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Protein kinase C (PKC) activators possess potent
neurotrophic and neuroprotective activity, thus indi-
cating potential applications in treating neurodegen-
erative diseases, stroke and traumatic brain injury.
Although some activators, such as bryostatin and gni-
dimacrin, have been tested as antitumor agents,
others, such as phorbol esters, are potent tumor pro-
moters. All PKC activators downregulate PKC at high
concentrations and long application times. However,
tumorigenic activators downregulate certain PKC iso-
zymes, especially PKC3, more strongly. Tumorigenic
activators possess unique structural features that
could account for this difference. At concentrations
that minimize PKC downregulation, PKC activators
can improve long-term memory, reduce p-amyloid
levels, induce synaptogenesis, promote neuronal
repair and inhibit cell proliferation. Intermittent, low
concentrations of structurally specific, non-tumori-
genic PKC activators, therefore, could offer therapeutic
benefit for a variety of neurologic disorders.

Biphasic effects of PKC activation

Although protein kinase C (PKC) is found in species from
yeast to humans, its importance in cellular signaling has
focused much attention on its role in neurons and neuro-
logical disorders. Recently, researchers have demonstrated
that PKC activators have remarkable neuroprotective
effects in animals that could prove beneficial in the treat-
ment of acute and long-term neurodegenerative diseases.
They can induce synaptic maturation, inhibit apoptosis,
increase neurotrophin levels and reduce B-amyloid (AB; see
Glossary) levels [1,2]. Moreover, they can counteract multi-
drug resistance, strengthen the immune system and inhi-
bit cancer-cell proliferation [3]. However, PKC activators
can also induce apoptosis, increase AB levels, produce
inflammation and act as powerful tumor promoters. In
fact, for nearly every beneficial effect of PKC activation,
it is possible to find a cell type, a time point or a PKC
isoform where a PKC activator produces effects precisely
the opposite of what is intended.

This seemingly contradictory behavior results mainly
from the biphasic nature of PKC activation. In a process
known as downregulation, PKC that has been activated
and bound to the membrane (in contrast to non-activated
PKC, which remains in the cytosol) is rapidly and prefer-
entially degraded [4]. Thus, all PKC activators also cause
PKC downregulation. When downregulation occurs, PKC
activators can cause undesirable side effects instead of
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providing neuroprotection. At the same time, unless the
time-dependent effects on each PKC isozyme are under-
stood, useful drug candidates could be prematurely dis-
missed. To avoid these problems, we need a better
understanding of the biochemistry of PKC activation.
Here, we discuss the current understanding of the basic
biochemistry of PKC activators and the structural features
that distinguish tumor-promoting and neuroprotective
PKC activators.

Mechanism of PKC activation

PKC activation consists of three steps: phosphorylation,
binding to signaling lipids and translocation from the
cytosol to the membrane (Figure 1). Cytosolic PKC is
normally inactive because its pseudosubstrate region,
located on the PKC C1 domain, loops back and binds to
the substrate-binding catalytic region located on the C4
domain, thereby preventing PKC from binding to any
substrate proteins. The first step in activating PKC is

Glossary

Atypical PKC isoforms (¢ and v/\): phospholipid-dependent PKC isoforms; they
do not rely on calcium or DAG.

B-amyloid: toxic 39 to 43 amino acid peptide (also known as AB) produced by
cleavage of APP by B- and y-secretases. A is the main constituent of amyloid
plaques and is the leading candidate for the causative agent in Alzheimer’s
disease.

C1 domain: a ‘constant’ region in PKC that binds DAG. Conventional and novel
isoforms possess two non-identical C1 regions, called C1a and C1b, which are
cysteine-rich, zinc-binding motifs. The pseudosubstrate motif is immediately
adjacent to the C1 domain on the N-terminal side. The C1 domain is present
but inactive in atypical PKC isoforms.

C2 domain: a region in PKC that binds calcium and phosphatidylserine (PS).
The C1 and C2 domains together constitute the PKC regulatory domain. Active
PKC binds the membrane via the C2 domain. Only the conventional PKC
isoforms possess a functional calcium sensor. Novel and atypical PKC isoforms
lack a C2 domain.

C3 domain: the PKC ATP-binding region.

C4 domain: the substrate-binding catalytic region of PKC. The C3 and C4
domains together comprise the catalytic domain. C3 and C4 domains are
present in all PKC isoforms.

Cdk2: cyclin-dependent kinase 2, a kinase that regulates the cell cycle. Cdk2
interacts with cyclins A, B and E and is essential for the G1 to S transition.
Conventional PKC isoforms («, B, Bll and vy): PKC isoforms that are dependent
on calcium, DAG and phospholipid.

Neurotrophin: a family of proteins that promote neuronal survival. Neuro-
trophins include brain-derived neurotrophic factor, nerve growth factor and
neurotrophins 3 and 4.

Novel PKC isoforms (3, €, n and 0): PKC isoforms that are dependent on DAG
and phospholipid; not dependent on calcium.

PDK1: 3-phosphoinositide-dependent protein kinase-1, a kinase responsible for
phosphorylating a variety of other kinases including PKC, AKT and S6K.
PKM: a proteolyzed form of PKC containing only the catalytic domain.
«a-Secretase: a family of proteases that cleave amyloid precursor protein (APP)
to produce sAPPa (soluble APPa). a-Secretases include TACE (tumor necrosis
factor-a converting enzyme) and ADAM10 (a disintegrin and metalloprotease
domain protein 10).
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Figure 1. PKC regulation and transcription pathways for synaptogenesis. PKC (orange) undergoes a well-defined sequence of maturation (a), activation (b) and
downregulation (c). In the maturation phase (a), PKC is phosphorylated by 3-phosphoinositide-dependent protein kinase 1 (PDK1, blue); this is followed by
autophosphorylation. These steps confer catalytic competence to PKC. (b) Conventional and novel PKC isoforms bind to phosphatidylserine (PS; yellow) and DAG (green),
which cause activation and translocation to the plasma membrane, Golgi membrane or other compartments. Conventional PKC isoforms also bind to calcium (pink), which
participates in PS binding. Activated PKC participates in a variety of biochemical pathways, including activation of ELAV mRNA-stabilizing proteins, nuclear factor kB (NF-
kB), a-secretases and CREB (cAMP-response-element-binding proteins). Activation of these pathways could promote synaptogenesis. (c) Gradually, PKC is
dephosphorylated by various phosphatases and can then be degraded by the proteasome or by proteases in the caveolae. PKC can also be degraded by Ca?*-activated
proteases, producing PKM. DAG and PKC activators such as bryostatin (Bryo) can also bind other DAG-binding proteins, including Munc-13 (Box 1), which is involved in

synaptic vesicle exocytosis. The ‘? denotes that it is hypothetical.

phosphorylation or ‘maturation’. Conventional («, BI, BII
and vy) and novel (3, ¢, 1 and 6) PKC isoforms can be
phosphorylated on three separate regions: the activation
loop, the turn motif and the hydrophobic motif. Maturation
entails phosphorylation by 3-phosphoinositide-dependent
kinase 1 (PDK1) at a threonine on the activation loop of
PKC. This phosphorylation step is essential for formation
of the catalytically competent conformation of PKC [5,6].
PKC can then be autophosphorylated at a serine in the
hydrophobic motif and a threonine in the turn motif; this
stabilizes the active conformation, resulting in activation.

Binding of 1,2-diacyl-sn-glycero-3-phospho-L-serine
(phosphatidyl-L-serine, PS) and 1,2-diacylglycerol (DAG)
causes PKC to translocate from the cytosol to the mem-
brane. Membrane binding releases the pseudosubstrate
domain from the substrate-binding domain, enabling PKC
to become active. PKC membrane binding is stabilized by
specific anchoring proteins including receptor for activated
C-kinase (RACK) [7]. Some anchoring proteins are isozyme

Box 1. Non-PKC neuroprotective effects of PKC activators

In addition to PKC, DAG-binding PKC activators also bind and
activate several other proteins, including chimaerins, RasGRPs
(exchange factors for Ras), Munc-13 (a scaffolding protein involved
in nerve terminal exocytosis), c-Raf (part of the Ras-Raf-MAP kinase
pathway), protein kinase D and DAG kinases (which convert DAG to
phosphatidic acid). These proteins all possess cysteine-rich C1
domains similar to those found in PKC. Many of these proteins have
functions that are complementary to PKC and could be important for
neuroprotection. For example, Munc-13 proteins are C1-domain-
containing proteins that are involved in synaptic vesicle excytosis.
This finding could help to explain several phenomena observed
after bryostatin treatment in animals, such as increases in the
numbers of presynaptic vesicles. Bryostatin does not increase the
number of presynaptic boutons but, rather, increases the number of
mushroom spines associated with individual synaptic boutons [1].

specific and can modulate the isozyme and subcellular
specificity of PKC signaling [7].

In atypical PKC isoforms ({ and v\), the serine at the
phosphorylation site on the hydrophobic motif is replaced
by a glutamate, rendering that phosphorylation site con-
stitutively active. The activation loop also exhibits isoform-
specific differences in phosphorylation. For example, the
novel isoform PKC3 does not require phosphorylation of
threonine in the activation loop for activity. Indeed, PKCS
is unique because its activity is regulated by tyrosine
phosphorylation, which is carried out by tyrosine kinases
such as Src [8].

Downregulation

Activated, phosphorylated PKC is gradually dephosphory-
lated by protein phosphatases including the Ser/Thr-
specific phosphatase PHLPP (pleckstrin homology domain
leucine-rich repeat protein phosphatase), protein phospha-
tase 1 and protein phosphatase 2A. After dephosphoryla-
tion, PKC is downregulated by caveolin-mediated
translocation to endosomes followed by ubiquitylation
and proteasomal degradation [4]. In neurons, the net effect
is to produce a brief pulse of PKC activity in response to a
neurotransmitter stimulus, thus preventing continuous
PKC activation. Rapid degradation of DAG further short-
ens the duration of PKC activation.

Another degradation pathway involves caveolae-de-
pendent trafficking of the active enzyme and subsequent
proteasome-independent degradation. A third pathway,
occurring after bryostatin-mediated activation, involves
ubiquitylation of fully phosphorylated PKC and downre-
gulation by the proteasome [9]. Thus, the degradation
pathway taken by PKC depends, in part, on how PKC
was activated. Some PKC activators, such as phorbol 12-
myristate 13-acetate (PMA), induce PKC downregulation
primarily through the proteasome pathway [9]. Others,
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Table 1. Tumor-promoting PKC activators
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Activator

Structure

Phorbol esters

Phorbol esters [56] are tetracyclic diterpenoids that mimic DAG. They are
natural products obtained from croton oil, which is found in the seeds of several
plants including Croton tiglium and several species of Euphorbia. Phorbol

phorbol esters efficiently promote tumor growth.

Ingenol

regarded as skin irritants, but their systemic toxicity is unknown.

Teleocidin

Lyngbya majuscula, is unusual in that it contains bromine.

Octylindolactam V

A large number (10-20) of similar benzolactam derivatives have been
synthesized [50]; some show selectivity for PKCe and PKC6 [70].

esters are the most potent tumor promoters known. In the presence of low
doses of carcinogens such as benzo[alpyrene, nanomolar concentrations of

Ingenol [67] is a diterpenoid related to phorbol, but it possesses much less
toxicity. It is derived from the milkweed plant Euphorbia peplus. Although
ingenol-3-angelate possesses antitumor activity when used topically, ingenol
esters are considered to be highly active tumor promoters [68]. They are

Teleocidin and aplysiatoxin are potent tumor promoters with activity similar to
phorbol esters [69]. Teleocidin was named for its ability to kill the teleost fish
Oryzias latipes. Aplysiatoxin, a cyanotoxin produced by the blue-green alga

Octylindolactam V is a lactam-type alkaloid related to the tumor promoter
teleocidin. Octylindolactam and indolactam are ‘complete’ tumor promoters
(compounds that possess both tumor-initiating and tumor-promoting activity).

such as bryostatin, use both proteasome-dependent and
proteasome-independent pathways. The pathway also
depends on the isozyme: PKCa and PKCe require depho-
sphorylation, whereas PKC3 does not [10]. After activation
by phorbol esters, PKC levels in cultured cells rapidly
decline and remain well below normal for up to 24 hours.
Downregulation by bryostatin is milder, but lasts approxi-
mately the same length of time.

Because PKC activation invariably produces some down-
regulation, it is essential to measure PKC activity in any
study of PKC activators; otherwise, effects attributed to
PKC activators might actually represent downregulation.
A useful control is to compare the effects of PKC activators to
PKC inhibitors: if PKC activators and inhibitors produce the
same effect, then the effect probably represents downregu-
lation and not PKC activation. Unfortunately, few exper-
iments have so far included these controls.

DAG-binding site

Many PKC activators, including bryostatin, phorbol
esters and other macrocyclic lactams and terpenes
(Tables 1 and 2), act by binding to the DAG-binding site
in the PKC C1 domain (Figure 2a). Both bryostatin and
phorbol esters bind with sufficiently high affinity that the
kinetic parameters approach those seen with irreversible
suicide inhibitors. Owing to the low rate of dissociation,
biological effects of PKC activation can continue long after
free bryostatin is no longer detectable in the blood.
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On the basis of X-ray crystallography results and
modeling studies [11-13], it is possible to construct a
detailed picture of the interaction of bryostatin with PKC
(Figure 2a). The oxygen at position 1 of bryostatin (cor-
responding to position 4 of phorbol ester) is bound by
hydrogen bonds from the main-chain carbonyl of Gly253,
and the alcohol at position 26 (corresponding to position
20 of phorbol) is bound by three hydrogen bonds from the
amide of Thr242 and the main-chain carbonyl of Thr242
and Leu251. Phorbol esters form a fifth hydrogen bond
between the main-chain amide of Gly253 and C3 domain
of phorbol [11]. Because bryostatin lacks a heteroatom
corresponding to the C3 ketone on phorbol [13], bryos-
tatin would be linked to PKC by only four instead of the
five hydrogen bonds found for phorbol esters. The bryos-
tatin aliphatic tail, like that in the phorbol esters, is
inserted in the lipid bilayer and anchors PKC to the
membrane.

Although the differences in binding between bryostatin
and phorbol esters are small, they produce marked differ-
ences in binding among the PKC isozymes. PKC8 down-
regulation by bryostatin is only transient [14], whereas
downregulation by phorbol esters can take several days to
recover [4,15]. This could, in part, be caused by unique
properties of the PKC8 C1 domain [15]. Conventional and
novel forms of PKC possess two C1 domains called Cla and
C1b [16]. The relative affinities of Cla and C1b for PKC
activators differ among PKC isoforms. For example, phor-
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Table 2. Non-tumor-promoting PKC activators
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Activator

Structure

Bryostatin

Bryostatin is a macrolide lactone produced by a bacterial symbiont of the
bryozoan Bugula neritina. Bryostatins compete for the PKC DAG-binding site
with very high affinity (=~1.35 nM) producing a brief activation period followed by
a prolonged downregulation.

Gnidimacrin

Gnidimacrin is a daphnane-type diterpene that displays potent antitumor
activity at concentrations of 0.1-1 nM. It acts as a PKC activator at a
concentration of ~#3 nM. Gnidimacrin arrests the cell cycle in the G1 phase in a
PKC-dependent manner [71].

Iripallidal

Iripallidal is a bicyclic triterpenoid from Iris pallida that displays anti-proliferative
activity. It binds PKCa with high affinity (K; =75.6 nM). It induces ERK1/2
phosphorylation in a RasGRP3-dependent manner [72].

Bryologues

Wender et al. [13] created and studied a variety of bryostatin analogs
(‘bryologues’). Structurally they are all similar, but they vary greatly in their
affinity for PKC (from 0.25 nM to >10 pM).

Farnesyl thiotriazole

Farnesyl thiotriazole (FTT) is a synthetic isoprenoid compound that activates
PKC with a Ky of 2.5 uM. FTT is a benign molecule with a potency comparable
to DAG [29]. Treatment of neutrophils with FTT causes the release of
superoxide radical [73].

DAG derivatives

an unsaturated fatty acid are most active [75].

PUFAs

Unsaturated fatty acids, including arachidonic acid and minerval (2-hydroxy-9-
cis-octadecenoic acid), are effective PKC activators. The linoleic acid derivative
DCP-LA selectively activates PKCe [76]. DCP-LA interacts with the PKC PS-
binding site. Certain eicosanoid metabolites, including lipoxin A, 12(S)-hydroxy-
5,8,10,14-eicosatetraenoic acid [77], 12(S)-hydroxyeicosatetraenoic acid
(12(S)-HETE) and the isoprenoid retinoic acid, are also reported to activate PKC.

Naphthalenesulfonamides

SC-10 (N-(n-heptyl)-5-chloro-1-naphthalenesulfonamide) and related
naphthalenesulfonamides activate PKC in a calcium-dependent manner [78].
Structurally, these compounds are similar to the calmodulin antagonist W-7,
but have no effect on Ca®*/calmodulin-dependent protein kinase.

Oxidized lipids

Only 1,2-sn-diacylglycerols, and not 2,3-sn-diacylglycerols, 1,3-diacylglycerols or triglycerides, activate PKC. Numerous PKC-activating DAG
derivatives are known [74]. PKC activation by DAG is transient because DAG is rapidly metabolized by DAG kinase and lipase. DAGs possessing

The hydroperoxide of 1,2-diacylglycerol (DAG-OOH) is up to seven times more potent than 1,2-diacylglycerol [79]. A stable analog of thromboxane,|
9,11-epithio-11,12-methano-thromboxane A2 (STA2), activates PKC at concentrations of 10 nM [80].

Linoleic acid

A ACO0H

DCP-LA
/\/\/A\A/\/\/\/COOH

Arachidonic acid

bol esters bind almost exclusively to the PKC3 and PKC6 PKCe and PKCy Cla and Clb domains are involved in
C1b domains [17,18]. In PKCa, DAG-dependent transloca- phorbol ester binding and translocation [20,21].

tion is mediated primarily by Cla [19], whereas C1b pre-

Mutation studies indicate that these differences be-

ferentially binds to phorbol esters [20]. By contrast, the tween Cla and Clb domains also affect the interaction
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Figure 2. Molecular models of PKC activators. (a) Bryostatin bound to PKC. Bryostatin binds to the PKC DAG-binding site, as shown in this molecular model based on the X-
ray crystallographic study of Zhang et al. [11] and bryostatin modeling studies [12,13]. This model illustrates a small portion of the PKC8 C1 domain. The bryostatin aliphatic
tail, like that in the phorbol esters, is inserted in the lipid bilayer and anchors PKC to the membrane. The oxygen at position 1 of bryostatin is bound by hydrogen bonds
(green arrows) to the main-chain carbonyl of Gly253. The alcohol at position 26 is bound by three hydrogen bonds to the amide of Thr242 and the main-chain carbonyl of
Thr242 and Leu251. Phorbol esters form an additional hydrogen bond to the amide of Gly253. The surrounding regions of the protein (Met239 and Leu254) form a small
pocket. Two additional zinc coordination bonds and the PKC hydrogens are not shown (C, brown; O, red; N, blue; S, yellow; H, white; Zn, light blue). (b) Comparison of
bryostatin and the phorbol ester PMA. Although both molecules possess three oxygens (illustrated by green triangle) in the precise locations needed for binding, their 3D
configurations are completely different. Notably, their hydrophobic side chains point in nearly opposite directions. Unlike bryostatin, phorbol esters are nearly planar, with
the heteroatoms protruding from the fused ring structure. Phorbol ester also possesses a ketone at position 3, which participates in PKC binding. Corresponding oxygens
are present in many tumor-promoting PKC activators, but not in bryostatin, gnidimacrin or DAG. These structural differences might account for the differences in their
biological effects. Numbers indicate the corresponding atoms on the carbon backbone. (O, red; C, brown; H, white).

with bryostatin. Although both bryostatin and phorbol
esters possess the three oxygen atoms in the precise 3D
orientation needed for binding and activation, the other
portions of the two molecules are markedly different
(Figure 2b). Unlike bryostatin, the phorbol ester is nearly
planar, with the oxygen functional groups protruding from
the relatively flat ring system. Even the hydrophobic tails
are oriented in different directions. These differences could
help to explain why the concentration-response curve of
PKC3 downregulation by bryostatin is U-shaped, with a
maximal effect at 1 nM [15]. Indeed, for bryostatin, less is
more: >10nM there is less net activation than at lower
concentrations. This phenomenon is also observed in vivo:
rather than enhancing memory, excessive bryostatin treat-
ment blocks learning altogether [22].

Differences in the administration schedule can
also affect whether PKC activators produce activation or
downregulation. In one study, levels of phosphorylated
mitogen-activated protein (MAP) kinase, a surrogate mar-
ker for PKC activation, were dramatically increased when
bryostatin was administered to patients eight times over a
period of 14 days [23]. This could represent a rebound effect
caused by increased PKC synthesis in response to pro-
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longed or repeated downregulation. Another way of avoid-
ing downregulation is by administering extremely low
bryostatin concentrations [24].

PS-binding site

Comparatively little is known about the PKC PS-binding
site. In conventional PKC isoforms, PS and calcium bind
to the PKC C2 domain, which is responsible for its initial
membrane binding. DAG binds to PKC after PS docks it
to the membrane, which results in membrane penetra-
tion and activation. X-ray crystallography showed that
the PS phosphate is directly coordinated to one of the
three Ca®* ions that bind within the C2 domain of
conventional PKCs [25]. The C1 region is also crucial
for PS binding; DAG binding to the C1 site increases the
PKC specificity for PS. The calcium-binding sites are
nonfunctional in the novel PKC isoforms, and PKC resi-
dues in the C2 domain bind directly to acidic membrane
phospholipids. In these cases, docosahexaenoic acid, reti-
noic acid and other polyunsaturated fatty acids and
derivatives such as 8-[2-(2-pentylcyclopropylmethyl)-
cyclopropyll-octanoic acid (DCP-LA) bind to the PS-bind-
ing site, producing activation.
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Indirect PKC activation

A variety of other growth factors, including fibroblast
growth factor (FGF)-18 and insulin-like growth factor
(IGF-I), can activate PKC indirectly. FGF-18 expression,
brain insulin and insulin growth factor receptors are upre-
gulated during learning [26,27]. Fibroblast growth factors
activate PKC indirectly by phospholipase Cvy activation [28].
IGF-I acts by stimulating the Ser/Thr kinase Akt by way of
phosphatidylinositol 3-kinase (PI3K). These kinase path-
ways intersect with PKC signaling pathways at several
points. For example, IGF-I stimulates PKC activity, and
PKC phosphorylates insulin-receptor-substrate 1. The
DAG-binding site of PKC can also be targeted indirectly
by activating phospholipases or by increasing the levels of
the endogenous ligand (DAG) using DAG kinase inhibitors
such as R59022 and R59949 [29]. These compounds offer
additional potential means for activating PKC.

Biological effects of PKC activation

Although research in this area is still in the early stages,
one exciting potential new role for PKC activators lies in
the treatment of Alzheimer’s disease (AD). The factor that
correlates most strongly with memory loss in AD is neither
cell death nor amyloid plaques, but synaptic loss [30,31].
PKC activators promote DNA transcription and increase
neurotrophin levels, thereby enhancing synaptogenesis
and protecting against neuronal cell loss. Although the
mechanism presumably involves PKC activation, the
details are incompletely understood. Several reports have
shown that phorbol esters protect neurons from excitotoxi-
city, the process by which excessive receptor activation
produces cell death [32,33]. By contrast, others have noted
that phorbol esters induce oxidative stress and cell death
[34]. PKC also activates several pathways involved in
protein synthesis and synaptogenesis [35], including those
mediated by embryonic lethal, abnormal vision (ELAV)
mRNA-stabilizing proteins, nuclear factor (NF)-kB, «-
secretases and neurotrophins.

Neurodegeneration

Some research indicates that PKC activation can reduce
the levels of AB, the toxic peptide believed to be important
in AD [36]. PKC activation via phorbol esters [37], bryos-
tatin [36] or benzolactam derivatives [38] produces a
dramatic increase in the activity of a-secretase, the enzyme
that cleaves amyloid precursor protein (APP) to produce
the nontoxic soluble sAPPa. This indicates that a-secre-
tase might inhibit AR production, perhaps by competing for
APP availability. Other reports indicate that PKC
increases the activity of AB-degrading enzymes such as
endothelin-converting enzyme [39,40], insulin-degrading
enzyme or neprolysin. Another theory suggests that PKC
regulates the formation of secretory vesicles containing
sAPPB [41]. Phorbol esters also attenuate the neuronal
apoptosis induced by exposure to AR peptide [42]. Notably,
this protection can be blocked by PKC inhibitors [42]. PKC
activators, administered over a period of several months,
provided statistically significant benefits to transgenic
mice overexpressing a mutant form of APP (V717I) [36].
These mice develop amyloid plaques and 50% die before
reaching 6 months of age. Bryostatin administration pro-
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longs their life expectancy, increases sAPPa levels and
decreases AR levels in the brain. Although PKC levels
were not measured in this experiment, large increases
in a-secretase activity were observed [36]. Bryostatin also
has cognitive-enhancing effects in normal rats [2].

Paradoxically, phorbol esters can increase the synthesis
of APP, the parent molecule of AR [43]. However, although
therapeutic doses of PKC activators decrease AR levels, at
least in animals, chronic treatment at higher doses could
actually increase AP generation either by downregulating
PKC or increasing APP synthesis. Indeed, a recent report
indicates that 1 pM phorbol 12,13-dibutyrate applied for
long periods can increase AR levels in COS-7 cells, pre-
sumably by downregulating PKC [44].

One complication in the therapeutic use of PKC activa-
tors is the part that PKC plays in apoptosis. Although PKC
signaling is usually anti-apoptotic, PKC8 and PKC6 are
often regarded as having a pro-apoptotic function because
they are components of the caspase apoptosis pathway
[45]. PKCS3 is proteolyzed by caspase 3, creating an unre-
gulated, active form of PKCS3 that participates in processes
leading to apoptotic cell death. PKCe, by contrast, has an
opposite role: its activation promotes proliferation and cell
survival, and inhibits apoptosis. Therefore, if PKC activa-
tors are to achieve their full potential as weapons against
neurodegeneration, both activation and downregulation of
pro-apoptotic PKC isoforms must be minimized.

Neuroprotection
In rats, PKC activators reverse the neurological damage
caused by a combination of ischemia and hypoxia, a treat-
ment designed to mimic stroke [24]. When bryostatin was
given to impaired rats 24 hours after the ischemic/hypoxic
event, the learning rates, the numbers of neurons and the
synaptic morphologies of the animals returned to normal.
These reversal effects could be mediated by inhibition of
apoptosis or release of neurotrophins. Bryostatin and phor-
bol esters can also activate neurite outgrowth of axoto-
mized spiral ganglion neurons. This effect is blocked by
inhibitors of PI3K and MEK (MAP kinase kinase) [46].
PKC could also be important in regulating neurotrophin
production. PKC can activate a-secretase, which cleaves
the extracellular domain of the p75 neurotrophin receptor
leading to the formation of a 25 kDa intracellular domain.
The biochemical effects of this cleavage remain unclear. On
the one hand, the three inhibitors of axonal regeneration in
myelinated neurons (Nogo, myelin-associated glycoprotein
and oligodendrocyte myelin glycoprotein) activate PKC-
dependent p75 proteolytic cleavage, resulting in inhibition
of neurite outgrowth [47]. On the other hand, proteolytic
cleavage of the p75 extracellular domain enables FGF-2
(fibroblast growth factor 2) to stimulate neurite outgrowth
and branching [48]. Some reports indicate that PKC acti-
vation can lead to neuronal growth and synaptogenesis,
perhaps by activating the p75 neurotrophin receptor or by
increasing the production of neurotrophins such as nerve
growth factor or brain-derived neurotrophic factor [46].

Memory
It has long been known that blocking protein synthesis

prevents the formation of long-term memory [49]. PKC is
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also essential for learning [49]. However, at least in invert-
ebrates, pretreatment with PKC activators eliminates the
dependence of learning on protein synthesis. In Hermis-
senda crassicornis, a sea snail often used for studies of the
neurobiology of memory, treatment with 0.27 nM bryosta-
tin for two days before training prevents the protein syn-
thesis inhibitor anisomycin from blocking long-term
memory [35]. In rats trained in the water maze spatial
memory task, bryostatin also increases the rate of learning
and the number of mushroom spines in the hippocampus.
Mushroom spines are the largest and most stable type of
dendritic spines (small protrusions on dendrites that con-
tain postsynaptic densities) and are believed to be import-
ant in memory. The effects of bryostatin are blocked by
PKC inhibitors [1]; thus, PKC activation directly affects
memory and the formation of mature synapses.

Tumor promotion

Perhaps the most dire potential consequence of PKC dys-
regulation is tumorigenesis. However, the tumor-promot-
ing ability of PKC activators does not correlate with their
ability to activate PKC. For example, bryostatin is 10-100
times more potent than phorbol esters at activating PKC.
Nonetheless, in over a dozen clinical studies representing
>1000 patients, in which investigators specifically looked
for metastasis, remission, tumor size and tumor number,
there are no reports of bryostatin increasing tumor growth.
Thus, the absence of bryostatin tumor-promoting activity
can be considered to have been empirically demonstrated.
By contrast, phorbol esters are the most potent tumor
promoters known. What could account for these differ-
ences?

One noticeable difference is the presence or absence of a
heteroatom corresponding to the 3-ketone in PMA
(Figure 2b; Table 1). The tumor-promoting phorbol esters
ingenol, teleocidins and aplysiatoxin all possess an
additional oxygen at the 3 position, whereas the natural
agonist DAG and the antitumor agent bryostatin do not
[12,50]; in gnidimacrin, another antitumor agent, this
position is esterified. However, although a 3-keto group
might be essential for tumor-promoting activity, it is not
sufficient. Both the 4a-isomer of PMA, which is completely
inactive, and 12-deoxyphorbol 13-phenylacetate, a weak
activator of PKCRI and PKCnr [51], possess this group.
Indeed, several other functional groups (e.g. on the C4, C9
and C20 positions of phorbol), in addition to the lipid tail,
must all have the proper 3D configuration to activate PKC
and produce biological effects.

Although most researchers regard PKC activation as
the primary mode of action of phorbol esters, much evi-
dence indicates that isozyme-specific PKC downregulation,
particularly of PKCS3, contributes more than activation to
their tumor-promoting activity [52,53]. As mentioned ear-
lier, whereas bryostatin and phorbol esters are approxi-
mately equal in their ability to activate different PKC
isozymes, phorbol esters are more effective at downregu-
lating PKC3. Bryostatin prevents phorbol-ester-induced
downregulation of PKCS, but not of PKCa or PKCe [52].
In glioma cell lines, PKC3 overexpression inhibits cell
proliferation [54], whereas PKCa overexpression promotes
proliferation. PKC3 also induces apoptosis by activating
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expression of tumor-suppressor proteins [55]. This finding
is consistent with a role for PKC3 as a tumor inhibitor
[56,57]. By contrast, PKCBII overexpression predisposes
animals to colon cancer. This effect is blocked by a MEK
inhibitor, indicating a role of the Ras-MAP kinase pathway
in this process [56]. Specific PKCB inhibitors, such as
enzastaurin, are now undergoing clinical trials in patients
with a variety of cancer types [56].

There is little evidence to indicate any correlation,
positive or negative, between the tumor-promoting and
neuroprotective effects of PKC activators. However, one
factor that might be important is isozyme specificity.
Bryostatin most strongly activates PKCa, PKC3 and PKCe
and promotes PKCp translocation to the nucleus. PKCeg
activation, in particular, seems to have several neuropro-
tective effects owing to its anti-apoptotic function. Indeed,
PKCe activation or overexpression prevents apoptosis
induced by TNF-related apoptosis-inducing ligand
(TRAIL), a member of the tumor necrosis factor (TNF)
family of cytokines [58]. PKC activation also inhibits
TNF receptor-associated death domain protein (TRADD)
recruitment to TNF receptor 1, and inhibits TNF-induced
IkB-a (inhibitor of NF-kB) phosphorylation. Phorbol esters
also block TNF-mediated reactive oxygen species pro-
duction [59]. This probably involves PKC3 because this
isoform associates with the TNF receptor 1 in response to
TNF and is required to inhibit TNF-mediated apoptosis
[60]. Thus, PKC activation disrupts the formation of the
TNF receptor 1 signaling complex and inhibits both apop-
totic and necrotic cell death. By contrast, PKCJ activation
often induces apoptosis (for review, see Ref. [61]). These
differing results indicate that PKC3-specific activators
would be useful as tools in studying cancer, whereas
PKCe-specific activators such as DCP-LA might be useful
in treating neurological diseases such as AD or stroke.

Antitumor activity

Early researchers discovered that phorbol esters are effec-
tive tumor promoters. This led to the conclusion that PKC
activation promotes tumor-cell growth. Subsequently, it
was reasoned that using PKC activators to downregulate
PKC might be useful in treating cancer (for review, see Ref.
[56]). Unfortunately, the predicted antitumor effects of
broad-spectrum PKC activators such as bryostatin have
so far failed to materialize in clinical trials. Indeed, down-
regulating PKC is a risky strategy: it could deregulate the
cell cycle, with dire consequences [62].

Cell cycling

PKC is a key regulator of cell cycling [63] (Figure 3). The
role of PKC in the cell cycle is somewhat complicated
because different isozymes perform different, and some-
times opposite, functions. However, it is clear that in most
cells PKC activity inhibits the cell cycle [63-65]. PKC
interacts with cyclins, the principal regulators of the cell
cycle, at three points. Normally, phosphorylation inacti-
vates the tumor-suppressor retinoblastoma protein (Rb),
causing it to dissociate from the complex between Rb, the
DNA-binding protein DP-1, and the eukaryotic transcrip-
tion factor E2F, releasing the E2F transcription factor and
driving the cell cycle into S phase [66]. In early G1, PKC
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Figure 3. PKC regulation of the cell cycle. The cell cycle is controlled by cyclins, proteins that bind to and activate cyclin-dependent kinases (CDKs). Specific cyclins for each
phase of the cell cycle are synthesized and rapidly degraded. For example, in G1, the period of cell growth that occurs between mitosis (M) and DNA replication (S), cyclin D
is transcribed. After the cell progresses to S phase, cyclin D is degraded. The transition from G1 to S is controlled by cyclin D, which binds to cdk4 and cdk6, and by cyclin E,
which binds to cdk2. When the cyclin-cdk complex phosphorylates the retinoblastoma protein (Rb, purple), the phosphorylated retinoblastoma protein (pRb, purple)
dissociates from the eukaryotic transcription factor E2F, thus enabling E2F to initiate DNA replication. PKC (orange) interacts with the cell cycle at several points. In early G1,
PKC acts indirectly, by a mechanism that is not yet clear, to keep Rb in its hyperphosphorylated state. This inactivates Rb by causing it to dissociate from the Rb—-DP1-E2F
complex, releasing the transcription factor E2F and driving the cell cycle into S phase [66]. However, another important target for PKC is the cyclin-dependent kinase
inhibitor p21%af/eiP1 \which blocks cdk2 activity in G1 phase and also blocks cdc2-cyclin B activity in G2 phase. PKC activates p21"2f/¢P1 which inhibits the cdk2—cyclin
complex, resulting in cell-cycle arrest. Thus, in early G1, PKC activation tends to activate cell cycling, whereas in late G1, in what seems to be the dominant effect, PKC
blocks it. The G2 to M transition requires the cyclin-B-cdc2 complex, which is dephosphorylated and activated by the phosphatase cdc25. Cdc25, in turn, is regulated in a
complex and reciprocal way by the cdk2—cyclin-A complex [81]. The ability of PKC to activate the cyclin-dependent kinase inhibitor p21 thus enables PKC to block the G2 to
M transition at two points: via cyclin A and cyclin B. PKC can also promote phosphorylation and disassembly of the nuclear envelope polypeptide lamin B, thereby
facilitating the transition from G2 to M. Thus, depending on the cell type, the state of the cell and the PKC isozyme, PKC can either activate (green) or inhibit (red) cell

cycling. Several other regulatory steps not involving PKC are not shown.

promotes Rb phosphorylation, thereby stimulating growth.
However, in late G1, PKC indirectly suppresses Cdk2
activity and blocks Rb phosphorylation, thus causing the
cell cycle to stall. PKC activation in late G1 can also reduce
E2F levels, providing another mechanism to block the G1
to S transition. These effects are isozyme specific: PKCa
inhibits E2F, whereas PKC3 and PKCe activate it. PKC
also activates the cyclin-dependent kinase inhibitor
p21Vafleirl - which inhibits the Cdk2-cyclin complex,
resulting in cell-cycle arrest. The effects of PKC activators
on the cell cycle, therefore, depend on the cell type, the
state of the cell and the PKC isoforms that are activated.

Concluding remarks

PKC is a central regulator of cell growth and differen-
tiation in mammalian cells. PKC activators would be
especially valuable in treating neurodegenerative diseases
owing to the absence of cell division in central nervous

system neurons: if PKC activation is restricted to cells that
are unable to divide, there is no danger of cell division
going out of control. The importance of PKC signaling in
many non-neuronal cell types also poses a substantial
challenge: how to activate the neuroprotective pathways
without causing cell-growth dysregulation, or even tumor-
igenesis, elsewhere. A related question is why nature
needs ten isozymes that carry out virtually the same
reaction, with only subtle differences in regulation and
kinetics. Recent evidence indicates that isozyme-specific
activators might provide a solution to these problems.
Finally, for pharmacological applications, a substantial
challenge is to find PKC activators that can maintain
specific PKC isoforms in an activated state for long periods,
while minimizing their downregulation. One solution
might be to co-administer PKC activators with weak cen-
tral-nervous-system-impermeant PKC inhibitors such as
vitamin E or drugs that inhibit PKC downregulation and
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apoptosis. If care is taken to avoid downregulation, PKC
activators could become a powerful weapon in the battle
against neurodegenerative disease.
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