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The ability of insulin to stimulate protein synthesis and cellular growth is mediated through the insulin
receptor (IR), which phosphorylates Tyr residues in the insulin receptor substrate-signaling proteins (IRS-1
and IRS-2), Gab-1, and Shc. These phosphorylated substrates directly bind and activate enzymes such as
phosphatidylinositol 3'-kinase (PI3K) and the guanine nucleotide exchange factor for p21%** (GRB-2/SOS),
which are in turn required for insulin-stimulated protein synthesis, cell cycle progression, and prevention of
apoptosis. We have now shown that one or more members of the atypical protein kinase C group, as exemplified
by the { isoform (PKC(), are downstream of IRS-1 and PI3K and mediate the effect of insulin on general
protein synthesis. Ectopic expression of constitutively activated PKC{ eliminates the requirement of IRS-1 for
general protein synthesis but not for insulin-stimulated activation of 70-kDa S6 kinase (p705°%), synthesis of
growth-regulated proteins (e.g., c-Myc), or mitogenesis. The fact that PKC( stimulates general protein syn-
thesis but not activation of p705°* indicates that PKC{ activation does not involve the proto-oncogene Akt,
which is also activated by PI3K. Yet insulin is still required for the stimulation of general protein synthesis in
the presence of constitutively active PKC( and in the absence of IRS-1, suggesting a requirement for the
convergence of the IRS-1/PI3K/PKC{ pathway with one or more additional pathways emanating from the IR,
e.g., Shc/SOS/p217*/mitogen-activated protein kinase. Thus, PI3K appears to represent a bifurcation in the
insulin signaling pathway, one branch leading through PKC{ to general protein synthesis and one, through Akt

and the target of rapamycin (mTOR), to growth-regulated protein synthesis and cell cycle progression.

One of the principal endpoints of insulin action is the stim-
ulation of protein synthesis. Insulin induces both a general
increase in the rate of mRNA translation and preferential
increases in the translation of specific mRNAs (37). Insulin
appears to regulate both the initiation and elongation phases
of translation by altering the phosphorylation of initiation fac-
tors (eIF2, eIF2B, elF3, eIF4B, eIF4E, and eIF4G), elongation
factors (eEF1 and eEF2), and modulatory proteins.

General protein synthesis is governed in part by eIF2. The
activity of this factor can be regulated through the phosphor-
ylation of its « subunit (19), which is diminished by insulin.
elF2 activity is also regulated by phosphorylation of the €
subunit of the guanine nucleotide exchange factor eIF2B (54)
by glycogen synthase kinase-3, which is in turn inactivated by
phosphorylation in response to insulin (37). Another insulin-
regulated factor affecting general protein synthesis appears to
be eEF2 (55).

Insulin also regulates the specific translation of a small sub-
set of cellular mRNAs which have been termed growth regu-
lated (5). This regulation is sensitive to the macrolide rapamy-
cin, which was originally characterized as an inhibitor of cell
cycle progression through G, (reviewed in reference 10).
These growth-regulated mRNAs include mRNAs with poly-
pyrimidine tracks at their extreme 5’ termini (e.g., those en-
coding ribosomal proteins, eEF1A, eEF2, and insulin-like
growth factor IT) and mRNAs rich in secondary structure (e.g.,
those for FGF-5, c-Myc, and ornithine decarboxylase). High
levels of secondary structure make these mRNAs strongly de-
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pendent on the elF4 factors, which collectively recognize the
mRNA cap, unwind secondary structure, and recruit mRNA to
the ribosome (44, 57, 64). Insulin regulates the cap-binding
protein eIF4E in two ways. First, it increases phosphorylation
of eIF4E itself, enhancing its affinity for the cap structure of
mRNA (45). Second, it increases phosphorylation of PHAS-I
(also called 4E-BP), a protein which, in the unphosphorylated
state, binds to eIF4E (40, 53); this interferes with the binding
of eIF4E and eIF4G and thereby blocks cap-dependent initi-
ation of translation (33). The insulin-induced phosphorylations
of both PHAS-I (6, 11, 22, 41, 43) and eIF4E (43) are sensitive
to rapamycin.

Insulin receptor (IR) and IRS-1 are required for the insulin-
mediated stimulation of both general and growth-regulated
protein synthesis (43) as well as DNA synthesis (69) and
p703°¥ activation (47). Phosphatidylinositol 3'-kinase (PI3K)
appears to be the only phosphotyrosine-activated effector
downstream of IRS-1 that is required for stimulation of protein
(43) and DNA (49) synthesis. The phosphorylation of glycogen
synthase kinase-3 is mediated by the Ser/Thr protein kinase
Akt (also called PKB) (16), which is itself activated by PI3K
(29, 30). Similarly, the rapamycin-sensitive pathway leading to
insulin-stimulated phosphorylation of PHAS-I proceeds
through PI3K and Akt and also results in activation of p705°¥
(14).

To characterize further the downstream effectors of IRS-1
for insulin-stimulated protein synthesis, we used a panel of
cells which differ in the key components of the insulin signaling
system they contain. 32D is a myeloid progenitor cell line
which is dependent on interleukin 3 (IL-3) but insensitive to
insulin (69). 32D cells contain little endogenous insulin recep-
tor (IR) and completely lack IRS-1 and IRS-2, but ectopic
expression of IR and IRS-1 permits cells to respond to insulin
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FIG. 1. Effects of PKC activators and inhibitors on insulin-stimulated translation. (A) IL-3-starved IR/IRS-1 cells were grown for 1 h with the additions indicated,
and protein synthesis was measured as described in Materials and Methods. Translation was stimulated with insulin, 100 nM; TPA, 1 nM; wortmannin, 80 nM; and
IL-3 (present in conditioned medium from WEHI-3 cells (69). Data are graphed as stimulation of treated cells (/) minus that of control cells with no additions (C)
expressed as a percentage of the stimulation by IL-3 (W) minus that of control cells, i.e., (I — C)/(W — C) X 100. (B) IL-3-starved IR/IRS-1 cells were analyzed for
protein synthesis stimulation by insulin (100 nM) in the presence of the indicated concentrations of the PKC inhibitors G6 6976 (circles), bisindolylmaleimide
(triangles), or staurosporine (squares). (C) IL-3-starved IR/IRS-1 cells were analyzed for protein synthesis stimulation by TPA (1 pM) with no further additions (column
1) or in the presence of 0.1 wM staurosporine (column 2), G6 6976 (column 3), or bisindolylmaleimide (column 4).

with increased cell division (69) and translation of both house-
keeping and growth-regulated mRNAs (43). We have utilized
this system to identify an atypical protein kinase C (PKC) as a
component of the signaling pathway from PI3K to general, but
not growth-regulated, protein synthesis.

MATERIALS AND METHODS

Materials. [>>S]Met and [y->?P]ATP were purchased from DuPont NEN.
Antibodies against PKC isoforms were from Santa Cruz Biotechnology, Inc.,
Santa Cruz, Calif., and those against mitogen-activated protein kinase (MAPK)
were from Upstate Biotechnology, Inc., Lake Placid, N.Y. Myelin basic protein,
12-O-tetradecanoylphorbol-13-acetate (TPA), and staurosporine were pur-
chased from Sigma. Protein A-Sepharose, histidinol, and insulin were purchased
from Pierce, Bachem Bioscience, and GIBCO, respectively. Glutathione (GSH)-
Sepharose was purchased from Pharmacia. Bisindolylmaleimide and G6 6976
were purchased from Calbiochem-Novabiochem Corporation.

Cell lines. WEHI-3 cells were purchased from the American Type Culture
Collection. 32D cells were transfected with various cDNAs and maintained in
selective media: cells expressing human IR were maintained with G418 (69), cells
expressing rat IRS-1 or the IRS-1F'® and IRS-1Y%8-58 variants (49) were main-
tained with histidinol (69), and cells expressing constitutively active PKC{ (see
below) were maintained with puromycin. Lines are named according to the
cDNAs expressed, e.g., IR/- cells express IR but not IRS-1, IR/-/APKC{ cells
express IR and APKC{ but not IRS-1, and IR/IRS-1/APKC{ cells express IR,
IRS-1, and APKC{, etc. All cells that were not transfected with pBabe containing
the APKC{ insert were transfected with pBabe alone and maintained in puro-
mycin. Cell lines were maintained at 37°C in RPMI 1640 containing 10% fetal
bovine serum. 32D-derived cell cultures were supplemented with 10% condi-
tioned medium from WEHI-3 cells as a source of IL-3.

PKC{ subcloning. pBabeAPKC{ containing the catalytic domain of rat brain
PKC{ fused with glutathione S-transferase (21) was constructed by PCR with the
oligodeoxynucleotides 5'-GCTACGTATAGGAAACAGTATTCATG-3' and
5'-GCGTCGACGTCACACGGACTCCTCA-3' and subcloned into the SnaBI-
Sall sites of the pBabe-puro vector (46). The EcoRI fragment of the dominant-
negative mutant of Xenopus PKC{ (7) was subcloned into the EcoRI site of
pBabe-puro.

MAPK depletion. IR/IRS-1 cells (5 X 10%) were electroporated in 300 ul of
electroporation buffer (69) with phosphorothioate oligonucleotides (59) corre-
sponding to nucleotides 25 to 41 of mouse MAPK (5'-ATGGCGGCGGCGGC
GGC-3"), where ATG is the initiation codon, or with the corresponding anti-
sense probe (5'-GCCGCCGCCGCCGCCAT-3"). Cells were then diluted into 3
ml of IL-3-containing medium supplemented with a 1 wM concentration of the
appropriate  oligonucleotide. Oligonucleotide-supplemented media were
changed every 24 h.

Measurement of protein and DNA synthesis. 32D cells and their derivatives
were maintained at a concentration of 5 X 10° cells/ml and starved for IL-3 in
RPMI 1640-10% fetal calf serum for 6 h. After this period, 1-ml aliquots were
taken and various agents were added as indicated in the figure legends. Cells
were pulse labeled with 10 wCi of [**S]Met for 60 min. After being washed once
with phosphate-buffered saline (PBS) containing 10 mM Met, cells were lysed in
0.5 M NaOH for 30 min at 37°C. Protein was precipitated with 12% ice-cold
trichloroacetic acid containing 10 mM Met, collected on glass-fiber filters (GF/C;
Whatman), and washed with 5% trichloroacetic acid and ethanol. Filters were air
dried and subjected to liquid scintillation spectrometry with aqueous fluor. Actin
and c-Myc synthesis was determined as previously described (43). DNA synthesis
was measured by incorporation of [*H]thymidine (69).

PKC and p705°K activity. Cells in log-phase growth were washed and starved
for IL-3 as described above, and 15-ml aliquots (8 X 10° cells) were treated with
various agents as described in the figure legends. Cells were treated for 20 min
at 37°C, diluted in ice-cold PBS, collected by centrifugation, and lysed with 0.5 ml
of ice-cold lysis buffer consisting of 10 mM potassium phosphate, 1 mM EDTA,
0.5% Nonidet P-40, 5 mM EGTA, 10 mM MgCl,, 50 mM B-glycerophosphate, 1
mM Na;VO,, 2 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, and
10 pg each of aprotinin and leupeptin per ml. Insoluble material was removed by
centrifugation, and the supernatant was collected. p705° phosphorylation was
analyzed by denaturing sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and Western blotting (15). To assay PKC{, the cell extract was incubated with
anti-PKC{ antibodies for 2 h at 4°C and the immune complex was adsorbed with
protein A-Sepharose (pretreated with bovine serum albumin). The immobilized
material was washed twice with lysis buffer, twice with lysis buffer containing 1 M
NaCl, and twice with kinase buffer consisting of 25 mM Tris-HCI (pH 7.4), 10
mM MgCl, 1 mM dithiothreitol, and 0.5 mM EGTA. After the washes, the
immunoprecipitated PKC{ activity was assayed in 50 pl of kinase buffer contain-
ing 500 M [y-*?P]ATP (0.02 Ci/mol) and 30 pg of myelin basic protein. Aliquots
of 25 ul were adjusted to a concentration of 12.5% in trichloroacetic acid, and
precipitated material was collected on GF/C filters and washed with 5% trichlo-
roacetic acid and ethanol. Filters were air dried and subjected to liquid scintil-
lation spectrometry with aqueous fluor.

Northern blot analysis. Total RNA was prepared from 2 X 107 cells (31),
resolved by formaldehyde-1% agarose gel electrophoresis, and blotted to Nitro
Plus 2000 membranes (MSI Separations, Inc.) (61). Antisense probes to Xenopus
B-actin (23) and c-Myc (17) mRNA were transcribed with SP6 polymerase
(Promega) and [a-*?P]UTP from linearized plasmids.

RESULTS

Role of PKCs in insulin-stimulated protein synthesis. To
test for a possible role of PKC in insulin-stimulated protein
synthesis, we used TPA to activate the classical isoforms of
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FIG. 2. Aliquots of 15 or 60 pg of 32D cell lysate were separated on a 12% polyacrylamide gel in parallel with 5-ug aliquots of either rat brain or Jurkat cell lysate
as positive controls. Proteins were transferred to nitrocellulose and treated with mouse monoclonal antibodies against different PKC isoforms as indicated. Protein
bands were visualized with secondary goat anti-mouse antibodies coupled to horseradish peroxidase by means of enhanced chemiluminescence. The molecular mass
in kilodaltons of each PKC isoform is indicated to the right of each blot. The migration of prestained molecular mass markers of 109, 80, and 59 kDa is indicated to

the left of the blots.

PKC and MAPK. TPA, in the absence of insulin, partially
activated protein synthesis in IR/IRS-1 cells (Fig. 1A, column
4). The addition of insulin and TPA together produced the
same response as insulin alone (column 6 versus column 3),
suggesting that the pathways for insulin and TPA are redun-
dant rather than synergistic or additive. TPA also overcame the
inhibition of insulin-stimulated protein synthesis by the PI3K
inhibitor wortmannin (column 7 versus column 5). These re-
sults suggest that the TPA-stimulated component is either
downstream of PI3K or on a parallel but convergent pathway,
i.e., activating the same translational factor(s).

To differentiate between isoforms of PKC in insulin-stimu-
lated protein synthesis, we performed two kinds of experi-
ments. First, we tested 32D cells for the presence of the known
isoforms of PKC by Western analysis (Fig. 2). Second, we
tested various PKC inhibitors: GO 6976, which inhibits the
“classical” (o and B) and “new” (8 and €) PKCs but not the
“atypical” isoforms (42); bisindolylmaleimide, which inhibits
all isoforms of PKC except the atypical ones at concentrations
less than 10~® M (42); and staurosporine, a potent but un-
selective inhibitor of all PKCs (32, 65). Only staurosporine
inhibited insulin-stimulated protein synthesis (Fig. 1B),
whereas all three inhibited TPA-stimulated protein synthesis
(Fig. 1C). Taking together the results of immunoanalysis and
testing with isoform-specific inhibitors, we can conclude that
PKCa, -B, -y, -8, -€, -p, and -0 are not responsible for insulin-
stimulated translation since (i) the classical PKCs are at very
low levels or are nonexistent in 32D cells compared with brain
cells and are sensitive to the specific inhibitors; (i) PKC3 is
present in 32D cells but is sensitive to the specific inhibitors;
(iii) PKCy is at very low levels in 32D cells but is not activated
by PI3K (68), whereas insulin-stimulated protein synthesis is
(43); and (iv) PKCe and PKC# are not present in 32D cells. On
the other hand, PKCv, PKC\, and PKC{, which are all mem-
bers of the atypical group of PKCs and which have very similar
amino acid sequences (GenBank accession no. 118964 and
X72973), are present in 32D cells and not inhibited by the
isoform-specific inhibitors used. These results suggest that in-
sulin stimulates protein synthesis by activating one or more

atypical isoforms of PKC. The observed stimulation of protein
synthesis and compensation of PI3K inhibition by TPA (Fig.
1A) may indicate that classical PKCs can substitute for insulin-
stimulated atypical PKCs on a parallel pathway.

Insulin activates PKCC in an IRS-1- and PI3K-dependent
manner. A direct assay confirmed that an atypical PKC iso-
form, PKC{, was indeed activated by both IL-3 and insulin
(Fig. 3A, columns 2 and 3). The insulin response required the
presence of IRS-1 (Fig. 3A, column 6 versus column 3) and was
inhibited by the addition of wortmannin (Fig. 3B). Moreover,
an IRS-1 variant in which all 18 potentially phosphorylated Tyr
residues were replaced by Phe (IRS-1F%) (49) failed to acti-
vate PKC{ (Fig. 3C, column 3), but a variant in which the three
Tyr residues which bind and activate PI3K were restored to
IRS-1F!8 (IRS-1Y608-638) (49) activated PKC{ (Fig. 3C, column
9). This indicates that PKC{ is downstream of IRS-1 and PI3K
but not of other pathways activated by the IR, e.g., the Shc-
mediated activation of p21%,

Overexpression of constitutively activated PKCC in the ab-
sence of IRS-1 supports protein synthesis but not cell cycle
progression. For more direct evidence of a cause-and-effect
relationship between PKC{ and stimulation of protein synthe-
sis, we transfected 32D cells with cDNA encoding a constitu-
tively active form of PKC{ fused to glutathione S-transferase
(APKCY) (21). APKC{ contains the catalytic domain of PKCE,
which is 84% identical to that of the other atypical PKC iso-
forms, N and . Evidence for the expression of APKC{ is pro-
vided by the demonstration of a GSH-binding protein that
phosphorylated myelin basic protein (Fig. 3D) and that cross-
reacted with anti-PKC{ antibodies (Fig. 3D, inset). APKC{ was
active in the absence of either IL-3 or insulin (Fig. 3E, column
4).

General protein synthesis was stimulated by insulin in IR/-/
APKC cells to the same extent as in IR/IRS-1 cells (Fig. 4A),
indicating that the IRS-1 dependence is entirely replaced by
PKC(. The fact that protein synthesis in the IR/-/APKC{ cells
still required insulin suggests that an additional IR-driven
pathway(s) is necessary, e.g., Shc activation of MAPK. Coex-
pression of IRS-1 and APKC{ only slightly increased overall
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FIG. 3. Activation of endogenous PKC{ by insulin and expression of a constitutively activated form of PKC{. (A) The indicated IL-3-starved cell lines were
stimulated for 20 min at 37°C with IL-3 (columns 2 and 5), with 100 nM insulin (columns 3 and 6), or with no additions (columns 1 and 4), and PKC{ activity was
measured as described in Materials and Methods. Bars indicate the amounts of 3*P radioactivity incorporated into myelin basic protein (MBP). (B) IL-3-starved
IR/IRS-1 cells were assayed for PKC{ after treatment with IL-3 (lane 2), with 100 nM insulin (lane 3), or with 100 nM insulin plus 80 nM wortmannin (lane 4), or after
no additions (lane 1). (C) The indicated IL-3-starved cell lines were stimulated and assayed for PKC{ as described for panel A. (D) The designated cell lines were
treated as described for panel A, and the lysates were processed by affinity chromatography on GSH-Sepharose according to the manufacturer specifications. The
material eluted with GSH was assayed for PKC as described in Materials and Methods (bar graph) and by Western blotting using anti-PKC{ antibodies (inset). (E)
The indicated IL-3-starved cell lines were stimulated and assayed for PKC{ as described for panel A.

protein synthesis (Fig. 4A), as would be expected if PKC{ were
in the IRS-1 pathway for protein synthesis stimulation. DNA
synthesis, on the other hand, was not supported by the pres-
ence of APKC{, either alone or in conjunction with insulin-
activated IR (Fig. 4B), suggesting that other IRS-1-mediated
events are required. Since the IRS-1Y%%%-5%% variant supports
IRS-1-mediated DNA synthesis (49), the missing activity for
DNA synthesis is an effector downstream of PI3K other than
PKCC.

Depletion of MAPK with antisense oligodeoxynucleotides
prevents insulin-stimulated protein synthesis. Previous studies
showed that MAPK activation is not sufficient for insulin-
stimulated protein synthesis (43). Also, MAPK activation by
IRS-1 is not necessary for insulin-stimulated protein synthesis
(43). We therefore tested whether MAPK activation (by any
pathway) was necessary for insulin-stimulated protein synthe-
sis. We prevented the expression of p44 and p42 MAP kinases
by electroporating antisense phosphorothioate oligonucleotide
analogs complementary to the 5'-untranslated region of
MAPK mRNAs (59). IR/IRS-1 cells became unresponsive to
insulin after depletion of MAPK (Fig. 5). This indicates that
insulin-induced activation of MAPK, presumably via Shc (48,
52, 72), is necessary for the stimulation of protein synthesis.

Overexpression of PKC{ does not affect p705°% activity. In
IR/IRS-1 cells, insulin causes phosphorylation and consequent
activation of p705°%, but this does not occur in IR/- cells (47).
To test whether APKC{ substitutes for this activity of IRS-1,
we measured p705°X activation in IR/IRS-1, IR/IRS-1/APKC,
IR/-, and IR/-/APKC{ cells (Fig. 6). The results indicated that
the expression of APKC{ did not alter insulin-stimulated phos-
phorylation and activation of p705°® in either the presence or
absence of IRS-1. Thus, PKC{ is not sufficient to activate
p705°K,

Active PKC{ supports actin but not c-Myc synthesis. The
finding that constitutive activation of PKC{ in the absence of
IRS-1 is not able to support DNA synthesis (Fig. 4B) or p705°%
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FIG. 4. PKC{ replaces IRS-1 for protein synthesis but not for DNA synthesis.
32D-derived cell lines (IR/- [open circles], IR/IRS-1 [open squares], IR/-/APKC{
[solid circles], and IR/IRS-1/APKC [solid squares]) were starved for IL-3 and
grown in the presence of the indicated concentrations of insulin. Protein synthe-
sis (A) and DNA synthesis (B) were determined as described in Materials and
Methods. Data are graphed as described in the legend for Fig. 1.



5188 MENDEZ ET AL.

¥ p— [T I —
§4z—> — — — —
125 C S AS C S AS
a8h 76 h
& 1004
=
I}
)
=A
gry 75
i
§0o
B 504
s<
E
7] 254
04
C S AS C S AS
48h 76h

FIG. 5. Insulin-stimulated translation requires MAPK. IR/IRS-1 cells were
electroporated with phosphorothioate oligonucleotides (59) corresponding to
nucleotides 25 to 41 of mouse MAPK (S) or with the corresponding antisense
probe (AS) or were mock treated (C). Cells were grown in the presence of the
oligonucleotides (1 pM) for the indicated times, after which MAPK expression
was determined by Western blotting (inset) and stimulation of protein synthesis
by insulin was determined as described in the legend for Fig. 1 (bars).

activation (Fig. 6) suggests that insulin and PKC{ are mediat-
ing stimulation of general but not growth-regulated (rapamy-
cin-sensitive) protein synthesis. To test this hypothesis, we
measured the synthesis of a rapamycin-insensitive protein, ac-
tin (43), and a rapamycin-sensitive, growth-regulated protein,
c-Myc (17, 43). Constitutively active PKC{, in conjunction with
insulin, stimulated actin synthesis, regardless of whether IRS-1
was present (Fig. 7A). Insulin-stimulated c-Myc synthesis, on
the other hand, required IRS-1 (Fig. 7B, lane 9 versus lane 3),
and this requirement was not replaced by APKC{ (lane 6).
These changes in c-Myc and actin protein levels were due to
changes at the translational level, since mRNAs for c-Myc and
actin were nearly the same regardless of treatment (Fig. 7C;
quantitation given in the figure legend). This is consistent with
earlier results showing that rapamycin treatment of IR/IRS-1
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FIG. 6. Expression of APKC{ does not affect p705°¥ activation. The indi-
cated 32D cell lines in log phase were washed and starved for IL-3 and were
treated with 100 nM insulin (I) or IL-3 or were left untreated (C) for 25 min at
37°C. Then they were diluted in ice-cold PBS and collected by centrifugation.
Measurements of p705°% activity by Western blotting were performed as de-
scribed in Materials and Methods.
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FIG. 7. Expression of constitutively active PKC{ supports the synthesis of
actin but not c-Myc. (A) The indicated IL-3-starved 32D cell lines were labeled
with [**S]Met in medium containing no additions, IL-3, or the indicated concen-
trations of insulin. Actin synthesis was analyzed as described in Materials and
Methods. Scanning the autoradiogram yielded actin values for IR/IRS-1 cells
treated with 0, 0.1, 1, 10, and 100 nM insulin of 41.6, 87.2, 100.3, 103.6, and 86.3,
respectively, relative to IL-3 treatment, which was normalized to 100. For IR/-/
APKCY cells, the corresponding values were 60.5, 113.5, 101.1, 113.2, and 113.6,
respectively. (B) The indicated IL-3-starved 32D cell lines were incubated in
medium containing no additions (lanes 1, 4, and 7), IL-3 (lanes 2, 5, and 8), or
100 nM insulin (lanes 3, 6, and 9). After 3 h cells were lysed in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis sample buffer, briefly sonicated, and
analyzed by Western blotting with anti-Myc antibody. Scanning the immunoblot
yielded the following values for lanes 1 to 9 (relative to lane 8, which was
normalized to 100): 38.4, 113.9, 33.8, 39.0, 102.5, 29.9, 21.3, 100.0, and 103.2,
respectively. (C) mRNA levels for c-Myc and B-actin (B-Act) were analyzed by
Northern blotting as described in Materials and Methods. Scanning the autora-
diograms yielded values, normalized to 100 for IL-3, of 87.7, 100.0, and 91.5 for
c-Myc and 100.2, 100.0, and 77.7 for B-actin.

cells prevents the insulin stimulation of c-Myc but not actin
synthesis (43).

DISCUSSION

To understand the effects of insulin on protein synthesis and
the signaling pathways involved, it is necessary to differentiate
between the translation of housekeeping and growth-regulated
mRNAs (5, 10, 35, 56). Overexpression of eIF4E causes rapid
growth and cellular transformation (18, 39) and specifically
increases the translation of growth-regulated mRNAs whose
products are required for cell cycle progression, e.g., ornithine



VoL. 17, 1997

decarboxylase (63), ornithine aminotransferase (24), cyclin D1
(58), P23 (9), NF-AT (4), c-Myc (17), and FGF (36). This
preferential stimulation of translation is thought to be related
to the presence of extensive secondary structure at the 5'-
untranslated regions of growth-regulated mRNAs and the role
of initiation factors of the eIF4 group in unwinding mRNA
secondary structure (44, 57, 64). Translational regulation of
housekeeping mRNAs, on the other hand, is likely to involve
components which are equally required for translation of all
mRNAs, e.g., active 43S initiation complexes. Studies to date
indicate that insulin stimulates translation of both growth-
regulated and housekeeping mRNAs (37).

The signaling pathways by which insulin stimulates growth-
regulated protein synthesis are partially understood. Both
types of protein synthesis have a common requirement for IR
and IRS-1 (43) (Fig. 7). The only phosphotyrosine-mediated
signal from IRS-1 necessary for protein synthesis is that which
activates PI3K, since the IRS-1Y®%8-%58 yariant stimulates both
general and growth-regulated protein synthesis (43). MAPK
activation does not play a role in the IRS-1-mediated pathway
to protein synthesis, since an IRS-1 variant unable to activate
MAPK (48) nonetheless activates protein synthesis (43).
Moreover, MAPK activation in the absence of PI3K activation
does not support stimulation of protein synthesis, since insulin
activates MAPK (48) but not protein synthesis (43) in IR/-
cells.

At some point after PI3K, the pathways to growth-regulated
and general protein synthesis diverge, as demonstrated by the
use of the fungal macrolide rapamycin. Activation of a rapa-
mycin-sensitive pathway, most commonly measured by the ac-
tivation of p705°% (15), is required for growth-regulated but
not general protein synthesis. Rapamycin specifically prevents
increased synthesis of highly cap-dependent, growth-regulated
mRNAs by both insulin (43) and other growth factors (6, 35,
51, 67). Rapamycin blocks the phosphorylation of PHAS-I (6,
11, 22, 41, 43) and eIF4E (43), although blocking the phos-
phorylation of the latter could be an indirect effect since
PHAS-I binding prevents eIF4E phosphorylation by PKC in
vitro (71). Yet the findings that eIF4E phosphorylation in
CHO cells overexpressing IR is sensitive to MEK inhibitors
(28) and that PHAS-I and eIF4E phosphorylations appear to
be regulated independently in 293 cells (26) and 32D cells (43)
suggest distinct pathways to eIF4E and PHAS-I. In any case,
preventing both PHAS-I and eIF4E phosphorylation renders
elF4E less active or less available for participation in the trans-
lation of highly cap-dependent mRNAs. Rapamycin, however,
does not prevent insulin-stimulated general protein synthesis
or the synthesis of a typical housekeeping protein, actin (43).
Thus, rapamycin can serve as a discriminator between general
and growth-regulated protein synthesis.

Activation of the rapamycin-sensitive pathway by insulin is
downstream of PI3K (13, 14). The Ser/Thr protein kinase Akt
is on the pathway from PI3K to p705°¥ activation by both
insulin (12) and platelet-derived growth factor (30), and, in
fact, Akt can be activated by direct interaction with phospha-
tidylinositol-3,4-bisphosphate and phosphatidylinositol-3,4,5-
trisphosphate, the products of PI3K (29). The actual rapamy-
cin-sensitive component is downstream from Akt. Rapamycin
binds to the 12-kDa protein FKBP, which in turn binds to a
novel protein kinase called TOR (3) or mTOR in mammalian
systems (reference 11 and references therein). mTOR is on the
pathway to PHAS-I phosphorylation (2, 6, 11, 41). Rapamycin
also inhibits DNA synthesis and cell cycle progression through
G, (15, 38, 66). These two effects of rapamycin, inhibition of
highly cap-dependent, growth-regulated mRNA translation
and inhibition of cell cycle progression, can be accommodated
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FIG. 8. Model for the signaling pathways leading to stimulation of general
and growth-regulated protein synthesis by insulin.

in a model whereby increasing the activity and availability of
eIF4E yields products (cyclins and transcription factors, etc.)
that promote cell division. An elegant demonstration of the
link between the translational and mitogenic roles of TOR has
been published (3).

In contrast to the wealth of information about the rapamy-
cin-sensitive branch of insulin signaling, relatively little is
known about the pathway from PI3K that controls general
protein synthesis. Notably, insulin still stimulates protein syn-
thesis when the rapamycin-sensitive pathway is blocked (43).
The signal, which accounts for approximately 90% of insulin-
stimulated protein synthesis, emanates from PI3K but is inde-
pendent of TOR (Fig. 8). The results presented in this study
indicate that this pathway involves PKC{. Insulin is capable of
activating PKC{ through IRS-1 and PI3K (Fig. 3). Further-
more, constitutively active PKC is able to functionally replace
IRS-1 in the stimulation of general protein synthesis (Fig. 4A
and 7A). More specifically, PKC{ functionally replaces the
ability of IRS-1 to activate PI3K, since IRS-1Y%%8-5%8  hich
contains only the Tyr residues which activate PI3K (49), was
able to fully activate PKC{ (Fig. 3C). However, PKC{ replaces
some but not all functions of PI3K: general protein synthesis
and actin synthesis are supported (Fig. 4A and 7A) but not
growth-regulated protein synthesis, as exemplified by c-Myc
(Fig. 7B), activation of p705°¥ (Fig. 6), or cell cycle progression
(Fig. 4B). This result agrees with the finding that expression of
constitutively active or dominant-negative forms of PKC{ does
not affect the activation of p705°® by serum (8). Thus, it seems
likely that PI3K is independently activating two different path-
ways involved in protein synthesis: the atypical PKC pathway
for general protein synthesis and the Akt pathway for growth-
regulated protein synthesis (Fig. 8).

Atypical PKC isoforms are thus named because they are
neither activated nor down-regulated by phorbol esters, unlike
other PKC isoforms (20). Previous studies have indicated that
platelet-derived growth factor activates PKCA, another atypi-
cal PKC, through a mechanism involving PI3K (1) and that
IL-4, acting through PI3K, causes PKC{ translocation from the
cytosolic to the membrane fraction (34). In the case of insulin,
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it has been shown that the levels of both classical and atypical
PKCs decrease in cytosolic locations and increase in mem-
brane locations after insulin treatment of rat adipocytes (25).
PKC{ is unlikely to be downstream of Akt, however, since
phosphatidylinositol-3,4-bisphosphate and phosphatidylinosi-
tol-3,4,5-trisphosphate directly activate PKC{ (50). It is more
likely that PI3K activates Akt and PKC{ independently, in both
cases secondary to the synthesis of phosphatidylinositides in
the plasma membrane.

A number of previous studies have shown an effect of phor-
bol esters and nonspecific PKC inhibitors on the phosphoryla-
tion of members of the eIF4 group initiation factors (reference
27 and references therein). By contrast, there have been rela-
tively few studies on the involvement of PKC in general protein
synthesis. In Swiss 3T3 fibroblasts, down-regulation of classical
PKC with phorbol esters prevented the insulin response as did
a general PKC inhibitor (70). However, in the 32D cell system
(IR/IRS-1 cells), pretreatment with phorbol esters only slightly
diminished the insulin response (data not shown). This dis-
crepancy may be due to differences in the cell types employed.
In any case, the interpretation of experiments in which PKC is
down-regulated is complicated by the fact that down-regula-
tion of PKC also inhibits the ability of insulin to stimulate
GRB-2/SOS and the consequent downstream activation of
MAPK (60). As discussed below, MAPK is required for insu-
lin-stimulated protein synthesis, independent of the IRS-1 sig-
naling system.

The experiments presented here indicate that insulin-stim-
ulated general protein synthesis occurs through atypical and
not classical PKCs. First, we show that wortmannin inhibits
insulin-stimulated protein synthesis (43) (Fig. 1A, column 5),
yet the stimulation by TPA plus insulin is not blocked by
wortmannin (Fig. 1A, column 7). This indicates that the TPA
signal is not proceeding through PI3K but rather through a
parallel pathway. Second, classical PKCs are at very low levels
in 32D cells (Fig. 2). Third, G6 6976 and bisindolylmaleimide,
which inhibit all PKC isoforms except the atypical ones (42),
failed to prevent the insulin-stimulated response, while a gen-
eral PKC inhibitor was effective (Fig. 1B). Yet all three inhib-
itors prevented TPA-stimulated protein synthesis (Fig. 1C).
We conclude that, although classical PKCs can stimulate gen-
eral protein synthesis, the pathway is parallel to that of insulin.
The atypical PKC{, on the other hand, is an essential link in
the insulin pathway to general protein synthesis.

It is noteworthy that insulin is still required in cells express-
ing constitutively active PKC{ but lacking IRS-1 (Fig. 4A),
suggesting that there is at least one IRS-1-independent path-
way emanating from the IR that is required for general protein
synthesis in conjunction with PKC{. The results presented here
indicate that the activation of MAPK is one of these IR-
mediated events, despite the fact that IRS-1-mediated activa-
tion of MAPK does not play a significant role in insulin-stim-
ulated protein synthesis (43). Depletion of MAPK with an
antisense oligonucleotide prevented insulin-stimulated protein
synthesis (Fig. 5). This is similar to the observation that a
specific inhibitor of MEK prevents the stimulation of protein
synthesis in aortic smooth-muscle cells by growth factors (62).
The precise mechanistic interpretation of the MAPK depletion
experiment, however, is not clear. Presumably, targets down-
stream of MAPK have a positive effect on protein synthesis,
but more complicated scenarios involving phenotypic changes
that may result from long-term (48- to 76-h) depletion of
MAPK activity cannot be ruled out.

We conclude that the insulin signal bifurcates at PI3K (Fig.
8), one branch leading to general protein synthesis (through
PKC{) and one, to growth-regulated protein synthesis

MoL. CELL. BIOL.

(through Akt). Although more complex explanations of the
data are possible, a consistent, straightforward model is that
PI3K generates phosphatidylinositol-3,4-bisphosphate and
phosphatidylinositol-3,4,5-trisphosphate in the plasma mem-
brane and that both Akt and PKC{ are activated by these
phospholipids. Our inability to obtain viable cell lines stably
expressing a dominant-negative form of PKC¢ (7) is consistent
with a requirement of general protein synthesis for cell survival
(data not shown). The downstream targets of PKC{ are ex-
pected to be factors equally required for translation of all
mRNAs but are not yet known.
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