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Individual neurons express receptors for several different
growth factors that influence the survival, growth, neurotrans-
mitter phenotype, and other properties of the cell. Although
there has been considerable progress in elucidating the molec-
ular signal transduction pathways and physiological responses
of neurons and other cells to individual growth factors, little is
known about if and how signals from different growth factors
are integrated within a neuron. In this study, we determined the
interactive effects of nerve growth factor, insulin-like growth
factor 1, and epidermal growth factor on the activation status of
downstream kinase cascades and transcription factors, cell sur-
vival, and neurotransmitter production in neural cells that
express receptors for all three growth factors. We document
considerable differences in the quality and quantity of intracel-
lular signaling and eventual phenotypic responses that are
dependent on whether cells are exposed to a single or multiple
growth factors. Dual stimulations that generated the greatest
antagonistic or synergistic actions, compared with a theoreti-
cally neutral summation of their two activities, yielded the larg-
est eventual changeof neuronal phenotype indicatedby the abil-
ity of the cell to produce norepinephrine or resist oxidative
stress. Combined activation of insulin-like growth factor 1 and
epidermal growth factor receptors was particularly notable for
antagonistic interactions at some levels of signal transduction
and norepinephrine production, but potentiation at other levels
of signaling and cytoprotection. Our findings suggest that in
true physiological settings where multiple growth factors are
present, activation of one receptor type may result in molecular
and phenotypic responses that are different from that observed
in typical experimental paradigms in which cells are exposed to
only a single growth factor at a time.

Numerous growth factors have been identified that influence
the survival and plasticity of neurons, including the neurotro-

phins (NGF,2 brain-derived neurotrophic factor, NT-3, and
NT-4), basic fibroblast growth factor, insulin-like growth factor
1 (IGF-1), and epidermal growth factor (EGF). These different
factors activate receptors with intrinsic tyrosine kinase activity,
which then engage downstream kinase cascades, resulting in
the activation of transcription factors. For example, NGF acti-
vates the TrkA receptor that engages the Raf-mitogen-acti-
vated protein kinase kinase (MEK)-extracellular signal-regu-
lated kinase (ERK) pathway resulting in activation of
transcription factors, including AP1 (1–3); IGF-1 activates the
IGF-1 receptor that is coupled to phosphatidylinositol trisphos-
phate kinase, Akt kinase, and forkhead transcription factors of
the FOXO family (4, 5); and EGF receptors engage the Raf-
MEK-ERK pathway (6, 7). Many neural cells express receptors
formultiple growth factors, each ofwhich induce similar effects
on the survival, differentiation, and function of the cells.
Although there has been considerable progress in elucidating
the molecular signal transduction pathways and physiological
responses of neural cells to individual growth factors, it is not
known how signals from different growth factors are integrated
within an individual cell. Indeed, much of our understanding of
cellular neurophysiology has come from studies that employed
in vitro scenarios in which the signal transduction activity of a
single receptor signaling pathway is studied largely in isolation
of other inputs. This approach provides an understanding of
the linear pathways of cell signaling, but does not provide suf-
ficiently reliable information concerning how multiple inputs
integrate to generate a physiological response. The inherent
complexity of cellular signaling networks and their importance
to a wide range of cellular functions necessitates the develop-
ment of modeling methods that can be applied toward making
predictions and highlighting the appropriate experiments to
test our understanding of how these systems are designed and
function.
Presumably, the molecular integration of distinct multiple

inputs (mediated by specific plasma membrane receptors)
occurs at the level of their associated signal transduction cas-
cades. Components of these signal transduction cascades

* This work was supported, in whole or in part, by National Institutes of Health
(Intramural Research Program of the NIA). The costs of publication of this
article were defrayed in part by the payment of page charges. This article
must therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

□S The on-line version of this article (available at http://www.jbc.org) contains
Tables 1– 4.

1 To whom correspondence should be addressed: Receptor Pharmacology
Unit, Laboratory of Neurosciences, NIA, National Institutes of Health, 251
Bayview Blvd., Baltimore, MD 21224. E-mail: maudsleyst@mail.nih.gov.

2 The abbreviations used are: NGF, nerve growth factor; IGF-1, insulin-like
growth factor 1; EGF, epidermal growth factor; SH, Src homology; ERK,
extracellular signal-regulated kinase; MEK, mitogen-activated protein
kinase kinase; HPLC, high pressure liquid chromatography; NE, norepi-
nephrine; GSK-3, glycogen synthase kinase 3; EGFR, EGF receptor; PAGE,
Parametric Analysis of Geneset Enrichment.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 4, pp. 2493–2511, January 23, 2009
Printed in the U.S.A.

JANUARY 23, 2009 • VOLUME 284 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 2493



(including kinases, phosphatases, and their substrates) are
believed to be pre-assembled into higher order structures by
molecular scaffold proteins, including AKAP (protein kinase A
anchoring protein) (8), POSH (plenty of SH3 domains) (9), JIP
(c-Jun amino-terminal kinase interacting protein) (10), �-ar-
restins (11), and 14-3-3 proteins (12). These structures com-
partmentalize signaling pathways in the cell, enhance specific-
ity of target-substrate interactions, and improve the speed and
efficiency of signal transduction. Thus, there is a funneling of
the complex and diverse signaling inputs from ligands and their
specific receptors at the plasma membrane into the higher
order multiprotein signaling scaffolds attached either to
cytoskeletal proteins or the plasma membrane itself. The high
receptor diversity allows specific receptor signaling patterns at
the plasma membrane surface, but the signaling proteins that
are activated by these receptors are often common among dif-
ferent receptor-activated transduction pathways. Thus the sig-
naling traffic is likely to converge at cytoplasmic nexi, repre-
sented by the scaffolding proteins. Clustering of signaling
molecules in multiprotein signaling complexes eliminates
delays that would otherwise occur as a result of random diffu-
sion in the cytoplasm.Anunderstanding of howmultiple inputs
are integrated will provide a better appreciation of how multi-
ple neurotrophic factors actually mediate intracellular signal-
ing events in the physiological setting.
One cell type that has provided a valuable model for the elu-

cidation of neurotrophic factor signal transduction mecha-
nisms is PC12 pheochromocytoma cells generated by Greene
andTischler (13). These cells respond toNGFby differentiating
into a neuron-like phenotype characterized by cessation of cell
division, extension of neurites, acquisition of excitable mem-
brane properties, and the production of the monoamine neu-
rotransmitters dopamine and norepinephrine (13–16). PC12
cells also express receptors for IGF-1 andEGF, and activation of
either of these two receptor types promotes cell survival under
conditions of serum deprivation or other apoptotic insults
(17–19). In this study we investigated how neuronal signal-
ing is controlled by analyzing the signal transduction path-
way activation status in PC12 cells stimulated with single
growth factors or combinations of growth factors. Our find-
ings reveal distinctly different qualitative and quantitative
signaling patterns and phenotypic responses generated by
growth factors when they stimulate neural cells in the pres-
ence of other growth factors.

EXPERIMENTAL PROCEDURES

Materials—Epidermal growth factor and insulin-like growth
factor-1 were both obtained from Sigma, and nerve growth fac-
tor was obtained from Invitrogen. Antisera against proline-rich
tyrosine kinase 2 (Pyk2) was purchased from BD Transduction
Laboratories. Antisera raised against the active auto-tyrosine
418-phosphorylated form of c-Src were obtained from
BIOSOURCE. Anti-Shc, -syntaxin, -Hsp40, -calponin, -casein
kinase II, -crystallin antisera, and -agarose pre-conjugated anti-
PY20 (phosphotyrosine) to agarose beads were all obtained
from Santa Cruz Biotechnology, Inc., and antisera against
ERK1/2 (extracellular-regulated kinase 1/2), serine-phospho-
rylated inactive glycogen synthase kinase 3�/�, and protein

kinase B/Akt-1 were all obtained from Cell Signaling Technol-
ogy. Anti-EGF receptor, IGF-1 receptor, and NGF receptor
antisera were obtained from Santa Cruz Biotechnology.
Cell Culture—Rat pheochromocytoma cells (PC12) were

routinely maintained in RPMI 1640 media supplemented with
10% horse serum, 5% fetal bovine serum, and 1% antibiotic/
antimycotic (penicillin/streptomycin/fungizone: Invitrogen) at
37 °C in a 5% CO2 atmosphere. Prior to any cellular stimula-
tions with the growth factors, the cells were serum-deprived for
16 h by removing the horse and bovine serum content of the
RPMI growth medium and addition of 10 mM HEPES to com-
pensate for the reduced buffering capacity. For differentiation
studies of the PC12 cells, the serum content of the RPMImedia
was reduced to 1%horse and 1%bovine serum in addition to the
10 mM HEPES application. All PC12 cells were maintained in
100-mm plates coated with poly-D-lysine (Sigma).
Immunoprecipitation and Immunoblotting—After stimula-

tion with EGF (10 ng/ml), NGF (10 ng/ml), or IGF-1 (25 nM),
cell monolayers were placed on ice, washed twice in ice-cold
Dulbecco’s phosphate-buffered saline, and lysed in Nonidet
P-40-based solubilization buffer, as described previously (7).
Solubilized lysates were clarified by centrifugation at 15,000
rpm for 15min and diluted to an approximate concentration of
1mg/ml total protein. Subsequently, a 50-�l aliquot of clarified
whole-cell lysate was mixed with an equal volume of 2� Lae-
mmli sample buffer and resolved by SDS-PAGE for determina-
tion of intracellular protein activation by protein immunoblot-
ting. Immunoprecipitation of the phosphotyrosine proteins
Pyk2 and Shc was achieved using 20 �l of a 50% slurry of anti-
PY20 affinity agarose (Santa Cruz Biotechnology) with agita-
tion for 16 h at 4 °C. Immune complexes were washed three
times with ice-cold Nonidet P-40 based lysis buffer and trans-
ferred to a clean microcentrifuge tube before addition of 20 �l
of 2� Laemmli sample buffer. Immunoprecipitates were
resolved by SDS-PAGE and electrotransferred to polyvinyli-
dene difluoride (PerkinElmer Life Sciences)membrane for pro-
tein immunoblotting. Polyvinylidene difluoride membranes
were blocked in a 4% bovine serum albumin, 50 mM Tris-HCl,
pH 7.0, 0.05% Tween 20, and 0.05% Nonidet P-40 solution for
1 h at 37 °C before immunoblotting. Immunoblotting of whole-
cell lysates for ERK1/2, GSK-3, Akt, and active c-Src (Tyr-418
autophosphorylated)was performedusing specific antisera (see
under “Materials”) at a 1:1000 dilution with subsequent addi-
tion of a 1:7000 dilution of alkaline phosphatase-conjugated
anti-mouse/rabbit IgG as a secondary antibody (Sigma). Immu-
noblotting of anti-phosphotyrosine immunoprecipitates, run
out on SDS-PAGE, for Pyk2 and Shc was performed using a
1:1000 dilution with subsequent addition of a 1:7000 dilution of
alkaline phosphatase-conjugated anti-mouse/rabbit IgG as a
secondary antibody (Sigma). Receptor tyrosine kinase immu-
noprecipitations were performed on neurotrophin-stimulated
PC12 cell lysates by incubation with 4 �g of the respective anti-
receptor sera for 16 h at 4 °C followed by addition of 25 �l of a
30% slurry of protein A/protein G-Plus-agarose (Calbiochem).
Immune complexes were prepared as above and resolved by
SDS-PAGE. Their degree of tyrosine phosphorylation was
assessed by immunoblotting with a 1:1000 dilution of a PY20
anti-phosphotyrosine monoclonal antibody followed by a
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1:7000 dilution of an anti-mouse alkaline phosphatase-conju-
gated secondary antibody. Visualization of alkaline-phospha-
tase labeled proteins was performed using enzyme-linked
chemifluorescence (Amersham Biosciences) and quantified
using a Typhoon 9410 PhosphorImager.
RNA Extraction—PC12 cells were plated on poly-D-lysine-

coated 100-mm Petri dishes at a density of 4 � 106 cells/dish.
The cells were grown for 24 h in RPMI 1640 media supple-
mented with 10% horse serum, 5% fetal bovine serum, and 1%
antibiotic/antimycotic. The following day, the media were
changed to low serum-starving RPMI 1640 media supple-
mented with 1% horse serum and 10 mM HEPES. PC12 cells
were stimulated individually or in dual combinations with EGF
(10 ng/ml), IGF-1 (25 nM), or NGF (10 ng/ml) for 2-, 4-, and 8-h
time points in triplicate. Cells were washed with phosphate-
buffered saline, removed from the plate with a cell scraper, and
isolated by centrifugation at 4 °C. The cell pellets were snap-
frozen on dry ice and stored temporarily at �80 °C. A mouse
17K cDNA microarray was utilized to analyze gene expression
in the cell pellets. The cell pellets were processed using a Bead
Beater (Bio-Spec, Bartlesville, OK) followed by RNA purifica-
tion using the RNeasy mini kit (Qiagen, CA) according to the
manufacturers’ instructions. The RNAwas examined for quan-
tity and quality using an Agilent Bioanalyzer 2100 (Agilent
Technologies, CA).
Radioactive cDNA Probe Preparation and Microarray

Hybridization—cDNA probe preparation and microarray
hybridization were performed as described previously (20).
Briefly, 5 �g of total RNA was reverse-transcribed in a reaction
mixture containing 8 �l of 5� first strand RT buffer, 1 �l of 1
�g/�l 12–18-mer poly(dT) primer, 4 �l of 2 mM dNTPs
(�dCTP), 4 �l of 0.1 M dithiothreitol, 1 �l (40 units) of RNase-
OUT, 6 �l of 3000 Ci/mmol [�-33P]dCTP, and diethyl pyrocar-
bonate/water to a final volume of 40 �l. The RT mixture was
first heated at 65 °C for 10 min, followed by incubation on ice
for 2 min. Two microliters of Superscript II reverse tran-
scriptase (Invitrogen) was then added followed by incubation at
42 °C for 35 min. One additional microliter of reverse tran-
scriptasewas added, followed by another 35-min incubation.At
the end of the incubation, 5 �l of 0.5 M EDTA was added to
chelate divalent cations. After addition of 10 �l of 1.0 M NaOH,
the samples were incubated at 65 °C for 30min to hydrolyze the
remaining RNA. Following the addition of 25 �l of 1 M Tris, pH
8.0, the samples were purified using Bio-Rad 6 purification col-
umns. cDNA microarrays were pre-hybridized in a 4-ml
hybridization buffer containing 3.2 ml of Microhyb (Research
Genetics, AL) and 0.8 ml of 50% dextran sulfate, 10 �l of 10
mg/ml denatured human Cot 1 DNA (Invitrogen), and 10 �l of
8 mg/ml denatured poly(dA) (Amersham Biosciences). After at
least 4 h of pre-hybridization at 55 °C, �106 cpm/ml of heat-
denatured cDNA probes were added, followed by 17 h of incu-
bation at 55 °C. Hybridized arrays were washed in 2� SSC and
0.1% SDS once at room temperature followed by two washes in
2� SSC and 0.1% SDS at 65 °C for 15 min each.
Scanning and Quantification—The microarrays were

exposed to PhosphorImager screens for 3 days. The screens
were then scanned in a STORM PhosphorImager (GE Health-

care) at 50 �m resolution. Quantification of scanned screens
was performed with ArrayPro software.
Z-scores and Z-ratios—Raw hybridization intensity data

were log transformed and normalized to yield Z-scores, which
in turn were used to calculate a Z-ratio value for each gene with
respect to the control cells. The Z-ratio was calculated as the
difference between the observed gene Z-scores for the experi-
mental and the control comparisons and dividing by the stand-
ard deviation associated with the distribution of these differ-
ences (21). Z-ratio values � �2.0 or � �2.0 were chosen as
cutoff values, defining increased and decreased expression,
respectively. This eliminates spurious observations of high fold
changes from genes of low intensities comparable with the
background. The filtered genes were then tested for p values
and Z-ratios. The p values test for repeatability of the intensity
of a gene was between replicate arrays. The Z-ratios are ameas-
ure of fold change between treatments. We then divided by a
standard deviation over all the genes on an array to determine
whether a given ratio was statistically significant (p � 0.05),
considering the array as a whole.
GeneClusteringAnalysis andGene PathwayAnalysis—DIANE

software (National Institutes of Health) was used to filter the
17,000 genes. We filtered out genes that did not vary at least
1.25-fold from the log of the mean of the first filter in at least
60% of the genes expressed (p � 0.01). Genes were clustered,
and sub-clusters were generated using DIANE software. A
complete set of 522 cellular pathways was obtained from the
Molecular SignaturesData Base (MSigDB) created by theBroad
Institute at theMassachusetts Institute of Technology (22). The
complete setwas tested forGeneset enrichment usingParamet-
ric Analysis of Geneset Enrichment (PAGE) (23). For each
pathway a Z-score was computed as described previously (24).
For each pathway score, a p value was computed using JMP 6.0
software to test for the significance of the Z-score obtained.
These tools were part of DIANE 1.0 (grc.nia.nih.gov).
HPLC Analysis of Norepinephrine—PC12 cells plated on

poly-D-lysine-coated plates were maintained in low serum
media (0.5% fetal calf serum-containingRPMI)with the supple-
mentedneurotrophins either singly or in dual combinationpar-
adigms for 7 days before harvesting in a cell pellet through
centrifugation. Cell pellets were snap-frozen and stored at
�80 °C. Pellets were individually weighed and ultrasonicated in
10% perchloric acid and centrifuged at 25,000 � g for 12 min.
The primary neurotransmitter expressed in the PC12 cells is
norepinephrine (NE), and thus we concentrated upon the reg-
ulation of this by the neurotrophic factors. NE contents in cell
lysatesweremeasured byHPLCwith electrochemical detection
(25). The analytical columnwas a Symmetry C18 3.5�m (4.6�
150.0 mm) from Waters Corp. (Milford, MA). The mobile
phase consisted of 0.01M sodiumdihydrogen phosphate, 0.01M

citric acid, 2mM sodiumEDTA, 1mM sodiumoctyl sulfate, 10%
methanol, pH 3.5, and was used at flow rate 0.9 ml/min and
temperature 25 °C. The installation consisted of a Waters 717
Plus automated injection system, a Waters 1525 binary pump,
and Coulochem III detector (ESA, Chelmsford, MA). Waters
Breeze system was used for data collection and analysis. The
cellular content of NE was calculated initially as picogram/mg
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of cell weight and then converted to a fold induction over the
basal level of NE.
Oxidative Stress Resistance—PC12 cells plated onto poly-D-

lysine-coated plates were treated with the various individual
and combinations of growth factors for 7 days prior to the
application of oxidative stress. PC12 cells (seeded at 2 � 106
cells/100-mm Petri dish) were treated for 60 min with 200 �M
hydrogen peroxide and then washed with low serum RPMI

growth media. Cells were then allowed to grow for a further
48 h before assessment of cell number by viable cell trypan blue
staining.

RESULTS

Acute Activation of Cytoplasmic Signaling Factors—Stimula-
tion of PC12 cells with the individual concentrations of EGF,
NGF, or IGF-1 resulted in the activation/tyrosine phosphoryl-
ation of the multiple cytoplasmic signaling factors (Table 1).
The concentrations of the three individual ligands used were
considered maximal for this specific cell line. To confirm this,
we assessed their ability to induce maximal levels of auto-ty-
rosine phosphorylation of their cognate receptor tyrosine
kinases. The ligand concentration-response relationships for
these three receptor tyrosine kinase systems are depicted in Fig.
1. In all subsequent experiments in this study we adhered to the
following concentrations of each growth factor: EGF and NGF,
10 ng/ml; IGF-1 25 nM, acknowledging that an extra variable of
the growth factor concentration could potentially be consid-
ered in further studies.

FIGURE 1. Maximal stimulation of receptor tyrosine kinase signaling systems. A–C depict log dose-response curves for the ligand-induced tyrosine
phosphorylation (expressed as a percentage of Rmax) for the EGF (A), IGF-1 (B), or NGF (C) induction of auto-tyrosine phosphorylation of their cognate receptors.
Each experimental point upon the dose-response curves is the mean � S.E. of three independent experiments. Above the dose-response relationships there
are representative Western blots of receptor tyrosine kinase immunoprecipitates probed with an anti-phosphotyrosine sera (PY20) or a specific anti-receptor
protein sera (for loading control). The doses used for the Western blots were 10 ng/ml for EGF and NGF and 25 nM for IGF-1, which corresponded to the near
maximal level of receptor activation. The effect of additional cell stimulation upon discrete ligand-receptor stimulation is depicted in D–F. The simultaneous
activation of the two other receptor tyrosine kinase pathways failed to significantly alter the ability of the individual ligands to fully activate its cognate
receptor. The bars in the histograms in D–F represent mean � S.E. receptor tyrosine phosphorylation fold inductions from three independent experiments. IP,
immunoprecipitation; IB, immunoblot.

TABLE 1
Neurotrophin activation of multiple transduction pathways
The degree of stimulation of the specific output is characterized by the number of
asterisks, i.e.high degree of stimulation (2.5–3.0-fold above basal activity) is denoted
by three asterisks, two asterisks (1.5–2.5-fold over basal activity), and one asterisk
(1–1.5-fold over basal activity) denotes lesser activations. A dash represents no
significant activation measured in that immunoblot assay.

Ligand
Output

ERK1/2 Akt-1 GSK-3 Pyk2 tyrosine
phosphorylation

Shc-tyrosine
phosphorylation c-Src

EGF *** ** *** *** *** ***
IGF-1 – *** * – – –
NGF * * – *** ** *
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Differential Signal Output and Activation of Signaling
Molecules—If the various signal transduction cascades acti-
vated by plasmamembrane receptorswere independent of each
other and possessed their own discrete complement of mole-
cules required to activate their specific cellular processes, one
would expect that activation of the pathwayswould be the same
irrespective of additional factors. However, recent data suggest
that transduction cascades are not composed of freely available
molecules from an inexhaustible cytoplasmic pool, but instead
they are pre-assembled often in close proximity to the receptors
that activate them. Therefore, as there is probably a high degree
of convergence of plasmamembrane signals upon these signal-
ing scaffolds, it ismore likely that integration of different signals
probably occurs at this point.With this conceptwe investigated
how different, both qualitatively and quantitatively, the even-
tual signal output is with respect to the growth factors when
they compete for the activation of the signal transduction scaf-
folds. Using a neutral hypothesis as a standard comparator (i.e.
assuming complete independence of signal transduction path-
ways), we analyzed the actual resultant output induced by
simultaneous ligand stimulation.
It is clear that there is heterogeneity in the ability of the three

growth factors to stimulate the various signal transduction
pathways. In Fig. 2, the ability of the individual growth factors
and the dual combinations (both growth factors applied simul-
taneously) to activate the ERK1/2 pathway are depicted. Appli-
cation of EGF by itself resulted in nearly a 3-fold elevation in
active ERK1/2 at the 5-min time point, whereas IGF-1 alone
resulted in only a minimal activation (1.21 � 0.02-fold). The
theoretical composite of these above basal would therefore be
only�3-fold, whereas the actual response to the co-stimulation
was nearly a 7-fold elevation in active ERK1/2 levels. A similar
trend of this activity was also seen at the other experimental
time points. The actual ligand combined ERK1/2 stimulation
was significantly greater than the theoretical composite at each
time point (5min, p� 0.0026; 10min; p� 0.00012; 30min, p�
0.0112). The application of NGF alone also yielded only a mod-
est activation of ERK1/2 (1.65 � 0.03-fold) when compared
with EGF at the 5-min time point. In a similar manner, but not
as statistically significant, the actual ERK1/2 activation induced
by the actual EGF:NGF co-stimulation was greater than the
theoretical composite at each of the time points. A similar pat-
tern to this EGF:NGF co-stimulation paradigm was observed
when the synergism between IGF and NGF was considered.
The degree of ERK1/2 activation induced by the actual co-stim-
ulations was consistently higher (although not statistically sig-
nificant) than that predicted by the theoretical composites.
In Fig. 3, the ability of the individual and mixed growth fac-

tors to activate the neuroprotective kinase Akt-1 is shown. In
contrast to ERK1/2 activation, IGF-1 in this case appears to be
themost effective growth factor. Stimulation with EGF induces
a modest (�2-fold), time-dependent serine 473 phosphoryla-
tion of Akt-1. The IGF-1 activation, however, peaks near 3.5-
fold at the 10-min time point. Interestingly, when the actual
EGF:IGF co-stimulation results are compared with the com-
posite, they are consistently lower than the neutral theoretical
composites (5 min, p � 0.048; 10 min, p � 0.042; 30 min, p �
0.00024). Unlike both EGF and IGF-1, the application of NGF

does not greatly induce anAkt-1 serine 473 phosphorylation. In
addition to this, the co-stimulation of EGF:NGF yields Akt-1
activation results that appear largely similar to the theoretical

FIGURE 2. Combined hormonal activation of ERK1/2 in PC12 cells. A, rep-
resentative Western blots depicting ERK1/2 activation upon EGF, IGF, or NGF
stimulation for 5, 10, and 30 min duration. Protein loading was controlled by
assessing the presence of actin in each lane. The histograms in B depict
means � S.E. ERK activation data from at least three independent experi-
ments per histogram as demonstrated in A. EGF (blue bars), IGF (red bars), and
NGF (green bars) indicate responses induced by individual ligand stimulation.
Shaded mixed color bars indicate theoretical summation of individual
responses compared with the actual resultant response induced by legend
co-stimulation (black bars). IB, immunoblot; w.c. lysate, whole-cell lysate; NS,
no stimulation.
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composites, except at the 5-min time point where the actual
co-stimulation results in a greater activation of Akt-1 (p �
0.039). With regard to the general trends of interaction and
comparisons of actual co-stimulation results to the theoretical

composites, the IGF:NGF interactions with respect to Akt-1
activation show similarity with the EGF:IGF combination.
Hence, at each time point the actual IGF:NGF co-stimulation
Akt-1 activations are lower than the values expected from the
theoretical composites (5 min, p � 0.023; 10 min, p � 0.037; 30
min, p � 0.00065).
GSK-3 forms the center of many important signaling path-

ways required for cell survival and resistance to stressors. Inter-
estingly, GSK-3 is typically constitutively catalytically active,
and upon stimulation of cell surface receptors it can be phos-
phorylated by several factors, which results in its inactivation.
The inactive form of GSK-3 is measured in Fig. 4. With respect
to stimulation with EGF, there appeared to be a strong (3-fold),
yet transient inactivation of GSK-3 as indicated by its increase
of serine 9 phosphorylation. However, IGF-1 only minimally
induced serine 9 GSK-3 phosphorylation. Therefore, the neu-
tral theoretical composite of these responses is a strong induc-
tion of serine 9 GSK-3 phosphorylation; however, the actual
co-stimulation results demonstrated a significantly smaller
GSK-3 serine 9 phosphorylation response (Fig. 4, 5 min, p �
0.023; 10 min, p � 0.019; 30 min, p � 0.047). In a similar man-
ner to the action of IGF-1 upon GSK-3 serine 9 phosphoryla-
tion, NGF only induced a minimal stimulation that peaked at
the 10-min time point. The theoretical compositeGSK-3 serine
9 phosphorylations between EGF:NGF therefore resembled
those for EGF:IGF. The actual co-stimulation data did not sig-
nificantly differ from the theoretical composites for the EGF:
NGF combination with respect to GSK-3 serine 9 phosphoryl-
ation, yet the co-stimulation result for 5minwas lower than the
theoretical composite but was not statistically significantly dif-
ferent. Interestingly, there were also no significant differences
between the actual co-stimulation results and the theoretical
composites for the IGF:NGF combinations at any of the exper-
imental time points.
A major factor that links the three receptor systems in this

study is their ability to induce the activation of tyrosine kinases,
both their own intrinsic kinase activity and also associated pro-
teins such as the calcium-dependent tyrosine kinase Pyk2. Pyk2
can act as a molecular scaffold for the generation of large mul-
tiprotein signaling complexes through its ability to auto-tyro-
sine phosphorylate (26). The ability of the three growth factors
to induce this activation of Pyk2 is demonstrated in Fig. 5.With
respect to individual ligand stimulations, EGF generated the
most profound degree of Pyk2 tyrosine phosphorylation (rang-
ing from 2- to 3-fold at 20 min; Fig. 5). NGF, and to a lesser
extent IGF-1, generated only minimal levels of Pyk2 tyrosine
phosphorylation. The comparison between the theoretical
composite Pyk2 tyrosine phosphorylations by EGF:IGF and the
actual co-stimulation results demonstrated that only at the
later time periodswas there a negative interaction betweenEGF
and IGF-1, i.e. the actual co-stimulated level of Pyk2 tyrosine
phosphorylationwas lower than the theoretical composite (p�
0.036). When the interactions between EGF and NGF were
studied, however, there appeared to be a strong and significant
negative interaction between EGF and NGF with respect to
Pyk2 tyrosine phosphorylation. The actual co-stimulated levels
of Pyk2 phosphotyrosine content was profoundly lower (signif-
icant at 5min, p� 0.00039; and 30min, p� 0.000026) at all the

FIGURE 3. Combined hormonal activation of Akt-1 in PC12 cells. A, repre-
sentative Western blots depicting Akt-1 activation upon EGF, IGF, or NGF
stimulation for 5, 10, and 30 min duration. Protein loading was controlled by
assessing the presence of actin in each lane. The histograms in B depict
means � S.E. Akt-1 activation data from at least three independent experi-
ments per histogram as demonstrated in A. EGF (blue bars), IGF (red bars), and
NGF (green bars) indicate responses induced by individual ligand stimulation.
Shaded mixed color bars indicate theoretical summation of individual
responses compared with the actual resultant response induced by legend
co-stimulation (black bars). IB, immunoblot; w.c. lysate, whole-cell lysate; NS,
no stimulation.
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measured time points than the theoretical composite expecta-
tion. An opposite interaction type was in evidence when the
combination of IGFwithNGFwas studied with respect to Pyk2
tyrosine phosphorylation. At each time point the actual co-
stimulated Pyk2 phosphotyrosine levels were higher than the
expected theoretical composites. These differences were statis-
tically significant at the 5- (p� 0.038) and 10-min (p� 0.00021)
time points.
Another member of the nonreceptor tyrosine kinase super-

family is the Src family kinases. These tyrosine kinases possess
both SH2 and SH3 modular interaction domains (27). These
kinases are typically held in an inactive state by their tyrosine
phosphorylation of a conserved tyrosine residue in their car-
boxyl terminus by c-Src kinase (Csk) (28). This phosphoryla-
tion facilitates the interaction of this phosphotyrosine moiety
with the SH2 domain of the protein, thus occluding its own
kinase domain and activity. Upon activation (by dephosphoryl-
ation of the carboxyl-terminal tyrosine), the first target of the
kinase is c-Src itself. Auto-tyrosine phosphorylation at tyrosine
418 by the kinase domain of c-Src potentiates its own catalytic
activity and reduces the probability of inactivation by Csk.
Therefore, we used the measurement of this initial auto-ty-
rosine phosphorylation as an indicator of c-Src activation by
our three growth factors. Acute application of EGF resulted in a
strong activation of c-Src (�3-fold above basal). which per-
sisted for up to 30 min; IGF-1 induced a smaller and slower
responding activation of c-Src that peaked at nearly 2-fold at
the 30-min time point. NGF failed to cause a profound activa-
tion of c-Src in our experimental paradigm. When we consid-
ered the differences between the theoretical composite results
and the actual data gained from the co-stimulations, the com-
bination of EGF and IGF produced an interesting biphasic out-
come (Fig. 6). At the 5-min time point the actual co-stimulation
response was greater (p � 0.029) than the theoretical compos-
ite, and at the 30-min time point it was significantly smaller
(p� 0.013). The intermediate time point of 10min represented
this transition from potentiation of response to interference of
the co-stimulation. With respect to the interactions between
EGF and NGF, there was minimal difference between the the-
oretical composite responses and the actual co-stimulation
responses with the exception of the 10-min time point in which
the actual co-stimulation response was significantly greater
(p � 0.029) than the theoretical composite. A more consistent
difference between theoretical composite and actual co-stimu-
lation results was seen with the IGF-1 and NGF interactions
and c-Src activation. Hence, at the earlier time points the actual
co-stimulated c-Src activation induced by IGF and NGF was
significantly greater than the expected composite result (5 min,
p � 0.036; 10 min, p � 0.041). At the 30-min time point, how-
ever, this positive interaction between these two growth factors
was diminished and was no longer significant.
The formation of multiprotein signaling cascades, especially

those induced by growth factor ligands, often involve the SH2-
containing adapter Shc. This protein contains two functional
SH2 domains that allow it to bind with high affinity to proteins
containing phosphotyrosine moieties (29). Shc itself is a sub-
strate for tyrosine kinases, and thus we investigated the ability
of the three growth factors to induce Shc tyrosine phosphoryl-

FIGURE 4. Combined hormonal phosphorylation of GSK-3 in PC12 cells.
A, representative Western blots depicting GSK-3 phosphorylation upon EGF,
IGF, or NGF stimulation for 5, 10, and 30 min duration. Protein loading was
controlled by assessing the presence of actin in each lane. The histograms in
B depict means � S.E. GSK-3 phosphorylation data from at least three inde-
pendent experiments per histogram as demonstrated in A. EGF (blue bars),
IGF (red bars), and NGF (green bars) indicate responses induced by individual
ligand stimulation. Shaded mixed color bars indicate theoretical summation of
individual responses compared with the actual resultant response induced
by legend co-stimulation (black bars). IB, immunoblot; w.c. lysate, whole-cell
lysate; NS, no stimulation.
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ation (Fig. 7). Interestingly, and similarly to Pyk2 activation, out
of the three growth factors only EGF (2–3-fold above basal) and
NGF (2-fold) caused a profound increase in the phosphoty-
rosine content of Shc (Fig. 7). IGF-1 stimulation resulted in only
a minimal stimulation (1.2-fold over basal) at 30 min. Despite
causing a minimal stimulation of Shc tyrosine phosphorylation
when combined with EGF, the actual co-stimulated levels of
Shc tyrosine phosphorylation were significantly lower than the
expected theoretical composites at each time point (5 min, p �
0.00018; 10 min, p � 0.000018; 30 min, p � 0.000015). This
profound and significant negative interactionwas also observed
to occur with the co-stimulations of EGF-NGF and IGF-NGF
(Fig. 7). This negative interaction was the least profound,
however, with the EGF-NGF co-stimulation, although this
was statistically significantly different at the later time points
(10 min, p � 0.036; 30 min, p � 0.029). The difference
between IGF-NGF co-stimulated levels of Shc tyrosine phos-
phorylation was significantly lower than that expected by the
theoretical composites at each time point (5 min, p � 0.037;
10 min, p � 0.00014; 30 min, p � 0.00012). Therefore,
despite IGF only mediating a small increase in Shc tyrosine
phosphorylation alone when in the presence of co-stimulat-
ing EGF or NGF, it greatly antagonized the increase of Shc
phosphotyrosine content.
In contrast to this diverse activity with respect to effects of

simultaneous stimulation with tyrosine kinase activity, the
actions of the growth factors on Shc tyrosine phosphorylation
were surprisingly consistent. Hence all of the combinations of
growth factors resulted in an antagonism of Shc tyrosine phos-
phorylation (Fig. 7). Perhaps the more ubiquitous role of this
relatively passive scaffolding protein underlies an important
nexus role because a commonality of signaling effects was seen
with respect to Shc, making it unlike all the other signaling
proteins investigated.
Interaction of Growth Factor Signaling at the Transcriptional

Level—Because of the interactive effects of different growth
factors at the level of early responsive signaling factors (5–30
min), we determined whether distinctions between individual
versus simultaneous stimulations propagated into alterations in
gene expression. The activation of genes in the PC12 cells with
2, 4, or 8 h of stimulationwith the growth factors individually or
in combination was assessed using a mouse 17K gene array.
Each experimental growth factor treatment was performed in
triplicate with a single array run for each replicate. Significantly
regulated (increased or decreased) genes (p� 0.05) frommouse
17Kgene arrays are displayed in the formofVenndiagrams (full
gene lists are displayed in supplemental Table 1). Individually
regulated gene lists (up and down-regulated) for the single
ligand-stimulated paradigmswere added to each other to create
the composite (multicolor) groups whereas the significantly
regulated gene lists are denoted in black (Fig. 8). The regulated
genes were assessed from predicted composite and actual
mixed ligand experiments. Any intersection of regulated genes
(irrespective of regulation direction) is denoted by the overlap
of the regulated groups. Below each of the Venn diagrams is the
numerical gene difference of the actual dual-ligand stimulated
paradigm comparedwith the theoretical composite output. It is
clear from Fig. 8 that at each time period of growth factor treat-

FIGURE 5. Combined hormonal-induced tyrosine phosphorylation of
Pyk2 in PC12 cells. A, representative Western blots of anti-phosphotyrosine
immunoprecipitates depicting Pyk2 tyrosine phosphorylation upon EGF, IGF,
or NGF stimulation for 5, 10, and 30 min duration. Protein expression was
controlled by assessing the presence of nonphosphorylated Pyk2 in an anti-
Pyk2 immunoprecipitate from the same original cell lysate sample. The histo-
grams in B depict means � S.E. Pyk2 tyrosine phosphorylation data from at
least three independent experiments per histogram as demonstrated in A.
EGF (blue bars), IGF (red bars), and NGF (green bars) indicate responses
induced by individual ligand stimulation. Shaded mixed color bars indicate
theoretical summation of individual responses compared with the actual
resultant response induced by legend co-stimulation (black bars). IP, immu-
noprecipitation; IB, immunoblot; NS, no stimulation.
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ment there is the greatest divergence in genes regulated by the
ligands with the actual EGF-IGF co-stimulation comparedwith
the theoretical summation of the two individual gene lists. This
therefore suggests that this ligand combination induces the
greatest degree of interaction/antagonism compared with the
other ligand combinations. The largest divergences occurred
between the 4- and 8-h time points.
Coordinated Physiological Nature of Pathways Regulated by

Growth Factor Interactions—Our data suggest that at the level
of individual gene regulation, the pattern of signaling interac-
tion seen at the level of early cytoplasmic protein signal trans-
duction cascades is retained.We next evaluated the divergence
of the potential physiological pathways stimulated by the
growth factors between the theoretical composites and the
actual results generated through dual ligand stimulation. Com-
positemodulated gene listswere created by simple addition and
then compared with the actual co-stimulated gene lists. These
two lists were then both subjected to phenotypic pathway
PAGE analysis (23). The results of the signaling pathway signif-
icance analysis (PAGE) are displayed in supplemental Table 2.
These results revealed that the EGF:IGF combinations demon-
strated the greatest degree of signaling interaction/antagonism
between the theoretical composite lists and the actual co-stim-
ulation lists (Fig. 9). The PAGE pathways at the 4-h time point
are shown for the EGF:IGF combination (Fig. 9, A, theoretical
composite, and B, actual co-stimulation), the EGF:NGF combi-
nation (Fig. 9, C, composite, and D, actual), and the IGF:NGF
combination (Fig. 9, E, composite, and F, actual). The pathways
outlined in green in Fig. 9, E and F, were present only in the
theoretical composites, and those in blue were only present in
the actual co-stimulation paradigms. The greatest number of
gained/lost significantly regulated pathways between the theo-
retical and actual co-stimulations at this time point was seen
with the EGF:IGF paradigm.
Over the three time periods, with respect to the total number

of significant distinct signaling pathways “gained,” i.e. not pres-
ent in the composite list but present in the actual co-stimula-
tion list (Fig. 9G), the EGF:IGF combination showed the great-
est magnitude, 32, compared with the EGF:NGF (26) or IGF:
NGF combinations (26). Taking into account the converse, i.e.
loss of significantly regulated phenotypic pathways (Fig. 9H),
the EGF:IGF combination again showed the greatest degree of
divergence with 31 pathways lost between the theoretical com-
posite list and the actual co-stimulated pathway list compared
with the EGF:NGF (29) and IGF:NGF (22) paradigms. In Fig. 9I
the total gained and lost pathways between theoretical compos-
ite lists and the actual co-stimulation lists are shown (up and
down-regulated), demonstrating that at the 4-h time point the
greatest distinctions between theoretical and actual results
were typically seen, especially for the EGF:IGF combination. It
is interesting to note that not only were the greatest theoretical
versus actual divergences greatest for individual gene regula-
tions between the EGF:IGF paradigms (Fig. 8), but this also
flows into the potential physiological pathways regulated by
these genes.
With respect to the predicted phenotypic nature of the out-

put genes activated by the actual ligand co-stimulation only,
there are several interesting examples to note (Fig. 10). Cumu-

FIGURE 6. Combined hormone-induced tyrosine phosphorylation of c-Src in
PC12 cells. A, representative Western blots of anti-phosphotyrosine immuno-
precipitates depicting c-Src Tyr-418 autophosphorylation upon EGF, IGF, or NGF
stimulation for 5, 10, and 30 min duration. Protein expression was controlled by
assessing the presence of nonphosphorylated c-Src in an anti-Src immunopre-
cipitate from the same original cell lysate sample. The histograms in B depict
means � S.E. Shc tyrosine phosphorylation data from at least three independent
experiments per histogram as demonstrated in A. EGF (blue bars), IGF (red bars),
and NGF (green bars) indicate responses induced by individual ligand stimula-
tion. Shaded mixed color bars indicate theoretical summation of individual
responses compared with the actual resultant response induced by legend co-stim-
ulation (black bars). IP, immunoprecipitation; IB, immunoblot; NS, no stimulation.
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lated over the three experimental time points, the EGF:IGF co-
stimulation paradigm possessed the most gained significantly
regulated (up- or down-regulated) pathways compared with
the theoretical results. The co-stimulated EGF:IGF paradigm
enhanced the inflammatory regulatory pathway and at the same
time down-regulated the specific interleukin-10 pathway. The
actual EGF:IGF co-stimulation also engendered a specific
increase of potential pyrimidine metabolism while decreasing
phenylalanine metabolism. The EGF-containing co-stimula-
tion paradigms (EGF:IGF and EGF:NGF) also seemed to foster
the creation of new up-regulated pathways related to transcrip-
tional energy-related responses, e.g. peroxisome proliferator-
activated receptor-� regulation through PGC1-� (Fig. 10). The
EGF:NGF/IGF:NGF co-stimulation paradigms created fewer
novel, uniquely up-regulated pathways (carbon fixation, glu-
cose_down for EGF:NGF and p35-Alzheimer pathway for IGF:
NGF) than the EGF:IGF paradigm. The NGF-containing co-
stimulation paradigms (EGF:NGF and IGF:NGF) created novel
up-regulated pathways tightly involved in breast cancer signal-
ing, i.e. BRCA_down and breast_cancer_signaling. The IGF-
containing co-stimulation paradigms (EGF:IGF and IGF:NGF)
up-regulated calcium-dependent tyrosine kinase and dephos-
phorylation processes (Pyk2 pathway and calcineurin).
It is interesting to note that compared with their respective

theoretical composite lists, all the actual co-stimulation events
appeared to result in up-regulation of pathways that may con-
trol protein/mRNA turnover (proteasome degradation, mRNA
binding, and eIF2 pathway) and stress responses (reactive oxy-
gen species pathways). The converse of this specific subset, i.e.
gained with all of the co-stimulations, is the subset of com-
monly down-regulated pathways contains pathways control-
ling cell fate/death and energy metabolism (Fas, peroxisome
proliferator-activated receptor-�, and transforming growth
factor-�). Perhaps, therefore, combinations of ligands, which is
typically the normal case for healthy cells, interact functionally

FIGURE 7. Combined hormone-induced tyrosine phosphorylation of Shc in
PC12 cells. A, representative Western blots of anti-phosphotyrosine immuno-
precipitates depicting Shc tyrosine phosphorylation upon EGF, IGF, or NGF stim-
ulation for 5, 10, and 30 min duration. Protein expression was controlled by
assessing the presence of nonphosphorylated Shc in an anti-Shc immunopre-
cipitate from the same original cell lysate sample. The histograms in B depict
means � S.E. Shc tyrosine phosphorylation data from at least three independent
experiments per histogram as demonstrated in A. EGF (blue bars), IGF (red bars),
and NGF (green bars) indicate responses induced by individual ligand stimula-
tion. Shaded mixed color bars indicate theoretical summation of individual
responses compared with the actual resultant response induced by legend co-
stimulation (black bars). IP, immunoprecipitation; IB, immunoblot.

FIGURE 8. Regulation of PC12 gene transcription by individual and com-
bined stimulations. Venn diagrams demonstrate the numbers of signifi-
cantly up- or down-regulated genes (p � 0.05) by composites of individual
ligand stimulation (mixed colors, EGF � blue; IGF � red; NGF � green) or the
actual results of combined ligand mixing (black) at three time points (2, 4, and
8 h) compared with the control gene levels. Commonalities between regu-
lated genes are shown by the inclusion in the Venn diagram intersections. The
difference of the gene numbers between composite and actual is shown in
black numerals below each Venn diagram.
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to maintain cell survival routes. The converse of this postulate,
i.e. commonly down-regulated pathways, seems to involve the
coherent down-regulation of pathways linked to cell fate/death.
Therefore, these results might suggest an encoded mechanism
by which multiple impinging signals do not disrupt crucial cell
signaling events and “accidentally” block cell maintenance
mechanisms.
We have shown that with respect to the divergent pathways

between actual co-stimulations and theoretical composites that
the EGF:IGF paradigm is the most distinct from what one
would expect frommere summation of the individual pathways
induced by single ligand stimulation. Despite this result, how-
ever, there were many pathway similarities between the theo-
retical and co-stimulation PAGE data. It is in fact reassuring

that this is largely the case for the ligand mixing paradigms. It
would be virtually impossible to coherently control cell metab-
olism if the simultaneous activation of distinct receptors
resulted in a dramatic upheaval of output functionality. As
there are many common signaling PAGE pathways derived
from both the theoretical composite and actual co-stimulation
lists for each of the ligand combinations, we decided to see if
there were numerical differences between the magnitudes of
these common regulated pathways between different ligand
combinations. Therefore, we calculated the numerical differ-
ence between the PAGE pathway score (sum of gene Z-scores
clustered into that signaling pathway) derived from the theo-
retical composite gene list and the actual co-stimulation gene
lists. To allow comparison of all the common pathways, we

FIGURE 9. PAGE pathway analysis for theoretical ligand combinations versus actual ligand combinations. PAGE pathway trees for the 4-h ligand
stimulation time point are shown in A–F. Each colored bar represents a specific PAGE signaling pathway: A (output from composite gene list) and B (output from
actual co-stimulation gene list) demonstrate PAGE signaling pathway data from the EGF:IGF data sets. Multiple pathways are shown to be both up- or
down-regulated in the two gene sets. Analogous data for EGF:NGF and IGF:NGF paradigms are depicted in C and D, and E and F, respectively. PAGE pathways
only generated by theoretical gene list output are bordered in green, and those only created using actual co-stimulated gene list output are bordered in blue.
G, number of PAGE pathways present only in the output from actual co-stimulation gene lists (gained: blue bordered, A–F) are depicted for each time point and
each ligand co-stimulation paradigm. These “gained” pathways that were up-regulated are denoted by a solid black vertical bar, and gained pathways that
show a down-regulation are denoted by a gray vertical bar. The numbers of pathways present in theoretical gene list PAGE outputs only (bordered in green, A–F)
that were lost from the PAGE output of actual co-stimulation gene lists are depicted for each time point and ligand combination in H. Up-regulated “lost”
pathways are depicted in black, and down-regulated lost pathways are depicted in gray. I, demonstrates the sums of both lost and gained pathways between
PAGE outputs from theoretical versus actual co-stimulation gene lists.

Growth Factor Signals in Neural Cells

JANUARY 23, 2009 • VOLUME 284 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 2503



represented these differences as a modulus score (square of the
difference in pathway Z-scores between the theoretical com-
posite subtracted from the actual co-stimulation pathway
Z-value). In Fig. 11, this modulus score for the pathway numer-
ical differences (for each pathway found in the theoretical and
composite gene list PAGE output) is represented by a single
vertical bar in each (A–I). Themean of all themoduli in a single
panel is shown above each panel in Fig. 11. In Fig. 11, A–C
represent data from the 2-h time point, D–F from the 4-h time
point, andG–I from the 8-h time point. As demonstrated in Fig.
11, A, D, and G, the means of the moduli (representing the
magnitude of pathway score differences for theoretical lists
compared with actual gene lists) for the EGF:IGF scenarios are
the greatest at each time point. At the 4-h time point (Fig. 11,D,
E, and F), the mean difference modulus of the EGF:IGF para-
digm is significantly greater than for the EGF:NGF (p� 0.0492)
or IGF:NGF scenarios (p � 0.0002). Hence even when compar-
ing the same pathways created from theoretical compared with
actual gene lists from ligand co-stimulations, the EGF:IGF par-

adigm shows the greatest quantitative differences in gene
regulation.
These analyses (Figs. 9 and 11) demonstrate that not only is

the strongest qualitative divergence seen with the EGF-IGF
paradigm when comparing theoretical versus actual results in
gained or lost pathways but also in the degree of modulation of
the conserved pathways between theoretical and actual
co-stimulations. This suggests that when the receptors were
activated clear and discrete signaling microcomplexes (which
we shall describe as “encryptons”) may be formed from signal-
transducing proteins that are then relatively stable and are able
to transmit complex information from the cell surface to the
nucleus to regulate transcription. The specific complexes gen-
erated by the EGF-IGF interaction are able to transfer their
specific identity throughout the various time points identified,
i.e. 5min to 8 h.Whether the initial microcomplexes formed at
5 min are stably retained during this process or whether they
spawn further stablemicrocomplexes is an interesting question
for further research to elucidate.

FIGURE 10. Cumulated pathway regulation intersections between gained and lost pathways between theoretical and actual co-stimulations. A and B
represent Venn diagrams for PAGE pathways gained selectively in the actual co-stimulation paradigms compared with the theoretical composites cumulated
over the three experimental time points (2, 4, and 8 h). A depicts pathways gained and up-regulated, and B depicts pathways gained and down-regulated. C and
D represent Venn diagrams for PAGE pathways lost selectively from the theoretical composite results to the actual co-stimulations cumulated over the three
experimental time points (2, 4, and 8 h). C depicts pathways lost and up-regulated, and D depicts pathways lost and down-regulated.
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Receptor-mediated Signal Generation Coherently Translates
to Discrete Cellular Phenotypes in a Predictable Manner—The
results to this point have indicated that the signal transduction
machinery of neural cells is configured to respond and encrypt
complex plasma membrane messages from multiple ligands to
regulate commonly used soluble kinases and the phosphoryla-
tion status of protein-protein adapters as well as eventual gene
transcription.Wenext investigatedwhether these unique enzy-
matic and genetic changes induced by the ligand stimulations
were able to manifest themselves at the level of classically phe-
notypic neuronal responses. PC12 cells are known to respond
to neurotrophic growth factor stimulation by increasing their
production of the neurotransmitter NE. To enhance the ability
of PC12 cells to generateNE, the cells weremaintained for up to
7 days in a low fetal calf serum (0.1%)media supplementedwith
various growth factors. We investigated whether similar diver-
gences in theoretical to actual ligand co-stimulations occurred
when the ability to generate norepinephrine was measured.
With 7 days of continuous ligand stimulation, the normally
rapidly dividing PC12 cells arrested their cell growth and began
to extend neurites within 3–4 days. After 7 days the cells were
harvested, and NE levels were quantified by HPLC (Fig. 12). In
Fig. 12A, it is clear that all three growth factors increased the
generation of NE in the PC12 cells, with NGF being the most

potent. Surprisingly, when the results of actual ligand combina-
tion upon NE generation are compared with theoretical com-
posites of the individual ligand stimulation data, the EGF-IGF
combination reduced the production of NE below the base-line
levels observed in cells incubated in low serum media alone.
The other two actual ligand combinations also demonstrated a
reduced capacity to induce NE generation compared with the
theoretical composites, but were still able to elevate the NE
levels above base line (Fig. 12). Thus, as with the previous data,
it seems that the specificity of EGF:IGF interaction is again
maintained in this complex phenotypic output, demonstrating
thatmolecular signaling distinctions createdwithinminutes do
propagate and are crucial to determining the eventual nature of
the signaling activity of the cells.
In addition to the ability to generate NE, we also assessed

whether the ability of the cells to survive external stressors was
modified by growth factors in a manner predictable from sig-
naling interaction patterns created at the levels of signal trans-
duction and gene expression established above. After the 7 days
of treatment with growth factors alone or in combination, the
cells were subjected to an acute hydrogen peroxide stress (0.2
mM), and the number of healthy/live cells present 48 h after this
insult was assessed using viable cell stain exclusion (trypan
blue). Treatments of the PC12 cells with all of the three growth

FIGURE 11. PAGE pathway difference modulus between common pathways derived from both theoretical ligand and actual ligand co-stimulation
gene lists. All histogram vertical bars on each panel represent a modulus of the difference between pathway Z-scores comparing the common PAGE pathway
scores from outputs of theoretical composite gene lists and gene lists from actual co-stimulation experiments. A–C, D–F, and G–I represent data from the 2-, 4-,
and 8-h time points, respectively. A, D, and G display Z-score moduli for the differences between pathways common between theoretical and actual co-
stimulation EGF:IGF paradigms. B, E, and H, and C, F, and I display analogous data for the EGF:NGF and IGF:NGF paradigms, respectively. The mean pathway
difference modulus for each paradigm and time point is displayed above each panel.
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factors protected the cells to some degree from the hydrogen
peroxide insult (Fig. 12). As with the NE production, NGF was
the most effective growth factor in promoting cell survival in
the face of the oxidative insult. When the theoretical ligand
composite effects are compared with the actual co-stimulatory
ligand data, the EGF:IGF combination again demonstrates a
singular response compared with the other ligand pairs. Hence,
when EGF and IGF both co-stimulate the cells, they are more
neuroprotective than one would imagine even from the theo-
retical composite prediction. The other ligand pairs are less
neuroprotective than one would predict from the theoretical
composite result. To investigate the
biological phenotype of these long
term effects of ligand incubation, we
attempted to isolate the specific
nature of the differences between
the EGF:IGF combination com-
pared with the other two ligand
combinations (EGF:NGF and IGF:
NGF). When all significantly regu-
lated genes (2–8 h) were grouped
from the three actual ligand
co-stimulation combinations using
a Venn diagram mechanism of sep-
aration, a smaller subset, 92 genes,
of EGF:IGF uniquely regulated
genes was identified (Fig. 12H; sup-
plemental Table 4). We examined
the regulatory expression pattern of
several factors, unique to this EGF:
IGF-only group, in this subset that
may impact upon neurotransmitter
processing and survival. Correlating
to their gene regulation patterns, we
found that the following proteins
were significantly regulated in a
similar manner compared with our
gene array data: syntaxin, hsp40,
casein kinase II, calponin, and crys-
tallin. Hence only the EGF:IGF co-
stimulation paradigm resulted in a
significant up-regulation compared
with control or EGF:NGF/IGF:NGF
levels. Each of these proteins have
been demonstrated to significantly
affect either norepinephrine neuro-
transmitter processing or neuronal
survival (30–40). These proteins
showed an EGF-IGF-specific regu-
latory pattern, similar to that indi-
cated by our gene array assessments
(supplemental Table 1). None of the
other ligand combinations gener-
ated such expression alterations and
therefore may, in part, account for
the phenotypic alterations noted in
Fig. 12 (A–D and E–G). Therefore,
the unique signaling quality, observ-

able as early as 5 min after receptor activation, is projected out
to 7 days post-stimulation in a manner that appears to control
the intrinsic nature of the cells themselves.

DISCUSSION

Signaling pathways once thought to be linear are now known
to be highly branched, and transduction modules formerly
thought to operate independently participate in a substantial
degree of pre-organized signaling routes (41, 42). Our present
findings suggest that the complexity and pre-organization of
signal transduction scaffolds may be structured into coherent
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modules that allow the directed flux frommultiple growth fac-
tor receptors in a discrete and selectivemanner that specifically
allow the temporal and spatial encryption of the original signal
input.
We have shown that with full activation of cell surface recep-

tors, there are additional complexities of cell signaling that are
only revealed in the presence of other stimulating factors.
Extracellular signals, such as hormones, neurotransmitters, and
growth factors, regulate a wide variety of cellular activities,
including neuronal excitation, cell survival, growth, and differ-
entiation. Intracellular transduction systems receive these sig-
nals via receptors and transmit them to the ligand-prescribed
cell compartment quickly and precisely, resulting in the ampli-
fication of specific biological responses (43, 44). However, cells
are often exposed to several stimulating ligands and maintain-
ing the fidelity of the signaling networks is crucial in eliciting
the appropriate physiological response. Organizing this
requires the accurate selection of effector molecules for regu-
lated activation and deactivation, often by phosphorylation and
dephosphorylation events. Aprincipal strategy in achieving this
selection specificity is compartmentalization of signaling
enzymes (43). Another signaling mechanism that we have
recently described (45, 46) is the creation of discrete signaling
microcomplexes linked to transmembrane receptors, such as G
protein-coupled receptors, that are able to then translocate to
different cell compartments after separating from the cell sur-
face receptor and then effectively transmit a unique signal
depending upon the nature of the initial receptor stimulation.
One can think of these microcomplexes as encryptons as
through their physical constitution and protein stoichiometry
these signaling microcomplexes of common proteins assemble
in a manner that allows functional encryption of the exact
nature of the initial input ligands (45). Many cell surface recep-
tors utilize the same types of signaling proteins, so therefore the
intrinsic nature of those downstreammolecules cannot be spe-
cific enough to encrypt the “information” of the stimulating
ligand. However, a simple and unique stoichiometric combina-
tion of these common proteins would allow the generation of a
virtually limitless number of encryptons all able to convey infor-
mation from a wide range of inputs that impinge upon the cell
in a plethora of combinations, temporal sequence, and concen-
tration. We have previously demonstrated that the differential
formation of signaling encryptons around the human androgen
receptor induced by activation of the gonadotropin-releasing

hormone receptor was able to facilitate the generation of
nuclear encryptons that possessed opposite and inhibitory
effects upon androgen-sensitive gene regulation with subse-
quent androgen stimulation (45). An encryption capacity is
even more important when one considers that in most physio-
logical settings it is likely that any given cell needs to respond
coherently to multiple impinging ligands in various sequential
combinations. In this case, the ability of cells to form encryptons
themselves may differ from times of single compared with
times of multiple stimulations, as the signaling complexes from
which the encryptons may be created potentially show a high
degree of pre-assembly. Therefore, ligand-induced encrypton
generation may not only be a function of the ligand, the recep-
tor, and the cell signal transduction machinery but also of the
prevailing level of additional cell stimulators.
Besides the formation of the hypothetical encrypton struc-

tures, another potential mechanism that could contribute to
the distinct signaling and phenotypic response patterns for the
different growth factors could be the formation of discrete and
specific “signaling endosomes.” The signaling endosome
hypothesis envisions that NGF-TrkA complexes are internal-
ized at the axon terminal and retrogradely transported to the
cell body. It has been shown following NGF treatment that
clathrin-coated vesicles contained NGF bound to TrkA,
together with activated signaling proteins for the Ras-MAPK
pathway (47). Evidence that these vesicles could actively signal
was demonstrated by their ability in vitro to activate Elk, a
downstream target of ERK1/2 (47). It has also been shown
recently that Trk can generate long lived signaling endosomes
(48). This Trk endocytosis can be distinguished from the clas-
sical clathrin-based endocytosis of the EGFR.AlthoughTrk and
EGFR each stimulate membrane ruffling, only Trk undergoes
both selective and specific macroendocytosis at ruffles, which
uniquely require the Rho-GTPase, Rac, and the trafficking pro-
tein Pincher. This process leads to Trk-signaling endosomes,
which are immature multivesicular bodies that retain Rab5. In
contrast, EGFR endosomes rapidly exchange Rab5 for Rab7,
thereby transiting into late endosomes/lysosomes for degrada-
tion. Sustained endosomal signaling between Trk and EGFR
has been shown not to reflect intrinsic differences between Trk
and EGFR because each elicits long term ERK kinase activation
from the cell surface. Thus, a population of stable Trk endo-
somes, formed by specialized macroendocytosis in neuronal
cells, provides a privileged endosome-based system for propa-

FIGURE 12. Neurotrophin-induced norepinephrine generation and protective actions in PC12 cells. Continuous incubation of PC12 cells with either
vehicle control (NS, no stimulation) or the standard doses of EGF, IGF-1, or NGF for 7 days resulted in an elevation in the NE (pg/mg) content of the cells (A).
Co-incubation with EGF�IGF (B) resulted in an inhibition of NE-induced cell phenotype, whereas co-incubations between EGF�NGF (C) or IGF-1�NGF (D)
resulted in a diminution of the extent of NE production in the cells. In all three cases (B–D) the NE expression in the presence of the combined neurotrophic
factors was significantly less than the theoretical composite of the additive effects of each neurotrophin. Bars in each of the histograms represents mean � S.E.
values from three separate experiments. In E–G PC12 cells were treated for 7 days with individual or combinations of the three growth factors, EGF, IGF, or NGF.
The viability of the PC12 cells 48 h after an acute (0.2 mM) hydrogen peroxide insult (peroxide) compared with cells not peroxide-insulted (control) was measured
by identification of live and dead cells in culture using trypan blue staining. E demonstrates the survival of cells treated with peroxide after EGF, IGF, or
combined EGF and IGF incubation. F demonstrates the survival of cells treated with peroxide after EGF, NGF, or combined EGF and NGF incubation.
G demonstrates the survival of cells treated with peroxide after IGF, NGF, or combined IGF and NGF incubation. Each histogram in the respective panels
demonstrates means � S.E. survival data from at least three separate experiments. H depicts a Venn diagrammatic representation of the subsets of significantly
regulated genes (2– 8 h) induced by the various co-stimulating ligand combinations. Protein assessment of five factors related to neuronal transmitter
expression and survival were chosen from the EGF:IGF-only regulated group. Their relative expression patterns across the various stimulation patterns is shown
in I (syntaxin); J (hsp40); K (casein kinase II); L (calponin), and M (crystallin). Each representative Western blot of lysates from cells treated for 7 days is shown next
to quantifications (means � S.E.) of relative expression levels from three independent stimulation experiments. The cellular levels of ERK2 were employed as
an internal protein loading control. IB, immunoblot; w.c. lysate, whole-cell lysate.
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gation of signals to the nucleus (48). This endosomal signaling
mechanism could also account for some of the distinct signal-
ing and phenotypic response patterns that were obtained for
the different growth factors. As withmost signaling paradigms,
it is likely that multiple and parallel activities may occur to
create the full gamut of receptor-mediated responses.
The scenarios represented in this study attempt to approach

the complexity of the eventual signaling milieu present in vivo.
It is clear from the investigation of the acute activation of solu-
ble kinases that there are discrete and potent effects of multiple
ligand stimulation. For example, with respect to the activation
of ERK1/2, EGF alone generated a potent activation, whereas
IGF-1 failed to do so. Despite this poor activity of IGF-1 alone,
when applied simultaneously with EGF, there was a profound
andhighly significant potentiation of the resultant ERK1/2 acti-
vation. This potentiation was far in excess of that whichmay be
expected by mere addition of the magnitudes of the two indi-
vidual signals. Hence the act of stimulating the IGF-1 receptor,
although not inducing a strong ERK1/2 activation alone,
appears to significantly potentiate the actions of EGF. Perhaps
the stimulation of the IGF-1 receptor relieves some form of
repressive activity that the inactive receptor, connected loosely
to its signal transduction machinery, exerts upon the ability of
EGF to activate ERK1/2. It has been shown previously that
ERK1/2 activation is correlatedwith the cellular growth state of
PC12 cells (49) and is responsible for their proliferation and also
differentiation (50). Interestingly, these strongly synergistic
effects of EGF and IGF-1 show parallels with other cell systems
that are responsive to both of these ligands. Hence, Qureshi et
al. (51) have also shown that EGF and IGF-1 act synergistically
to regulate the growth of human esophageal epithelial cells.
Our scenario also shows a significant interaction between these
ligands as the EGF:IGF combination also strongly affected cell
development as evidenced by its action upon NE production in
the PC12 cells. To amuch lesser extent this action of IGF-1 also
occurswith theNGF-mediated activation of ERK1/2 suggesting
perhaps that the inactive IGF-1 can exert a general repressive
effect upon agents that compete with it to stimulate ERK1/2.
This form of “passive” activity may be indicative of an intrinsic
cellular hierarchy of cell signaling that favors certain ligands to
control specific downstream signaling factors.
Interestingly, the ligand occupation and activation of the

EGFR and NGF TrkA receptors appeared to mediate an analo-
gous and common action against IGF-1R activity with respect
to the stimulation of the neuroprotective kinase Akt-1. Thus,
activation of EGF or NGF receptors although not strongly acti-
vating Akt-1 by themselves significantly attenuated the ability
of IGF-1 to stimulate Akt-1 phosphorylation and activation.
Activation of additional receptors therefore may disrupt the
stoichiometry of the multiprotein complexes required to stim-
ulate one pathway in the cell, demonstrating that there is not a
free inexhaustible pool of intracellular signaling molecules
available. Additional findings suggest that Shc tyrosine phos-
phorylation is a significant point of signal convergence for dif-
ferent growth factors in neural cells. In many mammalian tis-
sues, Shc is expressed as two isoforms of 46 and 52 kDa. Shc has
no intrinsic kinase domain and transduces signals dependent
on the formation and stabilization of protein-protein interac-

tions. Shc physically associates with plasma membrane recep-
tors (such as the growth factor receptors) to engage the recep-
tor-initiated signaling pathways that typically involve the
monomeric G protein Ras (52). There are three classical pro-
tein-protein interaction domains in Shc; two of these are the
phosphotyrosine-binding domain in the amino-terminal
region and the SH2 domain in the carboxyl-terminal region.
These two domain regions are separated by a proline/glycine-
rich region called the collagen homology domain (53). Upon
receptor tyrosine kinase activation, e.g.EGFR, TrkA, or IGF-1R,
Shc binds rapidly to the phosphotyrosine residues on the recep-
tor, generated by ligand-induced tyrosine autophosphoryla-
tion, via its phosphotyrosine-binding domains, leading to Shc
itself eventually being phosphorylated by the receptor tyrosine
kinase (52). The phosphorylated tyrosine residues on the colla-
gen homology domain of Shc provide the docking sites for
binding the SH2 domain of Grb2 (growth factor receptor bind-
ing 2) and thus recruit Sos (Son of Sevenless), a guanine nucle-
otide exchange protein (53), leading to the activation of the
Ras/Raf/MAPK pathway (54, 55). Consistent with the impor-
tance of Shc inmediating the functional integration of multiple
ligand stimuli, we found that, compared with individual ligand
stimulation, the co-stimulation paradigms all demonstrated an
antagonistic behavior of the different growth factors (Fig. 7).
Thus, there appears to be a premium on the availability and use
of passive adapter molecules that scaffold further signaling fac-
tors allowing the activation of downstream pathways. There
may therefore be a large number of kinase or phosphatase sub-
types in the cell, but a relatively smaller number of molecular
scaffolds to which they are attached and thus compartmental-
ized. Therefore, rather than the kinases/phosphatases being
crucial for cell signaling, it may be the passive adapters that
coordinate the assembly of these kinases that are the primary
molecular regulators of signaling.
From our analysis of the gene expression alterations at vari-

ous time points after the initial ligand stimulations, it was clear
that the output mediated by the simple addition of two ligand
signals is distinct from the actual result of simultaneous stimu-
lation (Fig. 8). Aswith the case at the level of signal transduction
kinases and associated proteins, the EGF:IGF-1 co-stimulation
showed the greatest distinctions in the genes significantly ele-
vated or diminished compared with unstimulated cells. Thus it
appears that the transfer of information from the two different
growth factors, initiated within minutes from the receptor
stimulation, is accurately conveyed to the complex distal events
involved in gene expression. Another interesting finding is that
there is a relatively small number of genes regulated by theoret-
ical ligand composite paradigms compared with the actual co-
stimulation paradigm (Fig. 8). However, despite the small num-
ber of common genes with the more functionally relevant
PAGE analysis, a relatively high conservation of functional
physiological output was retained.
In addition to considering the individual gene identities, we

also applied a functional pathway annotation tool (PAGE anal-
ysis) to render a prediction of the integrated outcome of the
significantly regulated gene sets. Not only were the co-stimula-
tion gene sets used but PAGEanalysiswas applied to theoretical
additive composite sets. The PAGE analysis clusters the genes
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into functional signaling pathways and, depending on the num-
ber of genes (and regulation direction) filling each cluster, a
magnitude value of pathway regulation is assigned.When anal-
ysis was performed at each time point of stimulation, there was
the greatest functional group diversity between the EGF:IGF-1
co-stimulation and theoretical composite paradigms compared
with the other experimental groups (Fig. 9). In essence, the
genetic phenotypic output disruption was greatest for the EGF:
IGF-1 paradigm, again correlating to the upstream signaling
cascades. More physiological pathways were either gained or
lost when the actual co-stimulation results were comparedwith
the theoretical composite results for the EGF:IGF-1 paradigms
compared with the two other experimental modes. The num-
bers of significantly regulated functional pathways was most
strongly affected at the 2- and 4-h timepoints.Not onlywerewe
interested in the phenotypic output diversity induced by the
differences in actual co-stimulation versus the theoretical com-
posites, but we also studied the magnitudes of the changes in
pathways between the ligand stimulation paradigms. The
results revealed considerable disparity between actual co-stim-
ulation and theoretical composites, but with evidence of reten-
tion of the interactive pathway patterns shown at the level of
upstream signal transduction. Therefore, with respect to both
the predicted physiological nature of the genetic outcome and
the relative magnitude of these outcomes, it is clear that the
early receptor-transduction pathway interactions are faithfully
translated to even complicated genetic response outcomes.
Collectively, our findings demonstrate that, despite being
mediated by common kinases and adapter proteins, the signal
transduction systems are highly constrained, possibly in our
hypothetical encrypton structures. It is also likely that these
specific signaling structures could also be compartmentalized
in specific endosomic populations to enhance their selectivity
of action.
As an additional indication of the ability to channel and

maintain signaling fidelity, we used the co-stimulation para-
digms (always in comparison to the theoretical composites) at
even further removed time points. In Fig. 12 the presence of the
ligand combinations for 7 days generated a ligand-interactive
pattern analogous to that seen at 5 min and the rapid modula-
tion of cytoplasmic signaling molecules. With respect to the
ability of the noradrenergic PC12 cells to produce NE, all three
ligands alone increased NE production. However, the EGF:
IGF-1 combination resulted in a level of NE production below
the basal level. On the other hand, when resistance to toxic
peroxide stress was evaluated, stimulation with the EGF:IGF-1
combination resulted in the greatest protective effect com-
pared with the two other growth factor combinations (Fig. 12).
These findings suggest that co-treatment with EGF and IGF-1
suppressed neuronal differentiation resulting in both decreased
production of NE and increased resistance of the cells to oxida-
tive stress. Upon analysis of the factors specifically regulated
only by this EGF:IGF paradigm, we demonstrated that in cor-
relation to the ligand co-stimulation gene array results we
noted significant up-regulation of proteins linked to support
neuroprotective mechanisms and control neurotransmitter
levels. In Fig. 12 we noted the significant and EGF:IGF-specific
elevation of the cellular levels of the synaptic vesicle protein

syntaxin 1A and the molecular chaperone crystallin (Fig. 12),
both which have been demonstrated to potently control nora-
drenergic neurotransmitter expression (30, 37). In addition we
noted increases in the levels of actin-binding protein, calponin,
the chaperone protein Hsp40, and casein kinase II, all of which
have been closely linked to the generation of neuroprotective
mechanisms in in vitro and in vivo systems (31–36). In addition
to its effects on neurotransmitter levels, the multifunctional
chaperone protein crystallin also is linked to neuroprotective
cellular activity (38–40). None of these genes or proteins were
up-regulated after treatment with the EGF:NGF or IGF:NGF
stimulation paradigms demonstrating that distinct ligand com-
binations can yield very specific phenotypic outcomes.
Compared with the neutral theoretical composites, the EGF:

IGF-1 paradigm resulted in the most significant synergism of
ERK1/2 activation (Fig. 2), the most significant antagonistic
attenuation of Akt-1 activity (Fig. 3), the most significant syn-
ergistic activation of GSK-3 (Fig. 4), the most significant antag-
onistic attenuation of Shc tyrosine phosphorylation (Fig. 7), the
greatest disruptions (magnitude and phenotypic type) of
genetic output (Figs. 9 and 10), and themost profound eventual
phenotype differences (Fig. 12) comparedwith the EGF:NGFor
IGF:NGF paradigms. Thus it seems that theremay be preferred
or opposed hierarchical interactions between receptor systems
that are mediated by the complex signaling network created by
the general signaling architecture of the cell. With an increase
in the complexity of experimentation, i.e. changes in ligand
dose, application order, and changes in cell type (for example,

FIGURE 13. Signal integration and multiple protein-protein interactions.
The ability of single ligand (�) stimulation (left panel) to exert its full effects on
cellular physiology is dependent on the ability of its signal proteins to interact
with the receptor in a concerted and controlled manner. Signal transduction
accessory proteins are initially created in the endoplasmic reticulum (A),
before export and loose assembly in Golgi/vesicles (B), and before eventual
stable interaction with a cell surface receptor (C). Single ligand stimulation (�)
results in the differential association of stable and de novo signaling factors
with the receptor at the membrane (D). Eventually, the complex of signaling
proteins (encrypton) may dissociate from the receptor (E) and further change
certain factors (F) before affecting genetic transcription. With multiple ligand
stimulation (�, �), however, the relative apportioning of the stable signaling
encryptons (1) with the active receptors (2) may be qualitatively/quantita-
tively different. Therefore, the nature of the disengaged signaling encrypton
may be distinct (3). Because of the differences in encrypton complementa-
tion, alterations in transcriptional regulation may occur effecting distinct
metabolic cellular outputs (4).
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primary neurons compared with glial cells or tumor cells), it
may be possible to delineate the actual structure of the matrix
that allows the integration and processing of multiple cellular
inputs in relation to the eventual effect upon cell biology.
Our current findings illuminate the potential complexities in

signaling interactions of growth factors and how they may be
configured to allowdiscrete signal propagation through a hypo-
thetical mechanism (see Fig. 13). Through the creation of sig-
naling entities that link the receptors to the eventual cell effec-
tors, the cell manages and integrates complex multifactorial
inputs. As neural cells normally encountermultiple growth fac-
tors in vivo, an understanding of how the cell signaling archi-
tecture is created and used will be invaluable in assessing how
the normal functioning of the nervous system is adversely
affected by injury or disease. Previous studies have shown that
EGF (56), IGF-1 (57), and NGF (58) can each protect neurons
against death induced by oxidative stress. We found that EGF
potentiated the cytoprotective effect of IGF-1 against oxidative
stress-induced death but did not potentiate the cytoprotective
effect ofNGF.Our findings therefore suggest the importance of
understanding the outcome of growth factor interactions for
developing growth factor-based therapeutic interventions.
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