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INTRODUCTION

Nerve growth factor (NGF) was the first discovered and the best-characterized
of the polypeptides that exert neurotrophic effects (1). The earliest studies
identified peripheral sympathetic and sensory neurons of the chick embryo
and newborn rodents as target cells for NGF. The major biological function of
NGF, its trophic action, was operationally defined on these cells by the effects
elicited by deprivation of the growth factor by various means. Beside its
trophic role, other important properties of NGF are (a) its neurotropic action
both in vitro and in vivo (&) its ability to modulate the differentiative program
(fate) of neuronal precursor cells and (c¢) its contribution to the maintenance of
the acquired differentiated phenotype (1, 2). Recently, two advances, made
possible by the acquisition of molecular probes for the hormone and its
receptor, have brought new impetus to the field of NGF: the identification of
molecules structurally related to NGF (3-6) and the discovery that the spec-
trum of its potential target cells is larger than previously anticipated. In
particular, it is now well established that NGF also acts on defined pop-
ulations of neurones within the central nervous system (7-9) and probably
exerts some biological influence on some nonneuronal cells (10-12). The

205
0362-1642/91/0415-0205502.00



Annu. Rev. Pharmacol. Toxicol. 1991.31:205-228. Downloaded from www.annual reviews.org

by Central College on 12/09/11. For personal use only.

206 LEVI & ALEMA

biochemical properties and physiological functions of NGF have been the
subject of a number of recent reviews (1, 7, 8, 13).

The biochemical correlates of NGF trophic action can be best inferred from
primary cultures of NGF-dependent neurons (14-16). However, the NGF
requirement for survival as well as the limited availability of the cells have
prevented extensive use of this experimental model. Among NGF-responsive
cells, the clonal cell line PC12 has become the model of choice for un-
derstanding the mode of action of NGF in the modulation of differentiation.
These cells, which do not require NGF for survival and growth, acquire and
maintain a sympathetic-like neuronal phenotype in response to the factor
(17-19). Here we have chosen to concentrate on some recent developments in
the mechanism of action of NGF in PC12 cells and, when possible, in other
cell types. In view of the previously mentioned wide spectrum of potential
targets such an approach may appear too restrictive, although we expect that
the effects exerted by NGF on other target cells are mediated by activation of
similar biochemical pathways. This assumption is as yet only tentative but is
amenable to direct experimentation.

DIFFERENTIATION OF PC12 CELLS IN RESPONSE TO
NGF AND OTHER FACTORS

The differentiation response of PC12 cells to NGF is a complex phenomenon
that occurs with a time scale of several days. After an initial mitogenic phase
(20), which appears dispensable for the ultimate acquisition of the differenti-
ated phenotype (21), PC12 cells stop dividing (17). DNA replication in some
differentiated PC12 cells, however, is not completely extinguished and a
proportion of the cells become polyploid (22). The acquisition of a neuronal-
like morphology, i.e. outgrowth of long, branching neurites, is accompanied
by the de novo expression of a number of nerve cell-specific antigens and
neurospecific functions such as synthesis and storage of neurotransmitters,
electrical excitability, and the ability to form functional synapses with cocul-
tured muscle cells (reviewed in ref. 17, 18). In this respect PC12 cells, which
are derived from rat pheochromocytoma, behave like their untransformed
counterparts, the immature chromaffin cells of the adrenal medulla, which
respond to NGF both in vivo and in vitro by acquiring a sympathetic-like
neuronal phenotype (23-25). The NGF-induced phenotype is reversible: re-
moval of NGF leads to loss of differentiated traits and resumption of the cell
cycle (17). Both transcription-dependent and transcription-independent path-
ways are needed to achieve complete differentiation, a finding on which the
priming model has been based (26). This model suggests that a transcription-
dependent slow accumulation of a set of (specific?) proteins is a prerequisite
for morphological differentiation. The accumulation of this material primes
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the cells for rapid, transcription inhibitor-resistant, NGF-dependent neurite
outgrowth (26). Even though cells exposed to NGF undergo the transcription-
dependent and transcription-independent processes over similar time scales,
the experimental dissection of these two events has validated the priming
model (27).

The acquisition of the mature differentiated phenotype is well defined by
the above-mentioned ensemble of neuronal properties as well as by a number
of molecular markers that represent their biochemical correlates. However, it
has been very difficult to subsume the terminal differentiation in terms of a
number of early—seconds to hours—measurable biochemical changes in-
duced by NGF. In the ensuing review, we focus on these fast responses in the
hope of gaining some clues about their possible relevance to the acquisition of
the terminal phenotype. Since genetic dissection of the relevant cellular
functions is not feasible in PC12 cells at this time, the second best approach,
we believe, is to compare the biochemical pathways activated by NGF with
those set in motion by other growth factors or activated oncogenes that partly
or almost totally mimic its effects. Beside NGF receptors, PC12 cells express
receptors for epidermal growth factor (EGF), fibroblast growth factor (FGF)
and interleukin 6 (17, 18, 28, 29). EGF is a well-characterized mitogenic
factor in several cell lines and in PC12 cells and its pathway is initiated by
activation of the tyrosine kinase intrinsic to the receptor (30). In PC12 cells
EGF induces a number of early biochemical responses similar to those
induced by NGF, but fails to induce terminal differentiation. It is surmised
that most of the events elicited by both EGF and NGF are relevant to the early
mitogenic effect of NGF, even though this conclusion does not rule out their
involvement in the triggering of differentiation as well. FGF (acidic and basic
FGFs) is also a mitogen in several cell lines as well as a differentiative factor
for a subpopulation of CNS neurons (31). Its mitogenic actions and supposed-
ly also its differentiative functions are mediated by activation of the tyrosine
kinase activity intrinsic to its receptor (32). FGF induces both early and
delayed responses in PCI12 almost indistinguishable from those elicited by
NGF (28, 33). Interleukin-6 also induces differentiation of PC12 cells (29).
The mechanism of action of interleukin-6 has yet to be defined. Finally,
expression of two viral oncogenes, namely v-src and v-ras, fully activate the
differentiative program of PC12 cells (34, 35). Understanding the extent to
which the biochemical pathways activated by these growth factors and
oncogenes are relevant to the mechanism of action of NGF is a potentially
fruitful approach.

PROPERTIES OF THE RECEPTOR FOR NGF (NGF-R)

The ability of NGF to exert its trophic, differentiative, and mitogenic actions
on target cells is mediated by high-affinity binding to specific cell surface
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receptors. Although this dominant role of receptors in initiating NGF effects
is well established, the question of whether NGF can also act from within the
cell is not fully settled.

NGF-R Identification and Structure

In recent years, cloning and sequencing of human (36), rat (37), and chicken
(38) cDNAs coding for the receptor protein have allowed the determination of
its primary structure. Moreover, analysis of genomic clones of the promoter
has begun to define the upstream regions responsible for the restricted expres-
sion of this protein in vivo (39). The cDNAs predict a protein with an
apparent molecular mass of 45 kd that increases to about 75 kd after
glycosylation. The receptor polypeptide can be divided into several distinct
domains, each with differences in the degree of intraspecies conservation.
The signal peptide is followed by a stretch of about 160 amino acids rich in
cysteine residues that presents a high degree of identity. Similarly to the EGF
receptor and the genes belonging to its family, this region appears to be
composed of four repeats of about 40 amino acids probably caused by
repeated gene duplication events. Sequence comparison has shown that the
cysteine-rich region shows a significant degree of homology with the OX 40 T
lymphocyte-specific antigen (40), the S0 Kd CD40 antigen expressed on B
lymphocytes and carcinoma cells (41), and the tumor necrosis factor receptor
(42). The most conserved region with 95% intraspecies homology is com-
posed of 21 aa spanning the membrane flanked by 19 aa in the extracellular
portion of the molecule and by the first 46 residues of the cytoplasmic region.
A number of observations (see below), beside the degree of evolutionary
conservation, strengthen the notion that this domain is essential for transduc-
tion of the NGF signal. The cytoplasmic domain of thc receptor ncither
reveals the presence of an ATP binding site, nor bears any other resemblance
to other receptors for growth factors with an intrinsic protein kinase activity.
The NGF receptor moiety recognized by available antibodies is phosphory-
lated on serine residues only and the state of phosphorylation does not change
with binding of NGF, again behaving differently from receptors for growth
factors with associated tyrosine kinase activity. It has been suggested that
phosphorylation of NGF-R might be correlated with constitutive internaliza-
tion (43).

High-Affinity Receptor Functions

Most biochemical studies on NGF receptors have been carried out using PC12
cells, even though the kinetic parameters of binding of labeled-NGF have also
been extensively characterized in chick embryo sympathetic and sensory
neurons (44, 45), melanoma (46), neuroblastoma (47), and bovine and rat
adrenal chromaffin cells (48). While most NGF-responsive cells display two
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classes of NGF receptors, type I or slow and type II or fast, differing in
affinity by more than one order of magnitude (from 10 pM to nM), transfec-
tion of cDNA clones to express the NGF receptor in a number of different cell
backgrounds resulted in the appearance of the low-affinity species (type II)
only. Other evidence strongly suggests that the cloned receptor is present in
both high- and low-affinity receptor species: (a) crosslinking with water-
soluble agents of labeled NGF with its receptor generated only a single
molecular species that accounted for both forms of the receptor (49); (b) the
same mRNA is detected in cells expressing predominantly type 1I receptors
and in cells that express only the type I form (50). Under appropriate conditions
type Il can be converted to the type I receptor, but conversion occurs only in cells
capable of responding to the factor (51). The general consensus is that the
high-affinity receptor is the result of the association of the low-affinity moiety
with a different polypeptide, likely to participate in the signal-wansducing
machinery (and perhaps expressed only in NGF-responsive cells), or to be
involved in the internalization of the NGF-receptor complexes (52, 53). This
conclusion is based on two observations: (a) crosslinking experiments with
lipid-soluble agents have suggested the presence of a second protein of about 50
to 60 kd bound to the NGF-receptor complex (54); (b) the human type II receptor
introduced into mutant PC12 cells that are defective for the expression of the
endogenous gene causes both forms of the receptor to appear (55). In this case it
has been possible to demonstrate that the expressed receptor is at least partially
functional (55). Where the interaction between the two putative subunits of the
NGF-R occurs is not known, but the observation that only hydrophobic reagents
are capable of crosslinking the type II receptor to the putative transducing protein,
suggests the conserved membrane-spanning domain of the receptor as a candidate
for the interaction. Furthermore, other regions of the receptor are also involved in
the association since deletions in the cytoplasmic domain of the receptor abolish
the formation of the high-affinity form as shown by wansfecting the human cDNA
in receptor-deficient PC12 cells (M. Chao, personal communication).

The association of a membrane-spanning receptor with a protein deputed to
signal transduction and bound to the cytoplasmic side of the plasma mem-
brane is reminiscent of the recently described association of the T lymphocyte
CD4 and CD8 antigens with the intracellular, membrane-bound tyrosine
kinase p56'°* (56). A slightly different situation holds for the interleukin 2
receptor: in this case two distinct polypeptide chains are both able to bind the
ligand and to cooperate in creating a range of different affinities (57). As to
the nature of the accessory protein, it has been speculated that the products of
the src or ras proto-oncogenes might participate in the interconversion from
low- to high-affinity NGF receptors (37, 53) (see below).

Since the NGF-receptor exists in a dynamic state in the cell membrane and
is known to be quickly internalized following binding of the ligand, the
endocytic process itself may easily mimic a slowly dissociating complex (58,
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S1). If the “accessory subunit” of the NGF-R participates in the internalization
of the NGF-receptor complex, dissociates from it and recycles to the mem-
brane via a different pathway, it might represent a mechanism for the
observed interconversion between low- and high-affinity receptors. Whatever
the molecular basis of type I receptors, they might help the cell to discriminate
between NGF and related molecules. In particular, the high-affinity receptors
have about 1,000-fold higher affinity for NGF than for the brain-derived
neurotrophic factor (BDNF), whereas type Il receptors do not appear to
discriminate between the two growth factors (59).

Is There a Function for Low-Affinity Receptors?

What is the functional relevance of the low-affinity receptor? In trying to
answer this question two extreme points of view may be considered: the
low-affinity receptor is not involved in signal transduction (but may be in
other functions) or it cooperates with high-affinity receptors in mediating the
full response to NGF. A complicating factor arises from the present lack of
information on the local concentrations of NGF available for binding in vivo.
Current thinking is that NGF is produced in small amounts by peripheral
tissues or cells that stimulate NGF-responsive neurons. The local concentra-
tion of the growth factor is possibly suboptimal for saturation of the receptors,
since exogenously added NGF has profound effects on survival and differenti-
ation of presumptive target cells (1, 7). The local level of NGF, where
axotomy has occurred, may be increased either by neosynthesis (reviewed in
ref. 7) or by the induced expression of low-affinity NGF receptors on the
surface of Schwann cells, these receptors being predicated to act by con-
centrating circulating NGF (60). In these conditions the local concentration of
NGF may reach levels compatible with occupancy of type 1I receptors. PC12
cell mutants that possess low- but not high-affinity receptors neither respond
to nor internalize NGF (52). Moreover, low-affinity receptors ectopically
expressed in a number of cell types do not seem to be capable of activating
second messengers or early genes (M. Chao, personal communication).
However, the expression of NGF-R in Xenopus oocytes potentiates the ability
of progesterone to induce maturation, a property in common with the v-src
and v-ras oncogenes (61). A few examples are known of NGF-induced
responses that may be attributed solely to the occupancy of the low-affinity
receptors. The concentrations of NGF required for induction of tyrosine
hydroxylase in sympathetic neurons are consistent with this effect being
mediated by occupancy of the low-affinity receptors (62). It has also been
reported that induction of VGF8a mRNA in PC12 cells reaches half maximum
at 50 ng/ml NGF, i.e. at concentrations of NGF close to the Km of the
low-affinity receptor (63). More definitive is the finding that melanoma cells
that express only the low-affinity receptor species, but at high density,
respond to NGF by surviving in the absence of serum (46).
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As postulated for the two known types of glucocorticoid receptors (64), two
receptor species with high and low affinity could provide a continuum of
control and thus expand the range of the physiological response. Incidentally,
note that most studies aimed at tracing NGF-responsive target cells in the
central nervous system rely on specific antibodies or nucleic acid probes that
recognize only the low-affinity receptor. If the notion that only high-affinity
receptors are of biological relevance holds true, then identification of NGF-
responsive cells should await the characterization of new components of the
receptor complex. Moreover, the similar affinities of NGF and BDGF for type
I1 NGF-R noted above advise against equalizing type II NGF-R-bearing cells
with NGF-responsive cells.

Receptor Physiology

In PC12 cells the NGF bound to the cell surface is internalized by receptor-
mediated endocytosis (65, 66) and the internalized NGF has a relatively long
half-life (67). More strikingly, specific retrograde transport of NGF occurs in
vivo in endocytotic vesicles from the tips of the axons to the cell body (68).
On the one hand, if the biological effects of NGF are presumably mediated at
the level of the plasma membrane with the production of one (or more) second
messengers responsible for generating an intracellular cascade of biochemical
events, then the internalization of NGF-receptor complexes may be in-
strumental only to the down-regulation of the signal. On the other hand, the
existence of a specific mechanism for retrograde transport suggests that the
function of the internalization process is to deliver NGF to strategic in-
tracellular compartments. Although the role of internalized NGF-receptor
complexes is still subject to experimental investigation, intracellular binding
of growth factors to their receptors is sufficient in other cellular contexts to
produce a functional autocrine response (69, 70). One possible role of in-
ternalized NGF is suggested from the finding that it has a perinuclear localiza-
tion (67) and that chromatin binding of internalized NGF has been reported
(71; but see ref. 72). A reconciling hypothesis could be that multiple signals
are generated, some at the level of the plasma membrane, others following
internalization and transport to the cell body, and that these signals cooperate
synergistically to elicit the full biological response. If such a “multiple hit”
mechanism exists, it would provide the target cell with a means of double
checking for the presence of NGF.

SECOND MESSENGERS IN THE MECHANISM OF
ACTION OF NGF

Like a mystery novel with too many suspects, many classical second
messengers have been shown to be modulated by NGF, and are thus possible
mediators of NGF action. However, no single second messenger has clearly
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been demonstrated to be responsible for expressing the full range of changes
induced by NGF, and virtually all second messengers and other early events
downstream identified to date are also activated with similar kinetics and
quantitative variations by other growth factors (e.g. EGF) and a multitude of
pharmacological agents, which, however, do not lead to differentiation. The
simplest, but minimally heuristic, conclusion would be that a large number of
the early biochemical responses may not be directly relevant to the final
outcome, i.e. increased transcription of differentiation-specific genes. For
instance, if the target cell needs to double-check for the presence of NGF,
some of the first responses may be aimed at putting the cell on a stand-by
position. Finally, to understand the role of second messengers as mediators of
NGF-induced differentiation two points should be considered: (a) most
second messengers are only transiently modulated, yet the requirement for
NGEF to be continuously present suggests that some long-lasting modification
of cellular pathways is needed; (b) NGF could conceivably utilize different
pathways in the initiation of the differentiative program of PC12 and in the
maintenance of the acquired phenotype.

Calcium Ions

Activation of the Na*/K* ATPase with consequent increase in the influx of
monovalent ions is one of the earliest events in the response to NGF (20). By
analogy with EGF action, this effect may be linked to the initial mitogenic
stimulation exerted by NGF on PC12 cells.

Modulation of intracellular concentration of calcium by NGF has been a
controversial hypothesis but it now seems to be established by direct measure-
ments (73; G. Guroff, personal communication) as well as by indirect evi-
dence (74). It is the consequence of both calcium influx and release from
internal stores. Downstream events, possibly regulated by an elevated cal-
cium level, are Ca/calmodulin-dependent protein kinase 11I, phosphorylation
of elongation factor 2 (75), catecholamine release (76), and phosphatidylino-
sitol turnover (77).

cAMP

The existence of a cAMP connection in the action of NGF was mainly
postulated because (a) cell-permeable cAMP-analogues induce phenotypic
changes similar to early NGF-induced events and () NGF activates protein
kinase A (PK-A). However, it has been difficult to demonstrate a direct
activation of adenylate cyclase by NGF and conflicting reports exist on the
existence of positive variations in cAMP (78, 79). In addition, no changes in
the activity and level of expression of G, and G; proteins after NGF treatment
have been observed in PC12 cells (A. M. Salvatore, P. Calissano, personal
communication). Furthermore, the effects of cAMP analogues on PC12 cells
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and primary sympathetic and sensory neurons are clearly distinct from those
induced by NGF as far as activation of gene expression (80) and growth of
neurites are concerned (14, 81). On the other hand, some of the phosphoryla-
tion events caused by NGF can be accounted for by activation of PK-A (see
below). That PK-A activity may be involved in the modulation of the expres-
sion of the differentiated phenotype is suggested by the observation that the
induction of sodium channels in differentiated PCI12 cells is specifically
blocked by injection of an expression plasmid coding for an inhibitor of the
catalytic subunit of PK-A (82).

Phospholipids

Very rapid modulation by NGF of the synthesis of inositol mono, bis, and
trisphosphate were reported by Contreras & Guroff (77), who also showed
that the NGF-stimulated hydrolysis of polyphosphoinositides was dependent
on extracellular calcium. The production of IP; was observable within
seconds after exposure to NGF and may be responsible for the reported rapid
increase in intracellular calcium (73).

A recent report links the binding of NGF to its functional receptors in PC12
cells to a rapid (less than one minute) production of myristate-containing
diacylglycerol and an inositol phosphate glycan, generated by the digestion of
a glycosyl-phosphatidylinositol (83). The release of diacylglycerol by this
previously unidentified pathway represents an alternative way of stimulating
protein kinase C without breakdown of phosphatidylinositols. A different
kind of phospholipid modification, phospholipid methylation, has been in-
voked as a possible mediator of NGF action mainly on the evidence that
exposure of primary target cells to NGF is rapidly followed by an increase of
methylated phospholipids (84, 85). However, no significant enhancement of
phospholipid methylation of PC12 cells exposed to NGF has been measured
and inhibitors of phospholipid methylation fail to prevent neurite outgrowth
(86).

PROTEIN METHYLATION

Inhibition of protein methylation has profound effects on the response of
PC12 cells to NGF. Both early and late effects of NGF are inhibited without
any appreciable effect on NGF binding. Interestingly, prevention of protein
methylation discriminated between NGF and EGF in the sense that the same
early responses elicited by the two factors were unaffected in the case of EGF
(87). A subsequent report also links protein methylation to the trophic effects
of NGF on primary cultures (88). Although very promising, the results
reported above are not definitive because they rely on the use of methyltrans-
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ferase inhibitors that may affect nucleic acid methylation and it has not been
possible to identify specific protein substrates for methylation.

PROTEIN PHOSPHORYLATION

As stated above, a number of serine- and threonine-specific protein kinases
are activated by NGF binding to its receptor; the list includes PK-A (89),
protein kinase C (PK-C)(89-91), S6 protein kinase (92), MAP-2 protein
kinase (93), and the newly described protein kinase N (94). This impressive
amount of data has been recently reviewed (see ref. 95). The activation of
each of these different kinases is probably not an independent event in the
cclls but results from “crosstalk”, in the sense that NGF is probably initiating
a cascade of interrelated activations. Since it is difficult to arrange a genealo-
gical tree based only on temporal criteria—these activations all occur within
minutes—the pharmacological approach with specific kinase inhibitors has
proved more profitable. Some of these inhibitors, moreover, offer the advan-
tage of being able to discriminate between NGF and EGF, which, as far as
activation of the kinases and phosphorylation of protein substrates is con-
cemned, behave with an almost superimposable pattern.

The kinase inhibitor K-252a blocks the action of NGF while leaving
unaltered most of the effects triggered by EGF (96). A note of caution is
however necessary since conflicting observations on the effects of K-252a on
the trophic effect of NGF in primary cultures have been reported (see 97 and
ref. therein). An example of the power of kinase inhibitors in dissecting the
pathways activated by NGF is provided by the inhibition exerted by the purine
analog 6-thioguanine (6-TG). 6-TG specifically blocks the activity of protein
kinase N (98) and consequently some but not all transcription-dependent and
transcription-independent effects of NGF (99; L. A. Greene, personal com-
munication). Similarly, the inhibition of protein kinase C exerted by sphingo-
sine defines a set of responses in PC12 cells that are probably mediated through
this kinase (91), a finding reinforced by the use of PC12 cells in which protein
kinase C is down-regulated (100). It is worth mentioning, however, that down-
regulation of PKC fails to prevent neurite outgrowth in PC12 cells both in
response to NGF (100, 101) and to an activated ras gene (102).

The main difficulty in the use of a pharmacological approach to dissect the
cause-effect relationship in the activation of several kinases is the lack of
absolute specificity of some of the inhibitors used. For instance, the kinase
inhibitor K-252a blocks most biological effects of NGF in PC12 cells. While
this finding might imply that it interferes with a very early, essential step in
the NGF-induced pathway, it is also consistent with K-252a’s blocking
several independent kinases. This reasoning is further supported by the use of
purine analogs, described above: the activation of kinase N is itself a conse-
quence of a phosphorylation event and can be blocked by the inhibitor
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2-aminopurine. The latter substance, however, blocks pathways both up-
stream and downstream from those operationally defined by interference with
kinase N activity (L. A. Greene, personal communication).

One final issue related to the phosphorylation of proteins is worth mention-
ing as more relevant to the maintenance of the differentiated phenotype in
PC12 cells than to the induction of the differentiative program. There is a
good temporal correlation between outgrowth of neurites, enhanced stability
of microtubules and phosphorylation of a class of microtubule-associated
proteins designated as chartins (103). Moreover, inhibition of morphological
differentiation of NGF-treated cells by lithium ions also results in decreased
phosphorylation of chartins (27).

The rat Proto-oncogene

The cytoplasmic serine/threonine kinase raf-1 has been identified as a poten-
tial down-stream effector of a variety of receptors in fibroblasts (104).
Infection of PC12 cells with a truncated, transforming version of raf-1 causes
the emission of neurites, thus suggesting that raf-1 may be a proto-oncogene
component of the NGF signaling pathway for differentiation (K. W. Wood,
T. M. Roberts, personal communication). In parallel experiments, both NGF
and aFGF treatment of PC12 cells resulted in the phosphorylation of
endogenous raf-1. With the exception of c-AMP, other treatments such as
EGF, insulin, and high K* also caused phosphorylation of raf-1. In fibro-
blasts the transforming ability of raf is not blocked by anti-ras antibodies,
implying that it functions downstream of both src and ras (104). It would be
interesting to learn by microinjection of specific antibodies in PC12 cells
where raf-1 is positioned in a hypothetical hierarchy of NGF-generated
signals (See Figure 1).

The Involvement of Tyrosine Kinases

The involvement of tyrosine-phosphorylation was already suggested by the
finding that FGF reproduces NGF effects in PC12 as well as in primary cells.
The FGF receptor on PCI2 cells is a single protein of 145 kd; it has an

K252a 7 c-rar

I c-Src —» GAP_p C-ras neurite extenslion

l ’ gene expression
PK-C ?

Figure 1 Model for proto-oncogene interactions in NGF-activated signaling pathway in PC12
cells.
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apparent single affinity class and is not known to associate with other proteins
(105). Although the cloned NGF-R is not a tyrosine kinase, two lines of
evidence are consistent with a role of phosphorylation of tyrosine residues in
mediating the differentiative response to NGF:

1. When PCI2 cells are exposed to NGF there is a rapid (within 5 min) and
transient phosphorylation of tyrosine residues in a limited number of cellular
proteins (106, 107). This is in contrast to the more general phosphorylation of
proteins on serine/threonine residues that is maintained as long as NGF is
present. The molecular masses of these proteins are diffcrent from those
found to be phosphorylated on tyrosine residues, showing that NGF activates
several classes of protein kinases that phosphorylate distinct subsets of pro-
teins. Recently, it has been shown that treatment of PC12 cells with NGF
induces the phosphorylation of phospholipase C-y on both serine and tyrosine
(G. Guroff, personal communication). EGF and dibutyryl-cAMP also stimu-
late extensive protein tyrosinc phosphorylation. However, NGF-induced tyro-
sine phosphorylation, but not that elicited by EGF, is inhibited by K252a and
MeSAdo (107), suggesting that (@) NGF and EGF induce tyrosine
phosphorylation by different mechanisms, (b) the inhibition of NGF action by
K252a, already shown to be independent of PK-A and PK-C (96), is perhaps
exerted directly on an NGF-stimulated tyrosine kinase, and (c¢) the NGF-
induced tyrosine phosphorylation may be a very early step in the pathway. Is
the activation of a tyrosine-protein kinase the first event elicited by the
activated NGF receptor? Preliminary data do not seem to support this view;
for instance, although K-252a blocks the induction of protein tyrosine
phosphorylation (107), it does not prevent NGF-stimulated activation of
MAP2 kinase (93).

2. Infection of PC12 cells with retroviruses expressing v-src, a viral oncogene
homologous to the proto-oncogene c-src and which encodes the protein
tyrosine-specific kinase pp60*~*", efficiently induces these cells to progress
further along their differentiative pathway, as demonstrated by the emission
of long neurites, survival in serum-free conditions, and progressive with-
drawal from the cell cycle (34, 108). The constant expression of pp60¥~* is

- required for maintaining the differentiated phenotype, as shown by the use of

temperature-sensitive conditional mutants (34, 109; S. Thomas, J. Brugge,
personal communication). Although at the .biochemical level v-src-
differentiated cells express markers such as neurofilament proteins, AChase,
NILE, and VGF8a proteins (108; E. Agostini, S. Alema, unpublished data),
the v-src-induced phenotype differs from that elicited by NGF in being
refractory to inhibition by K252a (109). v-src effects are not confined to the
PCI2 cell line since v-src expression also allows differentiation of primary
quail NGF-sensitive sympathetic neurons (110) and rescues differentiation in
nnrS cells, an NGF-unresponsive PC12 variant (105).
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pp60Y¥€ is located in the plasma membrane (and cytoskeleton) and the
NGF pathway also originates peripherally, yet one level of action of both
NGF and v-src that leads to phenotypic consequences (i.e. differentiation and
transformation) is selective modulation of gene expression. Can we discern
events both early or late in v-src-transformed cells that could help identify
critical steps in NGF-signaling pathways? Recent reports indicatc that neither
activation of the canonical PI cycle nor direct activation of PK-C appears
necessary for transformation by pp60*~* (reviewed in ref. 111). Identifica-
tion of protein substrates crucial for transformation has proven difficult, (yet
phosphorylation by pp60° of proteins such as vinculin, talin, or connexin
clearly seems pertinent to some aspects of differentiation into neuronlike
cells). The ability of v-src to phosphorylate the GAP protein appears more
significant, establishing a link with c-ras (112) (see below). Recent pre-
liminary results suggest that some of the substrates phosphorylated in PC12
cells by pp60¥*™ and the NGF-activated tyrosine kinase may overlap,
although unique targets for each kinase distinguish the pathways activated by
pp60Y~* and NGF (S. M. Thomas, J. S. Brugge, personal communication).

The question arises whether the product of c-src or other known in-
tracellular tyrosine kinases are involved in NGF-signal transduction. The
c-src proto-oncogene has been implicated in neuronal differentiation and

.maintenance of specific functions because it is expressed in early differentiat-

ing and postmitotic neurons (113, 114). Furthermore, neurons also express
c-src*, a specific isoform with higher specific activity in vitro (115, 116).
c-src differs from v-src in many structural and functional traits, including the
finding that overexpression of c-src does not induce the growth effects of
v-src in fibroblasts or neuroretinal cells (117). Recent experiments have
shown that some transforming variants of both the receptor and nonreceptor
classes of tyrosine kinases such as activated c-fyn, v-fins and polyoma middle
T are capable of transducing signals that lead to neurite extension in PC12
cells, whereas partially transforming and nontransforming tyrosine kinases
such as c-src, c-src* or c-fyn are unable to direct the complete response
necessary for morphological differentiation (S. M. Thomas, J. S. Brugge,
personal communication). Moreover, treatment of PC12 cells with sodium
orthovanadate, a relatively specific inhibitor of phosphotyrosine phospha-
tases, can “prime” the cells to the action of NGF but by itself leads only to an
abortive morphological and biochemical differentiation that is not as complete
as that triggered by v-src or NGF (E. Agostini, S. Alema, unpublished data).
Perhaps the most convincing evidence for the involvement of pp60°*™ in
NGF-induced differentiation comes from microinjection experiments of a
pp60°*™ specific monoclonal antibody, whereby morphological differentia-
tion induced by NGF and FGF was blocked, suggesting that pp60°*"® may
function downstream from early receptor-mediated events (S. M. Thomas, S.
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Halegoua, J. S. Brugge, personal communication; Figure 1). In these ex-
periments, however, the transient lifetime of intracellular antibodies made it
impossible to rule out the notion that priming or specific gene expression were
also affected, in addition to neurite extension. Other treatments such as
lithium ions affect neurite extension without interfering with the priming
process by NGF (27). Given this caveat, a simple explanation to reconcile the
finding that elevated levels of c-src do not fully mimic the effects of v-src and
NGF with the outcome of the microinjection experiments, might be that the
activity of pp60°*" is necessary but not sufficient and that other pathways
cooperate. pp60*~* may be endowed with properties that allow the kinase to
serve as a substitute for these pathways.

ROLE OF ras GENES

A family of closely related oncogenes (Ha-, Ki-, and N-ras) encode proteins
that, because of their structural and biochemical homology to G-proteins, are
thought to act as coupling factors between receptors/primary transducers and a
number of effector systems (111, 118). Expression of all viral counterparts of
ras p21 protein by either microinjection or infection with retroviruses induces
in PC12 cells a differentiated phenotype similar to that induced by NGF or
v-src (35, 102, 119). In other experiments the oncogenic T24-ras protein,
when introduced into the cytoplasm of primary chick embryonic neurons,
promotes the in vitro survival and neurite outgrowth of NGF-responsive DRG
neurons as well as of BDNF- and ciliary neurotrophic factor-responsive
neurons (120). The proto-oncogene c-Ha-ras also promotes neuronal sur-
vival, albeit much less efficiently. These results suggest a generalized in-
volvement of ras proteins in the signal transduction pathways for neurotrophic
factors. An elegant series of experiments using a variety of mutants of the ras
gene established that the protein domains responsible for induction of the
differentiated phenotype in PCI2 cells overlap with those required for
wcansformation of fibroblasts (121). Transforming ras proteins expressed in
PC12 cells activate a pathway that leads to the induction of c-fos and
increased transcription from TPA-responsive elements, independently of the
cAMP-dependent pathway of signal transduction (121; see below and Table
1). Both oncogenic ras and TPA are commonly supposed to activate the PK-C
pathway (111). Using an inducible cell system the functional relationship
between ras p21 and PK-C during v-ras-induced differentiation of PC12 cell
has been investigated (102). No formal proof of a requirement of functional
PK-C as a downstream effector of p21™* was obtained. Contrary to results
obtained previously in 3T3 cells, removal of endogenous PK-C did not
interfere with the ras-p21-induced differentiation process, rather it enhanced
ras function (102). This conforms with earlier speculation that PK-C is not
required for NGF-induced differentiation (100, 101; see above).
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Irrespective of the putative pathways involved in v-ras-induced differentia-
tion, other lines of evidence are consistent with a role of c-ras in the
NGF-activated pathway that leads to morphological (and biochemical) differ-
entiation. First, microinjection of specific antibodies to p217* block NGF-
induced neurite extension and leave unaffected morphological changes eli-
cited by elevated cAMP (122). Interestingly, recent experiments have shown
that although antibodies to p21™* inhibit v-src- and v-ras-induced neurite
extension, antibodies to pp60™° do not inhibit v-ras-induced differentiation
(S. M. Thomas, J. S. Brugge, S. Halegoua, personal communication). These
results imply a hierarchy in which pp60™* functions reside upstream of p2 1
in the NGF-induced signal transduction pathway (Figure 1) and conform to
previous conclusions reached in fibroblasts as far as the mitogenic signaling
pathway is concerned (104). A possible link between the activity of ras
proteins and that of some growth factor receptors and tyrosine kinase
oncogenes is provided by the recent finding that the GTPase activator protein
(GAP) is phosphorylated in tyrosine in cells expressing v-src or treated with
PDGF (reviewed in ref. 112). The GAP protein enhances the GTPase activity
of p21ras, thus down-regulating the ras-GTP active form, which is postulated
to interact with downstream effectors of ras. It has been shown that the
proto-oncogene Ha-ras induces a differentiated phenotype in PC12 cells when
microinjected together with a nonhydrolyzable GTP analogue (123). Second,
a dominant inhibitory ras-H mutant strongly inhibits differentiation by NGF
or FGF, but not effects induced by TPA or elevated cAMP (J. Szeberenyi, G.
M. Cooper, personal communication). Since clones expressing low levels of
the mutated ras were blocked in differentiation, but normal in terms of c-fos
activation, induction of c-fos and c-jun appears insufficient for secondary
gene activation. This suggests that ras proteins are involved in at least two
distinct signal transduction pathways in PCI12 cells.

BINDING OF NGF IS ACCOMPANIED BY INCREASED
EXPRESSION OF EARLY RESPONSE GENES

One consequence of the binding of NGF to type I receptor-bearing cells is the
transient transcription of a specific set of genes, named immediate early
response genes. These genes, which are classically expressed at augmented
levels following mitogenic stimulation of resting cells, are considered to be
required for progression through the G1 phase of the cell cycle and, in the
capacity of “third” messengers, to convert extracellular stimuli into changes
in the genetic program (111, 124). The activation of the immediate early
genes is a mirror of the mobilization of the second messengers and the more
we leamn at the molecular level about the control elements of these genes, the
more evident it becomes that they behave like sensors for a large number of
environmental changes (124, 125). The proto-oncogene c-fos is a paradigm; it
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displays both a serum-regulated element (target for the serum responsive
factor, in turn activated by protein kinase C) and a cAMP-responsive element
(target for the DNA binding protein CREB, in turn activated by at least PK-A
and Ca/calmodulin binding protein) in the 300 bp preceding the start of
transcription (126). In PCI2 cells this class of genes is transcriptionally
activated by a protein synthesis-independent process in response not only to
NGF but also to EGF, serum, cAMP, phorbol esters, Ca ionophores, and
depolarization (124, 127; Table I). NGF and depolarization may use distinct
pathways to activate c-fos (127, 128). The activation of the immediate early
genes in PC12 has been excellently reviewed in the larger context of early
genes activated in the nervous system (125) and we refer the reader to it for an
extensive bibliography.

At least some immediate early genes may be induced only as a stereotyped
response to the varied levels of second messengers. Thus, the relevance of the
induction of each of these genes needs to be validated experimentally to state
that their function, if not sufficient, is at least necessary for the subsequent
acquisition of the differentiated phenotype. One further aspect of the activa-
tion of immediate early genes deserves comment: in most cases the activation
is very prominent, almost two order of magnitude above the resting level, and
is also transient so that within minutes to a few hours the transcription and the
level of mRNA return to unstimulated levels. One simple explanation is that
the cell “overshoots” because thc molecular machinery is ill-suited for a more
graduated response and the excess produced is simply not utilized. Alterna-
tively, considering that homeostasis of transcriptional factors is a crucial
cellular function (and feed-back mechanisms exist (129)), overexpression of
early genes may be the only way to bring their steady-state levels to a modest
increase that could still be of functional relevance for late responses.

Most products of immediate early genes induced by NGF in PC12 cells are
transcription factor themselves (Table I). Some, like c-fos, may bc pleiotropic
proteins acting as both a transrepressor and a transactivator, and interact to
form multimeric complexes with sequence-specific DNA binding activity
(126). A major problem is to understand the mechanisms whereby the
specificity of the response to NGF is realized—in other words, how the
immediate early genes are responsible for modulating the expression of genes
induced later (Table I). Two possibilities are: (a) the activity of the known
early genes is largely dispensable for NGF differentiation and the difference
between EGF and NGF is then explained by activation of genes not yet
identified; (b) different stimuli may differentially affect the function of early
gene products through specific post-translational modifications. These would
in turn affect their turnover or localization and the formation of multiprotein
complexes. It is conceivable that these mechanisms cooperate in generating
divergent pathways of activation of gene expression. Although it is generally
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Table 1 Immediate early and late genes induced by nerve growth factor and other stimuli in PC12

cells
Specific induction by
Gene NGF/FGF Function Reference
Immediate early
c-fos - transcription modulator/binds c-jun 133
C-jun - transcription factor 134
c-myc - transcription modulator 133
egr-1(NGF1A/D2/TIS8) - transcription factor/zinc finger 124, 135
containing protein
nur TT/NGF1B - transcription factor of the steroid 124, 136
and thyroid hormone receptor
superfamily
D5 - not known 80
PC4 (TIS7) - putative cytokine 137
PC3 - putatively secreted protein *
TISI1 - not known 124
pip92 - not known/cytoplasmic/short-lived
Late
VGF8a + secreted protein 63, 138
N-CAM + nerve cell adhesion molecule 139
41A/41C + members of the S100 family 140
Peripherin + neuronal-specific intermediate 141
filament protein
SCG10 + vesicle-associated protein 131
Transin + metalloprotease 130
Thymosin + not known 141

*F. Tirone, personal communication.

surmised that a subset of the activated immediate early genes cooperates to
regulate the expression of the specific later genes, this hypothesis has not yet
been fully demonstrated by studying the regulative sequences of the late genes
directly. Which genomic sequences confer tissue specificity and NGF in-
ducibility to these late genes is a question that is beginning to be answered
(130-132; R. Possenti, A. Levi, unpublished data).

CONCLUSIONS

Studies on the biochemical changes induced by NGF in the experimental
model provided by PCI12 cells have begun to give clues to the pathways
responsible for transducing its signal. Furthermore, the comparison with the
intracellular events produced by other growth factors and activated
oncogenes, as well as the use of pharmacological agents and PC12 mutants,
should help in disgriminating which events are relevant to the acquisition of
the differentiated phenotype and which are redundant or dispensable. The
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main unanswered question, for which only hypotheses can presently be
advanced, is the means by which the specificity of the response to NGF is
achieved. It is possible that activation of the NGF receptor leads to the
production of a single, as yet unidentified, second messenger (specific for the
NGF/NGF-R system) that, in turn, is responsible for generating all the
subsequent events. All the available evidence, however, points to the fact that
NGF is utilizing the same set of second messengers and effectors modulated
by other factors in other cellular contexts to elicit other biological responses.
Two, not mutually exclusive, viewpoints can explain how the specificity of
the response to NGF is obtained: () the specificity relies on the PC12 cells
themselves; (b) a peculiar topological or temporal combination of second
messengers allows the cells to discriminate between NGF and, for instance,
EGF. Hence, chromatine structure, DNA methylation, the presence of posi-
tive or negative transcription factors and similar mechanisms related to the
previous history of restriction of potentiality of PC12 cells, may all contribute
in providing PC12 cells with a limited choice of responses to epigenetic
factors. The ability of NGF—as well as of other growth factors—to activate
several second messengers in parallel has been proposed by many authors.
The existence of multiproteic complexes associated with at least one growth
factor receptor (112) may provide the biochemical basis for such a multisignal
activation. Understanding how the distinct signals are integrated for generat-
ing the differentiative response in PCI12 cells is probably the key to elucidat-
ing the mechanism of action of NGF.
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