [7].

Insulin activates multiple Ser/Thr protein kinases,
resulting in rapid increases in the phosphorylation of
many proteins [8, 9]. One such protein is a heat- and
acid-stable species of apparent M, =22000 [8, 9],
designated PHAS-I [10]. cDNA encoding PHAS-I
was recently cloned [10] and the protein was found
to represent the first member of a family of transla-
tional regulators that interact with eIF-4E [11-14],
the mRNA cap-binding protein [15-17]. The mRNA
cap is an m’GPPPN (where N is any nucleotide) mo-
tif found at the 5’ end of eukaryotic mRNA [18].
The cap is essential for translation initiation mediated
by the initiation complex, eIF-4F, which is formed by
the following three subunits: elF-4E, elF-4A, and
p220 [15-17]. eIF-4A is an ATP-dependent helicase
which is involved in melting of secondary structure
in the 5' non-translated region of mRNA, allowing
for more efficient translation of messages having
structured 5' non-translated regions. p220 is a rela-
tively large protein (apparent M, [1220000) that
binds to both eIF-4E and elF-4A. eIF-4E is the least
abundant of the subunits, and its activity appears to
be rate-limiting for translation initiation [15, 17]. As
initiation is generally the limiting phase for mRNA
translation [16], eIF-4E is an important control point
for protein synthesis.

Non-phosphorylated PHAS-I binds to eIF-4E and
inhibits translation of capped mRNA, both in cells
and in in vitro translation systems [14, 19]. When
phosphorylated in response to insulin, PHAS-I disso-
ciates from eIF-4E [12-14, 19]. As eIF-4E appears to
be limiting for eIF-4F activity, the release of eIF-4E
from PHAS-I in response to insulin provides a poten-
tial explanation for the increase in elF-4F activity
[20]. Increasing eIF-4F activity, via the mRNA heli-
case of elF-4A, is the likely explanation for the selec-
tive increase in translation of messages, such as orni-
thine decarboxylase mRNA [5], that have G/C-rich
5" non-translated domains.

PHAS-I is an excellent substrate for mitogen acti-
vated protein (MAP) kinase [21], and when phos-
phorylated by MAP kinase, PHAS-I is no longer
able to bind eIF-4E in vitro [13]. Insulin activates
MAP kinase and promotes phosphorylation of
PHAS-I in the major site phosphorylated by MAP
kinase in vitro [21], suggesting that MAP kinase is in-
volved in the control of PHAS-I in cells. However,
the role of MAP kinase in mediating the response
to insulin is still unclear, as inhibiting activation of
the kinase with an inhibitor of MAP kinase did not
block the phosphorylation of PHAS-I in response to
insulin [12]. Moreover, we have recently shown that
rapamycin inhibits PHAS-I phosphorylation under
conditions in which MAP kinase activity is not de-
creased [12]. Sensitivity to rapamycin is generally
viewed as indicative of the p705¢X pathway, as rapa-
mycin blocks activation of the kinase by insulin and
growth factors [22-24]. Purified p70%°* did not di-
rectly phosphorylate recombinant PHAS-I [21], indi-
cating that p705°%, itself, is not responsible for phos-
phorylating PHAS-I in cells. However, other ele-
ments in the p705°X pathway would seem to be good
candidates. In principle, rapamycin could act either
by inhibiting a kinase that phosphorylates both
p705°€ and PHAS-I, or by stimulating a protein phos-
phatase. In this report we describe experiments that
were performed to investigate further the control of
PHAS-I phosphorylation by the rapamycin-sensitive
pathway.

Materials and methods

Cell culture. 3T3-L1 fibroblasts were cultured in Dulbecco’s
Modified Eagle’s Medium containing 10% fetal calf serum
on plastic culture dishes (10 cm diameter) and converted to
adipocytes by using differentiation medium as described pre-
viously [25]. Experiments were performed on adipocytes 12—
16 days after withdrawal from differentiation medium. Before
incubations with insulin or other agents, the growth medium
was replaced with buffer containing (in mmol/l) 135 NaCl,
5.4 K(l, 1.4 CaCl,, 1.4 MgSO,, 5 glucose, 0.07 bovine serum
albumin, 0.2 sodium phosphate and 10 HEPES, pH 7.4. After
incubating for 3h, this buffer was replaced with buffer
containing no additions or buffer containing either rapamycin
(Calbiochem-Novabiochem, San Diego, Calif., USA) or
wortmannin (Sigma Chemical Co., St. Louis, Mo., USA).
After incubating for 10 min, insulin (Eli Lilly Co, Indianapolis,
Ind., USA) or the protein phosphatase inhibitors [26] (LC
Laboratories, Woburn, Mass., USA), okadaic acid or calyculin
A, were added and the incubations were continued for the
times indicated. To terminate the incubation, the buffer was
aspirated and the cells were rinsed once with 4 °C phosphate-
buffered saline and homogenized (1 ml buffer per dish) in a
glass homogenization tube with a Teflon pestle driven at 1000
rev/min. The homogenization buffer contained 1 mmol/l
EDTA, 5 mmol/l EGTA, 10 mmol/l MgCl,, 2 mmol/l dithio-
threitol, 0.1 mmol/l phenylmethylsulfonyl fluoride, 10 mg/l
leupeptin, 10 mg/l aprotinin, 1 mmol/l benzamidine, 10 mmol/
1 potassium phosphate, and 50 mmol/l p-glycerophosphate
(pH 7.3). Homogenates were centrifuged at 10000 x g for
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20 min, and the supernatants were retained for analyses.
The protein content was determined by using bicinchoninic
acid [27]. Ribosomal protein S6 kinase activity was measured
using intact 40 S ribosomes as substrate as described previ-
ously [12].

Detection of PHAS-I by immunoblotting. PHAS-I antiserum
was generated by immunizing rabbits with [H|PHAS-I [21].
elF-4E antibodies were generated by immunizing rabbits
with a peptide (CTATKSGSTTKNRFV) having a sequence
derived from the COOH-terminal region of mouse elF-4E.
Prior to injection, the peptide was conjugated to keyhole lim-
pet haemocyanin. The antibodies were affinity-purified by us-
ing a column prepared with the peptide, which was coupled
to a resin (10 g of peptide/l of resin) by using Sulfolink reagent
as directed by the supplier (Pierce, Rockford, Ill., USA). Sam-
ples of extracts were subjected to SDS-PAGE using the meth-
od of Laemmli [28]. Proteins were electrophoretically trans-
ferred to nylon membranes (Immobilon, Millipore, Milford,
Mass., USA), which were immersed in phosphate-buffered sa-
line containing 5 % powdered milk (Carnation) and incubated
for at least 1 h. Sheets were then incubated with PHAS-I anti-
serum (1000-fold diluted) or eIF-4E antibodies (1 mg/l) in
phosphate-buffered saline plus milk for 2 h, then washed as
described previously [13]. Antibody binding was detected by
enhanced chemiluminescence (Tropix system, Bedford,
Mass., USA) using alkaline phosphatase conjugated to goat
anti-rabbit IgG. The intensities of the bands corresponding to
PHAS-I were determined by two-dimensional scanning using
a laser densitometer (Molecular Dynamics, Sunnyvale, Calif.,
USA).

PHAS-1 and elF-4E complexes. The association of PHAS-I
and elF-4E was assessed by determining how much PHAS-I
was recovered when elF-4E was purified with m’GTP-Seph-
arose [13]. For affinity purification of PHAS-I/eIF-4E,
m’GTP-Sepharose (Pharmacia Biotech Inc, Piscataway, N.J.,
USA) was incubated with extract and washed as described pre-
viously [13]. Proteins were eluted with SDS-sample buffer and
subjected to SDS-PAGE. PHAS-I and eIF-4E were detected
by immunoblotting.

Results

Dephosphorylation of PHAS-I in response to rapa-
mycin and wortmannin. When subjected to one di-
mensional PAGE in the presence of SDS, PHAS-I
from 3T3-L1 adipocytes is resolved into three bands
[12, 13], designated a, 8, and y (Fig.1). Phosphoryla-
tion of the appropriate sites retards the electro-
phoretic mobility of PHAS-I [12, 13, 21]. The a form
has been shown to represent non-phosphorylated
PHAS-I[12]. § and y represent forms of PHAS-I con-
taining increasing amounts of covalently bound phos-
phate [12]. Thus, changes in the relative amounts of
the three electrophoretic forms of PHAS-I are indi-
cative of changes in the phosphorylation state of the
protein.

Insulin-stimulated phosphorylation of PHAS-I re-
sults in a decrease in the amount of PHAS-Io and
an increase in the most highly phosphorylated
form, PHAS-Iy (Fig.1). As previously reported
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Fig.1. Effects of insulin and increasing concentrations of wort-
mannin or rapamycin on the electrophoretic mobility PHAS-I.
3T3-L1 adipocytes were incubated at 37°C with increasing
concentrations of rapamycin or wortmannin for 10 min. Insulin
(20 nmol/l final) was added as indicated, and incubations were
continued for 10 min. Samples of extracts (20 ul) were dis-
solved in SDS sample buffer and subjected to SDS-PAGE. A
representative immunoblot showing PHAS-Ia, § and v is pre-
sented
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Fig.2. Effects of increasing concentrations of wortmannin and
rapamycin on the amounts of PHAS-Ia and PHAS-Iy. Experi-
ments were conducted as described in the legend to Figure 1.
Relative amounts of the different electrophoretic forms of
PHAS-I were determined from the optical densities of the ap-
propriate bands, which were measured by scanning laser densi-
tometry. PHAS-Ia (left) and PHAS-Iy (right) are expressed as
percentages of the total amount of PHAS-I, and are mean val-
ues = half the range of two experiments. The values for the a
and y forms in insulin-treated cells incubated without wort-
mannin or rapamycin were 7.1 £1.1 and 64.4 +3.3, respec-
tively

[12], rapamycin attenuates the effect of insulin
(Fig.1). The half-maximum effects of rapamycin on
increasing PHAS-Io (Fig.2), the form that binds
most tightly to eIF-4E, and on decreasing PHAS-Iy
were observed with concentrations of 3 and 2 nmol/
1, respectively. These concentrations were 3 to 4
times higher than that needed to half-maximally in-
hibit the activation of ribosomal protein S6 kinases
by insulin (Fig.3).

The activation of p705X by insulin is potently in-
hibited by the phosphatidyl inositol 3 'OH kinase
(PI 3 kinase) inhibitor, wortmannin [22, 29]. Wort-
mannin mimicked rapamycin by inhibiting the ef-
fects of insulin on PHAS-I phosphorylation (Fig.1).
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Fig.3. Effect of increasing concentrations of wortmannin and
rapamycin on ribosomal protein S6 kinase activity. Cells were
incubated with wortmannin, rapamycin and insulin as de-
scribed in the legend to Figure 1. The activity of S6 protein kin-
ases was measured using intact 40S ribosomes as substrate. The
results are expressed as percentages of the control value and
are means * half the range from two experiments. The value
for insulin-treated cells incubated without rapamycin or wort-
mannin was 616 * 44
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Fig.4. Rapamycin and wortmannin increase binding of PHAS-
I to elF-4E. 3T3-L1 adipocytes were incubated at 37 °C with-
out additions (CON) or with 100 nmol/l wortmannin (WORT)
or 30 nmol/l rapamycin (RAP) for 10 min. Incubations were
continued without or with 20 nmol/l insulin (INS) for 10 min.
Extracts were prepared and elF-4E was partially purified by
using m’GTP-Sepharose. Samples were subjected to SDS-
PAGE and the amounts of PHAS-I that co-purified with eIF-
4E were determined by immunoblotting. The results are ex-
pressed relative to control and are mean values + half the
range of two experiments

As with rapamycin, approximately 3- to 4-fold high-
er concentrations of wortmannin were required to
inhibit PHAS-I phosphorylation in response to insu-
lin (Fig.2) than to inhibit activation of ribosomal
protein S6 kinases by the hormone (Fig.3). Incubat-
ing cells with rapamycin or wortmannin increased
the amount of PHAS-I that was recovered when
elF-4E was partially purified by using m’GTP-Seph-
arose (Fig.4).
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Fig.5. Increased phosphorylation of PHAS-I in response to
the protein phosphatase inhibitors, calyculin A and okadaic
acid. 3T3-L1 adipocytes were incubated at 37 °C without addi-
tions, with 20 nmol/l insulin, or with increasing concentrations
of calyculin A and okadaic acid for 20 min. A PHAS-I immu-
noblot from a representative experiment is presented
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Fig.6. Effects of increasing concentrations of calyculin A and
okadaic acid on the relative amounts of PHAS-Io and PHAS-
Iy. Cells were incubated as described in the legend to Fig.5.
Relative amounts of the different electrophoretic forms of
PHAS-I were determined by optical density scanning. Results
for the a (left) and y (right) forms of PHAS-I are expressed as
percentages of the total PHAS-I and are mean values from a
representative experiment

Protein phosphatase inhibition. In contrast to rapa-
mycin and wortmannin, the protein phosphatase in-
hibitors [26], calyculin A and okadaic acid, decreased
the electrophoretic mobility of PHAS-I (Fig.5). The
maximum effects of the inhibitors on increasing
PHAS-I phosphorylation were similar to those of in-
sulin; however, calyculin A was approximately 100
times more potent than okadaic acid in decreasing
PHAS-Ia and in increasing PHAS-Iy (Fig.6). To in-
vestigate possible interactions between rapamycin
and the phosphatase inhibitors, cells were incubated
with combinations of maximally effective concentra-
tions of the agents. With the combinations of rapamy-
cin plus either insulin, calyculin A or okadaic acid,
the levels of PHAS-Io. and PHAS-Iy observed were
intermediate to the levels observed when cells were
incubated with rapamycin and the respective agents
individually (Fig. 7).
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Fig.7. Effect of phosphatase inhibitors in the absence and
presence of rapamycin on PHAS-Ia and PHAS-Iy. 3T3-L1 adi-
pocytes were incubated at 37 °C without additions (CON) or
with 20 nmol/l rapamycin for 10 min. The cells were then incu-
bated with the same concentrations of rapamycin with or with-
out either 20 nmol/l insulin (INS), 1 umol/l okadaic acid
(OKA), or 1 umol/l calyculin A (CALY). After 30 min the in-
cubations were terminated and samples of extracts were sub-
jected to SDS-PAGE. Relative amounts of the different elec-
trophoretic forms of PHAS-I were determined by optical den-
sity scanning. The results for PHAS-Ia (left) and vy (right) are
expressed as percentages of the total PHAS-I and are from a
representative experiment

Discussion

The results indicate that rapamycin and wortmannin
decrease PHAS-I phosphorylation at concentrations
just slightly higher than that required to inhibit the
activation of p705°¥ by insulin (Figs. 2 and 3). Both
wortmannin and rapamycin increased the amount of
PHAS-I bound to elF-4E (Fig.4), indicating that the
effects of the agents were functionally significant. Al-
though not measured in the present study, increasing
the amount of eIF-4E bound to PHAS-I would be ex-
pected to decrease the rate of translation initiation,
thereby decreasing protein synthesis. It seems likely
that the dephosphorylation of PHAS-I and the result-
ing inactivation of eIF-4E is involved in the effect of
rapamycin on inhibiting translation initiation of
mRNAs possessing the polypyrimidine motif near
the 5' cap site [6]. However, our results do not ex-
clude the possibility suggested by Jefferies et al. [6]
that dephosphorylation of ribosomal protein S6 is in-
volved in this effect of rapamycin.

The intracellular receptor for rapamycin is FK506
binding protein-12 (FKBP12), a protein of M, equal
to approximately 12000 [30-32]. The FKBP12- rapa-
mycin complex binds tightly to a larger protein, desig-
nated TOR (target of rapamycin) that was first iden-
tified in yeast [30-32]. Both yeast and mammalian
TOR (mTOR) proteins are homologous to PI 3 ki-
nase [30-35]. Although it is not yet known if mMTOR
has lipid kinase activity, it is known that insulin acti-
vates PI 3 kinase and that wortmannin is a potent in-
hibitor of PI 3 kinase [22, 29]. Therefore, the present
finding that wortmannin attenuates the effects of
insulin on PHAS-I phosphorylation supports the

hypothesis that PI 3 kinase activation can lead to
phosphorylation of PHAS-I.

It seems clear that MAP kinase is not involved in
the effect of rapamycin on PHAS-I as rapamycin pro-
moted dephosphorylation of PHAS-I under condi-
tions in which the effect of insulin on activating the
ERK-1 and ERK-2 isoforms of MAP kinase was not
inhibited [12]. There is increasing evidence to place
p705°€ downstream of PI 3 kinase and/or mTor in a
pathway that is distinct from the MAP kinase signal-
ling pathway. Both rapamycin and wortmannin block
activation of p705°® by insulin and growth factors
[22,23,29, 36, 37]. The finding that both agents atten-
uated the effects of insulin on increasing PHAS-I
phosphorylation (Figs. 1 and 2) supports the hypothe-
sis that the p705°F pathway is involved in controlling
the phosphorylation of PHAS-I. p705°¥ does not ap-
pear to directly phosphorylate PHAS-I [21], but
other elements in the pathway are candidates. One
possibility is that the same kinase is responsible for
phosphorylating both p70%¥ and PHAS-I. p7056k
must be phosphorylated in several sites for full activa-
tion [38]. As inhibition of any one of several sites
would prevent activation, partial inhibition of an acti-
vating kinase would be expected to have a more dra-
matic effect on the activity of p705°¥ than on the net
phosphate content of p70%°K. Therefore, the finding
that slightly higher concentrations of rapamycin and
wortmannin were required to promote dephosphory-
lation of PHAS-I (Fig.2) than to block activation of
ribosomal protein S6 kinase (Fig.3) is not inconsis-
tent with the hypothesis that the agents inhibit a ki-
nase that phosphorylates both PHAS-I and p705°K,

Another possibility is that rapamycin and wort-
mannin promote dephosphorylation of PHAS-I by
stimulating a phosphatase. Activation of a phos-
phatase has been suggested as a mechanism for the
regulation of p70%°K, as rapamycin caused dephos-
phorylation of sites in p70%X distinct from those
phosphorylated in response to mitogens [37]. The
two major protein seryl/threonyl phosphatases in
cells, Type I and ITA, are inhibited by okadaic acid
and calyculin A [26]. Approximately 100 times higher
concentrations of okadaic acid are required to inhibit
Type I phosphatases than are needed to inhibit Type
ITA phosphatases; whereas, these phosphatases are
equally sensitive to inhibition by calyculin A [26].
Thus, the finding that calyculin A was approximately
100 times more potent than okadaic acid with respect
to increasing phosphorylation of PHAS-I (Fig.6)
suggests that inhibition of Type I protein phosphatase
is involved. However, additional evidence will be
needed before reaching this conclusion, as calycu-
lin A may cross membranes more readily than oka-
daic acid. Nevertheless, it is significant that nei-
ther phosphatase inhibitor abolished the effect of
rapamycin (Fig.7). Therefore, if rapamycin acts by
increasing PHAS-I phosphatase activity, then the
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rapamycin-sensitive phosphatase is not fully inhib-
ited by either okadaic acid or calyculin A.

There is reason to believe that PHAS-I functions
not only in the control of protein synthesis but also
in the control of cell division. Increasing elF-4E in
cells has potent mitogenic actions [39] and has even
been shown to promote malignant transformation of
rodent fibroblasts [40], perhaps by increasing transla-
tion of messages encoding cellular oncogenes. Re-
gardless of the mechanism, to the extent that eIF-4E
is involved in the control of mitogenesis, PHAS-I is
also implicated as it is a regulator of elF-4E. The
phosphorylation of PHAS-I and release of elF-4E
are stimulated by several mitogens, including insulin-
like growth factor-1, platelet-derived growth factor
BB, and epidermal growth factor [11, 41]. As sug-
gested previously [11, 12], the dephosphorylation of
PHAS-I produced by rapamycin could be involved
in the antiproliferative effects of the agent. In the
context of the present experiments, it is interesting
to note that the protein phosphatase inhibitor, oka-
daic acid, which promotes phosphorylation of
PHAS-I (Figs. 5-7), was first characterized as a tu-
mour promoter [42].
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