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To investigate the potential role of protein kinase C-d (PKC-d) in insulin-like growth factor I receptor
(IGF-IR)-mediated cell transformation, an oncogenic gag-IGF-IR b-fusion receptor lacking the entire extra-
cellular domain, which was designated NM1, and a full-length IGF-IR were coexpressed with either wild-type
PKC-d (PKC-dWT) or an ATP-binding mutant of PKC-d (PKC-dK376R) in NIH 3T3 fibroblasts. While
overexpression of PKC-dWT did not affect NM1- and IGF-IR-induced focus and colony formation of NIH 3T3
cells, expression of PKC-dK376R severely impaired these events. In contrast, NM1-mediated cell growth in
monolayer was not affected by coexpressing PKC-dK376R. PKC-dWT and PKC-dK376R were constitutively
phosphorylated on a tyrosine residue(s) in the NM1- and IGF-IR-expressing cells and were associated with
them in an IGF-I-independent manner. Activated IGF-IR was able to phosphorylate purified PKC-d in vitro
and stimulated its kinase activity. Furthermore, the level of endogenous PKC-d protein was up-regulated
through transcriptional activation in response to long-term IGF-IR activation. Taken together, our results
demonstrate that PKC-d plays an important role in IGF-IR-mediated cell transformation, probably via
association of the receptor with PKC-d and its activation through protein up-regulation and tyrosine phos-
phorylation. Competition with endogenous PKC-d for NM1 and IGF-IR association by PKC-dK376R is
probably an important mechanism underlying the PKC-dK376R-mediated inhibition of cell transformation by
NM1 and IGF-IR.

Insulin-like growth factor I receptor (IGF-IR) is a type II
tyrosine kinase receptor which is composed of two extracellular
a subunits and two membrane-spanning b subunits linked by
disulfide bonds (49, 50). IGF-I stimulation of IGF-IR results in
receptor autophosphorylation and phosphorylation of certain
signaling molecules such as Shc, phosphatidylinositol 39 kinase
(PI 39K), Grb2, Grb10, insulin receptor substrate 1 (IRS-1),
and interleukin 4-phosphorylated substrate (4PS)/IRS-2 (5).
Activation of the IGF-IR signaling pathway leads to prolifer-
ation, differentiation, and inhibition of apoptosis in different
model systems (5). The importance of IGF-IR in cell growth
and development has been demonstrated by the targeted dis-
ruption of the IGF-IR gene (2, 29). The size of newborn mice
lacking the IGF-IR was reduced by 70% in comparison to that
of wild-type littermates. Moreover, IGF-IR activation has been
demonstrated to play an important role in transformation of
cultured cells and in tumor progression in syngeneic animals
and nude mice (3). Embryonic fibroblasts established from
IGF-IR2/2 mice (R2 cells) are resistant to transformation
induced by a variety of oncogenes, growth factor receptors, and
viral proteins, including v-ras, raf, platelet-derived growth fac-
tor b receptor (PDGF-bR), epidermal growth factor receptor
(EGFR), simian virus 40 (SV40) T antigen, and the E5 protein
of bovine papillomavirus (6, 7, 32, 33, 41, 42). Reconstitution
of R2 cells with wild-type IGF-IR restored the susceptibility of
transformation by those oncogenes and growth factor recep-
tors. Inhibition of the IGF-IR signaling pathway by expression
of anti-sense IGF-I (48) or IGF-IR (17, 34, 36, 40, 43), by

expression of dominant-negative IGF-IR (18, 39), or by
microinjection of neutralizing antibody against IGF-IR (1,
15) has been shown to abolish or delay the progression of a
variety of tumors in animal models. For example, down-
regulation of the IGF-IR by antisense oligonucleotide
blocking has been demonstrated to reduce the tumorigenic-
ity of human glioblastoma T98G, rat glioblastoma C6, hu-
man breast carcinoma MC-F7, and mouse melanoma B16-
F10 cells (5).

Protein kinase C-d (PKC-d) is a serine/threonine kinase
whose activation has been tightly linked to monocytic differ-
entiation of the 32D myeloid progenitor cell line in response to
12-O-tetradecanoylphorbol-13-acetate (TPA) stimulation (31).
PKC-d has also been demonstrated to be phosphorylated on a
tyrosine residue(s) both in vitro and in vivo in response to a
variety of stimuli (9, 22). Recently, PKC-d has been identified
as an important downstream signaling molecule of the
PDGF-bR (23, 24). Autophosphorylation, membrane translo-
cation, and membrane-associated kinase activity of PKC-d in-
creased in response to PDGF stimulation in NIH 3T3 fibro-
blasts overexpressing PKC-d and in 32D cells coexpressing
PDGF-bR and PKC-d. PKC-d was tyrosine phosphorylated
both in vitro and in vivo by the activated PDGF-bR (20, 22,
24). Coexpression of an ATP binding mutant of PKC-d (PKC-
dK376R) (25) with the sis oncogene which encodes the
PDGF-B chain significantly inhibited sis/PDGF-bR-mediated
cell transformation of NIH 3T3 fibroblasts, strongly suggesting
that PKC-d is a physiological substrate involved in PDGF-bR-
mediated cell transformation (21).

We have previously constructed a gag-IGF-IR b fusion re-
ceptor by deleting the entire extracellular domain of human
IGF-IR and fusing the remaining sequence to the avian sar-
coma virus UR2 gag and have designated it NM1 (14, 27, 28).
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Expression of NM1 in chicken embryo fibroblasts (CEF) re-
sulted in constitutive receptor autophosphorylation and cell
transformation, as reflected in morphological alteration and
colony formation in soft agar. NM1 also induced tumors in

chicken efficiently. In this study, we investigated the potential
role of PKC-d in the native and fusion IGF-IR-induced trans-
formation of NIH 3T3 cells. Our results demonstrate that
transformation of NIH 3T3 cells by NM1 is severely impaired
by coexpression of PKC-dK376R. The PKC-dK376R mutant is
also capable of blocking full-length IGF-IR-mediated focus
formation in response to exogenous IGF-I. Furthermore, we
show that PKC-d is tyrosine phosphorylated in NM1- and IGF-
IR-expressing cells and is associated with these receptor ty-
rosine kinases in vivo. In addition, purified PKC-d is tyrosine
phosphorylated in vitro by NM1 and IGF-IR, and this phos-
phorylation results in increased PKC-d activity. Finally, we
present evidence that endogenous PKC-d is up-regulated in
protein and RNA levels upon long-term NM1 and IGF-IR
activation, thus providing a potential link between IGF-IR and
PKC-d in the NM1- and IGF-IR-mediated cell transforming
pathway.

MATERIALS AND METHODS

cDNA construction. The construction of oncogenic NM1 gag-IGF-IR and T6
gag-IR has been described elsewhere (27, 28). The NM1 mutant F1136, contain-
ing the Y1136-to-F1136 mutation of NM1, has been described elsewhere (14).

FIG. 1. Expression of PKC-dK376R inhibits focus formation induced by
NM1 and full-length IGF-IR. (A) NM1, dS2, and F1136 of NM1 and T6 were all
cloned in pMEXneo vector and cotransfected with pLTR vector containing
either PKC-dWT or PKC-dK376R with the amounts indicated. The plates were
fixed and stained with Giemsa dye 3 weeks after transfection and photographed.
Inhibition of NM1-induced focus formation by coexpressing PKC-dK376R had
been observed more than three times. This panel represents one of those exper-
iments. (B) Two micrograms of pMEX-IGF-IR (fusion of a and b chains) was
cotransfected with 2 mg of PKC-d cDNAs into NIH 3T3 fibroblasts. Twenty-four
hours after transfection, the plates were kept in DMEM containing 1% calf
serum in the absence or in the presence of 50 ng of human IGF-I per ml for 3
weeks. The plates were fixed, stained, and photographed.
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Construction of the mutant dS2, from which 19 amino acids in the subtransmem-
brane region of NM1 were deleted, will be described elsewhere. All of these
fusion receptor genes have been subcloned into a Moloney murine leukemia
virus long terminal repeat-based expression vector pMEXneo as described pre-
viously (14, 27, 28). The full-length IGF-IR in pMEXneo was obtained from
William Rutter. Cloning of PKC-dWT and PKC-dK376R into the pLTRgpt
vector was reported before (25).

Transfection and focus formation assay. Transfection of NIH 3T3 cells was
performed by the calcium phosphate precipitation, as previously described (21).
Briefly, 1.5 3 105 cells were plated on 10-cm tissue culture plates 1 day before
transfection. Equal amounts of precipitated DNA were added to two separate
plates for each transfecting sample. One of these plates was cultured in Dulbec-
co’s modified Eagle’s medium (DMEM; Gibco, BRL) containing 5% of calf
serum for the focus-forming assay, while the other plate was selected in medium
containing geneticin and/or mycophenolic acid, depending on the selectable
marker gene present in the expression vectors. The number of drug-resistant
colonies formed per plate was determined in order to ensure that equivalent
amounts of DNA were utilized and that comparable transfection efficiencies
were obtained. Media were changed twice a week following the transfection.
Three weeks after transfection, the nonselected plates were fixed, stained with
Giemsa dye (Fisher Scientific), and photographed for assessing focus formation.
The selected plates were enumerated for the drug-resistant colonies, and cells of
combined colonies from drug-resistant plates were used for further biochemical
studies and for colony-forming assays (see below). When the full-length IGF-IR
(coding for both the a and b subunits) cloned in pMEXneo was utilized in the
focus formation assay, media containing 1% of calf serum instead of 5% were
included for the nonselective plates either in the absence or in the presence of 50
ng of human IGF-I per ml for focus induction. The electroporation method for
32D cell transfection has been reported before (31).

Soft agar colony formation assay. The soft agar assay measuring anchorage-
independent growth has been reported elsewhere (21). Briefly, 105 NIH 3T3
stable transfectants were suspended in 4 ml of DMEM supplemented with 10%
calf serum and 0.4% Seaplaque agarose in 6-cm tissue culture plates containing
4 ml of 0.8% agarose containing DMEM underlay. Cultures were fed with 0.2 ml
of DMEM containing 10% of calf serum twice a week for 2 weeks. The colonies
were stained with p-iodonitrotetrazolium violet (Sigma) after 2 weeks and pho-
tographed on an inverted light.

Monolayer cell growth determination. Each NM1 transfectant coexpressing
the various PKC-d constructs was plated in a six-well Coaster plate at 1 3 104 to
5 3 104 cells/well with DMEM containing 10% calf serum. On the following day,
the cells were washed once with DMEM and maintained in DMEM containing
either 1% or 10% calf serum. Cell numbers were counted from one of these wells
on day 0 and were continuously counted every other day from each of these wells
until day 8 by using an automatic cell counter (Coulter Corporation). Two wells
from each sample were counted at each time, and the mean values were calcu-
lated and expressed in the corresponding figure.

Protein extraction, immunoprecipitation, and immunoblot analysis. Over-
night serum starvation, growth factor stimulation, and lysis of cells have been
described elsewhere (24, 25). For direct anti-PKC-d and anti-IGF-IR immuno-
blot analysis, equivalent amounts of total cellular proteins (100 mg per sample)
extracted with the lysis buffer containing 1% Triton X-100, 50 mM HEPES (pH
7.5), 5 mM EDTA, 50 mM NaCl, 10 mM sodium pyrophosphate, 50 mM sodium
fluoride, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 10-mg/ml aproti-
nin, and 10-mg/ml leupeptin were immunoblotted with anti-PKC-d serum (1 to
1,000 dilution [R&D Aba.]) or with anti-IGF-IR serum (1 to 1,000 dilution [27]).
For measuring IGF-IR tyrosine phosphorylation and PKC-d tyrosine phosphor-
ylation and for coimmunoprecipitation of IGF-IR with PKC-d, cells were serum
starved overnight and were either untreated or stimulated with human IGF-I (10
ng/ml) for 10 min at 37°C and lysed with the same lysis buffer described above.
Equivalent amounts of cell lysates (2 to 5 mg per sample) were immunoprecipi-
tated with either anti-IGF-IR or anti-PKC-d. Proteins were fractionated and
transferred to Immobilon membranes (Millipore) and immunoblotted with an-
tiphosphotyrosine (anti-pTyr [UBI; 2 mg/ml]), anti-PKC-d, or anti-IGF-IR anti-
body as described in the corresponding figures.

Immune complex assay for IGF-IR autophosphorylation. Cells were either
untreated or stimulated with IGF-I for 10 min after overnight serum starvation
and lysed in the lysis buffer described above. Equal amounts of protein from cell
lysates (2 mg per sample) were immunoprecipitated with anti-IGF-IR serum.
The immunoprecipitates were washed with the lysis buffer and incubated in a
reaction solution containing 25 mM HEPES (pH 7.5), 0.1% Nonidet P-40 (NP-
40), 10 mM MgCl2, 3 mM MnCl2, and 30 mM Na3VO4 and 10 mCi of [g-32P]ATP
at room temperature for 10 min. The reaction was stopped by adding an equal
volume of 23 sample loading buffer, and the mixture was boiled and subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The
dried gel was autoradiographed.

In vitro PKC-d phosphorylation by IGF-IR and PKC-d activity assay. IGF-IR
from NIH 3T3 cells and various transfectants was immunoprecipitated with
anti-IGF-IR serum. The immunoprecipitates were incubated with the baculovi-
rus-derived PKC-d for 20 min at room temperature in cold-ATP-containing
buffer as reported elsewhere (22). After reaction, 2 ml of each reaction mixture
was used as a PKC-d source to measure its activity by using PKC-d pseudosub-
strate region-derived peptide in the presence of [g-32P]ATP (22). Briefly, puri-

fied PKC-d before and after tyrosine phosphorylation was incubated at room
temperature in 40 ml of reaction buffer containing 10 mM PKC-d substrate
derived from the PKC-d pseudosubstrate region, 20 mM Tris-HCl (pH 7.5), 1
mM CaCl2, 10 mM magnesium acetate, 1 mM TPA, 50-mg/ml phosphatidylserine
(Sigma), 30 mM cold ATP, and 30 mCi of [g-32P]ATP for 20 min. The reaction
tube was centrifuged, and 20 ml of the supernatant was spotted on phosphocel-
lulase disks (Life Technologies, Inc./BRL). The disks were washed twice with 1%
phosphoric acid and twice with distilled water, and samples were analyzed by
liquid scintillation. The remaining reaction mixture was subjected to SDS-PAGE
and immunoblotted with anti-pTyr or anti-PKC-d.

Northern blot analysis. The method with full-length mouse PKC-d cDNA as
the probe in Northern blot analysis has been described before (24).

RESULTS

Expression of PKC-dK376R mutant severely impairs NM1-,
IGF-IR-, and T6-induced focus formation of NIH 3T3 fibro-
blasts. To investigate the potential role played by PKC-d in
IGF-IR-mediated cell transformation of NIH 3T3 fibroblasts,
we cotransfected expression vectors containing various PKC-d
cDNAs together with NM1 plasmid. Consistent with its trans-
forming activity in CEF (27, 28), NM1 was able to induce focus
formation of NIH 3T3 fibroblasts with an efficiency of 6 3 102

foci/mg of DNA (Fig. 1A). Coexpression of PKC-dWT with
NM1 did not affect the focus-forming activity induced by NM1
(Fig. 1A). In striking contrast, coexpression of PKC-dK376R
with NM1 reduced its focus-forming activity by 90%. dS2 con-
tains a 19-amino-acid deletion in the juxtamembrane region of
NM1, and its transforming activity in CEF was dramatically
reduced compared to that of NM1 (14a). Similarly, the focus-
forming activity of dS2-transfected NIH 3T3 cells was only
one-fifth of that of NM1-transfected cells (Fig. 1A, panel 2).
Tyrosine 1136 of NM1 or IGF-IR has been demonstrated to be
important for their transforming activity, as measured by col-
ony formation of CEF, NIH 3T3, and mouse embryonic cells in
soft agar (12, 14, 18). However, expression of the NM1 F1136
mutant in NIH 3T3 cells showed that it still retained about 50
to 60% of the focus-forming activity of NM1 (Fig. 1A, panel 3).
Both dS2- and F1136-induced focus-forming activities were
also severely inhibited by coexpression of PKC-dK376R. T6 is
a gag-insulin receptor (gag-IR) fusion protein that is similar in
structure to NM1 (38). Although T6 has a transforming activity
comparable to that of NM1 in CEF (38), its focus-forming
activity was remarkably reduced in comparison with that of
NM1 in NIH 3T3 cells (Fig. 1A, panel 4). The focus-forming
activity of T6 was nearly abolished in the presence of PKC-
dK376R, which was a result consistent with that of NM1.

We then tested whether full-length IGF-IR-induced trans-
formation of NIH 3T3 cells could be affected by expression of
PKC-dK376R. NIH 3T3 cells were cotransfected with full-
length IGF-IR and the PKC-dWT or PKC-dK376R plasmid.
The transfected cells were maintained in DMEM containing
1% calf serum in the absence or presence of 50 ng of human
IGF-1 per ml. As shown in Fig. 1B, fewer than 30 foci were
observed in cells cotransfected with IGF-IR and pLTR in the
absence of exogenous IGF-I. IGF-I stimulation of the same
transfectant for 3 weeks resulted in more than 200 foci. Similar
numbers of foci were observed in the IGF-IR and pLTR-dWT
cotransfectant upon IGF-I stimulation. In contrast, expression
of PKC-dK376R totally abolished focus formation by sponta-
neous and IGF-I-stimulated IGF-IR activation.

Anchorage-independent growth of NIH 3T3 cells induced by
NM1 is inhibited by PKC-dK376R. To test whether expression
of PKC-dK376R also affected NM1-mediated anchorage-inde-
pendent growth, we generated stable NIH 3T3 transfectants
coexpressing NM1 and PKC-dK376R. As shown in Fig. 2,
parental NIH 3T3 cells formed only a few spontaneous colo-
nies in media containing 10% calf serum. NM1-expressing
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NIH 3T3 cells formed more than 200 colonies. In striking
contrast, expression of PKC-dK376R significantly reduced the
number of NM1-induced colonies in soft agar. Consistent with
the results of the focus formation assay, expression of PKC-
dWT had no effect on the colony-inducing activity of NM1
compared to that of NM1/pLTR-cotransfected cells. Taken
together, these results demonstrate that PKC-d plays a pivotal
role in NM1-, IGF-IR-, and T6-mediated transformation of
NIH 3T3 fibroblasts.

PKC-dK376R expression does not affect the growth rate of
NM1-expressing cells in monolayer. The growth rates of cells
stably cotransfected with NM1 and PKC-dWT or PKC-
dK376R in monolayer culture were measured in the presence
of two serum concentrations. Transfectants cultured in 10%
serum reached confluence in about 6 days, whereas those in
1% serum grew much more slowly, even though they were
transformed by NM1 (Fig. 3). Nevertheless, neither coexpres-
sion of PKC-dWT nor that of PKC-dK376R affected the
growth rate of NM1-expressing cells at either serum concen-
tration. Since the same transfectants were utilized for both the

soft agar colony formation assay and the monolayer growth
assay, these data provide the evidence that PKC-d-mediated
signaling is important for IGF-IR-induced anchorage-indepen-
dent growth and escape from contact inhibition, but not for
proliferation of cells in monolayer culture. Segregation of sig-
naling pathways leading to cell growth on monolayer versus
those for focus and colony formation has been observed pre-
viously in other oncogene systems, including the differential
effect exerted by various Ros mutants (52). However, the result
here represents the initial observation that PKC-d plays a dif-
ferential role in distinct biological pathways mediated by
IGF-IR activation.

IGF-IR expression and kinase activity are not affected by
coexpression of the PKC-dK376R mutant. PKC-d expression
levels among the various transfectants were measured by direct
immunoblot analysis with anti-PKC-d serum. The expression
levels of PKC-dWT and PKC-dK376R were increased by five-
and threefold, respectively, over that of the endogenous PKC-d
(Fig. 4A). The protein level for the PKC-dK376R mutant was
lower than that of PKC-dWT in the different transfectants,

FIG. 2. Anchorage-independent growth induced by NM1 is suppressed when PKC-dK376R is coexpressed. Stable NM1 transfectants coexpressing the various
PKC-d constructs or the parental NIH 3T3 fibroblasts were plated in soft agar-containing media with 10% calf serum and maintained for 2 weeks. The dishes were
stained and photographed. Inhibition of NM1-induced colony formation in the soft agar assay had been observed more than three times. This represents one of those
experiments.
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despite the use of the same expression vector. This was also
observed in our previous studies, in which we attempted to
express this mutant in 32D myeloid progenitor cells and to
coexpress it with the sis oncogene in NIH 3T3 cells (21, 25).
The expression levels of the 53-kDa NM1 protein in the con-
trol and PKC-d transfectants were very similar (Fig. 4B).
IGF-IR transfectants displayed a fivefold increase in IGF-IR
expression over that of the endogenous IGF-IR, as judged by
the expression of the 97-kDa IGF-IR b subunit (Fig. 4C).
Again, no differences in IGF-IR protein levels were detected
among the various PKC-d transfectants.

To determine whether overexpression of PKC-dWT or PKC-
dK376R would affect NM1 and IGF-IR tyrosine kinase activ-
ities, the extents of receptor tyrosine phosphorylation and in

vitro kinase activities of NM1 and IGF-IR were measured.
Expression of NM1 resulted in a constitutively tyrosine-phos-
phorylated protein, which migrated as a broad band of 53 to 60
kDa (Fig. 5A). We did not observe any significant changes in
the level of NM1 protein tyrosine phosphorylation upon coex-
pression of either PKC-dWT or PKC-dK376R. Overexpression
of the full-length IGF-IR resulted in basal phosphorylation of
the receptor. Ligand stimulation greatly increased tyrosine
phosphorylation of the receptor (Fig. 5A). Again, ligand-de-
pendent phosphorylation of IGF-IR was not affected by coex-
pression of PKC-dK376R.

The in vitro kinase assay was performed to further examine
the effect of PKC-dK376R on NM1 and IGF-IR kinase activ-
ities. As seen in Fig. 5B, the autophosphorylation activities in
all NM1 transfectants were indistinguishable. An 80-kDa phos-
phorylated protein was coprecipitated by anti-IGF-IR only in
lysates from the NM1/pLTR-dWT cotransfectant (Fig. 5B [in-
dicated by the asterisk]), but not from the NM1/pLTR or
NM1/pLTR-dK376R cotransfectant. The ligand-dependent ac-
tivation of the endogenous IGF-IR in various PKC-d single
transfectants was also measured by the kinase assay (Fig. 5B).
Expression of PKC-dK376R did not affect activation of the
endogenous IGF-IR. These results indicate that the inhibitory
effect of PKC-dK376R on NM1 and IGF-IR transformation is
not due to its effect on receptor activation and expression.

Tyrosine phosphorylation of cellular proteins in response to
IGF-I stimulation was also examined by anti-pTyr immunoblot
analysis. As seen in Fig. 5C, a relatively high level of IGF-IR b
subunit tyrosine phosphorylation was observed in all three
IGF-IR-transfected lines, but not in NIH 3T3 cells. Ligand
stimulation resulted in increased tyrosine phosphorylation of
the overexpressed IGF-IR to a similar extent in PKC-dWT and
PKC-dK376R cotransfectants. Interestingly, a 180-kDa ty-

FIG. 3. Monolayer cell growth mediated by NM1 is not affected by PKC-
dK376R expression. NM1/pLTR (squares), NM1/pLTR-dWT (diamonds), and
NM1/pLTR-dK376R (circles) transfectants were plated in six-well Coaster plates
and maintained in DMEM containing either 10% (A) or 1% (B) calf serum. Cell
numbers were counted every other day until day 8.

FIG. 4. Expression of PKC-d, NM1, and IGF-IR proteins in NIH 3T3 trans-
fectants. Equal amounts of cell lysates (100 mg per lane) were loaded on SDS-
PAGE gels and immunoblotted with anti-PKC-d serum (A) or with anti-IGF-IR
sera (B and C).
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rosine phosphorylated protein, which may represent endoge-
nous IRS-1, was detected in response to IGF-I stimulation in
all the lines tested. Again, no obvious difference was observed
in tyrosine phosphorylation of cellular proteins among all of
the PKC-d cotransfectants.

Overexpressed PKC-d is constitutively phosphorylated on a
tyrosine residue(s) in NM1- or IGF-IR-cotransfected NIH 3T3
cells. PKC-d has been previously demonstrated by our labora-
tory and several others to be phosphorylated on a tyrosine
residue(s) in vivo and in vitro (8, 9, 11, 16, 20, 22, 24, 44, 45,
51). Tyrosine phosphorylation of PKC-d was considered an
indicator of its activation, since only the membrane-associated
PKC-d was found to be phosphorylated (24). We were inter-
ested to know whether activation of IGF-IR was able to induce
tyrosine phosphorylation of PKC-d. As shown in Fig. 6A, co-
expression of NM1 with PKC-dWT resulted in constitutive
tyrosine phosphorylation of PKC-dWT. Phosphorylation of the
PKC-dK376R mutant protein by NM1 was much higher than
that of PKC-dWT, even though mutant protein expression was
two- to threefold lower (Fig. 4A). This is consistent with our
previous finding that PKC-dK376R protein was constitutively
and highly phosphorylated on tyrosine, which may be due to its
exclusive localization in the membrane fraction of the cell.
Surprisingly, PKC-dWT overexpression in an IGF-IR/pLTR-
dWT cotransfectant resulted in constitutive tyrosine phosphor-
ylation of PKC-d independent of IGF-I, although IGF-IR ty-
rosine phosphorylation was greatly increased upon IGF-I
stimulation (Fig. 5A). Likewise, PKC-dK376R was constitu-
tively phosphorylated on tyrosine at a level higher than that of
PKC-dWT in the IGF-IR/pLTR-dK376R cotransfectant.

The constitutive phosphorylation of PKC-dWT by overex-
pressed IGF-IR was in sharp contrast to PKC-d activation by
the PDGF-bR, in which PKC-d was tyrosine phosphorylated in

FIG. 5. NM1 and IGF-IR activities are not inhibited by PKC-dK376R expression. (A) NIH 3T3 transfectants were serum starved overnight in DMEM and either
untreated or stimulated with 10 ng of IGF-I per ml for 10 min. Equivalent cell lysates were immunoprecipitated with anti-IGF-IR serum, and transferred proteins were
immunoblotted with anti-pTyr. (B) NIH 3T3 transfectants were treated in a manner similar to that described for panel A. Equivalent cell lysates were immunopre-
cipitated with anti-IGF-IR serum and subjected to an immune complex assay as described in Materials and Methods. The dried gel was autoradiographed. An 80-kDa
phosphoprotein associated with NM1 is indicated by the asterisk. (C) NIH 3T3 transfectants were treated in a manner similar to that described for panel A. Equivalent
cell lysates (100 mg per lane) were subjected to immunoblot analysis with anti-pTyr. Marker proteins are given in kilodaltons. IP, immunoprecipitation.

FIG. 6. PKC-dWT and PKC-dK376R proteins are constitutively tyrosine
phosphorylated in NM1- or IGF-IR-cotransfected NIH 3T3 cells. (A) NM1 and
IGF-IR cotransfectants were serum starved overnight in DMEM and either
untreated or stimulated with 10 ng of IGF-I per ml for 10 min. (B) 32D cells and
transfectants were serum starved for 2 h and either untreated or stimulated with
100 ng of TPA per ml for 10 min or with 10 ng of IGF-I per ml for either 5 or
30 min. Equivalent cell lysates were immunoprecipitated with anti-PKC-d serum.
Transferred proteins were immunoblotted with anti-pTyr. Marker proteins are
indicated in kilodaltons. IP, immunoprecipitation.
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a PDGF-dependent manner (24). IGF-IR overexpression led
to a relatively high level of autophosphorylation in the absence
of addition of exogenous ligand (Fig. 5A and C). Furthermore,
we have previously shown that overexpression of PKC-d re-
sulted in its partial localization in the membrane fraction of the
cell before stimulation (25). To test whether constitutive ty-
rosine phosphorylation of PKC-dWT prior to IGF-I stimula-
tion was due to its overexpression, we chose to stimulate 32D
cells with IGF-I or TPA. 32D cells express functional IGF-IR
(data not shown) and higher endogenous PKC-d than NIH 3T3
cells whose tyrosine phosphorylation in response to PDGF
(24) or TPA (see below) was easily detected in vivo. As shown
in Fig. 6B, tyrosine phosphorylation of endogenous PKC-d
from 32D cells in response to IGF-I stimulation for 5 and 30
min was increased by at least two- to threefold, strongly sug-
gesting that PKC-d is a physiological substrate of IGF-IR.
Overexpression of IGF-IR in 32D cells led to some constitutive
PKC-d tyrosine phosphorylation, although a onefold increase
of PKC-d tyrosine phosphorylation was still observed in re-
sponse to IGF-I stimulation for 5 min. These data clearly
indicate that overexpression of IGF-IR can cause constitutive
tyrosine phosphorylation of endogenous PKC-d, which may be
contributed by the leaky IGF-IR due to its overexpression.
Tyrosine phosphorylation of PKC-dWT became fully indepen-
dent of IGF-I when both IGF-IR and PKC-d were overex-
pressed in 32D cells. This result mimics the phenomenon ob-
served with NIH 3T3 cells coexpressing IGF-IR with PKC-d
(Fig. 6A). As reported elsewhere (22, 24), endogenous PKC-d
and overexpressed PKC-d were tyrosine phosphorylated in re-
sponse to TPA stimulation (Fig. 6B). We conclude that over-
expression of PKC-d with NM1 or IGF-IR overexpressed in
NIH 3T3 cells results in constitutive tyrosine phosphorylation
of PKC-d. Based on the data obtained from the 32D cell
system, it is speculated that endogenous PKC-d of NIH 3T3
cells may also be tyrosine phosphorylated and activated by
IGF-IR in vivo in a ligand-dependent fashion when it reaches
a certain expression level during the IGF-IR transformation
process. This hypothesis is further supported by the up-regu-
lation of endogenous PKC-d through long-term IGF-IR acti-
vation in NIH 3T3 cell system (see Fig. 9).

Purified PKC-d can be phosphorylated by NM1 and IGF-IR
with increased activity in vitro. Having demonstrated that
PKC-d was tyrosine phosphorylated in the NM1 or IGF-IR
cotransfectant, we were interested to know whether activated
IGF-IR was able to phosphorylate PKC-d directly and affect
PKC-d kinase activity. For this purpose, IGF-IR from the NM1
or IGF-IR transfectant and NIH 3T3 parental line was immu-
noprecipitated and subjected to an in vitro kinase assay in the
presence of purified PKC-d derived from baculovirus and cold
ATP (22). After reaction, some of the supernatant containing
the purified PKC-d was assayed for PKC-d activity, while the
remaining reaction mixture was subjected to immunoblot anal-
ysis with anti-pTyr. As shown in Fig. 7A, coincubation of the
purified PKC-d in vitro with immunoprecipitated endogenous
IGF-IR resulted in PKC-d tyrosine phosphorylation. The level
of PKC-d tyrosine phosphorylation was increased with immu-
noprecipitates from NM1- or IGF-IR-overexpressed cells (Fig.
7A; compare lanes 1 to 2 and 3). The same amount of purified
PKC-d was used for the in vitro tyrosine phosphorylation re-
action in all of the samples, as determined by reprobing the
same membrane shown in Fig. 7A with anti-PKC-d (Fig. 7B).
Subsequent analysis of PKC-d activity demonstrated that its
activity was increased by 1.2- to 1.4-fold after it was tyrosine
phosphorylated, compared to the non-tyrosine-phosphorylated
PKC-d (Fig. 7C; compare lanes 1 to 3 to 4). These results

suggest that PKC-d is phosphorylated by NM1 and IGF-IR in
vitro and that this phosphorylation increases PKC-d activity.

PKC-d associates with NM1 and IGF-IR intracellularly.
Association of tyrosine kinase receptors with their substrates in
vivo occurs frequently via Src homology 2 (SH2) or phospho-
tyrosine binding (PTB) domains of these substrates (37). Al-
though PKC-d does not possess an SH2 or PTB domain, it has
been shown to be tyrosine phosphorylated by various protein
tyrosine kinase receptors, including PDGF-bR, IR, and EGFR
(8, 22, 24), and to associate with p85 subunit of PI 39K (10) and
v-src (51) in vivo. An 80-kDa phosphoprotein from the NM1/
pLTR-dWT cotransfectant was reproducibly detected in the in
vitro IGF-IR kinase assay (Fig. 5B). Since PKC-d possesses
autophosphorylation capacity and is known to migrate as an
80-kDa protein by SDS-PAGE, we suspected that the 80-kDa
phosphoprotein could be PKC-d. Failure to detect the same
80-kDa protein from the NM1/pLTR-dK376R cotransfectant
further suggested its identity as PKC-d, since PKC-dK376R is
not able to undergo autophosphorylation (25). To test our
hypothesis, we performed reciprocal immunoprecipitation and

FIG. 7. Purified PKC-d is tyrosine phosphorylated and activated by the acti-
vated IGF-IR from normal and transfected NIH 3T3 cells. (A) Cell lysates from
NIH 3T3 and its transfectants were immunoprecipitated with anti-IGF-IR.
Washed immunoprecipitates were subjected to an in vitro kinase assay by in-
cluding the purified PKC-d as a substrate, together with cold ATP (lanes 1 to 3).
Purified PKC-d was also incubated with the kinase assay buffer alone as a control
(lane 4). After phosphorylation reaction, one portion of the supernatant was
used as a PKC-d source for the subsequent PKC-d activity assay (see panel C).
The remainder of the reaction mixture was resolved by SDS-PAGE and immu-
noblotted with anti-pTyr. (B) The membrane from panel A was reblotted with
anti-PKC-d serum. (C) Two microliters of the mixture from the in vitro reaction
performed in panel A was subjected to an in vitro PKC-d activity assay in the
presence of [g-32P]ATP as described in Materials and Methods. The fold in-
creases were calculated by counts per minute from lanes 1 to 3 divided by counts
per minute from lane 4. A similar result was also obtained in another indepen-
dent experiment.
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immunoblotting analyses using anti-IGF-IR and anti-PKC-d
sera. As shown in Fig. 8A, both PKC-dWT and PKC-dK376R
proteins were detected in anti-IGF-IR immunoprecipitates
from lysates of NM1-cotransfected cells. The amounts of
PKC-d associated with NM1 protein were proportional to the
expression levels of PKC-dWT and PKC-dK376R in the re-
spective cotransfectants (Fig. 4A). PKC-dWT and PKC-
dK376R coimmunoprecipitated by anti-IGF-IR migrated as
doublets or triplets on SDS-PAGE gels, which may be due to
existence of multiple phosphorylated forms of PKC-d as re-
ported elsewhere (25). Endogenous PKC-d was not detected
under such condition. PKC-dWT in the IGF-IR/pLTR-dWT
cotransfectant was constitutively associated with IGF-IR in this
assay (Fig. 8A). PKC-dK376R was also detected from anti-
IGF-IR immunoprecipitates in the IGF-IR/pLTR-dK376R co-
transfectant, albeit at a much lower level (data not shown). To
exclude any possibility of nonspecific coimmunoprecipitation
of overexpressed PKC-d from anti-IGF-IR immunoprecipi-
tates, we immunoprecipitated IGF-IR/pLTR-dWT transfec-
tant with preimmune serum. As seen in Fig. 8B, preimmune
serum did not precipitate PKC-d from the transfectant, sug-
gesting that detection of PKC-d from anti-IGF-IR immuno-
precipitates is due to the specific interaction of PKC-d with the
IGF-IR.

In the reciprocal experiment, we found that IGF-IR was
detected in the anti-PKC-d immunoprecipitates from the IGF-
IR/pLTR, IGF-IR/pLTR-dWT, or IGF-IR/pLTR-dK376R co-
transfectant, with the most abundant association detected from
the IGF-IR/pLTR-dWT cotransfectant (Fig. 8C). Like tyrosine
phosphorylation of PKC-d by IGF-IR, its association with
IGF-IR appeared to be mainly ligand independent. These re-
sults demonstrate that PKC-dWT and PKC-dK376R are asso-
ciated with both IGF-IR and NM1 in a ligand-independent
manner in NIH 3T3 cells overexpressing these proteins.

Endogenous PKC-d protein and RNA levels are increased
upon constitutive or long-term IGF-IR activation. To further
explore the role of endogenous PKC-d in NM1- and IGF-IR-
mediated cell transformation, we examined the endogenous

PKC-d protein levels in NM1- and IGF-IR-overexpressing
NIH 3T3 cells. As shown in Fig. 9A, when the cells were
cultured in media containing 10% calf serum, overexpression
of NM1 or IGF-IR resulted in a twofold increase in the PKC-d
protein level compared to that of the parental NIH 3T3 cells.
When NM1 and IGF-IR transfectants were serum starved for
8 h and then treated with IGF-I for another 16 h, endogenous
PKC-d from IGF-I-treated IGF-IR transfectant was up-regu-
lated by twofold (Fig. 9B). As expected, TPA treatment for
16 h completely degraded endogenous PKC-d protein. The
level of PKC-d in the NM1 transfectant was equivalent to that
of the IGF-I-treated IGF-IR transfectant and was independent
of IGF-I stimulation, indicating that constitutively activated

FIG. 8. PKC-dWT and PKC-dK376R are constitutively associated with NM1
and IGF-IR in vivo. (A) Various NIH 3T3 transfectants were serum starved
overnight in DMEM and either untreated or stimulated with 10 ng of IGF-I per
ml for 10 min. Equivalent cell lysates were immunoprecipitated with anti-IGF-IR
serum. Transferred proteins were immunoblotted with anti-PKC-d. (B) Cell
lysates were immunoprecipitated either with anti-IGF-IR or with preimmune
serum. Transferred proteins were immunoblotted (Blot) with anti-PKC-d. (C)
The same lysates from panel A were immunoprecipitated with anti-PKC-d se-
rum. Transferred proteins were immunoblotted with anti-IGF-IR. Marker pro-
teins are indicated in kilodaltons. IP, immunoprecipitation.

FIG. 9. Endogenous PKC-d protein and RNA are up-regulated by long-term
IGF-IR activation. (A) NIH 3T3 cells and transfectants were maintained in
media containing 10% calf serum and lysed. Equivalent amounts of proteins
were loaded on SDS-PAGE gels. The transferred proteins were immunoblotted
with anti-PKC-d serum. (B) NIH 3T3 transfectants were serum starved for the
first 8 h and either untreated or exposed to IGF-I (50 ng/ml) or TPA (100 ng/ml)
for another 16 h. The cells were lysed, and transferred proteins from SDS-PAGE
gels were immunoblotted with anti-PKC-d. (C) Fifteen micrograms of total RNA
from the parental NIH 3T3 and transfectants was isolated from normal cultured
cells and loaded into agarose gel. Equivalent amounts of loading were demon-
strated by ethidium bromide staining, as shown in the lower panel. The specific
PKC-d messages were detected with the full-length mouse PKC-d as a probe (top
panel). 18S and 28S rRNAs were used as markers.
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NM1 was able to up-regulate the PKC-d protein level even in
the absence of serum.

When total RNAs were isolated from NIH 3T3 cells and
NM1 or IGF-IR transfectant cultured in the presence of se-
rum, up-regulation of PKC-d messages by one- to twofold in
NM1 and IGF-IR transfectants compared to that of NIH 3T3
cells was clearly observed (Fig. 9C). Taken together, our re-
sults suggest that association with and tyrosine phosphoryla-
tion of PKC-d by IGF-IR and up-regulation of the expression
of PKC-d by long-term IGF-IR overexpression and activation
play an important role in NM1- and IGF-IR-mediated cell
transformation.

DISCUSSION

Although activation of IGF-IR due to its mutations was not
reported in samples from tumor patients, overexpression of
functional IGF-IR has been repeatedly documented in differ-
ent cancers (3–5). In the present study, we provide evidence
that overexpression of native and oncogenic IGF-IR can lead
to NIH 3T3 cell transformation, clearly indicating the causal
role of overexpressed IGF-IR in cell transformation. The IGF-
IR- and oncogenic IR-mediated transformation is inhibited by
coexpression of an ATP binding mutant of PKC-d (PKC-
dK376R). Since PKC-dWT overexpression did not enhance
IGF-IR-mediated transformation, it is likely that the level of
endogenous PKC-d is not limiting for relaying IGF-IR trans-
formation signals. It is also possible that downstream signaling
molecules of PKC-d are limiting. Therefore, transformation
would not be enhanced when PKC-dWT is overexpressed to-
gether with NM1 or IGF-IR. To date, we have shown that c-Sis
(PDGF-B)-, IGF-IR-, and IR-induced, but not v-H-Ras- and
v-Raf-induced, transformation of NIH 3T3 cells can be
blocked by coexpressing PKC-dK376R, indicating specificity in
the dominant inhibitory effect of this mutant on oncogene-
mediated cell transformation. PKC-dK376R expression did not
affect NM1 or IGF-IR tyrosine kinase activities, indicating that
PKC-dK376R must exert its inhibitory effect downstream of
receptor activation.

Our data show association of IGF-IR with PKC-d and ty-
rosine phosphorylation of PKC-d in NM1- and IGF-IR-trans-
fected cells coexpressing PKC-d. The activated IGF-IR was
also demonstrated to phosphorylate purified PKC-d in vitro,
leading to increased PKC-d enzymatic activity. In addition,
PKC-d tyrosine phosphorylation correlated with its association
with NM1 or IGF-IR in vivo. All of these results strongly
suggest that PKC-d is a direct in vivo substrate of IGF-IR. That
the endogenous PKC-d was tyrosine phosphorylated in re-
sponse to short-term IGF-I stimulation in 32D cells further
substantiates the role of PKC-d as a physiological substrate of
IGF-IR in vivo. Our previous study also demonstrated that the
IR was able to phosphorylate purified PKC-d in vitro and that
tyrosine phosphorylation of PKC-d by IR increased PKC-d
kinase activity (22). Inhibition of oncogenic IR-induced trans-
formation by the PKC-dK376R mutant correlates with these
observations.

Although our data did not provide evidence that PKC-d is
directly activated by short-term IGF-I stimulation in the NIH
3T3 cell system, it has been reported that insulin stimulation
leads to diacylglycerol production and subsequent PKC acti-
vation (46, 47). In addition, long-term stimulation by NM1 or
IGF-I treatment of IGF-IR in NIH 3T3 transfectants results in
up-regulation of PKC-d protein levels. In addition, endoge-
nous PKC-d of 32D cells is tyrosine phosphorylated by the
activated IGF-IR (Fig. 6B), an indicator of PKC-d activation
(24). Thus, endogenous PKC-d may be regulated in an IGF-I-

dependent manner during the transformation process. Inhibi-
tion of NM1 and IGF-IR transformation by the PKC-dK376R
mutant and its association with these receptors further sub-
stantiate the specific role of endogenous PKC-d in IGF-IR-
mediated cell transformation. The exact mechanism underlying
PKC-dK376R inhibition of NM1 and IGF-IR transformation is
still unclear. However, the association of PKC-dK376R with
NM1 and IGF-IR in vivo strongly suggests that PKC-dK376R
might compete with endogenous PKC-d for IGF-IR binding.
Thus, PKC-dK376R competition may block the PKC-d-me-
diated signal transduction pathway utilized by IGF-IR by
sequestering important substrates whose activation requires
phosphorylation by endogenous PKC-d.

Our results utilizing the PKC-d ATP binding mutant indi-
cate that IGF-IR-mediated cell proliferation can be segregated
from focus and colony formation. It appears that PKC-d acti-
vation is involved in cell transformation but not in matrix-
attached cell growth induced by IGF-IR. Systematic deletion
and point mutation of the cytoplasmic domain of IGF-IR have
also suggested that IGF-IR-mediated soft agar growth, mito-
genicity, and inhibition of apoptosis are separable (35). A
cluster of serine residues at the COOH terminus of IGF-IR
has been identified as important for IGF-IR-induced transfor-
mation, but not for its mitogenicity (19). Whether these serines
are phosphorylated by PKC-d remains to be determined.

Recently, conflicting results concerning the role played by
PKC-d in cellular transformation have been observed in dif-
ferent cell systems. PKC-d was suggested to be a tumor sup-
pressor gene in c-Src-transfected 3Y1 fibroblasts (30). c-Src
transformed 3Y1 cells only when TPA was present. It was
proposed that the synergistic effect between TPA and c-Src on
3Y1 cell transformation was due to the down-regulation of
functional PKC-d. Expression of a dominant-negative mutant
of PKC-d (13), similar to that generated in our laboratory and
used in our present study, enhanced the colony-forming activ-
ity of c-Src-expressing cells. In contrast to this study, a positive
role for PKC-d in malignant transformation was demonstrated
in a separate report (26). When rat embryo fibroblasts were
transformed by SV40 T antigen, endogenous PKC-d levels
were increased by more than threefold. When clones capable
of growing in soft agar were analyzed, their endogenous PKC-d
levels were found to be further increased compared to those of
the original SV40-transformed cells. Expression of the NH2
terminus of PKC-d, which appeared to act in a dominant in-
hibitory fashion, completely suppressed soft agar colony for-
mation by SV40-transformed cells (26). More recently, this
group further demonstrated that PKC-d may play an important
role in determining the metastatic property of SV40-trans-
formed cells (13a). In our hands, both PDGF and IGF-I, two
important mitogens for cell proliferation, are able to up-regu-
late endogenous PKC-d levels (Fig. 9) (24). Whether the role
of PKC-d in cellular transformation is cell type specific or
oncogene specific remains to be determined.

In summary, our results provide the first evidence that
PKC-d is a direct tyrosine substrate of IGF-IR and plays a
pivotal role in IGF-IR-mediated transformation in NIH 3T3
cells. Association of the PKC-d dominant-negative mutant with
NM1 or IGF-IR may block IGF-IR-mediated signal transduc-
tion by competing with endogenous PKC-d for receptor asso-
ciation and activation. The identification of PKC-d as a sub-
strate of tyrosine kinase receptors, such as the IGF-IR and
PDGF-bR, will further allow us to evaluate novel mechanisms
of receptor-substrate interaction and activation. Since PKC-d
does not possess SH2, PTB, or pleckstrin homology domains
which have been documented as the important modules in
protein-protein interactions (37), it will be interesting to de-
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termine whether association of PKC-d with NM1 or IGF-IR in
vivo is direct, and, if so, which regions of PKC-d and IGF-IR
are required for this association. We are also very interested to
determine if endogenous PKC-d is critical in tumorigenesis, in
which the up-regulation of IGF-IR and activation of its signal-
ing pathway are tightly involved.
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