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ABSTRACT OF THE DISSERTATION

Mechanisms of Regulation of Protein Kinase C
and Its Tumor Suppressor Function in Cancer

by

Corina Flena Antal

Doctor of Philosophy in Biomedical Sciences

University of California, San Diego, 2015

Professor Alexandra C. Newton, Chair

The serine/threonine protein kinase C (PKC) family has been extensively studied over
the last 35 years, yet fundamental questions regarding the regulation of its signaling and its
dysregulation in disease remain unanswered. PKC is involved in a multitude of cellular
processes and precise control of the amplitude of PKC signaling is essential for maintaining
cellular homeostasis. This thesis expands on the knowledge of PKC at the molecular level by
unveiling how intramolecular conformational changes tune the affinity of PKC for its ligands,

and at the pathophysiological level by overturning a 30-year-old scientific dogma on the role

X1v



of PKC in cancer. First, mechanistic studies reveal that processing phosphorylations promote
intramolecular interactions that clamp PKC in a closed conformation to prevent signaling in
the absence of agonists, but allow efficient activation in response to small changes in agonist
levels. These studies offer novel means of therapeutically targeting PKC with molecules or
peptides that can either disrupt these interactions to activate PKC or maintain them closed to
inhibit PKC activity. Second, analysis of PKC gene family mutations in human cancers
reveals that they are loss-of-function, and that this loss-of-function confers a growth advantage,
both in vitro and in vivo. These data suggest that therapies should focus on restoring, not
inhibiting, PKC activity in the treatment of cancer. Taken together, this thesis identifies novel
strategies to modulate PKC activity in therapies and, most importantly, establishes that PKC is

a tumor suppressor.
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CHAPTER 1 - INTRODUCTION



DIACYLGLYCEROL PATHWAY

The alteration of protein structure by phosphorylation is one of the most effective
ways to transduce extracellular signals into cellular actions. Phosphorylation can alter enzyme
activity, regulate protein stability, affect protein interactions or localization, or influence other
post-translational modifications. A plethora of cellular processes, including cell proliferation,
differentiation, and migration, are tightly regulated by phosphorylation. Cellular homeostasis
is achieved by a precisely regulated balance between phosphorylation and dephosphorylation,
with disruption of this balance resulting in pathophysiologies. Protein kinases and
phosphatases are antagonist effector enzymes that mediate phosphorylation/dephosphorylation
events.

Some kinases become activated upon binding lipid second messengers, which are
signaling molecules produced in response to extracellular stimuli. A prominent lipid second
messenger pathway is that mediated by diacylglycerol (DAG) (Figure 1A). DAG is produced
upon activation of receptor tyrosine kinases (RTKs), non-receptor tyrosine kinases, and G-
protein-coupled receptors (GPCRs) by agonists. These in turn activate phospholipase C
(PLC), which hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP,) found at the plasma
membrane into the second messengers DAG and inositol 1,4,5-trisphosphate (IP3) (Berridge,
1987). DAG recruits proteins that contain C1 domains, small globular DAG-binding domains,
to membranes (Sharkey et al., 1984), while IP; freely diffuses inside the cell and binds to the
IP; receptor in the endoplasmic reticulum (ER). This releases another second messenger, Ca”’,
which induces further production of DAG at the Golgi (Kunkel and Newton, 2010). Two main
classes of proteins that bind DAG are protein kinase C (PKC) and protein kinase D (PKD),
and the Rac-GAPs chimerins. DAG can also be generated from phosphatidic acid (PA) by

phosphatidic acid phosphatases (PAPs) or sphingomyelin synthases (SMSs) (Figure 1B).



Removal of DAG and thus termination of its signaling is achieved by diacylglycerol kinases

(DGK) that convert it into PA.

PKC AS AN EFFECTOR

The PKC family, effector kinases of DAG, transduces a multitude of signals that
control diverse cellular processes such as proliferation, migration, invasion, differentiation,
apoptosis, transcription, and translation. Therefore, aberrant PKC activity or localization has
been linked to numerous diseases, most notably cancer, neurodegeneration, and diabetes
(Dempsey et al., 2000). This serine/threonine kinase family belongs on the AGC kinase
branch of the kinome (Manning et al., 2002) and comprises 9 genes that are divided into 3
categories based on the domain structure of the enzymes they encode, and hence the second
messengers they require for activation. They all share a similar architecture with an N-
terminal regulatory moiety and a C-terminal kinase domain (Figure 2). Conventional PKCs
(cPKCs: a, B and v) contain tandem C1 domains that bind DAG and phosphatidylserine (PS)
and a C2 domain that binds anionic phospholipids, including phosphatidylinositol 4,5-
bisphosphate (PIP,) and PS, in a Ca’"-dependent manner. Novel PKCs (nPKCs: 9, €, 1, 6)
contain tandem C1 domains that bind DAG and a novel C2 domain that is Ca%-unresponsive
and does not assist in membrane binding. Atypical PKCs (aPKCs: v and T) have an atypical C1
domain that does not bind DAG and lack a C2 domain altogether, but instead contain a PB1
domain that mediates protein-protein interactions (Lamark et al., 2003). Atypical PKCs and
PKCoa also contain a C-terminal PDZ ligand that mediates protein-protein interactions and

thus affects scaffolding and localization of these isozymes.
Regulation by priming phosphorylation

Phosphorylation is critical in 1] rendering PKC in a catalytically competent



conformation and 2] protecting PKC from degradation (Newton, 2003). In contrast to many
other kinases, the phosphorylation of PKC is constitutive and thus, its activity is not acutely
regulated by phosphorylation. Rather, cellular levels of PKC are directly regulated by its
phosphorylation. Conventional and novel PKCs are constitutively phosphorylated at 3
conserved residues: the activation loop, the turn motif, and the hydrophobic motif (Keranen et
al., 1995) (Figure 2). Atypical PKCs are also phosphorylated at the activation loop and turn
motif, but contain a phosphomimetic glutamic acid at the hydrophobic motif. The first priming
phosphorylation on PKC occurs at the activation loop within the kinase domain and is
catalyzed by the phosphoinositide-dependent kinase, PDK-1 (Dutil et al., 1998a; Le Good et
al., 1998). Phosphorylation at this site properly aligns residues within the active site for
catalysis, an event that induces two tightly-coupled and ordered phosphorylations on the C-
terminal tail: phosphorylation at the turn motif and intramolecular autophosphorylation at the
hydrophobic motif. For conventional and novel PKCs such as PKCe, but not PKCSJ, these
phosphorylation events require mTORC2; however, whether mTOR is the direct kinase for
this site in cells remains controversial (Behn-Krappa and Newton, 1999; Facchinetti et al.,
2008; Guertin et al., 2006; Ikenoue et al., 2008). Phosphorylation at the hydrophobic motif
controls the stability of the enzyme. Indeed, dephosphorylation of this site is the first step in
the degradation of PKC as it destabilizes PKC and promotes its degradation. The PH domain
leucine-rich repeat protein phosphatase (PHLPP) directly dephosphorylates the hydrophobic
motif of PKCs, an event that requires the PH domain of PHLPP (Gao et al., 2008). Thus, loss
of PHLPP in the cell leads to an increase in steady state PKC levels. Conversely, PKC levels
are low in cells in which any of the phosphorylation steps have been perturbed, such as by loss
of mTORC2 or PDK-1 (Balendran et al., 2000; Guertin et al., 2006). Thus, priming

phosphorylations regulate the steady state levels of PKC but not its activity in an acute,



agonist-dependent manner; instead, the spatial and temporal dynamics of PKC signaling are

regulated by second messengers.
Regulation by second messengers

Although phosphorylated PKC is catalytically competent, an N-terminal
autoinhibitory pseudosubstrate binds the substrate-binding cavity intramolecularly, to
maintain PKC in an inactive conformation until the appropriate second messengers bind.
Conventional PKCs are allosterically activated by binding to two second messengers: Ca* and
diacylglycerol (Figure 3A). Binding of Ca®" to the C2 domain targets the kinase to the plasma
membrane through 1] hydrophobic interactions that drive binding to the membrane and 2]
electrostatic interactions with anionic phospholipids that contribute to retention of the C2
domain onto membranes (Scott et al., 2013b). This relocalization reduces the dimensionality
in which the C1 domain has to probe for its membrane-embedded ligand, DAG, thus
increasing the effectiveness of this search by several orders of magnitude (Nalefski and
Newton, 2001). Once at the membrane, one of the C1 domains of PKC is positioned to find
and bind DAG, an event that provides the necessary energy to expel the pseudosubstrate
segment and activate PKC (Orr et al., 1992). Novel PKCs are activated solely by DAG (Figure
3B), whereas atypical PKCs do not respond to either of these second messengers and their
activity is instead regulated by protein-protein interactions.

Differential binding of second messengers to conventional vs. novel PKCs leads to
substantial differences in their spatiotemporal dynamics of signaling. Firstly, conventional and
novel PKCs predominantly translocate to different membranes (Figure 3). Conventional PKCs
translocate to, and are active at, the plasma membrane because their Ca*"-bound C2 domain
pre-targets them to the plasma membrane-localized lipid PIP, where they are retained

following DAG binding (Scott et al., 2013b). Novel PKCs do not have a Ca*'-sensing C2



domain to pre-target them to the plasma membrane; instead, their C1B domain has an
approximately 100-fold higher affinity for DAG due to the presence of a Trp (W) at position
22 in the domain, compared to the C1B domain of conventional PKCs that contains a Tyr (Y)
at that position (Figure 2) (Dries et al., 2007). Consequently, nPKCs translocate to DAG-rich
endomembranes such as the Golgi. Indeed, impairing the Ca’"-binding ability of the C2
domain of PKCa forces it to the Golgi instead, as the C1 domain interaction becomes the
dominant force (Scott et al., 2013b). Secondly, the kinetics of activation differ between
conventional and novel PKCs. Conventional PKCs display rapid but transient activity at the
plasma membrane that tracks with the initial Ca’" release (Gallegos et al., 2006). In fact, the
kinetics of cPKC activation closely follow Ca*" levels (Violin et al., 2003). PKCBII exhibits
oscillatory translocation to the plasma membrane in response to Ca®" oscillations produced by
histamine stimulation of HeLa cells. This, in turn, leads to oscillatory phosphorylation of
membrane-localized substrates that are phase locked with Ca®" oscillations with a slight lag.
Novel PKCs, on the other hand, are activated with slower kinetics because they do not respond
to this fast Ca’" release (Gallegos et al., 2006). Thirdly, the duration of PKC activity, which is
partially controlled by the persistence of the second messengers at a particular subcellular
location, also differs among the PKCs. For example, DAG levels are more sustained at the
Golgi than the plasma membrane, leading to prolonged nPKC activity at the Golgi compared
to the short-lived cPKC activity at the plasma membrane (Gallegos et al., 2006). Thus, second
messengers precisely dictate the kinetics, magnitude, duration, and location of conventional
and novel PKC activity and are responsible for the apparent differences between them.

PKC levels, and thus PKC activity, are exquisitely controlled by various mechanisms
both under basal conditions and after agonist stimulation. Under basal conditions, the E3

ligase for PKC, RING-finger protein that interacts with C kinase (RINCK), controls the



amplitude of PKC signaling by regulating its levels (Chen et al., 2007). RINCK interacts with
the C1A domain of PKC and induces its ubiquitination and thus its degradation. PKCa
activity was also shown to be regulated, under basal conditions, through an interaction with
diacylglycerol kinase T, which prevents its activation by locally metabolizing DAG (Luo et al.,
2003). Only under stimulated conditions in which enough DAG is locally produced is PKCa
activated, allowing it to phosphorylate diacylglycerol kinase T, thereby causing disassociation
of the two proteins. However, agonist stimulation ultimately leads to termination of PKC
signaling through various mechanisms. For example, PKC signaling is quickly terminated by
the clearance of the respective second messengers, but also by agonist-induced
downregulation of the enzyme. Several mechanisms control this downregulation. First, the
peptidyl-prolyl isomerase Pinl controls the isomerization of the turn motif (LTP), an event
that is required to allow dephosphorylation of this site (Abrahamsen et al., 2012). Thus, Pinl
converts PKC into a downregulation-capable species. Second, this species of active PKC can
be dephosphorylated by PHLPP (hydrophobic motif) causing it to be shunted to the detergent-
insoluble fraction where it is further dephosphorylated by okadaic acid-sensitive phosphatases
such as protein phosphatase 2A (activation loop and turn motif), ubiquitinated, and ultimately
degraded by the proteasome (Lu et al., 1998). Agonist-induced proteasome-mediated
degradation of PKCa can, however, also occur via ubiquitination of plasma membrane-
localized, fully-primed PKC (Leontieva and Black, 2004; Lum et al., 2013a). Additionally,
phosphorylated PKCa can also be internalized through lipid raft-mediated endocytic pathways
and degraded by the lysosome (Leontieva and Black, 2004; Lum et al., 2013b). These
mechanisms desensitize PKC signaling by regulating its levels, thus providing another means

of exquisite control.



Regulation independent of second messengers

Particular conventional and novel PKCs can also be activated independently of second
messengers, adding to the complexity of PKC signaling. For example, certain PKCs can be
activated by the accumulation of reactive oxygen species, which are often elevated in diseases
such as cancer, cardiovascular disease, and neurodegeneration (Rahman, 2007). Specifically,
H,0, causes oxidation of cysteine residues within the C1B domain of PKCy, inducing
conformational changes that release PKCy from its scaffold, leading to its translocation to the
plasma membrane and subsequent DAG-independent activation (Lauer et al., 2010; Lin and
Takemoto, 2005). PKCJ is phosphorylated at multiple tyrosine residues by Src family kinases
in response to acute stimulation of cells by H,O,, epidermal growth factors, or platelet-derived
growth factor. Tyrosine phosphorylation can induce the DAG-independent activation of
PKCJ, in the absence of membrane translocation, and can alter its subcellular localization
(Konishi et al., 1997; Konishi et al., 2001). For example, tyrosine phosphorylation of PKC9 at
Tyr64 and Tyrl55 in response to apoptotic stimuli, such as H,O, and etoposide, induces a
conformational change that exposes its nuclear localization sequence and chaperone-binding
site, allowing its import into the nucleus where it can induce apoptosis (Adwan et al., 2011).
H,0,-induced tyrosine phosphorylation at Tyr311 has also been proposed to activate PKCd by
inducing caspase-3 cleavage between its regulatory and catalytic domains, resulting in a
nuclear-localized, uninhibited catalytic domain (Kaul et al., 2005). Therefore, these agonist-
induced phosphorylations and conformational changes can activate PKCs independently of
second messengers by either releasing PKCs from scaffolds or by exposing binding sites for
scaffolds to bind.

Regulation by scaffolding

Scaffolding also plays an integral part in determining the precise location, duration,



and amplitude of PKC activity, as well as in establishing substrate specificity. Even though
lipid second messengers acutely regulate the activity of PKC, scaffolds can mediate access to
particular substrates. Considering that there are multiple PKC isozymes expressed in the same
cell that are activated by the same stimuli, scaffolds provide a level of functional selectivity.
Protein scaffolds coordinate and allow specificity and fidelity by compartmentalizing kinases
and their downstream substrates, as well as the phosphatases that can rapidly terminate the
signal (Scott and Newton, 2012). Among the PKC scaffolds are receptors for activated C
kinase (RACK) (Ron et al., 1994; Ron et al., 1995; Stebbins and Mochly-Rosen, 2001), 14-3-3
proteins (Kostelecky et al., 2009; Nguyen et al., 2004), and A-kinase anchoring proteins
(AKAPs) (Akakura et al., 2010; Hoshi et al., 2010).

Although multiple PKC isozymes respond to the same second messengers, there is
some specificity in their function and signaling mediated in part by their cell-specific pattern
of expression, their differential affinities for certain lipids, and by protein scaffolds. PKC is
anchored to numerous protein scaffolds through interactions mediated by its regulatory
domain, pseudosubstrate, or, in the case of PKCa and the aPKCs, a PDZ ligand. Particular
scaffolds augment PKC signaling whereas others inhibit it. The first PKC scaffolds were
identified by Mochly-Rosen and colleagues as receptors for activated C kinase (RACKs),
which are proposed to selectively bind active PKC and enhance its activity towards substrates
anchored at that location (Csukai et al., 1997; Ron et al., 1994). For PKCII, this interaction
occurs via its C2 domain and C-terminal tail and it stabilizes PKC’s active conformation, thus
enhancing its activity towards co-scaffolded substrates (Ron et al., 1994; Ron et al., 1995;
Stebbins and Mochly-Rosen, 2001). The phosphoserine/threonine binding protein 14-3-3
binds to a pair of phosphoserines within the hinge region of PKCe, leading to its activation

(Kostelecky et al., 2009). However, scaffolds can also be inhibitory towards PKC by
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sequestering it away from its substrates or maintaining it in an inactive conformation. For
example, in lens epithelial cells, 14-3-3¢ binds PKCy’s CI1B domain and controls both its
activity and localization, thus regulating gap junction activity (Nguyen et al., 2004). A subset
of (AKAPs), which were first identified as PKA scaffolds (Hirsch et al., 1992), also anchor
PKC in proximity to its targets, but in its inactive state, thus enabling rapid downstream
signaling upon PKC activation. For example, AKAP12 binds to and attenuates PKCa and
PKC9 signaling, thereby preventing senescence (Akakura et al., 2010). Similarly, AKAPS
inhibits PKC activity by binding to its catalytic pocket (Hoshi et al., 2010).

PKCa, T, and v also bind PDZ domain-containing scaffolds through their distinct PDZ
ligands. In the case of PKCa, scaffolding by its PDZ ligand is required for cerebellar long-
term depression (Leitges et al., 2004). One likely PDZ domain-binding partner involved in this
is protein interacting with Ca kinase (PICK1), which interacts specifically with the PDZ
ligand of PKCa (Staudinger et al., 1997; Staudinger et al., 1995). Interestingly, PICK1 can
have opposing roles in PKCa function in neurons, where it can act as either a mediator or an
inhibitor of phosphorylation of downstream targets. PICK1 targets activated PKCa to
synapses to phosphorylate the glutamate receptor subunit GluR2 leading to its endocytosis
(Perez et al., 2001), but can also act as a barrier to phosphorylation of the metabotropic
glutamate receptors mGluR7a by PKCa (Dev et al., 2000). More recently, a family of Discs
large homolog (DLG) scaffolds that interacts with the PDZ ligand of PKCa to facilitate
cellular migration has also been identified (O'Neill et al., 2011).

Scaffolds can also regulate the duration of PKC activity towards a substrate by co-
scaffolding a phosphatase of the substrate. The phosphatase can thus rapidly dephosphorylate
and attenuate signaling downstream of PKC substrates. Such an example is the coordination of

PKC and protein phosphatase 2B/calcineurin on AKAP79/150 at the postsynaptic density in
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neurons (Klauck et al., 1996). Another AKAP (AKAP350/AKAP450) was proposed to act as
a scaffold for the maturation of PKC (Takahashi et al., 2000). This AKAP only associates with
nascent PKCe at the Golgi/centrosome and this complex disassembles after PKCe maturation
by phosphorylation. Interestingly, this complex also contains protein phosphatase 2A
(Takahashi et al., 1999), which dephosphorylates PKC leading to its degradation. Perhaps
PKC levels are dynamically controlled on this scaffold through regulation of its
phosphorylation. Scaffolding of PKC also has clinical relevance because scaffolds have been
shown to change the pharmacological prolife of PKC. Specifically, ATP-competitive
inhibitors were found to be ineffective against scaffolded PKC (Hoshi et al., 2010). To explain
how scaffolds amplify, accelerate, and insulate PKC signaling, Greenwald et al. (Greenwald et
al., 2014) proposed a stochastic state-switching model. In this model, the complex containing
PKC, its substrate, and its scaffold alters between inactive and active intermediate states, thus
allowing phosphorylation of the substrate, even in the presence of active-site PKC inhibitors.
Accordingly, scaffolds are able to precisely control PKC activity and to confer functional

selectivity.

MONITORING PKC ACTIVITY IN LIVE CELLS

Genetically encoded reporters allow the visualization of the spatiotemporal dynamics
of kinase activity in individual cells. These reporters can be targeted to various subcellular
localizations and to protein scaffolds to measure localized activity, which can be more
physiologically relevant than simply measuring bulk activity in the cytosol.

Because cPKCs and nPKCs are constitutively phosphorylated at the C-terminal sites,
and because the phosphate at the activation loop does not modulate activity once the C-
terminal tail is phosphorylated (Keranen et al., 1995), their activity cannot be measured with

phosphorylation-specific antibodies, as is done for most other kinases. However, PKC activity
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can be monitored using activity reporters such as the C Kinase Activity Reporter (CKAR;
Figure 4A), which is composed of a CFP-YFP FRET pair flanking a PKC specific substrate
and an FHA2 phosphothreonine-binding domain (Violin et al., 2003). Upon phosphorylation
of this substrate by PKC, the reporter undergoes a conformational change that decreases
FRET. As phosphorylation of the reporter is reversible (i.e. phosphatases can dephosphorylate
the reporter), it provides a real-time read-out of PKC activity.

CKAR has been targeted to various intracellular locations to specifically monitor PKC
activity at these regions. Using these targeted reporters, Gallegos et al. (Gallegos et al., 2006)
found that activation of PKC with the natural agonist UTP, leads to rapid and relatively
sustained PKC activity at the Golgi, driven by the persistence of DAG at this membrane.
UTP-dependent PKC activity in the cytosol is, however, quickly terminated by phosphatases,
whereas activity in the nucleus is low because of high phosphatase suppression in this
compartment. The mitochondria also has little UTP-stimulated activity; however, using a
mitochondrially-targeted PKCo-specific activity reporter, Mito-dCKAR, Wu-Zhang et al.
(Zheng et al., 2012) revealed that PKCd translocates to, and is active at, the outer membrane
of mitochondria upon stimulation with phorbol esters, and that its intrinsic catalytic activity is
required for its interaction with the mitochondria.

The Schultz lab has developed a reporter for nPKCs and aPKCs, KCP-1 (Figure 4B),
that is based on the PKC substrate pleckstrin (Schleifenbaum et al., 2004). This reporter does
not utilize a phosphopeptide-binding domain; rather, phosphorylation of residues between its
PH and DEP (Dishevelled, Egl-10, pleckstrin) domains causes a conformational change in the
reporter, resulting in a change in FRET. Thus, interactions between the phosphorylated sites

and other endogenous proteins are reduced.
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CONCLUSIONS

Considering the involvement of PKC in prominent diseases such as cancer,
neurodegeneration, cardiomyopathies, and diabetes, PKC has been a sought after drug target.
Therefore, understanding its regulation at the molecular level and its role in these diseases
could lead to novel means of targeting this enzyme for therapeutic purposes. This thesis
discusses a novel mode of regulation of PKC signaling: conformation changes. In Chapters 2
and 3, we show that conformational changes and intradomain interactions maintain PKC in a
closed conformation until the proper second messengers are present. These studies provide
novel means of modulating PKC through regulating its intradomain interactions. In Chapter
4, we present a surprising role of PKC in cancer. We show evidence that PKC acts as a tumor

suppressor and should, therefore, be inhibited in the treatment of cancer.
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(A) Agonist stimulation activates cell surface receptors such as receptor tyrosine kinases or G-protein
coupled receptors, which active phospholipase C (PLC), which acts on phosphatidylinositol 4,5-
bisphosphate (PIP,). PLC hydrolyzes PIP, to produce diacylglycerol (DAG) and inositol triphosphate

(IP5). IP5 binds to the IP; receptor (IP;R) at the endoplasmic reticulum (ER), releasing Ca*". DAG and
Ca®" recruit conventional protein kinase C (PKC) to the plasma membrane (via its C1 and C2 domains,
respectively) and activate it. Ca’" release also leads to the production of DAG at the Golgi.

Diacylglycerol kinase (DGK) suppresses DAG-mediated signaling by converting DAG to phosphatidic
acid (PA). (B) Enzymes involved in DAG production and removal. PIP, can be converted to DAG and
IP; by PLC. DAG can then be removed by DGKs as it gets converted to PA. Phosphatidic acid

phosphatases (PAPs) and sphingomyelin synthases (SMSs) convert PA back to DAG.
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Figure 2. Schematic showing domain composition of three classes of protein kinase C

Conventional PKCs (a, B, and y) contain an N-terminal pseudosubstrate (green), tandem C1 domains
(orange) that bind diacylglycerol (DAG) and phosphatidylserine (PS), a C2 domain (yellow) that binds
anionic phospholipids, including phosphatidylinositol 4,5-bisphosphate (PIP,), in a Ca®'-dependent
manner, and a C-terminal kinase domain (cyan). Novel PKCs (9, €, m, and 6) have a similar domain
composition except that their C2 domain cannot bind Ca>" or PIP, and their C1B domain has ~100-fold
higher affinity for DAG due to having a Trp (W) at position 22 in the domain, as opposed to a Tyr (Y)
as the C1B domain of cPKCs has. Atypical PKCs (€ and ) have a protein-binding module, the PB1
domain, and an atypical C1 domain that cannot bind DAG. All PKCs are phosphorylated at 3 conserved
sites: the activation loop within the kinase domain and the turn and hydrophobic motifs within the C-
terminal tail (except for atypical PKCs which have a phosphomimetic Glu at the hydrophobic motif).
The table on the right summarizes the second messengers bound by each of the classes of PKC, with +
representing binding, ++ representing binding with ~100-fold higher affinity, and — representing lack of
binding.
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Figure 3. Regulation of conventional and novel protein kinase C
(A) Model showing life cycle of conventional PKC (cPKC). i Unprimed cPKC is in a membrane-
associated, open conformation in which both its C1A and C1B domains are fully exposed. ii Upon
priming phosphorylation at its activation loop (pink circle) by PDK-1, followed by phosphorylation at
the turn motif (orange circle) and the hydrophobic motif (green circle), cPKC matures into a closed
conformation in which both the C1A and C1B domains become masked, the pseudosubstrate binds the
substrate-binding site, and the primed enzyme localizes to the cytosol. This masking of the C1 domains
prevents pretargeting of cPKC to membranes in the absence of agonist-evoked increases in DAG, thus
preventing basal signaling. iii In response to agonists that promote PIP, hydrolysis, cPKC is recruited to
the plasma membrane in a Ca*’-dependent manner. iv This pretargeting to the plasma membrane
facilitates binding to DAG, predominantly via the C1B domain, which expels the pseudosubstrate from
the substrate-binding cavity, thereby activating PKC. v Dephosphorylation of activated cPKC allows it
to regain the open conformation of unprimed PKC. vi Ubiquitination of cPKCs leads to its proteasome-
mediated degradation, thus terminating signaling. (B) Model showing life cycle of novel PKC (nPKC).
Unprimed nPKC is also in an open conformation that associates with membranes. ii Priming
phosphorylations induce a closed conformation with both C1 domains masked. iii In response to
agonists that produce DAG, nPKC is recruited to and activated at the DAG-rich Golgi via its higher
DAG affinity C1B domain (due to the presence of a Trp (W) at position 22 within the domain). iv
Activated nPKC is dephosphorylated, v ubiquitinated and degraded. vi The novel PKCd can also be
activated by tyrosine phosphorylation and caspase cleavage. vii Nuclear-localized PKCS can induce
apoptosis.
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PKC

Figure 4. Genetically encoded reporters for measuring PKC activity

(A) The PKC reporter, CKAR, is made up of an FHA2 domain, a PKC specific substrate peptide, and a
CFP-YFP FRET pair. When phosphorylated, the substrate sequence binds the FHA2 domain and this
conformational change results in a decrease in FRET. (B) The nPKC and aPKC reporter KCP-1 is based
on the PKC substrate pleckstrin. PKC phosphorylation at three sites between the PH and DEP domains
of pleckstrin results in a conformational change that increases FRET between enhanced YFP and GFP2.



CHAPTER 2 — INTRAMOLECULAR CONFORMATIONAL CHANGES OPTIMIZE

PROTEIN KINASE C SIGNALING
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ABSTRACT

Optimal tuning of enzyme signaling is critical for cellular homeostasis. We use
fluorescence resonance energy transfer reporters in live cells to follow conformational
transitions that tune the affinity of a multi-domain signal transducer, protein kinase C, for
optimal response to second messengers. This enzyme comprises two diacylglycerol sensors,
the C1A and C1B domains, whose intrinsic affinity for ligand is sufficiently high that the
enzyme would be in a ligand-engaged, active state if not for mechanisms that mask its
domains. We show that both diacylglycerol sensors are exposed in newly-synthesized protein
kinase C and that conformational transitions following priming phosphorylations mask the
domains such that the lower affinity sensor, the C1B domain, is the primary diacylglycerol
binder. Protein kinase C’s conformational rearrangements serve as a paradigm for how multi-

module transducers optimize their dynamic range of signaling.

INTRODUCTION

The use of modules to build recognition in signal transducing proteins is at the crux of
signaling networks (Pawson, 1995, 2007). The serine/threonine kinase, protein kinase C
(PKC), epitomizes the use of multiple modules to effectively respond to second messengers.
Intramolecular interactions control both the accessibility of the active site to substrate and of
the regulatory modules to the second messengers (Oancea and Meyer, 1998; Orr and Newton,
1994; Stensman and Larsson, 2007). PKC isozymes are critical in processing signals that drive
cellular functions such as proliferation, apoptosis, and differentiation (Griner and Kazanietz,
2007a; Newton, 2010). Correctly tuning PKC output is essential for cellular homeostasis and,
as such, its dysregulation is associated with a myriad of diseases, including cancer, metabolic
disorders, and neurodegeneration. Key to regulation of the signaling output of most PKC

isozymes is the ability of cytosolic enzyme to respond to the membrane-embedded lipid
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second messenger, diacylglycerol (DAG), in a dynamic range that prevents signaling in the
absence of agonists but allows efficient signaling in response to small changes in DAG.

PKC isozymes are classified based on their membrane-targeting domains (Newton,
2010). cPKCs (Figure 5A; PKCa, PKCp, and PKCy) contain tandem C1 domains (cysteine-
rich zinc finger domains), that bind DAG or their functional analogs, phorbol esters (Sharkey
et al., 1984), and a C2 domain that requires phosphatidylinositol-4,5-bisphosphate (PIP,) as
well as phosphatidylserine for Ca*"-dependent plasma membrane targeting (Corbalan-Garcia
et al., 2003; Corbin et al., 2007; Evans et al., 2006; Konig et al., 1985a). Novel PKC (nPKC)
isozymes (PKC9, PKCe, PKCr), PKCB8) also have tandem C1 domains, but lack a functional
C2 domain (Cho and Stahelin, 2006). nPKC isozymes efficiently respond to DAG production
without the need for Ca®"-dependent pre-targeting to the plasma membrane because their
affinity for DAG is almost two orders of magnitude higher than that of cPKCs. The C2
domains of the novel PKCd and PKC8 bind proteins containing phosphotyrosine, which for
PKCB is an activating event (Benes et al., 2005; Stahelin et al., 2012). Atypical PKCs (PKCv/A
and PKCT) respond to neither Ca>", nor DAG, and protein scaffold interactions likely regulate
their function (Kazanietz et al., 1994).

When first synthesized, PKC is in an open conformation, with its autoinhibitory
pseudosubstrate out of the substrate-binding cavity (Dutil and Newton, 2000). This species of
PKC is membrane-associated (Borner et al., 1989; Sonnenburg et al., 2001), but inactive.
Catalytic competence requires maturation of PKC by ordered phosphorylation at three highly
conserved sites: the activation loop, the turn motif, and hydrophobic motif (Newton, 2003).
The first phosphorylation occurs at the activation loop by PDK-1 and positions the active site
for catalysis (Dutil et al.,, 1998; Grodsky et al., 2006; Le Good et al, 1998). This

phosphorylation triggers phosphorylation at the turn motif, which anchors the C-terminal tail
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onto the N-lobe of the kinase, conferring stability (Hauge et al., 2007). Turn motif
phosphorylation, which is necessary for catalytic function, triggers intramolecular
autophosphorylation of the hydrophobic motif (Behn-Krappa and Newton, 1999; Edwards et
al., 1999). Phosphorylation at this site is not required for activity but helps align the aC helix
of the kinase domain for catalysis and thus supports optimal activity and stability (Gao et al.,
2008; Yang et al., 2002). Processing by phosphorylation depends on a conserved PXXP motif
(P616/P619 in PKCBIL; Figure 5B) within PKC that binds the chaperone heat shock protein 90
(Gould et al., 2009); mutation of either of these Pro residues results in a kinase that is not
phosphorylated and is thus inactive. Processing phosphorylations are also absent in other
kinase-inactive PKC mutants, presumably because autophosphorylation is prevented (Behn-
Krappa and Newton, 1999). Lastly, processing phosphorylations depend on the integrity of the
mTORC?2 kinase complex by an unknown mechanism (Facchinetti et al., 2008; Ikenoue et al.,
2008).

Mature PKC is released to the cytosol, where it adopts an autoinhibited conformation
with the pseudosubstrate bound within the substrate-binding site. Membrane engagement of
the C1 and C2 domains of cPKCs, or just the C1 domain for nPKCs, induces a conformational
change that expels the pseudosubstrate, activating PKC (Orr and Newton, 1994). Why PKC
has two tandem C1 domains is not clear considering that only one of the C1 domains engages
the membrane at a time (Kikkawa et al., 1983; Konig et al., 1985b). Several studies have
shown that for the novel PKCJ, the C1B domain is the predominant membrane-binding
domain (Pu et al., 2009; Szallasi et al., 1996; Wu-Zhang et al., 2012). However, it remains to
be elucidated which C1 domain of PKCPII is the predominant membrane binder.

Here we use fluorescence energy transfer (FRET)-based imaging to visualize

conformational transitions of cPKCs and nPKCs in live cells. Using a PKC conformation
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reporter, Kinameleon, we show that PKCPII undergoes conformational transitions as it
matures, becomes activated, and downregulated. In addition, analysis of membrane
translocation kinetics reveals that the ligand-binding surface of the C1 domains of PKC
become masked during the maturation of the enzyme. This occurs through intramolecular
interactions and tunes the affinity of mature PKC for optimal response to second messengers.
This mechanism is commonly employed by other enzymes to optimize their dynamic range of
signaling, and thus visualization of conformational rearrangements within PKC serves as a

paradigm for signaling by other multi-module transducers.

RESULTS

Maturation of cPKC retards agonist-dependent membrane translocation kinetics

We have previously shown that the integrity of a PXXP motif in PKCBII (P616/P619)
is required for the proper phosphorylation and folding of PKC (Gould et al., 2009). In imaging
studies co-expressing PKCPII-RFP and PKCPII-P616A/P619A-YFP in the same cell, we
observed that the kinase-dead PKC translocated to the plasma membrane more rapidly than
wild-type in response to phorbol dibutyrate (PDBu), a PKC agonist (Figure 5C, left panels).
To determine whether this accelerated translocation was caused by lack of catalytic activity,
we examined the translocation of two additional constructs whose active site had been altered
to inhibit catalysis (Figure 5B). In PKCPII-K371R, the conserved Lys that coordinates the a-f3
phosphates of ATP was mutated (Buechler et al., 1989; Ohno et al., 1990) and in PKCpII-
D466N, the conserved Asp that serves as the catalytic base in the phosphorylation reaction
was mutated. This latter construct retains the ability to autophosphorylate weakly but cannot
phosphorylate substrates (Gould et al., 2011; Shi et al., 2010). As observed for the PXXP

mutant, both catalytically impaired constructs fully translocated to plasma membrane after 2.5
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min PDBu treatment, whereas the wild-type enzyme, in the same cell, was primarily cytosolic
and required 12.5 min for membrane translocation (Figure 5B). All three kinase-dead mutants
were partially localized at the plasma membrane prior to stimulation. Thus, impairing PKCBII
activity by three independent mechanisms resulted in pretargeting to the plasma membrane
and accelerated agonist-induced membrane translocation compared to wild-type.

To assess whether phosphorylation per se, or the ordered conformation changes that
accompany maturation caused the delayed translocation kinetics of wild-type PKCPII, we
evaluated the phosphorylation state of the constructs used in the translocation assays. We took
advantage of the mobility shift on Western blots induced by quantitative phosphorylation at
the C-terminal tail (Keranen et al., 1995). Under the conditions of our experiments, PKCpII
migrated predominantly (67%) as an upper mobility band, reflecting phosphorylation at the
two C-terminal priming sites (Figure 5D, lane 1, asterisk); approximately a third of the protein
was not phosphorylated (lower band, dash). The kinase-inactive mutants PKCBII-K371R and
PKCBII-P616A/P619A were completely unphosphorylated (Figure 5D, lanes 2 and 4). In
contrast to these kinase-dead PKC mutants, the PKCBII-D466N showed equal amounts of
phosphorylated (52%) and unphosphorylated (48%) species (Figure 5D, lane 3). Thus, the
translocation kinetics of PKC were unrelated to the state of processing phosphorylations: wild-
type PKCPBII, with 67% phosphorylated species, and PKCPII-D466N, with 52%
phosphorylated species, translocated with significantly different kinetics. These data reveal
that the conformation of the kinase-impaired PKCBII-D466N does not recapitulate the ordered
conformational transitions accompanying the maturation of wild-type PKC, despite permissive
phosphorylation. In summary, catalytically-inactive constructs of PKC have accelerated

membrane translocation, independently of their phosphorylation state.
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Kinameleon: a probe for conformational transitions of PKC in cells

One possibility for the accelerated membrane association of kinase-inactive PKC
compared with wild-type is that unprimed PKC is in a different conformation from mature
PKC. To probe for conformational differences between these two species, we engineered a
FRET-based conformational reporter we named Kinameleon (for the changing colors
depending on conformation). Kinameleon (Figure 6A) comprises a CFP and YFP flanking the
N- and C-terminus, respectively, of wild-type PKCPII (Kinameleon-WT) or the kinase-
inactive PKCBII-K371R (Kinameleon-K371R). A similar approach has been used for PKC9,
and this construct was shown to behave like untagged PKC8 (Braun et al., 2005). When
expressed in MDCK (Madin-Darby canine kidney) cells, unphosphorylated, kinase-dead
Kinameleon-K371R, exhibited a significantly lower basal FRET ratio than mature,
phosphorylated Kinameleon-WT, as illustrated by the raw pseudocolor FRET ratio image
(Figure 6B). Upon 15 min stimulation with PDBu, Kinameleon-WT translocated to plasma
membrane and FRET increased further, consistent with an additional conformational
rearrangement upon activation. Following 12 hours PDBu treatment to promote
dephosphorylation of PKC, FRET decreased to levels similar to those of Kinameleon-K371R.
Quantitation of the FRET ratios (FRET/CFP) as a function of time revealed that the FRET
ratio for Kinameleon-WT approached that of the unprimed Kinameleon-K371R following 12
hours of PDBu stimulation (Figure 6C). The FRET increase resulted, in part, from
intermolecular FRET between Kinameleons concentrated at the plasma membrane; however,
this only accounted for a small portion of the increase observed because control cells co-
expressing YFP-PKCBII-YFP and CFP-PKCRII-CFP displayed a more modest
increase (Figure 6D; compare upper to lower panel). These data are consistent with a model

(Figure 6A) in which the N- and C-termini of PKC are oriented for low FRET in unprimed
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PKC, they re-orient to yield intermediate FRET upon maturation of PKC, they are
repositioned for high FRET upon activation of PKC, and they regain their original orientation

(low FRET) following dephosphorylation.

Translocation kinetics of isolated CIA-CIB domains of PKC can be tuned by a single

residue

We have previously shown that a Trp at position 22 within the C1A or C1B domain
(Figures 5A and 7A) confers an almost two orders of magnitude higher affinity for DAG than
a Tyr at that position (Dries et al., 2007). In cPKCs, Trp is present in the C1A (Trp 58; high
affinity for DAG) and Tyr in the CIB (Tyr 123; low affinity for DAG). Here we take
advantage of this toggle to selectively tune the affinity of the C1A and/or C1B domains within
cPKCs as a tool to differentiate between them. We monitored the rate of translocation of the
isolated C1A-C1B domain to membranes as a function of whether Tyr or Trp was present at
position 22. We used our previously developed Diacylglycerol Reporter, DAGR (Violin et al.,
2003) that contains the tandem C1A-C1B domain of PKCf flanked by CFP and YFP.
Translocation of this reporter to the plasma membrane can be quantified by the increase in
intermolecular FRET from CFP to YFP as the DAGR reporters become concentrated at the
membrane. In response to PDBu, the isolated C1A-C1B domain translocated to the plasma
membrane with a half-time of 0.82 £ 0.02 min (Figure 7B). Reducing the C1A domain’s
affinity for ligand by mutating Trp58 to a Tyr (C1A-C1B-W58Y) resulted in a 5-fold
reduction in the rate of translocation of the C1A-C1B domain to the plasma membrane (t2 =
3.69 £ 0.04 min) compared to wild-type. This effect could be rescued by increasing the
affinity of the C1B domain for ligand: the double mutant C1A-C1B-W58Y/Y123W displayed
similar translocation kinetics to wild-type. Increasing the C1B domain’s affinity for ligand

(C1A-C1B-Y123W) while leaving the high affinity of the C1A domain unchanged, resulted in
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pretargeting of the domain to the plasma membrane and Golgi (Dries et al., 2007). It was
previously shown that the Y123W mutation does not perturb the structure of the C1B domain
(Stewart et al., 2011), indicating that the domain is not pretargeted to membranes and unable
to translocate because it is misfolded; rather its intrinsic affinity for membranes is so high that
it likely binds basal levels of DAG. Moreover, the isolated C1A-C1B domain has a relatively
high affinity for phorbol esters since sub-saturating levels of PDBu (50 nM) that were
insufficient to maximally translocate full length PKCPII (see Figure 8D) were sufficient to
cause full translocation of the C1A-C1B domain to the plasma membrane (Figure 7D). These
data are consistent with the C1A and C1B moieties of the C1A-C1B module being fully
accessible for membrane engagement: Tyr at the toggle position of either domain reduces the
rate of translocation, whereas Trp at either position increases the rate of translocation.
Moreover, constructs with Tyr in one moiety and Trp in the other moiety have similar

translocation kinetics, independently of whether the Tyr is in the C1A or C1B.
Unprimed PKC has an exposed C1A-C1B domain that is masked upon proper maturation

Using FRET, we quantified the translocation kinetics of YFP-tagged cPKCs towards
plasma membrane-targeted CFP. PKCBII translocated to the plasma membrane in response to
PDBu with significantly slower kinetics than the isolated C1A-C1B domain (Figure 8A; t/2 =
3.56 + 0.02 min versus 0.82 + 0.02 min). In contrast, the unphosphorylated PKCBII-K371R
and PKCBII-P616A/P619A mutants translocated with rates that matched those of the isolated
C1A-C1B domain (t%2 = 0.35 + 0.07 min and t2 = 0.63 + 0.05 min, respectively). These data
are consistent with both C1A and C1B moieties being fully exposed in these mutants, whereas
one or the other (or both) becomes masked in the properly primed wild-type PKCII. PKCPII-
D466N (t2 = 0.53 + 0.07 min) also translocated with kinetics similar to those of the isolated

C1A-C1B domain, suggesting that even though about 52% of the pool of PKCBII-D466N is
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phosphorylated, it is not properly folded. Next we examined whether the C1A-C1B domain of
another cPKC, PKCa, was also masked during maturation. The corresponding PKCa kinase-
dead mutant, PKCa-K368M, migrated as an unphosphorylated species on a PAGE gel (Figure
8B, lanes 2 and 4, dash) whereas 52% of the pool of PKCa-D463N was phosphorylated at the
C-terminal sites (Figure 8B, compare lanes 1 and 3), same as for PKCBII-D466N. Yet both of
these kinase-dead PKCa mutants (PKCa-K368M t)2 = 0.82 £ 0.02 min; PKCa-D463N ts =
1.26 = 0.01 min) responded more rapidly to PDBu than wild-type (t2 = 9.18 £ 0.01 min)
(Figure 8C), showing that the trend of fast translocation of kinase-dead PKCs is a common
phenomenon among cPKCs. These data corroborate that the kinase-dead PKCBII-D466N and
PKCo-D463N do not adopt the conformation of wild-type enzyme despite being partially
phosphorylated. Thus, cPKCs undergo a conformational change upon proper PKC maturation,
which masks the ligand-binding surface of the C1A-CIB domain, leading to a slower
translocation of primed PKC compared to unprocessed PKC or to the isolated C1A-CIB
domain.

As an additional measure of whether the C1A-C1B domain becomes masked upon
maturation we examined membrane binding induced by sub-saturating concentrations of
phorbol esters (50nM). Whereas the C1A-C1B domain fully translocated to the plasma
membrane upon 50 nM PDBu, less than 50% of the pool of monitored full-length, wild-type
PKCBII translocated (Figure 8C compared to Figure 7D). However, all the kinase-dead
PKCBIIs maximally translocated, (Figure 7D), suggesting that these unprimed or improperly
primed mutants have a lower threshold for PDBu activation resulting from fully exposed

ligand-binding surfaces on their C1A-C1B domains.
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Both the C1A4 and C1B domains of unphosphorylated PKC are exposed and become masked
upon priming

Conventional and novel PKCs have two functional C1 domains, yet only one of the
domains is engaged on the membrane at a time (Giorgione et al., 2003; Kikkawa et al., 1983).
To dissect the respective contribution of each domain on driving translocation of PKCpII, we
addressed the effect of altering the ligand affinity of the C1A and C1B domains on ligand-
dependent membrane translocation. We first examined the phorbol ester-dependent membrane
translocation, and then the DAG-dependent translocation (see below), as the differences in
affinity for these two ligands vary greatly between the domains. Specifically, the affinity of
the C1A domain for DAG is almost two orders of magnitude higher than that of the C1B
domain, whereas for PDBu, the difference in affinity is only 6-fold (Dries et al., 2007). To this
end, we altered the affinity of the C1A or C1B domain by mutating the residue at position 22
within full-length PKCBII. A Trp to Tyr mutation in the C1A domain (PKCBII-W58Y) did not
affect translocation kinetics (Figure 9A), which consistent with the ligand-binding surface of
the C1A domain being occluded within primed PKCBII. In contrast, the translocation kinetics
of the kinase-dead PKCBII-W58Y/K371R (Figure 9B; t'2 = 1.38 + 0.04 versus 0.35 + 0.07
min) and PKCBII-W58Y/D466N (Figure 9C; t'2 = 1.55 + 0.04 versus 0.52 + 0.04 min) were
sensitive to mutation of the C1A domain, revealing that the C1A domain is exposed in these
mutants. To further show that this single residue can dictate the translocation kinetics of full-
length kinase-dead PKC, we inverted the DAG affinities of the C1A (from high to low) and
C1B domains (from low to high) in a kinase inactive construct. This PKCPII-
W58Y/Y123W/D466N mutant translocated with similar kinetics to that of PKCBII-D466N
(Figure 9C; t'2 = 0.49 £+ 0.06 min vs. 0.52 = 0.04 min), supporting the finding that both

domains are exposed in this improperly processed PKC and revealing that these mutations do
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not affect the folding of the C1 domains. Moreover, these results show that it does not matter
whether the higher affinity domain is positioned before or after the lower affinity domain.
Curiously, the PKCBII-W58Y/P616A/P619A (0.71 + 0.03 min) mutant did not display slower
kinetics of translocation than PKCRII-P616A/P619A (0.63 £ 0.05 min) (Figure 9D),
suggesting that this mutant may be folded differently from the other kinase-inactive ones.
These data reveal that the ligand-binding surface of both C1A and C1B domains are exposed
in unprocessed PKC and that the C1A domain becomes occluded during maturation.

We next addressed whether the C1B domain is exposed in matured PKCPII. There
was no difference between PKCPII and PKCBII-Y123W (Figure 9A), indicating that the
ligand-binding surface of the C1B domain is also masked in the fully matured PKC. However,
the C1B domain is fully exposed in the kinase dead mutants, as evidenced by the mutants
constitutive association with the plasma membrane and the Golgi (Figure 9E, top panels),
similarly to the CIA-C1B-Y123W domain mutant (Figure 7C). These mutants displayed no
further translocation to the plasma membrane with PDBu treatment (Figure 9E, bottom
panels).

To further validate that both the C1A and C1B domains are exposed in unprocessed
PKC, we examined the effect of preventing processing of the novel PKCd, which contains two
high-affinity C1 domains as it has Trp at position 22 in both domains (Figure 5A). The kinase-
dead PKC3-K376R and PKCO-D47IN were constitutively associated with the plasma
membrane and Golgi (Figure 9E), consistent with exposure of two high affinity DAG binders
causing constitutive membrane interaction. These data reveal that unprimed mutants of both
conventional and novel PKCs have exposed ligand-binding surfaces in their C1A and C1B
domains and that these surfaces become occluded through intramolecular conformational

changes as PKC matures.
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Both the C1A4 and C1B domains are involved in membrane binding, but the C1B domain

dominates

The insensitivity of mature PKC towards changes in ligand affinity of the C1A or
C1B domain toward PDBu could reflect the use of saturating concentrations of this potent
ligand, such that 6-fold differences in ligand affinity between Trp versus Tyr at position 22
might be undetectable. To address this, we used a much lower affinity ligand, DAG, to test
whether stimulation with sub-saturating levels of the synthetic DAG, 1,2-Dioctanoyl-sn-
glycerol (DiC8) could reveal a difference between PKCBII and PKCPII in which the affinity
of either the C1A or C1B domain has been altered. Modifying the affinity of either the C1A or
C1B domain altered the steady-state levels of PKCPII bound to the DiC8-containing plasma
membrane (and thus the amplitude of translocation): decreasing the affinity of the C1A
domain (PKCPII-W58Y) lowered the amplitude of translocation by 13%, whereas increasing
the affinity of the C1B domain (PKCPII-Y123W) increased the amplitude by 20% (Figure
10). In comparison, the unprimed PKCPBII-D466N mutant translocated maximally and with
much faster kinetics than wild-type enzyme upon DiC8 treatment, reflecting two highly
exposed C1 domains. These data further sustain that properly primed PKCBII has its ligand-
binding surfaces on both its C1A and C1B domains masked and that the improperly primed

PKCBII-D466N mutant’s translocation does not mimic that of WT PKCpII.

DISCUSSION

Here we use genetically-encoded reporters to show that maturation of PKCPII by
phosphorylation triggers conformational changes that set the ligand affinity of the enzyme for
optimal signaling. The paradigm of intramolecular interactions tuning the ligand binding

affinity to increase the dynamic range of a signaling molecule is employed by numerous
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multi-domain enzymes. For example, the Src family of tyrosine kinases displays
intramolecular interactions between its kinase domain and its phospho-Tyr binding SH2
domain and PXXP-recognizing SH3 domain to maintain the kinase in an inactive
conformation (Boggon and Eck, 2004; Hof et al., 1998). In this case, the enzyme’s affinity for
its domains is sufficiently low to allow intermolecular ligands to effectively compete and
allow signal transduction. Similarly, intramolecular interactions of the PH and Ras-association
domains of the Rapl-interacting adapter molecule restrain their ability to bind membranes
(Wynne et al., 2012). This also seems to be the case for the PH domain of Akt (Astoul et al.,
1999), consistent with intramolecular interactions lowering the affinity of its PH domain for
membranes to optimize its signaling.

Extensive studies have established that PKC is matured by phosphorylation, but the
role of phosphorylation in structuring the enzyme for signaling is not known. Partial crystal
structures of PKC have been solved (Grodsky et al., 2006; Guerrero-Valero et al., 2009;
Leonard et al., 2011; Xu et al., 1997); however, little information exists on conformational
rearrangements. Using Kinameleon, we show that unprocessed PKC and PKC that has been
dephosphorylated following prolonged activation are both in an open conformation that is
distinct from the closed conformation of mature, but inactive, PKC. Analysis of translocation
kinetics reveal that the ligand-binding surfaces of the C1A and C1B domains are fully exposed
in this open conformation but become masked upon maturation by phosphorylation. Our data
are consistent with the partial PKCPII structure, which shows that phosphorylation anchors the
carboxyl-terminal tail of PKC onto the top of its N-lobe where it interacts with the C1B
domain (Leonard et al., 2011), preventing this domain from easily accessing DAG. Our data
also corroborate work from Larsson and colleagues showing that the membrane translocation

of kinase-dead PKCa-K368M is much more sensitive to DAG than wild-type PKCa



32

(Stensman et al., 2004). They propose that only the C1A domain of PKCa is masked through
intramolecular interaction between the C-terminal tail and the C2 domain (Stensman and
Larsson, 2007), whereas our data are more consistent with both C1A and C1B domains of
PKCBII becoming masked. This masking of the C1 domains likely occurs in all cPKCs and
some of the nPKCs; the C1 domains of PKCy were also shown to be occluded in the full
length protein (Oancea and Meyer, 1998) and here we show PKCd’s C1 domains are also
masked, consistent with a study by Stahelin et al. (Stahelin et al., 2004). We also demonstrate
that species of PKC with impaired catalytic activity remain in the open conformation
regardless of phosphorylation status: although half of the pool of PKCBII-D466N or PKCa-
D463N is phosphorylated, the translocation kinetics of these kinase-dead mutants are identical
to those of the isolated C1A-C1B domain, not those of wild-type PKC, suggesting that these
kinase-inactive PKCs are not folded like wild-type PKC. We note caution should be taken
when using kinase-dead mutants because they do not provide the same scaffolding structure as
wild-type, their translocation is much more sensitive to DAG and, in the case of nPKCs, they
are localized differently from wild-type, a finding consistent with work from the Steinberg lab
(Guo et al., 2010). It is also noteworthy that gross overexpression of PKC allows a pool of
PKC to remain unprocessed and thus more readily associate with membranes. In summary,
our data are consistent with a model in which phosphorylation triggers a series of ordered
conformational transitions, by a mechanism that requires the intrinsic catalytic activity of
PKC, that masks the C1 domains such that the lower affinity DAG sensor, the C1B domain, is
used for PKCBII.

The stoichiometry of ligand binding of full length PKC is one mole DAG/phorbol
ester per mole PKC (Kikkawa et al., 1983; Konig et al., 1985b), and kinetic studies have

established that there is no cooperativity in binding DAG (Hill coefficient = 1), as would be
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expected from the reduction in dimensionality of engaging the second C1 domain once the
first one has engaged on the membrane (Hannun and Bell, 1986; Mosior and Newton, 1998a;
Newton and Koshland, 1989). Yet whether the C1A or C1B dominates as the DAG sensor in
PKCBII has not been well established. To distinguish between the contributions of these
domains, we engineered PKCII mutants in which we toggled the affinity of each C1 domains
for ligand. Inverting the affinities of the C1A and C1B domains for ligand had no apparent
effect on PDBu-induced PKC translocation rates (Figure 9A), likely because this switch has a
modest effect on phorbol ester binding and because saturating concentrations of PDBu were
used. Importantly, stimulation with sub-saturating levels of DAG, which exhibits an almost
two orders of magnitude higher affinity for the C1A versus C1B domain (Dries et al., 2007),
uncovered a difference (Figure 10). Decreasing the affinity of the C1A domain for ligand
lowered the steady-state levels of PKCBII bound to the plasma membrane, whereas increasing
the affinity of the C1B domain increased the steady-state levels bound to the membrane,
suggesting that both domains can be involved in membrane binding. The altered membrane
affinities are likely caused by changes in the membrane dissociation rate, as we have
previously shown that mutants with lower affinities for DAG have increased membrane
dissociation rate constants (Dries and Newton, 2008). However, reducing the affinity of the
C1A domain for DAG by almost 100-fold only decreased steady-state binding by two-fold. If
this were the dominant binding domain, the steady-state levels should have decreased by at
least an order of magnitude more. This suggests that the C1B is the predominant binding
domain for PKCpII. Here, increasing the membrane affinity by 100-fold increased steady-state
levels also by two-fold; this is less than expected but consistent with the C1B domain being

masked in the full-length wild-type enzyme. Moreover, our data show that both the C1A and
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C1B domains are exposed in kinase-dead PKCs, because toggling the affinity of either domain
had a significant effect on their translocation kinetics.

Based on these studies on PKC conformation, we build on the model for PKC
maturation (Figure 11). We propose that unprimed PKC is in an open conformation that
associates with membranes (Sonnenburg et al., 2001) through weak interactions with the
pseudosubstrate (Mosior and McLaughlin, 1991), C1 and C2 domains (Johnson et al., 2000),
and C-terminal tail (Yang and Igumenova, 2013). Both the C1A and C1B domains are
exposed and the pseudosubstrate is out of the active site (Dutil and Newton, 2000; Johnson et
al., 2000) (Figure 11A). Upon ordered phosphorylation of PKC at its three priming sites, PKC
matures into its closed conformation in which the ligand-binding surface of both the C1A and
C1B domains becomes masked and the pseudosubstrate occupies the substrate-binding cavity
(Figure 11B). Thus PKCs are maintained in an inactive, closed conformation by
intramolecular interactions induced by phosphorylation. Upon activation, cPKCs translocate to
membranes by a two-step mechanism (Nalefski and Newton, 2001): first, binding of Ca’'to
the C2 domain mediates its binding to the membrane through electrostatic and hydrophobic
interactions (Scott et al., 2013) (Figure 11C). Since the C2 domain of cPKC has a high affinity
for PIP,, which is enriched within the plasma membrane compared to other membranes,
cPKCs preferentially translocate to this membrane (Evans et al., 2006; Ferrer-Orta et al., 2009;
Guerrero-Valero et al., 2009; Marin-Vicente et al., 2005). Engagement of the C2 domain in
the membrane not only reduces the dimensionality of the C1A or C1B domain search for
DAG, but also leads to intramolecular conformational changes (Stahelin and Cho, 2001) that
allow the C1A and C1B domains to become slightly more exposed (Bittova et al., 2001).
Secondly, binding of either the C1A or the C1B domain, but predominantly the C1B domain

for PKCBII (Figure 11D), to DAG, expels the pseudosubstrate and activates PKC. Use of this
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lower affinity C1B domain as the primary membrane localization module for cPKCs allows
PKC to respond accordingly to a wider range of DAG levels at the plasma membrane. Upon
activation, PKC is quickly dephosphorylated and thus transitions back to its exposed (open)
conformation of unprimed PKC (Figure 11E).

In summary, our data reveal an elegant mechanism by which intramolecular
conformational transitions tune the affinity of mature PKC for its allosteric activator, DAG, as
a regulatory mechanism to allow ultrasensitivity in the signaling output of PKC (Figure 12).
We have previously shown that the binding of PKC to membranes displays high cooperativity
with respect to phosphatidylserine (Newton and Koshland, 1989; Orr and Newton, 1992).
Thus, by reducing the affinity of both conventional and novel PKCs for membranes through
conformational transitions induced during maturation, basal signaling of these isozymes is
minimized. Indeed, without this masking by maturation, isozymes such as the novel PKCS
that has two high affinity C1 domains would be constitutively pretargeted to the plasma
membrane and the Golgi; for these isozymes, masking of the C1 domains is necessary to
prevent constitutive association of PKC with membranes and thus constitutive activity. The
mature enzyme conformation does, however, enable PKCs to respond effectively to very small
changes in DAG. Moreover, basal signaling of PKCpII is further attenuated through the
preferential use of the lower affinity DAG sensor, the C1B domain, which allows cPKCs to
signal at different membranes from nPKCs. The affinity of the C1B domain for DAG is too
low to allow cPKCs to sense agonist-evoked changes in this second messenger without pre-
targeting by the Ca*"-regulated C2 domain (Dries et al., 2007); therefore, cPKCs are directed
to the plasma membrane via the PIP,-sensing C2 domain where they can then find DAG. In
contrast, nPKCs, which have a higher affinity C1B domain, translocate to the most DAG-

enriched membrane, the Golgi, without the need for pre-targeting. Thus, masking of the C1A
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domain in cPKCs tunes the affinity of PKC to reduce basal signaling, increase the dynamic

range of the PKC signal, and determine the membrane to which PKC is recruited.

SIGNIFICANCE

In this manuscript, we follow conformational transitions in living cells to unveil a key
regulatory mechanism in cell signaling: tuning of ligand affinity by intramolecular
conformational changes. Specifically, we use FRET-based reporters, in live cells, to show how
a multi-domain signal transducer, PKC, undergoes conformational transitions upon
phosphorylation-induced maturation that tune the affinity of its DAG-binding C1A and CI1B
domains for optimal signaling. Importantly, we show that these conformational transitions
keep PKC inactive under basal conditions, but allow ultrasensitivity in responses to small
changes in agonist-evoked levels of DAG. Conformational rearrangements that optimize the
dynamic range of signaling will likely serve as a paradigm for signaling by many other multi-
module transducers. Our FRET-based methods to visualize these changes in living cells are

applicable to the vast array of multi-module signal transducers.

EXPERIMENTAL PROCEDURES

Plasmid Constructs

C-terminally tagged rat PKCBII-YFP (Dries et al., 2007), rat PKCBII-RFP (Gould et
al., 2009), mouse PKCS-YFP (Wu-Zhang et al., 2012), DAGR, bovine PKCa-HA, and
membrane-targeted CFP were described previously (Violin et al., 2003). Kinameleon was
cloned into pcDNA3 as YFP-PKCBII-CFP and Kinameleon-K371R was generated by
QuikChange site-directed mutagenesis (Stratagene). A C1A-C1B construct containing the N-

terminus of rat PKCPII (residues 1-156) was subcloned into DAGR. Bovine YFP-PKCa was
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generated by subcloning PKCa into pcDNA3 with YFP at the N-terminus. All mutants were

generated by QuikChange site-directed mutagenesis (Stratagene).

Antibodies and Materials

The mouse monoclonal anti-HA antibody (HA.11, clone 16B12) was purchased from
Covance, the mouse monoclonal anti--actin antibody (A2228) was purchased from Sigma-
Aldrich, and the mouse monoclonal anti-PKCf antibody (610128) was from BD Transduction
Laboratories. Phorbol 12,13-dibutyrate (PDBu) and 1,2-Dioctanoyl-sn-glycerol (DiC8) were
obtained from Calbiochem. The 1X Hanks’ Balanced Salt Solution was purchased from

Cellgro. All other materials and chemicals were reagent grade.

Cell Culture, Transfection, and Immunoblotting

COS7 cells were maintained in DMEM (Cellgro) containing 5% or 10% fetal bovine
serum (Gibco) and 1% penicillin/streptomycin (Gibco) at 37 °C in 5% CO,. MDCK cells were
cultured in DMEM/F-12 50/50 (Cellgro) containing 10% FBS and 1% penicillin/streptomycin.
Transient transfection of COS7 was carried out using the jetPRIME transfection reagent
(PolyPlus Transfection) or the FuGENE 6 transfection reagent (Roche Applied Science) for
~24h. MDCK cells were transiently transected using PolyFect (Qiagen) for ~36h. Cells were
lysed in 50 mM Tris, pH 7.4, 1% Triton X-100, 50 mM NaF, 10 mM Na4P,07, 100 mM NacCl,
5 mM EDTA, 1 mM Naz;VO,, | mM PMSF, and 50 nM Okadaic acid. Whole cell lysates were
analyzed by SDS-PAGE and Western blotting via chemiluminescence on a FluorChem

imaging system (Alpha Innotech).

FRET Imaging and Analysis

Cells were plated onto glass coverslips in 35 mm dishes, transfected with the indicated

constructs, and imaged in Hanks’ Balanced Salt Solution supplemented with 1 mM CaCl,.
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CFP, YFP, and FRET images were acquired with a 40X objective with a Zeiss Axiovert
microscope (Carl Zeiss Microimaging) using a MicroMax digital camera (Roper-Princeton
Instruments) controlled by MetaFluor software version 6.1r6 (Universal Imaging Corporation)
as described previously (Gallegos et al., 2006). Pseudocolor images were acquired at the
indicated times before and after treatment with 200 nM PDBu and normalized to the same min
and max values. For the translocation experiments, base-line images were acquired every 7 or
15 sec for 3 or more min before ligand addition. Because the maximal amplitude of
translocation of the mutants varied, possibly due to changes in the orientation or distance of
the fluorophores caused by differential folding of the kinase, the data were normalized to the
maximal amplitude of translocation for each cell. Normalization was achieved by dividing by
the average base-line FRET ratio, and then scaled from 0 to 100 % of maximal translocation
using the equation: X = (Y-Yumin)/(Ymax-Ymin), Where Y = normalized FRET ratio, Yy, =
minimum value of Y, and Y. is maximum value of Y. Data from at least three different
imaging dishes were referenced around the ligand addition time point and the average of these
normalized values + SEM were plotted and curve fitted. Curve fitting was performed using
Graph Pad Prism 6.0a (GraphPad Software Inc., CA, USA). The half-time of translocation
was calculated by fitting the data to a non-linear regression using a one-phase exponential

association equation.
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Figure 5. Maturation of PKC retards agonist-dependent membrane translocation kinetics.

(A) Schematic of cPKCs and nPKCs showing domain composition with the C1A and C1B domains
(orange) and the C2 domain (yellow). The W and Y are the Trp and Tyr residues at position 22 within
the C1A (W58 in PKCBII) or C1B (Y123 in PKCBII) domains of cPKCs that dictate membrane affinity.
nPKCs contain Trp at both of these sites. The kinase domain (cyan) and the three priming
phosphorylations are shown: the activation loop, turn motif, and hydrophobic motif. (B) Ribbon
structure of the kinase domain of PKCBII (PDB ID 2I0E) showing the three priming phosphorylations
in stick form (Thr500, activation loop; Thr641, turn motif; Ser600, hydrophobic motif) and the kinase-
inactivating mutations (Lys371 and AspD466 in the active site and Pro616 and Pro619 in the PXXP
motif) in ball form. (C) Representative images displaying localization of the indicated YFP- and RFP-
tagged PKCs, co-transfected into COS7 cells, before (top), after 2.5 min (middle), or after 12.5 min
(bottom) of PDBu treatment are shown. (D) Western blot displaying whole-cell lysates of COS7 cells
transfected with the indicated PKCBII constructs. The asterisk denotes the position of mature, fully
phosphorylated PKCpII, and the dash denotes the position of unphosphorylated PKCBII.
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Figure 6. An intramolecular FRET reporter reads conformational transitions of PKC in live cells.

(A) Diagram of Kinameleon showing CFP on N-terminus and YFP on C-terminus of PKC; schematic of
how very low FRET reflects an unprimed conformation (upper panel), intermediate FRET reflects a
mature (phosphorylated at the activation loop in pink, turn motif in orange, and hydrophobic motif in
green) but inactive conformation (middle panel), and high FRET reflects an active conformation (lower
panel). (B) Pseudocolor FRET ratio images (left) and localization (right) of MDCK cells transiently
expressing Kinameleon-K371R (representing unprocessed PKC), Kinameleon-WT (representing
mature, phosphorylated, but inactive PKC), Kinameleon-WT after 15 min of PDBu treatment
(representing mature, active PKC), and Kinameleon-WT after 12 hrs of PDBu treatment (representing
dephosphorylated PKC), report different PKC conformations. (C) Quantitation of the FRET ratios +
SEM of Kinameleon-WT post PDBu treatment of cells and of Kinameleon-K371R in the absence of
PDBu treatment. (D) Kinameleon expressed in MDCK cells and stimulated with 200 nM PDBu results
in increased FRET, shown as a change in the FRET ratio (upper panel). The increasing FRET change
with higher expression levels (linear regression in red, with 95% confidence bands in green) indicates
an intermolecular (concentration dependent) interaction. The non-zero y-intercept indicates an
intramolecular (concentration-independent) interaction, consistent with a conformational change upon
translocation. In contrast, co-expression of CFP-PKCBII-CFP and YFP-PKCRII-YFP show only an
intermolecular interaction after 200 nM PDBu (lower panel).
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Figure 7. Translocation kinetics of the isolated C1 A-C1B domain of PKCPII can be tuned by a single
residue.

(A) Ribbon structure of the C1B domain of PKCa (PDB ID 2ELI) showing the DAG affinity toggle,
Tyr at position 22 in the domain (Tyr123 in PKCa and PKC). This residue is present as Trp (Trp58) in
the C1A domain of PKCa and PKCp. (B) COS7 cells transfected with the indicated C1A-C1B
constructs flanked by CFP and YFP were monitored for their intermolecular FRET ratio + SEM upon
PDBu stimulation. (C) Representative YFP images of the basal localization of wild-type or mutant
C1A-C1B domains. (D) Trace showing translocation kinetics of the C1A-C1B domain + SEM with sub-
saturating levels of phorbol esters (50 nM PDBu), followed by saturating amounts of PDBu to yield a
final concentration of 200 nM.
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Figure 8. Unprimed cPKCs have an exposed C1A-C1B tandem module that is masked upon maturation.
(A) The FRET ratios of COS7 cells co-transfected with membrane-targeted CFP and the indicated full-
length, YFP-tagged PKCPII constructs were monitored upon PDBu treatment. Plots show data
normalized to 100% for the maximal FRET response £ SEM. (B) Western blot of whole-cell lysates of
COS7 cells transfected with the indicated HA-PKCo constructs. The asterisk denotes the position of
mature, fully phosphorylated PKCa, and the dash denotes the position of unphosphorylated PKCa. (C)
FRET ratios + SEM of COS7 cells co-transfected with membrane-targeted CFP and the indicated full-
length, YFP-tagged PKCa constructs were monitored upon PDBu stimulation. (D) FRET ratios + SEM
of COS7 cells co-transfected with membrane-targeted CFP and the indicated full-length, YFP-tagged
PKCBII constructs were monitored upon stimulation with a sub-saturating PDBu concentration for
wild-type PKCBII (50 nM), followed by treatment with another 150 nM PDBu to evoke a maximal

response.
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Figure 9. Both the C1A and C1B domains of unphosphorylated PKCs are exposed and become masked

upon priming of PKC.

(A-D) FRET ratios + SEM of COS7 cells co-transfected with membrane-targeted CFP and the indicated
full-length, YFP-tagged PKCBII constructs were monitored upon PDBu treatment. (E) Representative
YFP images of localization of the indicated PKCPII or PKCO mutants before (top) or after (bottom)

PDBu treatment.
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Figure 10. Both the C1A and C1B domains are involved in membrane binding, but the C1B domain
dominates.

The FRET ratios + SEM of COS7 cells co-transfected with membrane-targeted CFP and the indicated
full-length, YFP-tagged PKCPII constructs were monitored upon stimulation with the PKC agonists
DiC8 and PDBu.
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Figure 11. Model showing how maturation of cPKC masks C1 domains to increase the dynamic range
of DAG sensing and thus PKC output.

(A) Unprimed PKC is in an open conformation that associates with membranes via weak interactions
from the C2 domain, both C1A and C1B domains, the exposed pseudosubstrate, and the C-terminal tail.
In this conformation, both C1A and C1B domains are fully exposed. (B) Upon ordered phosphorylation
of PKC at its activation loop (pink), turn motif (orange), and hydrophobic motif (green) sites, PKC
matures into its closed conformation, in which both the C1A and C1B domains become masked, the
pseudosubstrate binds the substrate binding site, and the enzyme localizes to the cytosol. This masking
of the C1 domains prevents pretargeting of PKC to membranes in the absence of agonist-evoked
increases in DAG, thus decreasing basal signaling. (C) In response to agonists that promote PIP,
hydrolysis, Ca**-dependent binding of the C2 domain of ¢cPKCs to the plasma membrane allows the
low-affinity DAG sensor to find its membrane-embedded ligand, DAG. (D) Binding of DAG,
predominantly to the C1B domain of PKCBII, expels the pseudosubstrate from the substrate-binding
cavity and activates PKC. Use primarily of the lower-affinity C1B domain increases the dynamic range
of PKC output as the signal does not saturate as readily using the lower affinity module and allows
cPKCs to signal at the plasma membrane as opposed to the Golgi. (E) Dephosphorylation of activated
PKC allows it to regain the exposed (open) conformation of unprimed PKC.
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Figure 12. Model comparing the conformation, localization, and translocation kinetics of wild-type and
a kinase-dead PKC.

Nascent PKC is in an open conformation and associated with the plasma membrane. Maturation induces
conformational changes that mask its C1 domains, therefore keeping the enzyme inactive under basal
conditions, but allowing it to respond to increases in Ca*" and DAG levels. Kinase-dead PKC is not
primed by phosphorylation and, therefore, remains in an open conformation, allowing basal levels of
DAG to recruit a pool of PKC to the plasma membrane. Agonist-induced increases in DAG result in
rapid translocation of the remaining PKC to membranes.
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ABSTRACT

The signaling output of protein kinase C (PKC) is exquisitely controlled, with
disruption of the output resulting in pathophysiologies. Identifying the structural basis for
autoinhibition is central to developing effective therapies for cancer, where PKC activity
needs to be enhanced, or degenerative diseases, where PKC activity needs to be inhibited.
Here, we reinterpret a previously reported partial crystal structure of PKCBII and propose a
new structure, which we validate biochemically, and a model that is consistent with extensive
literature on PKC regulation. Mutagenesis of predicted contact residues establishes that the
Ca’"-sensing C2 domain forms an intramolecular clamp with the kinase domain and carboxyl-
terminal tail, locking PKC in an inactive conformation. Ca%-dependent bridging of the C2
domain to membranes provides the first step in the activation of PKC via conformational
selection. Elucidation of the structural basis for autoinhibition of PKCPBII unveils a unique

direction for therapeutically targeting PKC.

INTRODUCTION

Protein kinase C isozymes transduce a myriad of signals that result in phospholipid
hydrolysis. As such, they play key roles in a multitude of cellular processes, including
controlling the balance between cell survival and death, and their dysregulation has been
implicated in numerous diseases. Mounting evidence suggests that PKC activity suppresses
survival signaling (Reyland, 2007); thus, it functions as a tumor suppressor and cancer-
associated mutations are generally loss-of-function (Antal et al., 2015). In marked contrast, its
activity is elevated in degenerative diseases such as spinocerebellar ataxia 14 (Ji et al., 2014;
Verbeek et al.,, 2005), ischemic neurodegeneration (Sieber et al., 1998), and in

cardiomyopathies (Belin et al., 2007; Bowling et al., 1999; Takeishi et al., 2000). From a
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therapeutic standpoint, identifying intramolecular interactions between the different PKC
domains is essential for the designing of small molecules or peptides that can either disrupt
these contacts to open up and activate PKC or clamp the domains closed to prevent PKC
activation.

The PKC family consists of 9 genes that are grouped according to their regulatory
domains and thus the second messengers that regulate them (Parker and Murray-Rust, 2004).
Conventional PKC isozymes (a, {3, y) contain tandem C1 domains, C1A and C1B, that bind
diacylglycerol (DAG) and a C2 domain that binds anionic phospholipids in a Caz+-dependent
manner (Figure 13A); the C2 domain also contains phosphatidylinositol-4,5-bisphosphate
(PIP,)-binding determinants that direct conventional PKC isozymes to the plasma membrane.
Novel PKC (9, €, 1, 0) isozymes lack a functional C2 domain, and thus are activated solely by
DAG binding to the C1 domain. Atypical PKC (i, ) isozymes bind neither of these second
messengers and are regulated by protein-protein interactions. Conventional and novel PKC
isozymes are constitutively phosphorylated at three priming sites (activation loop, turn motif,
and hydrophobic motif), that trigger a series of conformational changes that allow PKC to
adopt an autoinhibited conformation that is catalytically competent but unable to signal in the
absence of agonists (Antal et al., 2015; Feng et al., 2000; Stensman et al., 2004). Specifically,
the C1 domains become masked to prevent basal recognition of DAG, and the pseudosubstrate
binds the substrate-binding cavity to prevent substrate phosphorylation. Signals that result in
phospholipid hydrolysis activate conventional PKC isozymes by a two-step mechanism:
generation of Ca®" recruits PKC to the plasma membrane where it binds its membrane-
embedded ligand, DAG. This latter event releases the pseudosubstrate, thus activating PKC.

Elucidation of the structure of PKC has been challenging given that it is a highly

dynamic, multi-module protein that undergoes large conformational changes. The structures of
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the isolated C1, C2, and kinase domains of conventional PKC isozymes have been previously
solved (Grodsky et al., 2006; Guerrero-Valero et al., 2009; Hommel et al., 1994). The most
complete PKCBII crystal structure to date is that of a protein in which three cysteine residues
were mutated within the C1A domain, C2 domain, and C-terminal tail (C70S/C217S/C622S)
and electron density is only evident for the C1B, C2, and kinase domains, and the C-terminal
tail (Leonard et al., 2011). Because the structure lacks adequate electron density for the
pseudosubstrate, the C1A domain, or any of the regions connecting the domains to one
another, the assignment of which domains belong to a particular polypeptide, as opposed to
other neighboring polypeptides, was challenging. Consequently, in the crystal packing of this
structure, the C2 domain that interfaced with the kinase domain and C-terminal tail was
dismissed, despite extensive literature establishing the existence of intramolecular contacts
between the C2 domain and C-terminal tail of conventional PKC isozymes (Banci et al., 2002;
Conrad et al., 1994; Corbalan-Garcia et al., 2003; Edwards and Newton, 1997a, b; Feng et al.,
2000; Kheifets and Mochly-Rosen, 2007). Furthermore, one of the mutated residues, Cys70, is
a key Zn>"-coordinating residue and its mutation to Ser prevents the folding of the CIA
domain (Kazanietz et al., 1995; Ono et al., 1989), likely explaining the lack of electron density
for this domain and raising uncertainties regarding the placement of the CI1B domain.
Consequently, the structure proposed for PKCPII, as well as the model suggested for its
multistep activation, are inconsistent with extensive biochemical analyses (Newton, 2001;
Nishizuka, 1995). Most notably, the structure and model are inconsistent with the literature
establishing that 1] interactions between the C2 domain and C-terminal tail maintain the
enzyme in a closed, inactive, DAG and PIP,-insensitive conformation until Ca®* binds, 2] only
one C1 domain engages ligand, and 3] binding of the C2 domain to membranes results in large

movements of the hinge region separating the C2 domain from the kinase domain. This raises
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the question as to whether the dismissed structure, with a different assignment of intradomain
contacts, is the biologically relevant structure.

Here we use structure/function analysis to test whether the C2 domain clamps over the
kinase domain to provide a previously undescribed mechanism of autoinhibition in which not
only is the pseudosubstrate in the substrate-binding cavity, but the C2 domain clamps this
autoinhibited conformation. From the crystal packing, we identify key ion pairs between the
C2 domain and kinase domain or C-terminal tail and show that reversal of one charge unfolds
PKC and that reversal of both charges re-clamps PKC in a closed conformation. Furthermore,
we show that the mutation of C70S, which allowed crystals to defract well, results in
constitutively active PKC, accounting for the absence of the pseudosubstrate in the substrate-
binding cavity and suggesting that unfolding of the C1A domain was critical in allowing
crystallization. Finally, we propose a model for the two-step activation of PKC in which 1]
Ca®* binding to the C2 domain pushes the equilibrium towards the open conformation (C2
removed from kinase domain) because the C2 domain is now retained at the plasma
membrane via Ca*"-bridging to anionic phospholipids and 2] binding of DAG to the C1B
domain repositions the pseudosubstrate-C1A moiety to relieve autoinhibition. Our findings
reveal activation of PKC by conformational selection. Additionally, they open new avenues
for therapeutically targeting PKC with small molecules or peptides that could disrupt or

strengthen intramolecular contacts in order to modulate PKC activity.

RESULTS

PKCPBII Crystal Structure Packing Reveals that the C2 Domain Interfaces with the Kinase

Domain

Given the inconsistencies in the PKCBII structure and model of activation (Leonard et
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al., 2011) with PKC biology, we examined the reported crystal packing to determine whether
there were any other conformations that were more consistent with the literature. The crystal
packing revealed a number of possible positions of the C2 domain in relation to the kinase
domain, one of which interfaced with the C-terminal tail and kinase domain by binding
between the amino- and carboxyl-terminal lobes (Figure 13B; mode ii). These mode ii
contacts were attributed to a different PKC molecule (Leonard et al., 2011) because of
speculation that these contacts were only possible in the absence of the pseudosubstrate
segment and, therefore, did not represent a physiologically relevant structure. However,
docking of the C2 domain onto a complex of the kinase domain with a modeled
pseudosubstrate (Figure 13C) showed that the C2 domain can be bound to the kinase domain
with the pseudosubstrate present in its active site in a way that is very similar to the mode ii
with the RMSD being 13A (1095 atoms) (Figure 13D). In this model, an opening between the
catalytic and C2 domains would readily accommodate the presence of the linker between the
pseudosubstrate and C1A domain (Figures 13E). If this interaction were biologically relevant,
it would unveil yet another mechanism of autoinhibition, with the C2 domain clamping over

the kinase domain to maintain the pseudosubstrate in the substrate-binding cavity.

Mutational Analysis Corroborates a C2:Kinase Domain Interface

To test whether the C2 domain of PKCpII interfaces with the kinase domain and the
C-terminal tail in the closed, autoinhibited conformation, we determined which residues were
involved in this interaction. Based on the crystal packing, Asp382 within the kinase domain
and Lys209 within the C2 domain were predicted to form hydrogen bonds (Figure 14A). To
test this potential point of contact, we mutated the negatively charged Asp382 to a positively
charged Lys and assessed whether this induced an open conformation of the enzyme by

displacing regulatory moieties from the kinase domain. Note, we refer to an open
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conformation of PKC as one in which the C1 and/or C2 domains of PKC are displaced from
the kinase domain and the pseudosubstrate is out of the substrate-binding site, and to a closed
conformation as one in which PKC is autoinhibited through intramolecular interactions with
its pseudosubstrate and regulatory domains. We have previously shown that unphosphorylated
PKCBII adopts an open conformation that, because of unmasked C1A and CI1B domains,
translocates more rapidly to the plasma membrane upon treatment with the C1 ligand, phorbol
dibutyrate (PDBu), compared with matured (phosphorylated) PKC that has undergone
conformational transitions to mask its C1 domains (Antal et al., 2014). Indeed, when the
Asp382-Lys209 interaction was disrupted by a D382K mutation, the protein translocated more
rapidly (Figure 14B; t;,= 1.7 £ 0.1 min versus 3.5 + 0.2 min), indicating that it was in a more
open conformation with its C1 domains exposed. Simultaneously inverting the charges of both
Asp382 and Lys209 (D382K/K209D) rescued the translocation kinetics (t;,=3.4 min £+ 0.2
min), corroborating the interpretation that these residues interact with each other. Glu655 and
Lys205 are also positioned in proximity such that they could interact electrostatically (Figure
14A). Similar to the Asp382-Lys209 pair, mutating Glu655 to a Lys also increased the
translocation rate (t;,=1.6 min = 0.1 min) induced by PDBu, and simultaneously reversing the
charges of both Glu655 and Lys205 rescued the translocation kinetics (Figure 14C; t,,=2.9
min + 0.2 min). As a negative control, mutating the nearby Glu657 within the C-terminal tail
to a Lys had no effect on the translocation kinetics (Figure 14C; t;,=4.0 min = 0.2 min)
because this residue does not interface with the C2 domain. Furthermore, mutating both
residues involved in the interaction with the C2 domain (D382K and E655K) resulted in a
more open conformation, as it further increased the rate of translocation (Figure 14D; t;,=1.1
min + 0.1 min) induced by phorbol dibutyrate (PDBu). However, this conformation was not as

open as that of unprocessed, kinase-dead PKCPII (Antal et al., 2014), suggesting that there are
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other contributing points of contact within the regulatory domain. Note that all the mutants
were processed by phosphorylation (Figure 15).

To ensure that the mutations that disrupted the C2:kinase domain interface indeed
disengaged the C2 domain to allow it to favor Ca*"-dependent lipid binding, we monitored the
steady-state levels of binding of the PKCBII-D382K/E655K mutant enzyme to the plasma
membrane upon elevation of Ca®” with thapsigargin, a sarco/endoplasmic reticulum Ca®'-
ATPase inhibitor (Rogers et al., 1995). Elevation of intracellular Ca®" resulted in an
approximately 2-fold increase in the steady-state binding of the PKCBII-D382K/E655K to the
plasma membrane (Figure 14E), consistent with disruption of these ion pairs favoring an open
conformation with an exposed C2 domain. Moreover, this mutant translocated to membranes
with much faster kinetics upon subsequent stimulation with PDBu, corroborating this open
conformation. Kinase-dead PKCBII-D466N, which has fully exposed C1A and C1B domains
(Antal et al., 2014; Gould et al., 2011; Shi et al.,, 2010), translocated rapidly and more
completely to the membrane upon elevation of Ca®" (Figure 14E), revealing that the C2
domain, similar to the C1A and C1B domains, is highly exposed in unprimed PKC. Thus, the
C2 domain of the PKCBII-D382K/E655K favors a more open conformation than that of wild-
type, but not as open as that of the kinase-dead PKC, likely because of additional points of

contact between the C2 and kinase domains.
The C2:Kinase Domain Interaction is Intramolecular

To exclude the possibility that the C2:kinase domain interaction is intermolecular, as
opposed to intramolecular, we examined whether an intermolecular interaction between a
YFP-tagged PKCBII E655K mutant and a RFP-tagged PKCBII K205E mutant could rescue

the fast translocation kinetics of the E655K mutant (Figure 16A). In contrast to the rescue by

introducing a complementary C2 domain mutation into the same polypeptide as the kinase
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domain mutation (see Figure 14C; t;,=1.0 min £ 0.1 min versus 2.9 min £ 0.2 min), the
presence of a C2 domain mutation on another PKCPBII molecule did not rescue the fast
translocation kinetics for the C-terminal tail mutant (Figure 16B). These data are consistent
with an intramolecular, and not intermolecular, C2:kinase domain interaction and support
biophysical studies showing that cellular PKCPII translocates to plasma membranes as a
monomer (L. Kaestner and P. Lipp, personal communication) and biochemical studies
showing that pure PKC is fully active as a monomer (Hannun and Bell, 1986).
Mutation of Cys70 in the C1A Domain Dysregulates PKC by Releasing Its Pseudosubstrate
C1 domains are characterized by a highly conserved motif of six Cys and two His that
binds two atoms of Zn*" (Quest et al., 1992), thus maintaining the fold of the domain (Newton,
1995). The motif is HX,CX,CX,CX,CXHX,CX7C (n=13 or 14), where X is a variable
amino acid residue (Kazanietz et al., 1995; Ono et al., 1989). The underlined Cys corresponds
to Cys70 in the C1A domain of PKCPBII (Figure 17A), which is one of three residues Leonard
et al. (2011) mutated to Ser to improve diffraction of the crystals. Mutation of this residue,
including to Ser, unfolds the domain as assessed by loss of ability to bind ligand (Kazanietz et
al., 1995; Ono et al., 1989). To test how mutation of this key Cys altered the basal activity of
PKC in cells, we measured the effect of the PKC inhibitor G66983 on the basal
phosphorylation of our PKC activity sensor, CKAR (Violin et al., 2003), in cells expressing
equal amounts of either wild-type PKCpII, the C70S construct, or a RFP control construct.
The magnitude of the drop in the FRET ratio reflects the degree of basal activity in the
absence of agonist stimulation (Gallegos and Newton, 2011). Figure 17B shows that the C70S
mutation caused constitutive activation of PKCBII, revealing that the unfolded C1A domain
resulted in dysregulation of PKC by releasing the pseudosubstrate. Furthermore, the lack of a

folded C1A domain casts a doubt on the position of the C1B domain within the structure.
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Lastly, we tested the allosteric activation model proposed by Hurley and coworkers
postulating that Phe629 of the NFD helix controls the activity of PKC (Leonard et al., 2011).
Specifically, the authors proposed that the CIB clamps the NFD in a low activity
conformation in which the Phe is displaced from the active site, with binding of the C1B
domain to membranes releasing the Phe to interact with the adenine ring of ATP. Mutation of
Phe629 to Ala resulted in a kinase whose activation kinetics and magnitude were
indistinguishable from that of the wild-type enzyme, both in response to natural agonists and
phorbol esters (Figure 17C). Thus, this Phe is not a key regulator of the physiological

activation of PKC.

DISCUSSION

Re-analysis of the crystal packing of PKCPII (Leonard et al., 2011) reveals
intramolecular inhibition of the kinase domain by the Ca*"-sensing C2 domain (mode ii in
Figure 13B), a structure that we validate by mutagenesis of interacting surfaces. Using this
structure, we propose a model (Figure 18) for the activation mechanism of PKC that is
consistent with the vast body of literature on PKC structure, function, and regulation. Based
on mode i in Figure 13B, Hurley and coworkers proposed three steps in the activation of PKC:
1] Ca*"-dependent translocation in the absence of conformational changes, 2] binding of DAG
to the C1A domain accompanied by conformational changes, including release of the
pseudosubstrate, and 3] binding of a second molecule of DAG to the C1B domain
accompanied by large conformational changes in the hinge connecting the C2 domain and
kinase domain and rearrangement of the conserved NFD motif helix (residues 628—630) into a
catalytically-competent state. Each of these steps is in conflict with the literature or with data

in this contribution. Our re-examination of the structure allows us to present a model
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consistent with the literature that explains how conformational selection regulates the first step
in the activation of PKC.

To assess whether the C2:kinase domain interaction observed in the crystal packing of
PKCBII is intramolecular or, as proposed by Hurley and coworkers, intermolecular, we tested
whether mutations predicted to disrupt ion pairs of the C2:kinase domain interface would shift
the equilibrium toward a more open PKC conformation. We have previously shown that
unprimed PKC is in an open conformation in which both C1 domains are exposed, resulting in
significantly faster membrane translocation than the matured enzyme (Antal et al, 2014). We
now show that disruption of ion pairs at the C2:kinase domain/C-terminal tail interface
unclamp the C2 domain and that reversal of charges in this ion pair maintain the clamped
conformation. Additionally, we show that disruption of an ion pair is not rescued by
introducing the opposite charge in a separate molecule of PKC, establishing that monomeric
PKC binds its own C2 domain. These data support a model in which the C2 domain forms an
intramolecular clamp with the kinase domain and C-terminal tail.

One reason Leonard et al. (2011) dismissed the pose of the C2 domain interfacing
with the kinase domain (Figure 13B; mode ii) is because they reasoned that Ca®>" would not
bind the C2 domain in this conformation. However, the affinity of the C2 domain for Ca*" is
over three-orders of magnitude lower in the absence of anionic lipids compared to their
presence (Nalefski and Newton, 2001). This is because anionic lipids are required to stabilize
Ca’’ binding such that Ca® bridges the C2 domain with anionic lipids (Nalefski and Falke,
1996). Stopped flow kinetic experiments are consistent with a model in which PKC collides
with membranes at the diffusion-controlled limit but rapidly dissociates because of
unfavorable electrostatic interactions between the C2 domain and the anionic membrane

surface. Following elevation of intracellular Ca®*, weak binding of Ca®" to the C2 domain
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allows anionic lipids to retain the Ca*’-bound C2 domain on membranes, increasing the
lifetime of the membrane-bound complex by several orders of magnitude. It is relevant that
engaging the C2 domain on membranes results in a two orders of magnitude increase in
proteolytic sensitivity of the hinge connecting the C2 domain and kinase domain (Keranen and
Newton, 1997; Kishimoto et al., 1983; Young et al., 1988). This supports a model in which
Ca’" provides conformational selection by favoring an equilibrium in which the C2 domain is
pulled away from the kinase domain via bridging to the membrane.

A second reason why Leonard et al. (2011) dismissed the structure of the C2 domain
interfacing with the kinase domain is that they reasoned the pseudosubstrate would be
excluded from the substrate-binding cavity in this conformation. However, molecular
modeling of residues 16 — 26 of the pseudosubstrate in the substrate-binding cavity reveals
that there is no steric hindrance (Figure 13C). Indeed, a clear opening is present that would
accommodate threading of the segment following the pseudosubstrate to allow it to connect to
the C1A domain that begins 10 residues past the pseudosubstrate (Figures 13E).

A third reason for dismissal of the structure in which the C2 domain binds
intramolecularly with the kinase domain is that the authors considered this mode of interaction
at odds with the elongated shape obtained by SAXS data. The authors used the program
AutoGNOM to determine maximum linear dimension (D) of the complex, although rounds
of manual fitting in GNOM were made with no details of the procedure presented in the paper.
Fitting of the theoretical curve to the experimental data were provided, with no statistical
measure of the fitting quality. The Dy, obtained by the authors is 100A, which is close to
their proposed model of PKCPBIL. However, the Dy, parameter is well recognized as a “soft”
parameter as its value strongly depends on suggestions made prior to its calculation (Jacques

and Trewhella, 2010). Additional experiments, like sedimentation studies or electron
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microscopy, are required for the independent estimate of Dy, (Moore, 1980). Our model of
the kinase domain and C2 in mode ii is approximately 83A (Figure 13E); however, we did not
include the C1A and C1B domains, which would increase the D, because their exact
placement within the full-length structure is yet to be determined owing to the unfolded C1A
domain. Finally, the major limitation of SAXS analysis is that it considers proteins as rigid
bodies; however, our model of PKCPII suggests that the C2 domain is a highly dynamic
domain that alternates between various conformations until Ca”-binding drives the
equilibrium towards the membrane-bound, open conformation. It is known that interdomain
dynamics can significantly alter SAXS profiles and lead to misinterpretation of SAXS data
(Bernado, 2010).

Our structure and model are consistent with prior biochemical studies that established
that the C2 domain of PKC interfaces with the C-terminal tail and that these interactions
maintain PKC in a closed, inactive conformation. Specifically, the C-terminal tail of PKCBII
has been previously suggested to interface with the C2 domain because Ca’” affinity, mediated
by the C2 domain, is sensitive to the composition of the C-terminal tail: PKCPI and PKCBII
splice variants differ only in the last 50 amino acids, yet the concentration of Ca>" required for
half-maximal activation is an order of magnitude higher for PKCBII compared to PKCPI
(Edwards and Newton, 1997b). Similarly, phosphorylation of the hydrophobic motif within
the C-terminal tail of PKCPII increases Ca’" affinity by an order of magnitude (Edwards and
Newton, 1997a); additionally, constructs with an Ala at this position adopt a more open
conformation that can become irreversibly associated with the plasma membrane, unless Ca>"
is chelated (Feng et al., 2000). Yet another study established that PKC is in a closed
conformation in which neither PIP, nor DAG can bind in the absence of Ca*" (Corbalan-

Garcia et al., 2003). Further evidence for intramolecular autoinhibitory contacts comes from



61

studies by Mochly-Rosen and colleagues that revealed that Receptor for Activated C-kinase 1
(RACKI1) binds to both the C2 domain and C-terminal tail of PKCPII (Ron et al., 1995;
Stebbins and Mochly-Rosen, 2001), suggesting that these domains interface. They then went
on to show that the RACK-binding site within the C-terminal tail interacts with a sequence in
the C2 domain that mimics the PKC binding site on RACK (pseudo-RACK), maintaining
PKC in an inactive conformation (Banci et al., 2002). In addition, RNA aptamers selected to
inhibit PKCBII inhibit neither the isolated kinase domain nor PKCpI, which differs only in the
C-terminal tail, suggesting the aptamer is targeting a surface comprising determinants both in
the C-terminal tail and the regulatory moiety (Conrad et al., 1994). All these studies are
consistent with the C2 domain of PKC interacting with the C-terminal tail in order to maintain
PKC in a closed conformation and thus unresponsive to basal levels of agonists.

The C2 domain of a related PKC, PKCa, has also be reported to contribute to
autoinhibition of the enzyme, in addition to the autoinhibition imparted by the pseudosubstrate
and C1 domains (Parissenti et al., 1998; Riedel et al., 1993). For example, deletion of 20
amino acids within the C2 domain induced constitutive activity of PKCa, indicating
autoinhibition by this domain (Rotenberg et al., 1998). Larsson and coworkers (Stensman and
Larsson, 2007) went on to show that this autoinhibitory interaction, which maintained PKC in
a DAG-insensitive conformation, was mediated by negatively charged residues in the C-
terminal tail of PKCa and a lysine-rich cluster in the C2 domain. Consistent with our work on
PKCPBII, reversing the charge of either of these interacting residues resulted in a higher
sensitivity to DAG and thus enhanced membrane translocation, whereas simultaneously
reversing both charges rescued the enhanced translocation phenotype (Stensman and Larsson,
2007). Although this group mutated three residues within the tail or four within the C2 domain

and tested their effect simultaneously, two of the residues (PKCa K209E and D652K, the
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equivalent of E655K in PKCPII) were homologous to the ones we tested independently.
Taken together, these findings further substantiate our results and suggest that the C2 domain
of PKCa has a similar placement to that of PKCpII, with conservation of charge at these
critical residues within the interfacing surfaces.

We also show that mutation of the key Zn*"-coordinating residue, Cys70, in the C1A
domain results in a constitutively active PKC, revealing that the pseudosubstrate is pulled out
of the substrate-binding cavity because of the unfolded C1A domain. This accounts for the
lack of electron density of not only the C1A domain, but also the pseudosubstrate, in the
crystal packing of the PKCPII SEC mutant (C70S/C217S/C622S) crystals. Deletion of the
C1A domain of PKC0 has been shown to result in constitutive activation of the enzyme in in
vitro kinase assays, leading Blumberg and colleagues (Pu et al., 2009) to propose that the C1A
domain contributes to maintaining PKC in an inactive state by stabilizing the pseudosubstrate
in the substrate-binding cavity. Taken together, mutation of Cys70 would not have allowed the
Cl1A to fold, preventing insertion of the pseudosubstrate in the substrate-binding cavity.
Curiously, Leonard et al. (2011) reported close to 4 mol Zn>" bound to the PKC used for
crystallization and reported phorbol ester-stimulated activity. It is difficult to reconcile the
lack of electron density, lack of pseudosubstrate binding, and mutation of a key Zn*'-
coordinating residue, all suggesting a misfolded ClA domain, with the biochemical
characterization presented, unless the analysis was performed on wild-type PKCBII, which
was also crystallized, and not the PKCBII SEC mutant for which the crystal packing is
presented. Moreover, the potential for a misfolded C1A domain brings into question whether
the C1B domain is occupying a functionally relevant position. We note that the assay the
authors used to assess unclamping of the C1B and kinase domain was actually monitoring the

loss of PKC from the cytosolic fraction. Because destabilizing mutations such as F629D



63

increase the phosphatase sensitivity of PKC (Gould et al., 2011), the first step in the down-
regulation of PKC, this is not an appropriate assay for membrane binding.

The structure proposed by Leonard et al. (2011) suggests the presence of a large
flexible linker between the C1B and C2 domains. Yet under no condition tested (absence or
presence of Ca®", with or without anionic membranes) does limited proteolysis of pure
PKCBII result in cleavage between these two domains (Keranen and Newton, 1997). In fact, in
the absence of cofactors, PKC adopts a compact conformation that is relatively resistant to
limited proteolysis. One region becomes proteolytically labile upon membrane binding and
another upon activation. As noted above, Ca*'-dependent binding to membranes results in
unmasking of the hinge separating the C2 domain from the kinase domain (Keranen and
Newton, 1997); subsequent activation results in exposure of the pseudosubstrate segment (Orr
et al., 1992). The large exposed linker assigned between the C1B and C2 domains proposed by
Leonard et al., (2011) is inconsistent with limited proteolysis data.

A key conclusion by Hurley and colleagues was that the NFD serves as the linchpin
for activation of PKC; they proposed that the C1B domain binds the helix to position Phe629
away from the ATP binding site, reducing catalysis. However, we show that mutation of this
Phe to Ala results in a PKC whose activity in cells is indistinguishable from that of wild-type
enzyme. It is noteworthy that mutation of the corresponding residue in PKA (Phe327) to Ala
resulted in only a modest decrease in ke (from 26 sec™ to 20 sec’)and although the K,, for
ATP was increased approximately 10-fold (from 20 uM to 249 uM) (Yang et al., 2009), this is
20-fold lower than the intracellular concentration of ATP, suggesting limited biological
relevance. Based on this linchpin mechanism, the authors proposed an intermediate step in the
activation of PKC in which the pseudosubstrate is released from the active site but the enzyme

is inactive because the C1B is still bound to the kinase domain, positioning Phe629 away from
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the ATP binding site. However, release of the pseudosubstrate correlates with the activation
of PKC under all conditions examined, including activation by anomalous conditions such as
occurs with short-chained phosphatidylcholine or protamine sulfate (Orr et al., 1992; Orr and
Newton, 1994). Thus, the NFD helix of PKCPII is not a key regulator of kinase activity; rather
release of the pseudosubstrate is the key determinant for activation.

Figure 18 presents a model for the regulation of PKC that takes into account the
conformational sensing by the C2 domain. We have previously shown that newly-synthesized
PKC (Figure 18A) is in an open conformation in which the membrane-targeting modules are
fully exposed and the pseudosubstrate is out of the substrate-binding cavity. Upon maturation
by phosphorylation, the enzyme undergoes conformational rearrangements that mask the C1A
domain, thus reducing the apparent affinity for DAG of the mature PKC so there is no binding
to basal DAG, and position the pseudosubstrate in the substrate-binding cavity. We now build
on this model of autoinhibition to show that the C2 domain clamps over the kinase domain,
tethering the pseudosubstrate in place for even more effective autoinhibition than previously
proposed (Figure 18B). Note that this clamping of the C2 domain revealed by the structure
provides a molecular explanation for why the activation loop Thr500 is inaccessible to both
PDK-1 and phosphatases in the autoinhibited conformation (Dutil and Newton, 2000). Upon
elevation of intracellular Ca%, conformational selection allows the Ca**-bound C2 domain to
engage on the membrane, trapping PKC in the membrane-bound conformation that is
accompanied by a large hinge motion that renders the segment connecting the C2 domain and
kinase domain 100-fold more sensitive to limited proteolysis (Figure 18C) (Keranen and
Newton, 1997). This membrane-bound species is now able to bind its membrane-embedded
ligand, DAG, via the C1B domain, an event that pulls the pseudosubstrate out of the substrate-

binding cavity to allow full activation of PKC (Figure 18D).
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Our model of PKC activation (Figure 18) shows only one C1 domain binding DAG or
phorbol esters, in contrast to the model by Hurley and coworkers that proposes sequential
binding of the C1A and then C1B. Seminal studies by Nishizuka and Blumberg originally
established that the stoichiometry of ligand binding of full-length PKC is one mole DAG or
one mole phorbol ester per mole of PKC (Kikkawa et al., 1983; Konig et al., 1985b), a finding
that has been confirmed many times (Giorgione et al., 2003; Hannun et al., 1985; Quest and
Bell, 1994). Consistent with this, no binding cooperativity is evident with respect to DAG or
PDBu, as would be expected from the reduction in dimensionality of engaging one C1 domain
onto the membrane (Hannun and Bell, 1986; Mosior and Newton, 1998b; Newton and
Koshland, 1989), nor are dimeric phorbol esters efficient at engaging both C1 domains, an
event that can be forced but is highly unfavorable (Giorgione and Newton, 2003). Moreover,
three-dimensional reconstructions of PKCS from two-dimensional crystals also revealed that
PKC3d only binds membranes through a single C1 domain, not both (Solodukhin et al., 2007).
The multistep activation model for PKCBII that involves sequential engagement of each C1
domain with DAG is inconsistent with the body of literature establishing that only one C1
domain binds ligand.

Two striking features of the PKC structure are now apparent. First, the C2 domain
provides an additional layer of autoinhibition to ensure no basal signaling of PKC in the
absence of agonists. Thus, activation requires the release of the C2 domain from the kinase
domain, followed by the release of the pseudosubstrate from the substrate-binding cavity.
Second, intramolecular interactions can now be targeted in therapies. For example, in cancer
therapies, where PKC activity should be enhanced (Antal et al., 2015), small molecules or
peptides that destabilize the clamped conformation of PKCQII will allow it to be more

responsive to second messengers. Conversely, in therapies for degenerative diseases where
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PKC activity should be reduced, small molecules or peptides can be designed to stabilize the
clamped conformation. Because the C-terminal tails of the PKC isozymes are highly variable,
this method could provide a unique isozyme-specific method of regulating the activity of

individual isozymes.

EXPERIMENTAL PROCEDURES

Plasmid Constructs, Antibodies, and Reagents

C-terminally tagged rat PKCBII-YFP (Dries et al., 2007) and the membrane-targeted
CFP (Violin et al., 2003) have been previously described. Rat PKCRII was RFP-tagged at the
C-terminus. All mutants were generated by QuikChange site-directed mutagenesis
(Stratagene). The pan anti-phospho-PKC activation loop antibody was previously described
(Dutil et al., 1998). The anti-phospho-PKCa/BII (T638/641; 9375S) and pan anti-phospho-
PKC (BII S660; 9371S) antibodies were obtained from Cell Signaling, and the anti-PKCf
(610128) antibody was from BD Transduction Laboratories. Phorbol 12,13-dibutyrate (PDBu)
and thapsigargin were purchased from Calbiochem.
Cell Culture, Transfection, and Immunoblotting

COS7 cells were cultured in DMEM (Cellgro) containing 10% fetal bovine serum
(Atlanta Biologicals) and 1% penicillin/streptomycin (Gibco) at 37 °C in 5% CO,. Transient
transfection was carried out using jetPRIME (PolyPlus Transfection) or FuGENE 6
transfection reagents (Roche Applied Science) for ~24h. Cells were lysed in 50 mM Tris, pH
7.4, 1% Triton X-100, 50 mM NaF, 10 mM Na,P,0;, 100 mM NaCl, 5 mM EDTA, | mM
Na3;VO,4, 1 mM PMSF, and 50 nM Okadaic acid. Whole cell lysates were analyzed by SDS-
PAGE and Western blotting via chemiluminescence on a FluorChem Q imaging system
(ProteinSimple).

FRET Imaging and Analysis
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Cells were imaged as described previously (Gallegos et al., 2006). COS7 cells were
co-transfected with the indicated YFP-tagged PKC construct and plasma membrane-targeted
CFP at a 1:0.1 ratio of DNA. Base-line images were acquired every 7 or 15 sec for > 2 min
before ligand addition. FRET ratios represent mean + SEM from at least 3 independent
experiments. Because the maximal amplitude of translocation of the mutants varied, possibly
because changes in the orientation or distance of the fluorophores caused by differential
folding of the kinase, the data were normalized to the maximal amplitude of translocation for
each cell as assessed following PDBu addition. Normalization was achieved by dividing by
the average base-line FRET ratio and then scaling that data from 0 to 100 % of maximal
translocation using the equation: X = (Y-Y min)/(Y max- Y min), Where Y = normalized FRET ratio,
Y min = minimum value of Y, and Y .. 1S maximum value of Y. The half-time of translocation
was calculated by fitting these data to a non-linear regression using a one-phase exponential
association equation, with Graph Pad Prism 6.0a (GraphPad Software). Basal PKC activity
was measured as previously described (Gallegos and Newton, 2011) by co-transfecting RFP-
tagged wild-type or mutant rat PKCPII, or RFP alone, and the C Kinase Activity Reporter
(CKAR) (Violin et al., 2003) and treating cells with the PKC inhibitor G6 6983. Data were
normalized to the values for the last minute of the experiment (when PKC activity was
lowest). For agonist-dependent PKC activity, data were normalized to the baseline FRET
ratios. Statistical significance was determined via a Student’s t-test performed in Graph Pad
Prism 6.0a (GraphPad Software).

Structure Modeling and Molecular Docking

As the N-terminal pseudosubstrate region of PKCBII has a high level of sequence

similarity with the cAMP-dependent protein kinase (PKA) inhibitor (PKI) (Figure 19) we used

the structure of PKA:PKI complex (PDBID:1ATP) to model the eleven residues of PKCPII
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(aa. 16-26). We then used the C2 domain of PKCBII (PDBID:3PFQ aa. 161-292) for docking
to the complex between the PKCPII catalytic core (PDBID:3PFQ aa.339-669) and the
pseudosubstrate using ZDOCK server (v. 3.0.2) (Pierce et al., 2014), with no restrictions on
the docking interface. Forty two complexes out of fifty contained the C2 domain positioned
close to the active site of PKCBII between helices aG and aC similar to the position of the C2
domain from the symmetry mate of 3PFQ structure. Comparing the predicted docking
complexes to the symmetry mate C2 domain we selected the most close prediction model with
RMSD from the position of the C2 domain in the 3PFQ structure 13A (1095 atoms). The C1A

domain or rat PKCPII was modeled based on the solution structure of the human PKCy C1A
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Figure 13. The C2 Domain of PKCBII Interacts with the Kinase Domain and C-Terminal Tail

(A) Schematic of the primary structure of PKCBII showing pseudosubstrate (red), tandem C1A and
C1B (orange), C2 (yellow) in the regulatory moiety and the kinase domain (cyan) and C-terminal tail
(gray); also indicated are the priming phosphorylation sites (activation loop in pink, turn motif in
orange, and hydrophobic motif in green) and the proteolytically-labile hinge that separates the
regulatory and catalytic moieties. (B) Crystal structure of PKCBII (PDBID:3PFQ) showing the original
interpretation of the location of the C2 domain that traces polypeptide from the C1B to the C2 (mode 1)
and the alternative interpretation in which the C2 domain binds the kinase domain by an intramolecular
interaction (mode ii). The crystal packing shows both modes. (C) C2 domain (yellow) docked onto a
complex of the PKCPII kinase domain (cyan) and the modeled pseudosubstrate (red). (D) Complex of
the PKCBII kinase domain (cyan) and the mode ii C2 domain (yellow) from the crystal packing with the
modeled pseudosubstrate (red), superimposed with the docked C2 domain (brown). (E) Structure of the
kinase domain:C2 domain:pseudosubstrate complex showing the opening between the kinase domain
(cyan) and the C2 domain (yellow), through which the pseudosubstrate:C1A linker (red) can be
threaded through.
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Figure 14. Mutational Analysis Corroborates a C2:Kinase Domain Interface

(A) Crystal structure of PKCBII (PDBID:3PFQ) showing predicted ion pairs between the kinase domain
(cyan) or the C-terminal tail (gray) and the C2 domain (yellow). (B-D) Normalized FRET ratio changes
(mean + SEM) representing PDBu- (200 nM) induced PKC translocation in COS7 cells co-expressing
YFP-tagged PKCBII WT or mutants and plasma membrane-targeted CFP. (E) FRET-ratio changes
(mean = SEM) representing thapsigargin- (SuM) followed by PDBu- (200 nM) induced PKC
translocation in COS7 cells co-expressing YFP-tagged PKCBII WT or mutant and plasma membrane-
targeted CFP.
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Figure 15. C2 and Kinase Domain Mutants Are Processed by Phosphorylation

Immunoblot showing the phosphorylation state of the indicated YFP-tagged PKCBII proteins. The
upper band in the PKCf blot represents phosphorylated PKCBII, while the lower band represents
unphosphorylated PKCBII. The band shift in the Glu/Lys mutants is induced by mutation of the Glu,
and not by a difference in phosphorylation.
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Figure 16. The PKCBII Kinase Domain Binds the C2 Domain through an Intramolecular Interaction

(A) Charge reversal of the ion pair partner in the C2 domain (K205E) would rescue the fast
translocation kinetics of the E655K C-terminal tail mutation in the case of an intermolecular (left) but
not intramolecular (right) C2:kinase interaction. (B) Normalized FRET ratio changes (mean + SEM)
representing PDBu- (200 nM) induced PKC translocation in COS7 cells co-expressing plasma
membrane-targeted CFP and either YFP-PKCBII-WT, YFP-PKCBII-E655K, or both YFP-PKCBII-
E655K and RFP-PKCBII-K205E.
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Figure 17. Mutation of Cys70 Dysregulates PKC by Releasing the Pseudosubstrate, whereas Mutation
of Phe629 Does not Affect PKC Activation

(A) Modeled structure of the C1A domain of PKCPBII showing coordination of Zn®" (gray sphere) by
Cys70 (blue). (B) Left: Normalized FRET ratio changes (mean = SEM) showing basal PKC activity of
the indicated RFP-tagged PKCPII constructs or RFP control (endogenous) in COS7 cells co-expressing
CKAR that were treated with 6 uM of PKC inhibitor G6 6983. Right: Quantification of the basal
activity of the indicated overexpressed PKC relative to that of endogenous PKC isozymes (RFP alone)
in COS7 cells. (C) Normalized FRET ratio changes (mean + SEM) showing agonist-dependent PKC
activity of the indicated RFP-tagged PKCBII constructs or RFP control (endogenous) in COS7 cells co-
expressing CKAR.
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Figure 18. Model of PKCBII Activation

(A) Unprimed cPKC is in a membrane-associated, open conformation in which its C1A, C1B, and C2
domains are fully exposed and the pseudosubstrate and C-terminal tail are unmasked. In this open
conformation, the upstream kinase PDK-1 has access to its target, T500, in the activation loop. (B)
Upon priming phosphorylation at its activation loop (T500, magenta) by PDK-1, followed by
autophosphorylation at the turn motif (T641, orange) and the hydrophobic motif (S660, green), cPKC
matures into a closed conformation in which the C2 domain interfaces with the kinase domain, both
Cldomains become masked, the pseudosubstrate binds the substrate-binding site, and the primed
enzyme localizes to the cytosol. (C) In response to agonists that promote PIP, hydrolysis, Ca®" binds
cytosolic PKCBII via a low affinity interaction such that upon the next diffusion-controlled membrane
encounter, the Ca®"-bound C2 domain is retained at the plasma membrane via Ca®"-bridging to anionic
lipids and binding to PIP,on a surface distal to the Ca®>" binding site. (D) Pre-targeted PKC binds the
membrane-embedded ligand, DAG, predominantly via the C1B domain, resulting in release of the
pseudosubstrate from the substrate-binding cavity, thereby activating PKC. Only one of the C1 domains
binds DAG in the membrane at a time.
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Figure 19. Sequence Alignment of PKCBII Pseudosubstrate and PKI
Sequence alignment between the PKCPII pseudosubstrate (aa.16-26) and PKla (aa. 11-22).
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ABSTRACT

Protein kinase C (PKC) isozymes have remained elusive cancer targets despite the
unambiguous tumor promoting function of their potent ligands, phorbol esters, and the
prevalence of their mutations. We analyzed 8% of PKC mutations identified in human cancers
and found that, surprisingly, most were loss-of-function and none were activating. Loss-of-
function mutations occurred in all PKC subgroups and impeded second messenger binding,
phosphorylation, or catalysis. Correction of a loss-of-function PKCf mutation by CRISPR-
mediated genome editing in a patient-derived colon cancer cell line suppressed anchorage-
independent growth and reduced tumor growth in a xenograft model. Hemizygous deletion
promoted anchorage-independent growth, revealing PKCP is haploinsufficient for tumor
suppression. Several mutations were dominant-negative, suppressing global PKC signaling
output, and bioinformatic analysis suggested that PKC mutations cooperate with co-occurring
mutations in cancer drivers. These data establish that PKC isozymes generally function as
tumor suppressors, indicating that therapies should focus on restoring, not inhibiting, PKC

activity.

INTRODUCTION

The protein kinase C (PKC) family has been intensely investigated in the context of
cancer since the discovery that it is a receptor for the tumor-promoting phorbol esters
(Castagna et al., 1982). This led to the dogma that activation of PKC by phorbol esters
promotes carcinogen-induced tumorigenesis (Griner and Kazanietz, 2007b); yet targeting PKC
in cancer has been unsuccessful.

The PKC family contains 9 genes that have many targets and thus diverse cellular

functions, including cell survival, proliferation, apoptosis, and migration (Dempsey et al.,
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2000). PKC isozymes comprise 3 classes: conventional (cPKC: a, 3, y), novel (nPKC: §, €, 1,
0), and atypical (aPKC: C, ). cPKC and nPKC isozymes are constitutively phosphorylated at 3
priming sites (activation loop, turn motif, and hydrophobic motif) to structure PKC for
catalysis (Newton, 2003). A pseudosubstrate segment maintains PKC in an autoinhibited
conformation that is relieved by second messenger binding. cPKC isozymes are activated by
binding to diacylglycerol (DAG) and Ca>", whereas nPKC isozymes are activated solely by
DAG, events that engage PKC at membranes. Thus, these PKC isozymes have two
prerequisites for activation: constitutive processing phosphorylations and second messenger-
dependent relocalization to membranes. Prolonged activation of cPKC and nPKC isozymes
with phorbol esters, leads to their dephosphorylation and subsequent degradation, a process
referred to as downregulation (Hansra et al., 1996; Young et al., 1987). aPKC isozymes bind
neither Ca*" nor DAG.

PKC has proved an intractable target in cancer therapeutics (Kang, 2014). PKCu was
proposed to be an oncogene in lung and ovarian cancers (Justilien et al., 2014; Regala et al.,
2005; Zhang et al., 2006), and PKCe was categorized as an oncogene because of its ability to
transform cells (Cacace et al., 1993). However, for most PKC isozymes there is conflicting
evidence as to whether they act as oncogenes or as tumor suppressors. For example, PKC3 is
considered a tumor suppressor because of its pro-apoptotic effects (Reyland, 2007). However,
it promotes tumor progression of lung and pancreatic cancers in certain contexts (Mauro et al.,
2010; Symonds et al., 2011). Similarly, both overexpression and loss of PKCT in colon cancer
cells have been reported to decrease tumorigenicity in nude mice or cell lines, respectively
(Luna-Ulloa et al., 2011; Ma et al., 2013). Likewise, PKCa was reported to both induce
(Walsh et al., 2004; Wu et al., 2013) and suppress colon cancer cell proliferation (Gwak et al.,

2009) and to suppress colon tumor formation in the APC™™" model (Oster and Leitges, 2006).
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Based on the dogma that PKC isozymes contribute positively to cancer progression, many
PKC inhibitors have entered clinical trials; however, they have been ineffective (Mackay and
Twelves, 2007). In fact, a recent meta-analysis of controlled trials of PKC inhibitors combined
with chemotherapy versus chemotherapy alone revealed that PKC inhibitors significantly
decreased response rates and disease control rates in non-small cell lung cancer (Zhang et al.,
2014). Why has inhibiting PKC failed in the clinic? It has been well established that prolonged
or repetitive treatment with phorbol esters depletes cPKC and nPKC isozymes from cells
(Blumberg, 1980; Nelson and Alkon, 2009), bringing into question whether loss of PKC,
rather than its activation, promotes tumorigenesis.

PKC is frequently mutated in human cancers. To uncover whether loss or gain of PKC
function contributes to cancer progression, we selected mutations throughout the primary
sequence and family membership and assessed their functional impact. Specifically, we asked
how these cancer-associated mutations alter the signaling output of PKC using our
genetically-encoded reporter, C Kinase Activity Reporter (CKAR) (Violin et al., 2003).
Characterization of 46 of these mutations revealed that most reduced or abolished PKC
activity and none were activating. Bioinformatic analysis of all PKC mutations revealed that
they may cooperate with co-occurring mutations in oncogenes and tumor suppressors known
to be regulated by PKC. Correction of one patient-identified, heterozygous, loss-of-function
(LOF) PKCP mutation in a colon cancer cell line significantly decreased tumor size in mouse
xenografts, indicating that loss of PKC function enhances tumor growth. Our data are
consistent with PKC isozymes functioning generally as tumor suppressors, reversing the

paradigm that their hyperactivation promotes tumor growth.
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RESULTS

A Multitude of Cancer-Associated Mutations Have Been Identified within the 9 PKC Genes

554 mutations (as of October 2014), of which most are heterozygous, have been
identified in diverse cancers (Cerami et al., 2012b; Gao et al., 2013a) within cPKC (242),
nPKC (236), and aPKC (76) isozymes (Figure 20). These mutations reside throughout the
entire coding region, with no apparent mutational hotspots. Therefore, we conducted a
comprehensive study of mutations within PKC domains and within interdomain regions to
determine how they affect PKC signaling to contribute to cancer pathogenesis. 46 mutations
of both conserved and non-conserved residues were selected from all 3 classes of PKC

isozymes (Tables 1 and 2).
PKC Mutations in the Regulatory CI and C2 Domains Are LOF

The C1 domains of cPKC and nPKC isozymes are critical for their activation because
they mediate PKC translocation to membranes via binding to DAG. Thus, we investigated
how C1 domain mutations alter PKC translocation and activation. To measure agonist-
dependent PKC activity, COS7 cells co-expressing the FRET-based PKC reporter (CKAR)
and equal levels of either wild-type (WT) or mutant mCherry-tagged PKC were stimulated
with the cell-permeable DAG, DiC8, or the phorbol ester, phorbol 12,13- dibutyrate (PDBu),
and phosphorylation-dependent FRET ratio changes were recorded. Phorbol esters serve as an
effective, although non-physiological, tool to maximally activate PKC because bind with 100-
fold higher affinity to Cl1 domains compared to DAG (Mosior and Newton, 1998a). A
mutation identified in a colorectal cancer tumor altered a residue (PKCa H75Q) required for
coordination of Zn®" and thus for folding of the C1 domain (Figure 21A). This mutation
ablated agonist-stimulated activity, as evidenced by a lower FRET ratio trace compared with

that of cells containing only endogenous PKC (Figure 21B). This lower agonist-induced and
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basal activity (Figure 21A) suggests the mutant is dominant-negative towards global PKC
output. Within a head and neck cancer patient, a mutation altered a critical residue (PKCa
WS58L) required for controlling the affinity for DAG, but not phorbol ester (Dries et al., 2007)
(Figure 21A). This mutation also abolished DiC8-induced activity but retained some PDBu-
induced activity, consistent with this residue selectively regulating DAG affinity. Because
membrane translocation is a prerequisite for activation of cPKC isozymes, we compared the
translocation of YFP-tagged WT and mutant PKC to membrane-targeted CFP using FRET
(Antal et al., 2014). Mutation of either residue impaired translocation upon stimulation with
DiC8, phorbol ester (Figure 21C), or the natural agonist UTP (Figure 21D), accounting for the
inability of these agonists to activate the mutants. Lastly, we asked how these mutations
affected the processing phosphorylations of PKC. PKCa H75Q, but not W58L, was
unphosphorylated, likely because the misfolded C1A domain of the H75Q mutant prevented
its processing (Figure 21E). Three additional mutations within the C1A domains of PKCa
(G61W), PKCB (G61W), and PKCy (Q62H) also exhibited reduced agonist-induced PKC
activity (Figure 22B-D). Our analysis of 9 C1 domain mutations revealed that 5 reduced or
abolished activity whilst none were hyperactivating (Tables 1 and 2). Inactivation occurred by
altering 2 key inputs required for PKC function: disruption of binding to DAG or processing
by phosphorylations.

The C2 domain of ¢cPKC isozymes is also critical for activation as it mediates Ca®'-
dependent pre-targeting to plasma membrane, where these isozymes bind DAG and become
activated (Newton, 2003). One mutation identified within the C2 domain of PKCy (D193N)
was present in colorectal and ovarian cancers and in melanoma. Another (D254N) was found
in endometrial and ovarian cancers. Because both of these Asp residues (Figure 21F)

coordinate Ca®" (Medkova and Cho, 1998), we monitored their activation upon elevation of
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intracellular Ca®" with thapsigargin, a sarco/endoplasmic reticulum Ca>*-ATPase inhibitor
(Rogers et al., 1995). In contrast to WT PKCy, neither mutant was activated (Figure 21G) nor
translocated to the plasma membrane (Figure 21H) following thapsigargin addition, consistent
with impaired Ca®" binding. However, both mutants retained full responses to phorbol esters,
consistent with unimpaired C1 domains. To further substantiate the inability of the mutants to
bind Ca**, we monitored PKC oscillatory translocation stimulated by histamine-induced
oscillatory Ca”" release in HeLa cells (Violin et al., 2003). Whereas WT PKCy exhibited
oscillatory translocation in some cells, the C2 domain mutants were unresponsive to histamine
(Figure 211). Thus, these C2 domain mutations dampen PKCy activity because they impede
Ca’’ binding. Mutation of 2 other C2 domain residues that are not directly involved in Ca*'-
binding (PKCa G257V and PKCy T218M) also caused LOF (Figure 22D and 14E); PKCa
G257V was LOF because it was not processed by phosphorylation (Figure 22F), whereas the
remaining C2 domain mutants were (data not shown). Our analysis of 6 C2 domain mutations

revealed 4 LOF mutations and no hyperactivating ones (Tables 1 and 2).

PKC Mutations in the Kinase Domain Are LOF

We next evaluated 21 kinase domain mutations, 2 of which were within PKCJ:
D530G in colorectal cancer and P568A in head and neck cancer (Figure 23A). Asp530
functions as an anchor for the kinase regulatory spine, a highly conserved structural element of
eukaryotic kinases (Kornev et al., 2006; Kornev et al., 2008); not surprisingly, the D530G
mutant was kinase-dead and not primed by phosphorylation (Figure 23B and 23C). Mutation
of the conserved Pro568 to Ala also prevented a response to natural agonist stimulation, but
maintained some PDBu-stimulated activity, as a small pool of this mutant was phosphorylated

(Figure 23B and 23C).
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Strikingly, all 3 PKCn mutations examined (K591E, R596H, and G598V) altered its
subcellular localization by pre-localizing it at the plasma membrane prior to stimulation
(Figure 23D). However, despite constitutive membrane association, these mutants had reduced
basal and stimulated activity as read out by a phospho-(Ser) PKC substrate antibody (Figure
23E) because they were not processed by phosphorylation (Figure 23F). We have previously
shown that unprocessed nPKC isozymes have exposed C1 domains that induce constitutive
membrane association (Antal et al., 2014).

A number of mutations were present within the highly conserved APE motif that is
involved in substrate binding and allosteric activation of kinases (Kornev et al., 2008). PKCy
P524R and PKCP A509V mutations ablated activity by preventing processing
phosphorylations, and both exhibited dominant-negative roles (Figure 22G-J). PKCB A509T
(colorectal cancer) also showed loss of function in response to UTP, but was modestly
activated by the potent ligand PDBu (Figure 22I), likely because a small pool of it was
phosphorylated (Figure 22J). A LOF mutation that prevented processing of the atypical PKCT
was also found within the APE motif (E421K; Figure 21G).

Further analysis revealed that 16 out of 21 kinase domain mutations we analyzed
(Tables 1 and 2) resulted in full or partial LOF, with the majority preventing processing by
phosphorylation. For example, PKCa F435C, PKCo A444V, PKCBIl Y417H, PKCPII
G585S, and PKCy G450C had impaired phosphorylation and reduced activity (Figure 22C-F,
21H, and 21I). However, partial LOF mutations were also observed in cases where
phosphorylation was maintained: PKCa D481E (Figure 22B and 22F) and PKCy F362L
(Figure 22D and 22J), suggesting that these mutations likely decrease PKC’s intrinsic catalytic

activity.
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The Majority of Cancer-Associated PKC Mutations Are LOF

Our analysis of 46 mutations present within 8 of the PKC genes revealed that ~61%
(28) of them were LOF and none were activating (Figure 24A). A lack of identification of
activating mutations is not an artifact of our assays, as activating PKC mutations that increase
PKC affinity for DAG or decrease autoinhibition are readily detectable (data not shown). LOF
mutations were identified within cPKC (a., B, y), nPKC (9, €, 1), and aPKC (T) isozymes and
occurred within the C1, C2, and kinase domains as well as the pseudosubstrate and C-terminal
tail (Figure 24B). For example, the PKCy G23E pseudosubstrate mutation was not processed
by phosphorylation (Figure 22J) and thus lacked any UTP-stimulated activity (Figure 22D)
and the PKCe R162H pseudosubstrate mutation showed reduced agonist-stimulated and basal
activity (Figure 22K and 22L). The PKCP P619Q C-terminal tail mutation, residing within a
conserved PXXP motif required for processing (Gould et al., 2009), was also LOF as it
prevented PKC phosphorylation (Figure 22H). Overall, PKC LOF occurred by diverse
mechanisms, most commonly by preventing processing phosphorylations or ligand binding,
and as such, there were no mutational hotspots for loss of function. However, we identified 7
LOF mutation “warmspots” (Sun et al., 2007) that fell within highly conserved regions of
PKC, 1 within the pseudosubstrate and 6 within the kinase domain (Figure 24C). Thus,
inactivating mutations targeted conserved regulatory elements and frequently hit the same
residue, whereas mutations that exhibited no difference from WT occurred more randomly
(Table 2).

Analysis of cancer types most frequently harboring PKC mutations revealed that,
although PKC isozymes are mutated across many cancers, PKC mutations are enriched in
certain cancers (Figure 24D). Namely, PKC isozymes are mutated in 20-25% of melanomas,

colorectal cancers, or lung squamous cell carcinomas, but mutated in <5% of ovarian cancers,
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glioblastoma, or breast cancers (Cerami et al., 2012b; Gao et al., 2013a). Additionally, nPKC
isozymes are most commonly mutated in gastrointestinal cancers (pancreatic, stomach, and
colorectal), which have a lower mutation burden than melanomas and lung cancers,
highlighting their importance in this type of cancer (Figure 24D). The majority of PKC
mutations are heterozygous, with an allele frequency varying from 0.05 to 0.67 for the
mutations characterized (Tables 1 and 2). This indicates that PKC mutations can be truncal
events in regards to tumor heterogeneity and exist in a majority of the cells within a tumor, or
be branchal events acquired later in tumorigenesis as the tumor progresses to a more
aggressive stage. This is consistent with PKC mutations being co-driver events that enhance

tumorigenesis mediated by primary drivers such as Kras.
Dominant-Negative PKCPB Mutation Confers a Tumor Growth Advantage

Because the majority of PKC mutations examined were LOF, we tested whether we
could rescue HCT116 colon cancer cells that have a heterozygous LOF frameshift mutation in
the C2 domain of PKC@, by overexpressing WT PKCBII. This resulted in a dramatic reduction
in anchorage-independent growth (Figure 25A), a hallmark of cellular transformation. Thus
we next used CRISPR/Cas9-mediated genome editing to ask whether reverting an endogenous
LOF allele to WT would also rescue cell growth. We used DLDI1 colon cancer cells, because
they harbor a PKCP AS509T LOF mutation (Figure 23I), to assess whether a heterozygous
LOF PKC mutation could confer a survival advantage, as most cancer-associated PKC
mutations are heterozygous. We reverted the mutation to WT in 3 isogenic clones (Figure 25B
and 24C), and confirmed that no sequence alterations existed within the top 2 most likely
predicted off-targets (data not shown). Correction of the A509T mutation in the endogenous
PKCp (PRKCB) allele caused a slight, but reproducible, increase in the PKCp levels and a >2-

fold increase in PKCa levels, although neither reached statistical significance (Figure 26A).
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Immunoblot analysis with a phospho-(Ser) PKC substrate antibody revealed significantly
higher basal PKC activity in the corrected cells (Figure 26B). This is consistent with the
DLD1 parental cells having reduced PKC activity because of the LOF PKCp mutation and the
lower PKCa levels. We next tested the ability of these cells to grow in suspension. Consistent
with having higher PKC activity and a more tumor suppressive phenotype, the corrected cells
were less viable in suspension (Figure 26C) because they were less capable of forming
compact multicellular aggregates as the DLD1 parental cells formed (Figure 26D). Moreover,
the corrected clones had decreased anchorage-independent growth potential (Figure 26E).
These results corroborate those obtained from the HCT116 cells overexpressing PKCpII,
demonstrating that partial loss of PKCp activity is necessary for growth in soft agar. However,
in a 2D proliferation assay, the DLD1 corrected cells proliferated at similar rates to the DLDI
parental cells (Figure 25D), indicating that it is not the proliferation rates that differ between
these cells but rather their ability to grow in the absence of anchorage.

To determine whether PKC displays haploinsufficiency, we knocked out the mutant
PKCp allele in DLD1 cells by creating a frameshift deletion using genome engineering
(Figure 25E). This hemizygous clone (WT/- 23), containing only 1 WT allele and thus
expressing lower PKCBII levels (Figure 25F), exhibited significantly increased anchorage-
independent growth potential compared to those containing 2 WT alleles, indicating that
PKCBII is haploinsufficient for tumor suppression (Figure 26E). Additionally, the PKCf
hemizygous cells did not grow as well as the PKCB AS509T mutated cells in soft agar,
indicating that this mutation had a dominant-negative effect.

To definitively establish whether a heterozygous LOF PKCP mutation facilitates
tumor growth in vivo, the DLDI parental or corrected cells were subcutaneously injected into

the flanks of nude mice and tumor growth was monitored. Consistent with our cellular data,
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the tumors derived from the corrected cells were significantly smaller than those from the
DLDI1 parental cells (Figure 26F and 24G). This reduced growth correlated with increased
apoptosis as assessed by TUNEL staining of tumor sections (Figure 26G). These data

demonstrate that a heterozygous, dominant-negative PKC mutation can significantly increase

tumor growth, thus establishing PKCf as a tumor suppressor.

DISCUSSION

Here we establish that clinical trials targeting PKC have been based on the wrong
assumption; it is not inactivation of PKC, but rather activation, that suppresses tumor growth.
Thus, we propose that therapies should target mechanisms to restore the PKC signaling output
rather than reduce it. Our comprehensive analysis revealed that 61% of the PKC mutations
characterized were LOF and none were activating. We did not account for nonsense mutations
or deletions, so an even higher proportion of PKC mutations are LOF. Corroborating our data,
3 other LOF PKC mutations have been previously described. A LOF PKCa mutation (D294G
in C2 domain) was identified in 3 types of cancer (Alvaro et al., 1993; Prevostel et al., 1997;
Zhu et al., 2005) and a LOF PKCT mutation (S514F in the kinase domain) was identified in
colorectal cancer (Galvez et al., 2009). A partial LOF mutation in PKCt (R471C), present in 3
distinct cancers, disrupted substrate binding and induced abnormal epithelial polarity (Linch et
al., 2013). To our knowledge, no gain-of-function PKC mutations have been observed in
cancer. The identification of LOF mutations throughout the PKC family and in diverse cancers
supports a general role for PKC isozymes as tumor suppressors.

Strikingly, several LOF PKC mutations (e.g. PKC A509V, PKCy P524R, and PKCa
WS58L, H75Q, and G257V) acted in a dominant-negative manner by decreasing global

endogenous PKC activity. Moreover, the presence of mutant PKCB A509T protein in DLDI
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cells reduced PKCa levels. One mechanism for this cross-PKC dominant-negative effect is
that the LOF PKC impairs the priming phosphorylations of other PKCs, thus reducing their
steady-state levels. This is supported by a prior study demonstrating that unprocessed kinase-
dead PKC isozymes prevent the phosphorylation of other PKC isozymes, likely because their
phosphorylation requires common titratable components (Garcia-Paramio et al., 1998). This
dominant-negative role of LOF mutations is corroborated by studies showing that kinase-dead
PKC isozymes function in a dominant-negative manner to exhibit tumorigenic effects on cells
(Galvez et al., 2009; Hirai et al., 1994; Kim et al., 2013; Lu et al., 1997). Importantly,
although some PKC mutations were dominant-negative, loss of PKC such as would occur
from nonsense mutations or gene deletions, also conferred a growth advantage (Figure 26E),
indicating PKC is haploinsufficient for tumor suppression.

A tumor suppressive role of PKC is supported by PKC gene knockout mouse models
and cellular studies. PKCa-deficient (Prkca™) mice develop spontaneous intestinal tumors
(Oster and Leitges, 2006). In an APC™™" background, loss of PKCa induces more aggressive
tumors and decreases survival (Oster and Leitges, 2006) and, in the context of oncogenic Kras,
PKCa deletion increases lung tumor formation (Hill et al., 2014). Deletion of PKCC in mice
that are PTEN haploinsufficient results in larger, more invasive prostate tumors and enhances
intestinal tumorigenesis in an APC™™" background (Ma et al., 2013). Knock-down of PKC?
in colon cancer cells increases tumor growth in nude mice (Hernandez-Maqueda et al., 2013).
Conversely, overexpression of PKC reveals a protective role. Re-expression of PKCBI in
colon cancer cells (Choi et al., 1990), of PKCO in keratinocytes (D'Costa et al., 2006), or
overexpression of PKCC in colon cancer cells (Ma et al.,, 2013) or in Ras-transformed

fibroblasts (Galvez et al., 2009) decreased tumorigenicity in nude mice.
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Clinical data reveal lower PKC protein levels and activity in tumor tissue compared
with cognate normal tissue, also supporting a tumor suppressive role for PKC. Total PKC
activity was significantly lower in human colorectal cancers versus normal mucosa because of
decreased PKCf and PKCd (Craven and DeRubertis, 1994) or PKCf and PKCe protein levels
(Pongracz et al., 1995). PKCa protein was downregulated in 60% of human colorectal cancers
(Suga et al., 1998), and PKCC was downregulated in renal cell carcinoma (Pu et al., 2012) and
non-small cell lung cancer (Galvez et al., 2009). Decreased PKCf and PKCS9 levels correlated
with increased grade in bladder cancer (Koren et al., 2000; Langzam et al., 2001; Varga et al.,
2004), and decreased PKCd levels correlated with increased grade in endometrial cancer and
glioma (Reno et al., 2008); (Mandil et al., 2001). PKCn was downregulated in colon and
hepatocellular carcinomas and lower PKCr) expression was associated with poorer long-term
survival (Davidson et al., 1994; Lu et al., 2009). However, increased PKCu protein and DNA
copy number levels have been observed in certain cancers (Perry et al., 2014; Regala et al.,
2005). PKCu is part of the 326 amplicon and its increased DNA copy number levels correlate
with increased mRNA expression (Figure 27). However, DNA copy number and mRNA
levels do not correlate for cPKC genes (Figure 27). In fact, for PKCa, copy number levels
inversely correlate with protein levels in breast cancer (Myhre et al., 2013), the cancer in
which PKCa is most amplified (Cerami et al., 2012b; Gao et al., 2013a). A number of studies
reported increased mRNA expression of other PKC genes in cancer; however, mRNA
expression and protein levels often poorly correlate (Myhre et al., 2013). Thus, clinical data of
this sort are consistent with a tumor suppressive function of PKC isozymes, although there
might be context specific exceptions for PKCu.

The recent discovery that germline LOF mutations in PKCd are causal drivers of

autoimmune lymphoproliferative syndrome and systemic lupus erythematosus, disorders
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associated with the acquisition of cancer-associated phenotypes, supports a bona fide tumor
suppressive role of PKC in humans (Belot et al., 2013; Kuehn et al., 2013; Salzer et al., 2013).
Both diseases are characterized by increased proliferation and decreased apoptosis of B-cells
(Belot et al., 2013; Kuehn et al., 2013), and patients frequently develop lymphomas
(Bernatsky et al., 2005; Mellemkjaer et al., 1997). Moreover, we found that siblings
homozygous for a LOF PKC8 mutation have reduced levels of PKCT (data not shown),
supporting a dominant-negative role of LOF mutations.

How could decreased PKC activity enhance tumorigenesis? One possibility is that
PKC isozymes suppress oncogenic signaling by repressing signaling from oncogenes or
stabilizing tumor suppressors. Supporting this, unbiased bioinformatic analysis of tumor
samples harboring PKC LOF mutations revealed that 7P53 (p53) is one of most frequently
mutated genes in tumors harboring LOF mutations for each PKC isozyme (Table 3). PKC
might promote the tumor suppressive function of p53 by stabilizing the WT protein.
Considerable evidence suggests that phosphorylation by PKC9 stabilizes p53 thus promoting
apoptosis (Abbas et al., 2004; Yoshida et al., 2006), but the role of other PKC isozymes is less
clear. KRAS was also among the top 10 genes mutated in cancers harboring PKC mutations for
7 of the PKC isozymes (Table 3), specifically with mutation at Gly12 (Table 4). This argues
that PKC might suppress Kras signaling, such that loss of PKC would be required for Kras to
exert its full oncogenic potential. Consistent with this, PKC modulates both the activity and
localization of Kras through phosphorylation of Ser181 (Bivona et al., 2006). Although the
role of this phosphorylation site in tumors remains controversial (Barcelo et al., 2014), our
analysis is consistent with loss of PKC enhancing its oncogenic potential. In fact, the DLDI
and HCT116 cells used in our assays contained an oncogenic Kras mutation (G13D) that is

necessary for the ability of these cells to grow in soft agar (data not shown). This suggests that
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LOF PKC mutations are not major cancer drivers, but rather co-drivers that contribute to
cancer progression.

We also analyzed which kinase or Cancer Census genes (genes implicated in cancer)
are significantly more commonly mutated (>15-fold) in tumors harboring PKC mutations
versus tumors lacking PKC mutations (Table 5). This allowed us to identify novel proteins
that might be important co-drivers or represent novel genetic dependencies for PKC. The
tumor suppressor LATS2, which inhibits the Hippo pathway, and the kinases ROCKI1 and
ROCK?2, which are required for the anchorage independent growth and invasion of non-small
cell lung cancer cells, were among the top 20 mutated proteins that were significantly enriched
in tumors harboring PKC mutations (Table 5). Our analysis reveals that gain-of-function
mutations in these genes might be required to promote tumorigenesis in the absence of PKC
signaling. We also performed an analysis of cancer-specific genes frequently co-mutated with
PKC in lung, colorectal, and melanoma. This revealed very little overlap in co-mutated genes
between the 3 cancers and also between the 3 classes of PKC isozymes (Table 6), suggesting
that the individual PKC isozymes regulate distinct pathways in different cancers. Interestingly,
cancers with a high PKC mutation burden, such as melanoma and colorectal cancers, show
little PKC amplification. Conversely, cancers that have higher PKC amplification rates, such
as breast and ovarian cancers, have few PKC mutations(Cerami et al., 2012b; Gao et al.,
2013a), consistent with PKC mutations having a smaller or different role in breast and ovarian
cancers.

The foregoing data provide a mechanism for why inhibiting PKC has proved
unsuccessful, and in fact, detrimental, in cancer clinical trials: it is not gain of function, but
rather LOF that confers a survival advantage. Therefore, therapeutic strategies should target

ways to restore PKC activity. Bryostatin-1, a PKC agonist, also failed as a therapeutic and, in
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fact, exhibited counter-therapeutic effects in cervical cancer (Nezhat et al., 2004), likely
because it downregulates PKC (Szallasi et al., 1994). Therefore, novel strategies to activate
PKC without downregulating it hold significant clinical potential. An important ramification
of this study is that drugs that inhibit proteins involved in the processing of PKC cause loss of
PKC. Notably, both mTOR and HSP90 inhibitors, currently in use in the clinic (Don and
Zheng, 2011; Neckers and Workman, 2012), prevent processing of PKC (Gould et al., 2009;
Guertin et al., 2006) and would thus have the detrimental effect of removing its tumor
suppressive function. Restoring PKC activity would have to accompany other
chemotherapeutics given that PKC isozymes act as the brakes, not the primary drivers, to
oncogenic signaling. Our finding that decreased PKC activity enhances tumor growth
challenges the concept of inhibiting PKC isozymes in cancer and underscores the need for

therapies that restore or stabilize PKC activity in cells.

EXPERIMENTAL PROCEDURES

FRET Imaging and Analysis

Cells were imaged as described previously (Gallegos et al., 2006). For activity
measurements, cells were co-transfected with the indicated mCherry-tagged PKC and CKAR
or plasma membrane-targeted CKAR, as indicated. For translocation experiments, cells were

co-transfected with the indicated YFP-tagged PKC and membrane-targeted CFP.

Generation of CRISPR Cell Lines
The CRISPR/Cas9 genome-editing system was employed to generate DLD1 cell lines
in which the PKCB A509T mutation was reverted to WT or knocked out. For the nuclease

method, DLD1 cells were transiently transfected with the hSpCas9 vector containing the

gRNA PKCp-a, the PAGE-purified 70-mer ssODN (Figure 25B), and pMAX-GFP. For the
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double nickase method, DLD1 cells were transfected with 2 hSpCas9n vectors containing the
gRNA PKCB-a, or PKCB-b, the ssODN, and pMAX-GFP. GFP" cells were sorted 72 hr later.
To reduce off-target mutagenesis, one of the clones (WT/WT 53) was made using a double
nicking approach that requires the cooperation between two nickase Cas9 enzymes (Ran et al.,
2013). CRISPR-targeted clones were expanded and gDNA was extracted using a Quick-
gDNA MiniPrep Kit (Zymo Research Corporation) and screened for the presence of 2 wild-
type alleles by PCR using primers spanning the A509 locus, followed by restriction digest
with BtgZI. This restriction site was only present in the WT allele and correction of the A509T
mutation introduced this site into the other allele. The presence a WT allele at both loci was

confirmed by Sanger sequencing (Eton Bioscience).

Xenograft Model

Athymic Nude-FoxnI™ mice (Harlan) were housed in compliance with the University
of California San Diego Institutional Animal Core and Use Committee. 3 x 10° DLDI cells in
100 ul PBS were injected subcutaneously into the right flank of each 4-week old, female
mouse. Tumor dimensions were recorded twice weekly and tumor volume was calculated as
1/2 x length x width®. Mice were euthanized 43 days after injection and tumors were excised.

One tumor was excluded as it did not engraft well (DLD1p) and another was excluded as it

was not subcutaneous (WT/WT 31).

Plasmid Constructs

The C Kinase Activity Reporter (CKAR), the membrane-targeted CFP (Violin et al.,
2003) and the plasma membrane-localized PKCd8 reporter, PM-8CKAR (Kajimoto et al.,
2010) were previously described. pENTR clones of DNA encoding human PKCa,, BIL, 0, €, 1,

0, and C were from the Ultimate Human ORF Library (Life Technologies). These were N-
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terminally tagged with mCherry via Gateway cloning (Life Technologies) into pDEST-
mCherry, which was generated from pcDNA3 (Life Technologies) with mCherry DNA (gift
from Roger Tsien) subcloned into the Hindlll and EcoRV sites and blunt ligation of the
Reading Frame Cassette A (Life Technologies) into the EcoRV site of pcDNA3. PKC

isozymes were also N-terminally tagged with YFP via Gateway cloning generated as above.
Human PKCT was N-terminally HA-tagged via Gateway cloning into pDEST-HA generated
from ligating the Reading Frame Cassette C into the EcoRV site of pcDNA3-HA. Rat PKCy

was subcloned into pcDNA3 with a RFP tag at the C-terminus. Plasmid vectors encoding the
nuclease hSpCas9 (pX330) and the nickase hSpCas9n (pX335) were obtained from the

Addgene repository (www.addgene.org/CRISPR). pMAX-GFP was acquired from Lonza.

Antibodies and Reagents

The pan anti-phospho-PKC activation loop antibody was previously described (Dutil
et al., 1998). The anti-phospho-PKCo/fII (T638/641; 9375S), anti-phospho-(Ser) PKC
substrate (2261S), pan anti-phospho-PKC (BII S660; 9371S), anti-phospho-PKCC/A
(T410/403; 9378A), and anti-GAPDH (14C10) antibodies were purchased from Cell
Signaling. The anti-PKCa (610108), PKCP (610128), and PKCd (610397) antibodies were
from BD Transduction Laboratories, and the anti-PKCy (13-3800) antibody was from Zymed.
The anti-B-actin antibody (A2228) was purchased from Sigma-Aldrich and the anti-a-tubulin
(T6074) antibody was from Sigma. The anti-PKCBII (sc-210) and anti-PKCn (sc-215)
antibodies were obtained from Santa Cruz, the anti-HA antibody (HA.11, clone 16B12) from
Covance, and the anti-phospho-PKCn (T655; ab5798) was from Abcam. Phorbol 12,13-

dibutyrate (PDBu), 1,2-Dioctanoyl-sn-glycerol (DiC8), Uridine-5'-triphosphate (UTP)
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trisodium salt, thapsigargin, and G66976 were obtained from Calbiochem and histamine was

from Sigma-Aldrich.

Cell Culture, Transfection, and Immunoblotting

All cells were maintained in DMEM (Corning) containing 10% fetal bovine serum
(Atlanta Biologicals) and penicillin/streptomycin (Corning) at 37 °C, in 5% CO,. HCT116 and
DLD1 cells were supplemented with GlutaMAX (Life Technologies). Tetracycline-inducible,
PKCB-expressing HCT116 cells were also supplemented with Geneticin (10 ug ml"'; Life
Technologies) and Blasticidin (500ug ml"'; Fisher Scientific). For the soft agar experiments,
the media was supplemented with Non-Essential Amino Acids. Transient transfection of
COS7 was carried out using the jetPRIME transfection reagent (PolyPlus Transfection) or the
FuGENE 6 transfection reagent (Roche) for ~24h. Cells were lysed in 50 mM Tris, pH 7.4,
1% Triton X-100, 50 mM NaF, 10 mM Na4P207, 100mM NaCl, SmM EDTA, 1 mM
Na3VO04, 1 mM PMSF, and 50 nM okadaic acid. Whole cell lysates were analyzed by SDS-
PAGE and immunoblotting via chemiluminescence on a FluorChemQ imaging system (Alpha

Innotech).

Generation of CRISPR Constructs

Plasmid vectors expressing hSpCas9 (pX330) or the nickase hSpCas9n (pX335) and
a chimeric guide RNA (gRNA) were used for cloning of CRISPR/Cas9 targeting constructs.
Briefly, the gRNAs were designed using publically available software tools (crispr.genome-
engineering.org) that predict unique target sites throughout the human genome.
Complementary oligonucleotides (ValueGene) containing the PKC gRNA target sequence

(Figure 25B) were annealed and cloned into the BbslI site of pX330 and pX335 vectors.

Growth in Suspension
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To assess growth in suspension, 5 x 105 cells/well were seeded in an Ultra Low
Attachment Surface 6-well plate (Corning) and maintained in suspension for up to 72 hr.

Viable cell count was determined using a trypan blue exclusion assay.

Anchorage-independent Growth in Soft Agar

Anchorage-independent growth was measured using soft agar colony formation
assays. DLD1 cells were seeded in triplicate in 0.4% Bacto Agar (BD) at 15,000 cells/well in
6-well plates, on top of a 0.6% agar layer. Media was changed every 4 days. 10 images per
well at 10X magnification were randomly acquired with an Olympus DP-12 microscope and
mean colony area for colonies = 50 um was quantified using ImageJ. Data represent average +
SEM of 3-6 independent experiments. HCT116 PKCPII stably-expressing cells were made
using pLenti6.3/TO/V5-DEST PKCBII and pLenti3.3/TR and selected using 500 ug ml"
Blasticidin and 10 ug ml" Geneticin. HCTI116 cells were seeded in triplicate at 20,000
cells/well in 6-well plates. Media, with or without 1 ug ml" tetracycline (Sigma-Aldrich), was
changed every 3 days. Cells were fixed in ice-cold methanol for 20 min after 25 days and
stained with crystal violet (0.005% in H,O, 20% (v/v) methanol) for 2.5 hr at room
temperature. The number of colonies with a diameter = 100 um was quantified from the entire
well using ImageJ 1.49b (National Institutes of Health). Data represent the average + SEM of

3 independent experiments.

Cell Proliferation Assay

10,000 cells/well were plated in triplicate, in a 12-well plate. Cells were fixed every 2
days with 4% paraformaldehyde in PBS for 15 min, stained with crystal violet (0.1% in H,O,
10% (v/v) ethanol) for 20 min, lysed in 10% acetic acid, and absorbance was measured at 590

nm in an Infinite M200 PRO Tecan plate reader. Growth rates were normalized to the values
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at day O and plotted on a log scale. Data represent the mean = SEM of at least 3 independent

experiments.

TUNEL Immunohistochemistry

For immunohistochemistry, tumor tissue was fixed in 10% Neutral buffered formalin
over night at 4°C. Tumors were rinsed in 70% EtOH, placed in histology cassettes and
paraffin embedded. Cellular DNA fragmentation of tumor sections, as a measure for
apoptosis, was detected by terminal deoxynucleotidyl transferase (TdT)-mediated nick end
labeling (TUNEL) staining using the ApopTag Peroxidase In Situ Apoptosis Detection Kit
(Chemicon). Briefly, paraffin-embedded tumors were rehydrated in decreasing concentrations
of ethanol, pre-treated with Proteinase K, quenched in 0.3% hydrogen peroxide in PBS for
30min, and equilibrated. Samples were then treated with the TdT enzyme solution for 60 min
in a humidified chamber at 37°C. After application of the Stop-Wash buffer, samples were
treated with anti-digoxigenin HRP conjugate for 30 min at room temperature and then
developed with a peroxidase substrate Chromagen AEC (3-amino-9-ethylcarbazole) reagent
(Vector Labs) for 20 min. Slides were counterstained with Mayer’s Hematoxylin (Sigma-
Aldrich) for 1 min and coverslips were mounted using VectaMount Mounting Medium
(Vector Labs). Images of tissue sections were captured at 4x magnification to create a merged
image of the entire section and at 40x magnification for quantification of TUNEL-positive
nuclei, using a Keyance BZ-9000 microscope. Relative apoptosis was quantified by
determining the percentage of TUNEL-positive cells from 5 random fields, per section, from
each tumor in the group, and normalized to the tumors derived from the DLD1 parental cells.
Data were analyzed statistically with one-way ANOVA followed by a post hoc Dunnett's

Multiple Comparison test (Prism, version 6.0e, GraphPad Software Inc., San Diego, CA),
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where ***p < 0.001 was considered significant as compared with the DLD1 parental cell

group.

Statistical Analysis

All statistical tests were performed using Prism software version 6.0e for Mac

(GraphPad Software).

Bioinformatic Analysis

PKC gene mutations and co-occurring mutations were identified using The Cancer
Genome Atlas (TCGA) unrestricted and publically available data via the cBio portal (Cerami
et al., 2012a; Gao et al., 2013b). Datasets analyzed are listed in Table 7. Only cases with a
‘TCGA’ prefix were analyzed. All cases with at least one mutation in any protein-coding gene
were evaluated giving 5674 cases in total. When multiple datasets for the same cancer subtype
were present, the published dataset was assessed initially. If a mutation was recorded in a
published case, the corresponding case in a provisional dataset was not analyzed. Cases
included in a provisional data set but not the corresponding published dataset were then
analyzed for mutations to increase the study population. In any single case, multiple mutations
of a specific gene were only recorded as one occurrence of that gene being mutated. Cancer
subtype was recorded as the name of study that the case occurred in.

CRAN package ‘cgdsr’ was used to query cBio databases for mutation and copy
number data (available at http://CRAN.R-project.org/package=cgdsr) (Jacobsen, 2013). The
bioconductor package ‘annmap’ was used to map from genes to proteins in order to perform
length corrections (available at http://annmap.cruk.manchester.ac.uk) (Yates, 2011). The
longest protein annotated (Ensembl db v76) was used to make length corrections. Fisher’s

Exact Test was used to evaluate the significance of co-occurring mutations. Fisher.test from
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the core R package stats (R-Core-Team, 2014) was used to calculate p-values and
Bioconductor package ‘qvalue’ was used to calculate ‘g-values’ (Dabney, 2014). Cancer
Census and kinase genes were filtered using a previously published list (Futreal et al., 2004;
Hudson et al., 2014). Effect size was calculated using the proportion of mutation positive
cases in study population against the proportion of mutations in the whole population of cases.
Proportion of isozyme mutations from different cancer subtypes were calculated using the
number of cancer subtype cases with appropriate mutation corrected for the total number of
cases of each subtype in the dataset.

Copy number analysis GISTIC (Mermel et al., 2011) score and mRNA expression
levels were taken from cBio databases using all TCGA cases (5818) from the previously listed
studies that have data for both variables. As with the mutational analysis, data from published
cases was used first and unpublished data only used if the published data did not exist. Copy
number analysis plots were done using ggplot2 (Wickham, 2009). Correlation scores were

calculated using the core R package stats (R-Core-Team, 2014).
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Figure 20. A Multitude of Cancer-Associated Mutations Have Been Identified within the 9 PKC Genes
Left: domain structure of conventional (o, B, v), novel (3, €, m, 0), and atypical (v, T) PKC members
showing priming phosphorylation sites: activation loop (pink), turn motif (orange), and hydrophobic
motif (green). Right: Number of TCGA cases with cancer-associated mutations (missense, nonsense,
insertions, deletions, splice site, or translation start site) identified within each of the PKC isozymes.
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Figure 21. PKC Mutations in the Regulatory C1 and C2 Domains Are LOF

(A) Solution structure of the C1A domain of PKCy (PDB 2E73) showing the corresponding PKCa
His75 residue that coordinates Zn2+ and PKCa TrpS8. (B) Normalized FRET ratio changes (mean +
SEM) representing DiC8- (10 uM) followed by PDBu- (200 nM) induced PKC activity as read out by
CKAR in COS7 cells co-expressing CKAR and either mCherry-tagged WT, mutant PKCa, or no
exogenous PKC (endogenous). (C) Left: representative YFP images of the indicated PKC isozymes
under basal and PDBu-treated conditions (200 nM; 15 min) showing relocalization of WT but not
mutant PKCo to membranes. Right: normalized FRET ratio changes (mean + SEM) quantifying
translocation of YFP-tagged PKCa proteins towards a membrane-targeted CFP upon stimulation with
10uM DiC8, followed by 200 nM PDBu. (D) Normalized FRET ratio changes (mean £ SEM) showing
PKC translocation following UTP (100 uM) stimulation. (E) Immunoblot showing the phosphorylation
state of the indicated YFP-tagged PKCa proteins. (F) Crystal structure of the C2 domain of PKCy (PDB
2UZP) highlighting Asp193 and Asp254 residues involved in Ca**-binding. (G) Normalized FRET ratio
changes (mean + SEM) showing PKC activity as read out by CKAR upon elevation of intracellular
Ca2+ stimulated by thapsigargin (5 uM), followed by PDBu (200 nM). (H) Normalized FRET ratio
changes (mean + SEM) showing translocation of YFP-tagged PKCy constructs towards membrane-
localized CFP upon stimulation of COS7 cells with thapsigargin (5 uM) followed by PDBu (200 nM).
Data were normalized to the maximal amplitude of translocation for each cell and then scaled from 0 to
1 using the equation: X = (Y-Ymin)/(Ymax-Ymin), where Y = normalized FRET ratio, Ymin =
minimum value of Y, and Ymax is maximum value of Y. (I) Normalized FRET ratio changes (mean +
SEM) displaying oscillatory translocation of YFP-tagged WT PKCy, but not PKCy mutants D193N and
D254N, in HeLa cells co-expressing membrane-targeted CFP and stimulated with 10 uM histamine.
Data are representative traces from individual cells of 3 independent experiments.
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Figure 22. PKC Mutations that Reduce Its Activity

(A) Normalized FRET ratio changes showing basal PKC activity of the indicated mCherry-tagged
PKCa constructs in COS7 cells co-expressing CKAR that were treated with 1 uM of PKC inhibitor
G66976. FRET ratios represent mean + SEM from at least 3 independent experiments. (B) Normalized
FRET ratio changes showing PKC activity of the indicated mCherry-tagged PKCa constructs in COS7
cells co-expressing plasma membrane-targeted CKAR that were stimulated with 10 uM DiC8 followed
by 200 nM PDBu. FRET ratios represent mean + SEM from at least 3 independent experiments. (C)
Normalized FRET ratio changes showing PKC activity of the indicated mCherry-tagged PKCpII
constructs in COS7 cells co-expressing CKAR that were stimulated with 100 uM UTP followed by 200
nM PDBu. FRET ratios represent mean £ SEM from at least 2 independent experiments. (D)
Normalized FRET ratio changes showing PKC activity of the indicated RFP-tagged PKCy constructs in
COS7 cells co-expressing CKAR that were stimulated with 100 uM UTP followed by 200 nM PDBu.
FRET ratios represent mean + SEM from at least 3 independent experiments. (E) Normalized FRET
ratio changes showing PKC activity of the indicated mCherry-tagged PKCa constructs in COS7 cells
co-expressing CKAR that were stimulated with 100 uM UTP followed by 200 nM PDBu. FRET ratios
represent mean £ SEM from at least 3 independent experiments. (F) Immunoblot analysis of the
phosphorylation state at the activation loop and total levels of indicated mCherry-tagged PKCa
constructs overexpressed in COS7 cells. (G) Immunoblot analysis of the phosphorylation state at the
activation loop and total levels of HA-tagged PKCT WT and E421K and empty vector (-) overexpressed
in COS7 cells. Arrow shows phospho-PKCT band and asterisk shows endogenous PKC activation loop
phosphorylation. (H) Immunoblot showing activation loop phosphorylation and total levels of HA-
tagged PKCBII WT and mutants overexpressed in COS7 cells. Blot at the same exposure was cropped
to juxtapose WT and G585S. (I) Immunoblot analysis of the phosphorylation state at the activation loop
and total levels of mCherry-tagged PKCBII WT and Y417H overexpressed in COS7 cells. (J)
Immunoblot analysis of the phosphorylation state at the activation loop and total levels of indicated
RFP-tagged PKCy constructs overexpressed in COS7 cells. (K) Normalized FRET ratio changes
showing PKC activity of the indicated mCherry-tagged PKCe constructs in COS7 cells co-expressing
CKAR that were stimulated with 100 uM UTP followed by 200 nM PDBu. FRET ratios represent mean
+ SEM from at least 4 independent experiments. (L) Normalized FRET ratio changes showing basal
PKC activity of the indicated mCherry-tagged PKCe constructs in COS7 cells co-expressing CKAR
that were treated with 6 uM of PKC inhibitor G66983. FRET ratios represent mean = SEM from at least
2 independent experiments.
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Figure 23. PKC Mutations in the Kinase Domain Are LOF

(A) Crystal structure of the kinase domain of PKCBII (PDB 2I0E) highlighting cancer-associated
residues and the regulatory spine (yellow space filling). (B) Normalized FRET ratio changes (mean +
SEM) showing PKC activity of PKCd constructs in COS7 cells co-expressing the plasma membrane-
targeted, PKCO specific reporter, PM-8CKAR. Cells were stimulated with UTP (100 uM) followed by
PDBu (200 nM). (C) Immunoblot analysis of the phosphorylation state of PKCO WT and mutants. (D)
Representative mCherry images of mCherry-tagged PKCn WT or mutants showing localization under
basal conditions and 15 min post 200 nM PDBu addition to COS7 cells. (E) Left: immunoblot showing
PKC substrate phosphorylation. COS7 cells overexpressing the indicated constructs were pre-treated
with 4 uM G66976 for 10 min to inhibit cPKC isozymes and then stimulated or not with 200 nM PDBu
to activate nPKC isozymes. Right: immunoblots were quantified and normalized to total PKCn levels
and tubulin (right panel). Data represent averages of 3 independent experiments = SEM. Comparisons
for basal and stimulated activity were made using a repeated measure one-way ANOVA followed by
post hoc Dunnett's multiple comparison test: *p < 0.05 as compared with the WT group. (F)
Immunoblot analysis of the phosphorylation state of mCherry-tagged PKCn WT and mutants. (G)
Normalized FRET ratio changes (mean = SEM) showing PKC activity from COS7 cells co-expressing
CKAR and RFP-tagged PKCy mutants stimulated with 200 nM PDBu. (H) Immunoblot depicting PKCy
WT and P524R phosphorylation. The asterisk denotes phosphorylated and the dash unphosphorylated
PKCy. (I) Normalized FRET ratio changes (mean + SEM) showing PKC activity of PKCII constructs
in COS7 cells co-expressing CKAR. Cells were stimulated with UTP (100 uM) followed by PDBu (200
nM). (J) Immunoblot depicting mCherry-tagged PKCBII WT and mutant phosphorylation. The asterisk
denotes phosphorylated and the dash unphosphorylated PKCPII.
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Figure 24. The Majority of PKC Mutations Are Loss-of-Function

(A) Pie chart of the functional impact of the investigated PKC mutations, with bright red representing
mutations that lack any activity, medium red representing mutations that show no response to
physiological stimuli (DAG or Ca*" elevation) but some response to non-physiological phorbol esters,
light red representing mutations that display reduced activity to physiological stimuli compared to the
corresponding WT isozyme, and blue representing no difference from the corresponding WT PKC
isozyme. (B) Domain structure of cPKC, nPKC, and aPKC isozymes, overlaid with the LOF mutations
color-coded by isozyme. (C) Crystal structure of the kinase domain of PKCBII (PDB 210E) highlighting
“warmspot” residues mutated in at least 4 tumor samples within the various PKC isozymes. (D) Bar
graph depicting the % mutations across various cancers for each PKC isozyme.
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Figure 25. CRISPR-Mediated Genome Editing of PKC3 A509T Mutation

(A) Immunoblot analysis of PKCB in HCT116 cells expressing PKCPII under the control of a
tetracycline (tet)-inducible promoter and control parental HCT116 cells lacking the PKCpII transgene,
in the presence or absence of 1 pg/ul tetracycline (left panel). Colony formation assay in soft agar
(middle panel). Transgenic HCT116 cells in the absence of tetracycline and control cells lacking the
PKCRII transgene are permissive to colony growth in soft agar. Overexpression of PKCBII upon
treatment with 1 ug wl™’ tetracycline diminished growth in soft agar. Quantification of number of
colonies with a diameter greater than 100 wm (right panel). Graph represents averages = SEM from 2
independent experiments performed in triplicate. ***, p < 0.0005 according to a two-tailed, unpaired
Student’s t-test. (B) Schematic representation of the PKCf genomic locus targeted for CRISPR/Cas9-
mediated genome editing with the AS09T (G:C -> A:T) mutation highlighted in red. The mutant DNA
sequence is shown above and the corresponding protein sequence below. Oligonucleotides used as
templates for gRNAs, PKCp-a and PKCp-b, are underlined in black with the protospacer adjacent motif
(PAM) sequence underlined in red. The sites of cleavage are marked by scissors. The sequence for the
donor ssODN used is highlighted in green (except it contained the wild-type “G” allele instead of the
mutant “A”). BtgZl shows cleavage site used for diagnostic restriction enzyme digest. (C) DNA
sequencing results of DLD1 parental cells and the 3 corrected clones with red box highlighting the
corrected base pair.(D) Graph showing similar growth rates of DLD1 parental and the 3 corrected
clones from a crystal violet proliferation assay. Data represent mean + SEM from 3 independent
experiments performed in triplicate. (E) Sequences of the PKCP clone WT/- 23 alleles showing the
intact WT allele and the mutant allele that was knocked out by a frameshift deletion spanning the exon
(capital letters)/intron (lower-case letters) junction and chromatograms depicting deletion are shown. (F)
Immunoblot analysis of PKCBII, and ERK levels in the DLD1 cells. (G) Graph showing volume of
tumors (day 42; mean + SEM) obtained from nude mice injected subcutaneously with 3 x 10° DLD1
parental (ASO9T/WT) or DLDI corrected (WT/WT 26, WT/WT 31, or WT/WT 53) cells. Comparisons
were made using a one-way ANOVA followed by a post hoc Dunnett's multiple comparison test: *p <
0.05.
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Figure 26. Correction of a Heterozygous LOF PKCP Mutation Reduces Growth in Soft Agar,
Suspension, and a Xenograft Model

(A) Immunoblot (left) and quantification (right; mean + SEM) of PKCBII, PKCa, and GAPDH levels in
the DLD1 cells. (B) Immunoblot (left) and quantification (right; mean = SEM) of phospho-(Ser) PKC
substrates. Comparisons were made using a repeated measure one-way ANOVA followed by post hoc
Dunnett's multiple comparison test: *p < 0.05 as compared with the DLD1 parental cells. Data represent
3 independent experiments = SEM. (C) Relative viable cell number (mean = SEM) as assessed by a
trypan blue exclusion assay after 72 hr in suspension from 3 independent experiments. Comparisons
were made by using a one-way ANOVA followed by post hoc Dunnett's Multiple Comparison test:
**%p < 0.001 as compared with the DLDI parental cell group. (D) Representative phase contrast images
of DLDI cells grown in suspension for 24 hr. (E) Left: colony formation assay in soft agar. Right:
quantification of colony area (mean + SEM) for colonies with a diameter > 50 wm from 3-6 independent
experiments. Comparisons were made using a one-way ANOVA followed by post hoc Tukey’s multiple
comparison test: ****p < 0.0001 and ***p < 0.001 as compared with the DLD1 parental cell group. (F)
Tumor growth is presented as the mean tumor volume (mm’) £ SEM with the red representing data
from mice injected with the DLD1 parental cells (ASO9T/WT; 5 mice) and purple representing the
mean of the 3 corrected clones (17 mice total). Comparisons were made using a two-tailed, unpaired
Student’s t-test for each time point: **p < 0.005 and ***p < 0.0005. (G) Top: representative fields from
TUNEL-stained slides of tumors derived from the DLDI1 cells. Bottom: quantification of TUNEL
positive nuclei. Comparisons were made using a one-way ANOVA followed by post hoc Dunnett's
Multiple Comparison test: ****p < 0.0001 as compared with the DLD1 parental cell group.
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Figure 27. DNA Copy Number Levels and mRNA Expression Correlations

Graphs displaying correlations between log, mRNA expression levels and the GISTIC copy number
score for the conventional PKC genes: PRKCA (PKCa,; > = 0.0017), PRKCB (PKCB = 0.016), and
PRKCG (PKCy r* = 0.00012), and the atypical PRKCI (PKCu 1* = 0.23). 0 represents a diploid gene, 1
represents a single copy gain, and 2 shows high-level amplification or multiple-copy gains. Boxes
indicate the median, and the 25th and 75th percentiles; whiskers extend to highest (or lowest) value that
falls within 1.5 x the Inter Quartile Range.



TABLES

Table 1. Loss-of-Function PKC Mutations in Cancer
PKC mutations showing no activity with any agonist, no activity with physiological stimuli, or reduced
activity in response to physiological stimuli. Allele frequencies were obtained from cBio Portal.
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. - ) I Allele Other
Mutation® | Activity | Domain Cancer(s) Residue Importance Frequency | Mutations®
y G23w
yG23E | none* colorectal adding negative charge to pseudosubstrate N/A & G146R
PS
L G128C
€ R162H | low head and neck non-conserved 0.15
a W58L | none® head and neck DAG binding; conserved in all C1a domains 0.22 Euﬁ;ﬁe"ce
a G61W | low lung conserved in cPKC C1a domains 0.05 B G61W
BGBIW | low CiA lung conserved in cPKC C1a domains 0.06 a G61W
. . ] a Q63H
v Q62H | none lung conserved in all PKC isozymes 045 ¢ Q197P
p coordinates Zn**; conserved in all C1 n H284Y
a H75Q | none colorectal domains N/A L H179Y
v D193N | none® colorectal/melanoma/ovarian| Ca** binding site 0.28
v T218M | none® c2 stomach non-conserved 0.42 y T218R
vy D254N | low endometrial/ovarian Ca** binding site 0.43
a G257V | none* lung conserved in cPKC isozymes 0.12
y F362L i endometrial conserved in cPKC and nPKC isozymes 0.21 éi%‘gﬁ
B Y417H | none® liver conserved in cPKC isozymes 0.67 y Y431F
APE motif; conserved in most protein a E508K
{ E421K | none® breast kinases N/A \ E423D
a F435C | none® endometrial conserved in cPKC and nPKC isozymes 0.31
B A44TT
y A4B1T
. . ) y AdB1V
a Ad444V | low endometrial/breast conserved in cPKC and nPKC isozymes 0.27 5 Ad54V
8 A485T
L S359C
y G450C | none® endometrial/lung/liver conserved in cPKC isozymes 0.41 ¢ R502*
. . ) B D484N
«D484E | tow colorectal gFG motif; conserved in most protein NA + D498N
nases
v D396E
) . : a AS06V
B A509V | nones breast '/(\i:i:;)tlf, conserved in most protein NA « A506T
Kinase B A509T
. . ; a AS06V
B AS09T | nones colorectal el coneerved In most proteln 053 |« ASO6T
B A508V
y P524L
3 " APE motif; conserved in most protein &6 P5178
y P524R | none pancreatic kinases N/A ¢ P576S
8 P548S
anchors the conserved regulatory spine; B DS23N
5D530G | none” oolorectal conserved in all eukaryotic kinases NA yDS37G
y D537Y
b P568S
& P568A | none® head and neck conserved in all PKC isozymes 0.16 B P561H
y P575H
B G585S | low lung conserved in all PKC isozymes N/A n G598V
n K591N
nKS91E | low breast reversal of conserved charge N/A 9 R616Q
n R596H | none® colorectal conserved in all PKC isozymes 0.50
n G598V | none® lung conserved in all PKC isozymes N/A B G585S
B P6138Q | none® | C-tail | endometrial PXXP motif; conserved in AGC kinases 0.48

= Mutations examined in this study

© Other mutations present at the same/corresponding residue in the same/other PKC isozymes

¢Kinase-d

ead

9No response to physiological stimuli
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Table 2. PKC Mutations that Showed No Difference from Wild-Type Under Parameters Tested
PKC mutations showing similar activity to their corresponding wild-type isozyme using CKAR as a

readout.

. . . Allele Other
Mutation: Domain Cancer(s) Residue Importance Frequency | Mutations®
d R67C C2-like glioma/colorectal non-conserved; pTyr binding site 0.44
o P98S Interdomain | colorectal conserved in cPKC isozymes N/A
d V174L Cl1A bladder non-conserved 0.24
y S109R lung non-conserved; putative 14-3-3¢ binding site N/A a GI10R

CIB 0 K240N
a DI16N colorectal non-conserved N/A
0 K240N colorectal non-conserved 0.67 v S109R
yR252H pancreatic/colorectal conserved in cPKC isozymes N/A
C2 - -
B G262R lung conserved in cPKC isozymes 0.09 B G262V
B A269T colorectal non-conserved N/A
a Y286C i endometrial non-conserved 042 y Y286F
& S302L inge melanoma non-conserved 0.62
a D467N glioma conserved in all PKC isozymes N/A
€ FA76L ovarian conserved in all PKC isozymes N/A 6 F448V
B V496M Kinase glioma non-conserved; homozygous mutation N/A v T510M
6 A534S
y Y52IN lung pTyr ; conserved in PKA,B, C N/A y Y521C
€ D54IN lung conserved in all PKC isozymes N/A
8 S645F . melanoma turn motif phosphorylation site N/A
C-tail - :
a E606K melanoma not conserved in nPKC isozymes 0.30 06 E643K

* Mutations examined in this study.
® Other mutations present at the same/corresponding residue in the same/other PKC isozymes



Table 3. Top 20 Genes with Mutations that Co-Occur with PKC Mutations
Data were normalized based on gene length and the number of co-occurring cases is listed in

parentheses. Two genes are highlighted: 7P53 is underlined and KRAS is in bold.
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PKCa (50) PKCB (90) PKCy (102) PKC5 (47) PKCe (57) PKCn (51)  PKC® (81) PKC1 (48) PKCZ (28)
BLID25 (7) TP53 (42) TP53 (52) KRAS (13) GNG4 (5) SPINK7 (5)  TP53 (42) SPRR2G (6) TNP1 (3)
TP53 (23) KRTAP6-2 (6) CDKN2A (17)  TP53 (22) KRAS (11) RPL39 (3) CDKN2A (13)  TP53 (26) TP53 (15)
KRTAP19-5 (4) PCP4 (4) KRAS (16) CDKN2A (9)  DEFB114 (4) KRAS (11)  KRAS (14) CDKN2A (10) CNPY1 (3)
SPRR2E (4)  KRAS (12) HTN1 (4) CD52 (3) CNPY1 (5) DEFB114 (4) SPANXN5(5)  BANF1(5)  SPATAS (3)
REG3A (8) OR4A15(21)  SPRR2G (5) CNPY1 (4) SVIP (4) PLN (3) DEFB110 (4) LACRT (7)  SPANXN3 (4)
H3F3C (6) POM121L12 (18) DEFB115 (6) SPINK13 (4)  CXCL10 (5) DEFB115(5) KRTAP15-1 (8) CXCL9(6)  KRTAP19-5 (2)
MLLT11(4)  REG1A (10) DNAJCSB (12)  ATPSE (2) KRTAP19-3 (4) LELP1 (5) DEFB119 (5) KRAS (9) VPREB1 (4)
PI3 (5) NRAS (11) REG3G (10) RPL39 (2) COX7C (3) DEFB116 (5) PPIAL4G (9) RETNLB (5) GNG4 (2)
SNURF (3) PLN (3) SPATAS (6) COX7B2(3)  KRTAP19-8 (3) KRTAP19-8 (3) DPPAS (6) WFDC10B (4) ATP6V1G3 (3)
CDKN2A (7)  GNG4 (4) REG1A (9) OR4K1 (11)  SPINK7 (4) IAPP (4) CRYGB (9) DEFB110 (3) CDKN2A (4)
GNG3 (3) CDKN2A (9) POM121L12 (16) FDCSP (3) TP53 (18) NPS (4) SPANXN2 (9)  TMSB15B (2) DEFB119 (2)
DAOA (6) DEFA4 (5) TRAT1 (10) CARTPT (4)  BANF1 (4) WFDC10B (4) KRTAP19-3 (4) GNG7 (3) LGALST (3)
RPL39 (2) OR2L13 (16) HISTIH2AA (7) DUSP22(7)  TMSB15B(2)  S100A7L2(5) DYNLRB2(6)  CNPY1(4)  SCGB1D1 (2)
SVIP (3) LCE1B (6) SPINK13 (5) BANF1 (3) DEFA4 (4) CNPY1(4)  SPATAS (5) LSM8 (4) NANOS2 (3)
PLN (2) SPANXN3 (7)  CCK (6) DYNLL2 3)  POM121L12 (12) TP53 (17) KRTAP19-8 (3) KRTAP19-5 (3) CCL17 (2)
FAM19A2 (5) KRTAP19-3 (4) OR4K1 (16) LYRMS (3) GYPA (6) DPPA5(5)  RIPPLY3 (9) SPANXNS (3) NRAS (4)
CPLX4 (6) TRAT1 (9) OR4AS (16) ATP6V1G3 (4) DYNLRB2 (5) DEFB131(3) POMI121L12(14) CSTL1(6)  CCL1 (2)
SEC22B (8)  IFNB1 (9) CCL7 (5) DEFB128 (3) HISTIH2BB (5) SPINK13 (4) OR4N2 (14) DEFA4 (4)  PATE4 (2)
CTXNS (3) KRTAP19-8 (3) B2M (6) MAP1LC3B2 (4) HIST1H2BI (5) RPL10L(9)  DEFB115 (4) SPANXD (4) POM121L12 (6)
KRTAP19-3 (3) KRTAP8-1(3)  PCP4 (3) GPX5 (7) FGFR1OP2 (10) SPRR2A (3) OTOS (4) EDDMS3A (6) CRIPT (2)




Table 4. Frequently Occurring Specific Mutations in Each PKC Isozyme
List of specific residues of genes mutated in samples that contain PKC mutations and the number of co-
occurring cases for each PKC isozyme.

PKCa

PTEN R130Q
APC R2204"
DIS3 R382Q
GPAR158 D566N
MFGES D170N
NUF2 S340L
ADAMTS17 R1083C
ALGS5 R309"
ANKDD1A R24H
APC R1450"
ARHGAP23 R647Q
ARID1A R1889"
ATP2B1 R763"
ATP2C1 E690K
BACH1 E281K
BCL6 R618C
BCLAF1 E776"
BICC1 R200W
C6 S584L
CASC1 R48Q
CCDC147 EB33"
CCDC30 R263"
CCNT2 S530Y
CEACAMS L&40|
CRTAC1t S344L
CUX1 "208"
DNAH3 S2226L
DNAHS E3394K
EPHA7 R895"
ERC2 A528C
HERC6 S151L
KATNBL1 R66C
KDM3B R1460W
KIAA2026 R574C
KIF208 E981K
MBOAT2 R43Q
MSRB2 K56N
MYO1F R400°
MYOM1 R500"
NF1 R440°
OSBPL10 E513K
PLXNAT E1272K
POLE P286R
RAB3GAP1 R231Q
SAP30 R123Q
SEMA3A DB1N
SLC30A6 R304"
SMC4 R1252
SPTY20D1 A301C
STXBPS Dg2N
TECTB L2391
TMPRSS4 R175C
TOX S354L
TRIMB-TRIM34 R267C
TRPM7 R1862C
TRPS1 E349K
TRPV6 L13I

TTN L96501

TTN S11884L
TXNL1 R234C
UGT8 E102K
XPO1 R/749Q
XPO4 R471
ZIM3 D352N
ZMAT3 E284D
ZNF101 R302I

WWwwowowowoowoowowowowoowowowowowowowowowowowowowowoowoowouowowowoowoowoowowowoowowowowowowowowowoowowowowowowowasassrsao

Cases PKCP

MS4A8 S3L
POLE P286R
PTEN R130Q
ACOT12 R147"
BRAF VBO0E
CEP162 S1242Y
KPNA4 R28Q
KAAS G120
RXFP1 S§223Y
ANKS6 R541*
ANPEP EB36K
ARFGEF1 R1345"
ATP2C1 EB90K
BAWD3 R1326"
8B S502F
CASP8 R68Q
CCDC30 R263"
CCDC36 R208I
COL17A1 R145"
COPB1 R425C
CRYBB1 EB5K
DCAF16 R91*
DENND4C R1081Q
DNAHS R35161
DNER R666H
DOCK1 EB43K
DSG4 S158L
EFCABG R429"
ERCCEL2 L4451
FAM138 R553"
FAM171B D458N
FBXW7 R658"
FHOD3 A985T
FNDC1 K253N
GABRG2 S3L
GPAYB R4142W
GRID2 E487K
GRM6 E363D
HECW2 R1101C
ITM2C E167K
KDM5B R1461C
KIF168 R145Q
KIF208 E54K
KIF5A R144C
KLHL13 E210K
LUM E240K
MAP7 S268L
MARK1 R309"
MAT2B A312Q
MBOAT2 R43Q
MRPL47 EB6"
MS4ABE EB9K
MUC13 S185L
MYH10 A1893V
MYO18B A8T
MYO3A AB42W
MYOM1 R500"
NRAP E327K
NRAS Q61R
OR4M1 S268F
OR4M1 S33F
0OR5181 R194C
OXA1 E122K
PCDH19 E530K
PDESA R577W
PDK4 R161Q

Cases PKCy
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ACVA2A K4351s
BRAF VBO0E

CBWD1 G144 _splice

TGFBR2 E1251s
CDKN2A Silenced
EARBB3 V104M
GPAI8 A4142W
KAAS G12D
PIK3CA E545K
PIK3CA H1047R
ACBD3 R223"
AMER1 F173fs
APC R1450"
ATP2C1 R764H
ATPSA R230Q
BCLAF1 E163K
BPI R198Q
CASPS5 K651s
CCDC15 K192fs
CCDC36 R209I
DHDDS A77T
DISP1 R763C
FBXL13 R513Q
FHOD3 P334fs
GDAP2 R187C
GP2 S41L
GPA158 D566N
HADHA 8291
HECW2 R1101C
HMMR KKKE84del
ITIH5 R487H
KCND3 S438L
KIAA1432 R1186W
KIF18A R17C
KAAS G12C
KAAS G13D
METTLG F56L
MS4AB S3L
MUC16 P5119S
MYH10 A1893V
MYO18B A8T
0OR51S1 R184C
PCDHB15 S314L
PGMS5 198V
PIK3R1 /348"
POU1F1 R217Q
PAKCG R205Q
PSGY E404K
PTEN R130Q
RECQL A248T
RFCS5 E82°
RGS7 R44C
SCAPER R366Q
SECB3 L5321s
SEMA3D R760Q
SLC22A15 S201L
SPATAS E18K
SPTLC3 R97Q
TP53 P152Is
TP53 R213"
UGTB E102K
UNC458 D71N
USH2A R4192C
WDAR3 E841K
XDH R881Q
XPO4 R471

Cases PKC3

WWwwowowowoowowowowowowowowowowowowowowowowowowowowowowoowowowowowoowoowoowowowoowoowouowowowowowoowowaowasassssshoo--

PAKCD G432fs
CIR1 1289fs

KRAS G12D

OLIG3 H32del
OR10A7 F107del
TNFSF9 L41del
ZMIZ1 Pg86del
ABCBS R142Q
ACACB R4486!
ACOT12 R147"
ADAMDEC1 R200"
AJAP1 T225del
APC H2204"
ATP2C1 R764H
CACNA1D MUTATED
CAMTA1 Q1587fs
CBWD1 G144 _splice
CCDC36 R208!
DHX57 45_46GG>G
DNAH10 R1888Q
DNAHS R78Q

FCN1 S247Y
GPA25 204_205LL>L
HEATRS5B R1025C
HERC6 S151L
IFNGR2 F172fs
KRAS G12v

KAAS G13D

MAP2 S285Y
MMAN1 Q313del
MS4AB S3L

MYO1F R400"
0OAS3 A253Q
OR10S1 V2291
PDESA R577W
PIK3R1 R348"
POLE P286R

PON1 R306Q
RXFP1 S223Y
SGOL2 NB45fs
SMARCA2 Q238del
SAP14 A116del
TMC4 E67del
TMEM184A 385_390insG
WAN E510del
XACC2 L117fs
YTHDC2 E185K
ZDHHC17 RB01"
ZMYM5 D59del
ZNF560 R694Q
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Cases PKCe
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ACOT12 R147"
C200RF26 R1088Q
CBWD1 G144 _splice
EFCABG R428"
KAAS G120
PIK3R1 R348"
RXFP1 S223Y
TPTE S423L
ZNF180 R625!
ZNFB75 R2201
ACSM2B K185N
ASH1LR1321Q
ATP2B1 S1140L
BCLAF1 E163K
C1R P216fs
CCDC36 R208!
CEP162 S1242Y
CLASP1 R1383"
CMAS R110Q
COL17A1 R145"
CSRP2BP R264Q
DEFB114 R28C
DENND4C R1081Q
DNAM7 R3553"
EPX RB3H

FAT2 S582L
FILIP1 R384"
FNDC1 K253N
FRMPD1 E537K
HECW2 R1101C
HERC5 A1012V
HPS3 S133L
IL5RA L471
KBTBD7 R546W
KIF14 3588Q
KIF208 E54K
KIF23 R150Q
KIF2C AS00T
KIF5A R144C
KLB F363L
KPNA4 R28Q
KAAS G13D
PIK3CA
MBOAT2 R43Q
MS4AB S3L
MYH10 A1833V
MYO3A Rg84"
NNMT E233K
NPY1RA371T
NSMCE1 D244N
OBSCN R3536C
PCDH19 ES30K
PCDHAC2 S432L
PCDHB7 E398K
PCLO R5085"
PDZRN4 R708Q
PHF20L1 R126C
PIK3R5 R741Q
PLCL1 R463Q
POLE P286R
POLE V411L
PAKDC R2522Q
PROX1 R174W
PTEN R130Q
RCOR2 R254Q
RSBN1 E572K
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Table 4. Frequently Occurring Specific Mutations in Each PKC Isozyme, Continued

PKCa Cases PKCp Cases PKCy Cases PKC3 Cases PKCe
ZNF117 R1851 3  PIK3R1 R348" 3 ZIM3 D352N 3 RUNDC3B R293"
ZNF136 R156" 3 PIK3R5AR741Q 3 SEMA3D R760Q
ZNF333 R554Q 3  PLCL1R469Q 3 SLC30A6 R304"
ZNF439 R262| 3 PPMILR315" 3 STIL S618Y
ZNF610 E32K 3  PREX1 R78H 3 STIL S76L
ZNF610 E376K 3 PAKCBA361Q 3 SULT1C4 R85Q
ZNF678 R5081 3  PTPAT E548K 3 TAP1 R438"
ZNF721 R3531 3 RALAR176" 3 TBC1D4 R684"
ZNF765 S254L 3  RASSFS E356" 3 TLN2 S208L

RFC5 E82" 3 TP53 R213"

SEMA3D R760Q 3 TSSK1B E301K

SH3GLB2 R145H 3 TTN D16823N

SIRPB2 S141L 3 UACA E1309"

SLC22A15 S201L 3 XKR5 R81W

STK24 A134T 3 YTHDC2 E185K

SUV420H1 R220Q 3 ZNF14 R575"

TBC1D4 R6B4" 3 ZNF266 R512Q

TCAIM R217C 3

THBS1 E1017K 3

TMEM164 E232K 3

TMEM2 R758" 3

TP53 R213" 3

TPTE S423L 3

TRIM24 R721* 3

TRPCS S490L 3

UBAP1 D439N 3

WIPIT A204V 3

ZNF180 R4011 3

ZNF266 R512Q 3

ZNF442 R308Q 3

ZNF493 R83Q 3

ZNF607 RE0SI 3

ZNF649 R1981 3

ZNF678 R313I 3

ZNF679 H262Y 3

ZNF765 R3181 3



Table 4. Frequently Occurring Specific Mutations in Each PKC Isozyme, Continued

Cases PKCn

4
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CCDC30 R263"
CCDC36 R208I
CIR1 I1289fs
COL17A1 R145"
ISX R86C
MS4AB S3L
MYOM1 R500"
NPY1RA371T
POLE P286R
PAKCH P&12fs
ZNF263 R510I
ABI1 K445N
ACOT12 R147"
ANK3 S2871L
ATP2C1 EB90K
ATP2C1 R764H
BIRCE R1382Q
BMP2K QHH486del
BRAF VE00E
BTN3A2 E153K
CDKN2A R80*
COL5A1 E497"
CRTAC1 S344L
CTRL N238fs
CTSC R250"
CUX1 E36K
CYFIP2 R514"
DEFB114 R28C
DENND3 E1064"
DHX57 45_46GG>G
DSG4 S285L
ERCCEL2 L4451
FHOD3 A985T
GALP A31Q
GFAP A233T
GPA155 R764Q
GPA9B R4142W
HECW2 R1101C
HERC5 A1012V
IGF2BP1 R452C
KBTBD7 R546W
KIAA1432 R1186W
KIF168 R145Q
KIF208 R1815Q
KRAS G12D
KAAS G12v
MAGI2 L450M
MARK1 R309"
MCF2L2 Rg26Q
MRPL47 EBB”
MSRB2 K56N
MTMRS R174W
MYH10 A1893V
MYO18B A8T
NF1 R2450"
NNMT E233K
NSMCE1 D244N
OR4C12 F248L
OR5018 F182L
PABPC1 R518C
PANK2 T4171s
PDZRN4 R708Q
PUS7L R308Q
RAF1 V5371
RALAR176"
RECQL A248T

Cases PKCO

4
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AAMC4 E22K
BRAF VEOOE
KAAS G12v
PCDHB7 E398K
PIK3CA E545K
PIK3R1 R348
PTEN R130Q
RUNX1T1 D235N
ABCA3 R155L
ACBD5 R342C
ARID1A R1589°
BMP7 E173K
CDKN2A R80"
CDKN2A Silenced
CNTNAP2 R483Q
DNAH10 S2587L
EFCABG R429"
FAM1358 S11L
GP2 S41L
KCNB2 E223K
KCNH5 V2631
KIDINS220 R&24L
KIF14 R588Q
KLHL13 E210K
KAAS G12D
LHCGR E206K
MROH2B D1477N
MYO3A R384"
0OR52J3 R195C
OR6X1 A225Q
PCDHAC2 ES58K
PCDHAC2 P153S8
PCDHAC2 S432L
POLE P286R
PAKCQ A291V
RNF133 R270C
RPGRIP1L S886L
RPIAA1SET
SEMA3D R760Q
SPTLC3 R97Q
STIL S76L

TEX15 ES11K
TP53 G187 _splice
TP53 R175H
TRPCS S490L
ZNF14 /575"
ZNF180 R625!
ZNFB49 R1981

Cases PKCT

WWWwowwowowowowowowowowowowowowowowowowowowowowowowoowowowowowowowowowowowowasasdssashsao

ABCB5 R168Q
ABCC2 R911"
ACTC1 R212C
ADCYAP1R1 E380K
ALG13 R534°
AOX1 M55I
AP4B1 R520C
ARAF S214F
ARHGAP36 S212F
ATPBVOA4 VE05!
BCLAF1 E163K
BMP5 G293E
C100RF71 A426V
CACNA2D4 E156K
CCSER1 Q587"
CD1A V2911
CD55 S334F
CDKN2A P114L
CEP135 S997L
CEP250 R1045Q
CFTA Q237"
CLECSA L118F
CRB1 E1058K
CTAGES R409Q
CUZD1 P114S
DCAF10 E2871s
DNAJB3 DB3N
DSP G2212E
DSPP E29K
EFHC1 R221C
EIF2S2 M6_splice
FAM122A K215N
FAM47C Q225E
FLI1 G429E
FMN2 F1661L
FNIP2 A725V
GIMAPG E278K
GK2 160S

GLRA3 R98C
GLRB E236K
GNAT2 E276K
GPA142 A371V
GPA21 A256Q
GSK3AA146T
GUCY1A3 A574Q
HCATAZ2 A253Q
HEPACAM2 G128E
HS3S8T2 A249C
KIF23 8150Q
KLHL13 P456_splice
LGSN G385€
LMTK3 D95N
MAP1B P2164L
MCF2 E349K
MMEL1 E208K
MNDA S187L
MUC16 G3177E
MYO18B E2160K
0R12D2 ESK
OR2A25 G3E
ORA51B2 R261K
OR52R1 S190F
OR5M8 E172K
PCDHZ D776N
PDE1C H132Y
PIK3R1 A348"

Cases PKCi

2
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ARID1A R1589"
TOX S354L
CNTN4 S1005L
CUX1 R208"
PTEN R130Q
TP53 R213"
TRPCS5 S430L
UGTB E102K
XPO1A749Q
ACSM2B K195N
ADAM7 R691C
ARID2 R314C
ATRN R173C
BRAF VEO0E
BAWD3 R1326"
BTBD7 S436L
C100RF1298 R151C
C6 S584L
CADPS2 R1246"
CAPAIN2 R215Q
CNTNAP2 R1088"
COL4AS5 E1637K
CR1 R1392C
CSTL1 R69"
DCT R49sQ
DNAH7 R2961Q
GIGYF2 E66"
HAUSS E633"
KDR R1032Q
KIAA2026 R574C
KLHL5 A326C
MFGE8 D170N
MR1 S46L

MTF1 R251Q
MYH4 A1781T
MYO1F R400"
MYOM1 R500"
NCAPG R983Q
NINL R1366C
OXA1 E122K
PARP11 R158Q
PCDHAC2 P153S
PCDHAC2Z S608L
PCDHB7 E398K
PIK3CA E545K
PIK3CA R88Q
PIK3R1 R348"
PLA2R1 E715D0
POLE P286R
POLE V411L
POLQ R860Q
PPM1L R315"
PAKCI R480C
RBL2 E127K
RIMS2 A599Q
SACS R2906Q
STIL S76L
SYNJ1 R573"
THAP5 S287Y
THBS1 E1017K
TNIP3 E156K
TRPS1 E349K
TXNL1 R234C
WWTR1 R248"
XPO4 R471"
ZFP3 R2731

]
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Table 4. Frequently Occurring Specific Mutations in Each PKC Isozyme, Continued

Cases PKCn

w

WWWwwowowowowowowowowowowowaow

RELN F2722L
RFC5 E82°
RXFP1 S223Y
SEMA3ZD R760Q
SMARCA2 Qz3&del
SPARCL1 S282L
STIL S76L

TCF7 E164K
TIAM2 E262K
TMEM161B R315Q
TMEM164 E232K
TRIMB0 A324Q
TRIO R1276"
TTN D16823N
UACA E1309"
XPO4 R471"
ZNF136 R156"
ZNF14 R547*
ZNF32 S62L
ZNF43 R280C
ZNF559 E220K
ZNF678 R313I
ZNF765 R318I
ZNF766 E324D

Cases PKCO

WoWWwwowowowowowowowowowowowowowowowowowowowaow

Cases PKCT

PMFBP1 GB40E
PNPLA1 S422L
PPIAL4G R47C
PAKCZ R260H
PSG5 G118E
PTEN R130Q
PTPAR G145E
R3HDM2 R959"
RASD2 R202C
RBL1 R158Q
RHBG S197L
RXFP1 S223Y
SAMSN' D84N
SASH1 R985C
SCN1A GBBOE
SCN7A R1622Q
SGCG E157K
SPAG11B V114l
SARM4 R144"
STK19 D8SN
SYNM R517Q
SYPL2 D177N
TECPA1 C913"
TEX15 ES11K
TG R1646Q
TIAM1 R1332"
TNP1 S53F
TP63 EBOSK
TRAFS /383"
TTND17130N
UGT2815 A174Q
VPRBP H855Q
VPS16 R432W
YTHDC2 E185K
ZC3H12B R77C
ZNF560 E177_splice
ZNFB45 R154C
ZNF709 S322F
ZNFS3 R2211

Cases PKCi
2  ZIM3 D352N
ZNF583 R344|
ZNF610 E376K

NMANNNRNRNNNNNNRONRONNNNNNNNRONRONNNNNNNRODRONNONNNNNNONRONRONNNNNNNRNDRDNNDNDND DR
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Table 5. Top 20 Cancer Census and Kinase Genes with Mutations Co-occurring with PKC Mutations

PKCa
Gene g-value Positive cases Overall cases Correction score %isoform % family Effect size
TLK1 3.45E-12 12 48 0.01525 24.000 0.846 28.37
SCYL3 1.29€E-11 i2 57 0.01617 24.000 1.005 23.89
PRPF4B 5.86E-11 i2 67 0.01182 24.000 1.181 20.32
MAP3K13 5.00E-10 12 84 0.01242 24.000 1.480 16.21
NCOA1 5.51E-10 12 85 0.00833 24.000 1.498 16.02
MSH2 1.11E-10 1 54 0.01178 22.000 0.952 23.12
TRPM7 2.96E-09 11 78 0.00590 22.000 1.392 15.80
STK24 4.74E-10 10 46 0.02257 20.000 0.811 24.67
MAPK10 8.61E-10 10 50 0.02155 20.000 0.881 22.70
NONO 8.61E-10 10 50 0.02123 20.000 0.881 22.70
DDX10 1.37E-09 10 53 0.01143 20.000 0.934 21.41
STAT3 3.16E-09 10 58 0.01299 20.000 1.040 18.23
TRIM33 3.16E-09 10 58 0.00887 20.000 1.040 19.23
BCL6 1.80E-08 10 74 0.014186 20.000 1.304 15.34
MAK 5.51E-09 9 45 0.01389 18.000 0.793 22.70
PTK2B 4.81E-08 9 61 0.00892 18.000 1.075 16.74
TTBK2 5.34E-08 9 62 0.00546 18.000 1.093 16.47
CDC73 6.63E-08 9 64 0.01695 18.000 i.128 15.96
KTN1 8.39E-08 9 66 0.00663 18.000 1.163 15.47
NPR2 1.02E-07 9 68 0.00860 18.000 1.198 15.02

PKCB
Gene g-value Positive cases Overall cases Correction score isoform % family Effect size
EML4 3.70E-11 13 54 0.01310 14.444 0.852 15.18
AKT3 6.08E-10 1 43 0.02296 12.222 0.758 16.13
NR4A3 1.18E-09 1" 46 0.01727 i2.222 0.811 15.08
PLK3 2.71E-09 10 38 0.01548 1111 0.670 16.59
SGK3 2.23E-09 9 27 0.01815 10.000 0.476 21.01
CDKL1 2.00E-08 9 35 0.02514 10.000 0.617 16.21
MAP3K2 2.00E-08 9 35 0.01454 10.000 0.617 16.21
VAK1 4.16€E-08 8 27 0.02020 8.889 0.476 18.68
UHMK1 5.44E-08 8 28 0.01909 8.889 0.493 18.01
MLKL 1.83€E-07 8 33 0.01699 8.889 0.582 15.28
NEK7 1.30E-07 7 21 0.02318 7.778 0.370 21.01
CLK4 6.81E-07 7 27 0.01455 7.778 0.476 16.34
CAMK2D 8.57E-07 7 28 0.01313 7.778 0.493 15.76
S8X1 2.38E-06 6 21 0.03191 6.667 0.370 18.01
LHFP 3.92E-06 6 23 0.03000 6.667 0.405 16.45
CREB3L1 6.20E-06 6 25 0.01156 6.667 0.441 15.13
TFEB 6.20E-06 6 25 0.01068 6.667 0.441 15.13
KDSA 1.38E-05 5 17 0.01506 5.556 0.300 18.54
TSSK4 1.38E-05 5 17 0.01479 5.556 0.300 18.54
MSI2 2.92E-05 5 20 0.01524 5.556 0.352 15.76

PKCy
Gene g-value Positive cases Overall cases Correction score %isoform % family Effect size
SAPK1 1.B4E-10 12 43 0.01453 11.765 0.758 15.52
MAP4K2 9.90E-10 10 30 0.01220 9.804 0.529 18.54
CAMKK1 1.33E-09 10 3 0.01880 9.804 0.546 17.94
CCDCs 1.77E-09 10 32 0.02110 9.804 0.564 17.38
GNAQ 2.81E-07 7 21 0.01850 6.863 0.370 18.54
TFG 3.85E-07 7 22 0.01750 6.863 0.388 17.70
FASTK 2.52E-06 6 19 0.01093 5.882 0.335 17.57
PHKG1 3.32E-06 6 20 0.01432 5.882 0.352 16.69
MDM4 3.32E-06 6 20 0.01224 5.882 0.352 16.69
TSSK3 4.33E-06 6 21 0.02239 5.882 0.370 15.89
JAZF1 8.96E-06 5 14 0.02058 4.902 0.247 19.87
CcDz74 8.96E-06 5 14 0.01724 4.902 0.247 19.87
CDXx2 2.91E-05 5 18 0.01597 4.902 0.317 15.45
LMO1 2.81E-05 4 9 0.02564 3.922 0.159 24.72
VTHA 6.20E-05 4 1 0.01843 3.922 0.194 20.23
BCL2 8.63E-05 4 12 0.01674 3.922 0211 18.54
PDCD1LG2 1.53E-04 4 14 0.01465 3.922 0.247 15.89
MLLT11 4.46E-04 3 8 0.03333 2.941 0.141 20.86
TAL2 4.46E-04 3 8 0.02778 2.941 0.141 20.86
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Table 5. Top 20 Cancer Census and Kinase Genes with Mutations Co-occurring with PKC
Mutations, Continued

PKC3

PKCe

PKCn

Gene g-value

TIE1 2.83E-09
BADT 3.26E-09
GPC3 5.57E-10
TSC1 3.26E-09
BMP2K 4.42E-09
MLLT10 2.99E-08
CDK13 3.27E-08
DYRK1A 4.12E-08
IKZF1 5.85€E-08
CcDC73 B.74E-08
LATS2 1.57E-07
NCKIPSD 1.16E-08
GSK3B 1.41E-08
DYRK4 3.59E-07
BUB1B 4.01E-07
SCYL3 4.51E-07
EXT1 5.46E-07
TRIM33 5.46E-07
ECT2L 6.08E-07
NPR1 8.99E-07
Gene g-value

ARHGEF12 2.56E-12
NEK10 1.02E-11
EPHAB 1.62E-11
PCM1 1.26E-11
EML4 1.35E-11
BMPR2 9.30E-11
TSC1 2.25E-10
BCLB 2.58E-10
ROCK2 4.18E-10
FANCG 6.36E-11
STK33 9.54E-11
KIFSB 2.48E-10
CYLD 1.07E-09
NPR2 1.22E-09
STIL 1.39E-09
TSSK1B 8.47E-10
ZBTB16 7.84E-09
ANKK1 4.02E-09
MAK 6.54E-09
RPSBKAS 1.21E-08
Gene g-value

LIFR 2.75E-15
TEX14 5.42E-15
BARIP1 1.78E-14
USP6 4.95E-14
LARK1 1.60E-13
CASC5 2.82E-13
NUPS8 8.59E-13
MLLT4 8.59E-13
FANCD2 3.39E-13
CDKL5 4.44E13
ARHGEF12 1.60E-12
BADT 2.60E-12
LATS2 1.17E-12
BMP2K 3.15E-12
EPHA4 B8.69E-12
DAPK1 8.69E-12
CDC42BPB 1.10E-11
IGF1R 1.92E-11
PASK 2.38E-11
SCYL3 2.19E-12

Positive cases Overall cases Correction score %isoform 9% family Effect size

OOOO0O00nNnNwowo

Positive cases

Positive cases

45
49

Overall cases

Correction score
0.00872
0.01195
0.01393
0.00642
0.01210
0.01156
0.01031
0.01700
0.00865
0.01768
0.02140
0.01142
0.01151
0.01051
0.00854
0.02725
0.01486
0.01176
0.01389
0.01115

Correction score
0.01641
0.01136
0.01281
0.01138
0.00794
0.00640
0.00826

1.657
1.692
1.005
1.287
1.357
1.339
1.357
1.005
1.057
1.128
1.234
0.546
0.564
0.969
0.987
1.005
1.040
1.040
1.057
1.128

% family
1.621
1.498
1.586
1.216
0.952
1.163
1.287
1.304
1.375
0.846
0.881
0.987
1.181
1.198
1.216
0.846
i.128
0.740
0.793
0.864

% family
2.115
1.851
1.657
1.815
2.009
1.727
1.903
1.903
1.410
1.445
1.621
1.692
1.234
1.357
1.498
1.498
1.533
1.621
1.657
1.005

15.41
15.09
23.30
18.19
17.25
15.88
15.68
19.06
18.11
16.98
15.52
31.15
30.18
17.56
17.25
16.94
16.37
16.37
16.10
15.09

Effect size
16.23
16.40
15.48
18.75
22.12
18.10
16.36
16.14
15.31
22.81
21.90
19.55
16.34
16.10
15.87
20.74
15.55
21.33
19.91
18.28

Effect size
16.69
18.01
18.94
17.28
15.61
17.03
15.45
15.45
19.47
18.99
16.93
16.22
20.66
18.78
17.02
17.02
16.62
15.72
15.39
23.42



123

Table 5. Top 20 Cancer Census and Kinase Genes with Mutations Co-occurring with PKC
Mutations, Continued

PKC8
Gene g-value Positive cases Overall cases Correction score %isoform 9 family Effect size
FAS 8.65E-09 9 32 0.02687 11111 0.564 19.70
PDK4 3.39E-08 9 38 0.02190 11.111 0.670 16.58
LCK 7.42E-08 9 42 0.01670 1.1 0.740 15.01
MLLT1 5.09E-08 8 28 0.01431 9.877 0.493 20.01
NRBP1 2.46E-07 8 35 0.01473 9.877 0.617 16.01
CREB3L1 3.86E-07 7 25 0.01349 B8.642 0.441 19.61
MAP2KS 1.21E-06 7 30 0.02096 8.642 0.528 16.34
OGG1 1.48E-06 7 31 0.01651 8.642 0.546 15.82
MAP2KS5 5.90E-06 6 25 0.01339 7.407 0.441 16.81
STK38L 1.08E-05 6 28 0.01293 7.407 0.493 15.01
L2 1.B2E-05 5 18 0.03268 6.173 0.317 19.46
LMO2 1.82E-05 5 18 0.02203 6.173 0.317 19.46
TWF2 2.90E-05 5 20 0.01433 6.173 0.352 17.51
CAMK1 2.90E-05 5 20 0.01351 6.173 0.352 17.51
HOXAS 4.45E-05 5 22 0.01838 6.173 0.388 15.92
MAPK14 4.45E-05 5 22 0.01389 6.173 0.388 15.92
PAFAH1B2 8.54E-05 4 13 0.01747 4.938 0.229 21.55
CDK3 0.000145372 4 15 0.01075 4.938 0.264 18.68
BCL7A 0.000182108 4 16 0.01732 4.938 Q0.282 17.51
HOXA13 0.000182108 4 16 0.01031 4.938 0.282 17.51

PKCT
Gene g-value Positive cases Overall cases Correction score %isoform % family Effect size
ARAF 6.12E-07 8 47 0.01314 28.571 0.828 34.482
DYRK4 0.000156942 6 55 0.00846 21.429 0.968 22.106
NR4A3 0.000468669 5 46 0.00785 17.857 0.811 22.026
EEF2K 0.000845852 5 58 0.00690 17.857 1.022 17.469
BASK1 0.00091573 5 61 0.00630 17.857 1.075 16.610
LMTK3 0.000975243 5 63 0.00336 17.857 1.110 16.083
MAP3K8 0.000655374 4 24 0.00857 14.286 0.423 33.774
CREB3L1 0.00069527 4 25 0.00771 14.286 0.441 32.423

PKCi
Gene g-value Positive cases Overall cases Correction score %isoform % family Effect size
EPHA7 4.54E14 17 121 0.01703 35.417 2133 16.61
TRPM7 4.54E-14 15 79 0.00804 31.250 1.392 22.44
MYO3B 5.80E-12 14 102 0.01044 29.167 1.798 16.22
ULK4 1.17E-11 13 86 0.01020 27.083 1.516 17.87
BRDT 3.49E-11 13 96 0.01367 27.083 1.692 16.01
TRIP11 3.80E-11 13 a7 0.00657 27.083 1.710 15.84
FOXP1 1.16E-11 12 66 0.01732 25.000 1.163 21.49
EPHB2Z 1.41E-10 12 86 0.01137 25.000 1.516 16.49
MARK1 2.39E-10 12 a1 0.01508 25.000 1.604 15.58
ROCK1 2.96E-10 12 a3 0.00886 25.000 1.639 15.25
NTRK2 1.41E-10 11 65 0.01313 22917 1.146 20.00
CDK13 6.38E-10 1 77 0.00728 22917 1.357 16.89
NCOA1 1.54E-08 11 85 0.00763 22917 1.498 15.30
TLK1 1.62E-10 10 48 0.01271 20.833 0.846 24.63
GMPS 2.67E-10 10 51 0.01443 20.833 0.899 23.18
XPO1 7.74E-10 10 58 0.00534 20.833 1.022 20.38
EXT1 8.80E-10 10 58 0.01340 20.833 1.040 20.04
CAMK4 1.54E-09 10 63 0.02114 20.833 1.110 18.76
LATS2 3.65E-09 10 70 0.00819 20.833 1.234 16.89
JAK1 6.51E-09 10 75 0.00867 20.833 1.322 15.76

List of genes that are mutated >15-fold in tumors harboring PKC mutations versus tumors lacking PKC
mutations, ranked by the number of mutations in each PKC isozyme and with a false discovery rate
cutoff of 0.001 or smaller. The g-values represent the False Discovery Rate corrected significance of
co-occurrence. Effect size was calculated using the proportion of mutation positive cases in the study
population against the proportion of mutations in the whole population of cases.
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Table 6. Top 20 Genes Containing Mutations Co-occurring with cPKC, nPKC, or aPKC Mutations in

Lung Cancer, Colorectal Cancer, or Melanoma

List of genes and number of cases of co-occurring mutations with cPKC, nPKC, or aPKC isozyme
mutations. Data are corrected for gene length.

Lung

cPKC : gene

1 TP53

2 REG3A

3 CDKN2A

4 REG3G

5 SMR3B

6 OR4A15

7 POM121L12

8 REG1A

9 C80RF22
10 SPANXN3
11 C7ORF66
12 OR4C15
13 OR4C6
14 KRTAP6-2
15 PCP4
16 KRAS
17 DEFB110
18 KRTAP15-1
19 ATP5L
20 OR2M5

Colorectal

cPKC : gene
1 B2M
2 KRAS
3 NDUFA4
4 ACVR2A
5 TMEM105
6 CCL18
7 LYRMS
8 GYPB
9 S100A2
10 HRSP12
11 DPY30
12 HIGD1B
13 PRM1
14 RPL39
15 TCTA
16 PLN
17 C160RF87
18 BLID
19 REG1A
20 HTNA

Melanoma

cPKC : gene
1 PCP4
2 NRAS
3 DEFB115
4 SPRR2G
5 CDKN2A
6 OR10K2
7 POM121L12
8 PRB4
9 GCSAML
10 TP53
11 ATPEV1G3
12 SPATA8
13 FAM19A1
14 OR51S1
15 TNP1
16 OR4K1
17 LALBA
18 OR4M1
19 HTN1
20 LILRA1

cPKC : num
co-occuring
mutations in
lung studies
43
9
7
7
3
13
1
6
3
5
4
12

-
LwhaMOOINONO

cPKC : num
co-occuring
mutations in
colorectal
studies

= WNW-N==PDRNWNRNONONNLWNND A

cPKC : num
co-occuring
mutations in
melanoma
studies
4
1
15
14
1

16

12
1
1

17

cPKC :
length-
corrected
score
0.10941 TP53
0.05143 KRTAP21-2
0.04118 KRTAP6-2
0.04000 DEFB110
0.03797 KRTAP19-7
0.03779 KRAS
0.03716 DEFB115
0.03614 OCLM
0.03571 SPANXN2
0.03546 TEX37
0.03478 LEMD1
0.03243 PIP
0.03236 NGB
0.03226 CLLU10S
0.03226 UBE2A
0.03175 OR4C46
0.02985 HIST1H4F
0.02920 OR2M5
0.02913 OR2W3
0.02885 RPL10L

cPKC :
length-
corrected
score
0.03279 KRAS
0.03175 TCTA
0.02463 OSTN
0.02338 SCGB1D1
0.02326 CXCL11
0.02247 CLC
0.02222 KRTAP22-1
0.02198 L2
0.02062 RPL39
0.02027 WBP5
0.02020 PLN
0.02020 IGIP
0.01961 SERTM1
0.01961 REG1A
0.01942 FAM163A
0.01923 PTN
0.01863 PTH
0.01852 DNAJC19
0.01807 KRTAP6-2
0.01754 OR6N1

cPKC :
length-
corrected
score
0.06452 CDKN2A
0.05820 SMR3A
0.05682 DEFB110
0.05479 POM121L12
0.05294 DEFAS
0.04808 SPINK13
0.04730 NRAS
0.04453 LELP1
0.04444 ATPEV1G3
0.04071 GYPA
0.04032 PRB2
0.03810 DPPA3
0.03759 GCSAML
0.03715 KRTAP19-3
0.03636 RIPPLY3
0.03537 PPIAL4G
0.03521 RETNLB
0.03514 OR4N2
0.03509 KRTAP12-4
0.03476 C7ORF66

nPKC : num
co-occuring
mutations in

nPKC : gene lung studies

22

POONOOWLWNWWARERE-NDONNDNW

nPKC : num
co-occuring
mutations in
colorectal

nPKC : gene studies

D= NN WWWN -+ =N =W WNNDWWN

nPKC : num
co-occuring
mutations in
melanoma

nPKC : gene studies

-

-
AhAbhONLOOODOODUADEBRLOLWLWOO®

nPKC : length-

corrected score aPKC : gene
0.05598 TP53
0.03614 REG3A
0.03226 SPANXN5
0.02985 SPRR2G
0.02778 GNG4
0.02646 NPS
0.02273 IFNB1
0.02273 KRAS
0.02222 CCL7
0.02222 NDUFA13
0.02210 CLLU10S
0.02055 DEFB116
0.01987 HTN3
0.01980 SNAP25
0.01974 GREM2
0.01942 UQCR11
0.01942 CDKN2A
0.01923 REG3G
0.01911 C50RF55
0.01869 CLDN12

nPKC : length-

corrected score aPKC : gene
0.03704 LYRM5
0.02913 L4
0.02256 PRM1
0.02222 RPL39
0.02128 SAA1
0.02113 CXCL9
0.02083 C120RF54
0.01961 FAM19A2
0.01961 GNG7
0.01923 GOLT1B
0.01923 MT1B
0.01887 SNURF
0.01869 KRTAP19-5
0.01807 SPRR2B
0.01796 C60RF48
0.01786 COX6C
0.01739 GNG3
0.01724 RGS21
0.01613 UBE2A
0.01603 NMS

nPKC : length-

corrected score aPKC : gene
0.04706 TNP1
0.04478 SPRR2G
0.04478 RETNLB
0.04392 WFDC10B
0.04255 ATP6V1G3
0.04255 DEFB110
0.04233 GCSAML
0.04082 CDKN2A
0.04032 LACRT
0.04000 SPATA8
0.03846 COX8C
0.03774 SPANXNS
0.03704 SPRR2D
0.03704 CLEC5A
0.03684 DEFB112
0.03659 TCL1A
0.03604 C7ORF66
0.03583 OR4N2
0.03571 LCE1B
0.03478 KRTAP19-3

aPKC : num
co-occuring
mutations in
lung studies
13

AOLOWW-WAEA=ONRDONNEBENDNONONDO

aPKC : num
co-occuring
mutations in
colorectal
studies

PO N = b b b ok ek N = N AN N = = GO N

aPKC : num
co-occuring
mutations in
melanoma
studies

NWEWWWONRNNONWAOAENDAWEWW

aPKC : length-
corrected score
0.03308
0.02857
0.02778
0.02740
0.02667
0.02247
0.02139
0.02116
0.02020
0.02000
0.01980
0.01961
0.01961
0.01942
0.01786
0.01786
0.01765
0.01714
0.01681
0.01639

aPKC : length-
corrected score
0.02222
0.01961
0.01961
0.01961
0.01639
0.01600
0.01575
0.01527
0.01471
0.01449
0.01429
0.01408
0.01389
0.01389
0.01333
0.01333
0.01333
0.01316
0.01316
0.01307

aPKC : length-
corrected score
0.05455
0.04110
0.03604
0.03371
0.03226
0.02985
0.02963
0.02941
0.02899
0.02857
0.02778
0.02778
0.02778
0.02660
0.02655
0.02632
0.02609
0.02606
0.02542
0.02469
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Table 7. TCGA Studies Screened for Mutations
TCGA studies used for the bioinformatic analyses of genes with mutations that co-occur with PKC
mutations

Cancer type TCGA study
Acute Myeloid Leukemia TCGA,NEIM 2013
Acute Myeloid Leukemia TCGA, Provisional

Adrenocortical Carcinoma

Bladder Urothelial Carcinoma

Bladder Urothelial Carcinoma

Brain Lower Grade Glioma

Breast Invasive Carcinoma

Breast Invasive Carcinoma

Cervical Squamous Cell Carcinoma and Endocervical Adenocarcinoma
Colorectal Adenocarcinoma

Colorectal Adenocarcinoma
Glioblastoma

Glioblastoma

Glioblastoma Multiforme

Head and Neck Squamous Cell Carcinoma
Head and Neck Squamous Cell Carcinoma
Kidney Chromophobe

Kidney Renal Clear Cell Carcinoma
Kidney Renal Clear Cell Carcinoma
Kidney Renal Papillary Cell Carcinoma
Lung Adenocarcinoma

Lung Adenocarcinoma

Lung Squamous Cell Carcinoma

Lung Squamous Cell Carcinoma
Ovarian Serous Cystadenocarcinoma
Ovarian Serous Cystadenocarcinoma
Pancreatic Adenocarcinoma

Prostate Adenocarcinoma

Skin Cutaneous Melanoma

Stomach Adenocarcinoma

Thyroid Carcinoma

Uterine Carcinosarcoma

Uterine Corpus Endometrial Carcinoma
Uterine Corpus Endometrioid Carcinoma

TCGA, Provisional
TCGA, Nature 2014
TCGA, Provisional
TCGA, Provisional
TCGA, Nature 2012
TCGA, Provisional
TCGA, Provisional
TCGA, Nature 2012
TCGA, Provisional
TCGA, Cell 2013
TCGA, Nature 2008
TCGA, Provisional
TCGA, Provisional
TCGA, in revision
TCGA, Provisional
TCGA, Nature 2013
TCGA, Provisional
TCGA, Provisional

TCGA, Nature, in press

TCGA, Provisional
TCGA, Nature 2012
TCGA, Provisional
TCGA, Nature 2011
TCGA, Provisional
TCGA, Provisional
TCGA, Provisional
TCGA, Provisional
TCGA, Provisional
TCGA, Provisional
TCGA, Provisional
TCGA, Provisional
TCGA, Nature 2013
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The work within this thesis describes mechanisms that contribute to the regulation of
PKC as well as to its dysregulation in disease. As PKC activity has to be precisely balanced at
every subcellular location, its regulation is under intricate control. This control of the spatial
and temporal dynamics of PKC signaling comes from regulation through various mechanisms,
such as phosphorylation, binding to second messengers, conformational changes, and binding
to scaffolds. Perturbation of any of these mechanisms of control can lead to
pathophysiological states. Therefore, understanding all mechanisms through which PKC is
regulated is key to developing novel therapeutics to restore PKC activity to physiological
levels and to the appropriate subcellular locations. This work enabled us draw two significant
conclusions: 1] through the use of FRET-based imaging and biochemical techniques, we
elucidated a mechanism through which PKC optimizes its affinity for its activating ligands
through conformation transitions and intramolecular interactions, and 2] through the use of
FRET-based PKC activity reporters, CRISPR-mediated genome editing methods, and
xenograft models, we established that PKC is a tumor suppressor (Figure 28). Thus, the
studies described within this dissertation have expanded our knowledge of PKC both at the

molecular and functional level.

MATURATION OF PKC MASKS ITS C1 DOMAINS TO OPTIMIZE SIGNALING

Optimal tuning of PKC signaling is essential for maintaining cellular homeostasis.
Our FRET-based studies in Chapter 2 established that PKC undergoes conformational
transitions as it matures, becomes activated, and is downregulated. These conformational
changes tune PKC’s affinity for diacylglycerol in order to optimize its dynamic range of
signaling. Nascent PKC isozymes adopt an open conformation in which the ligand-binding
surfaces of both Cl domains are exposed and thus can readily bind DAG. Upon the

acquisition of processing phosphorylations, PKC matures into a closed, but catalytically
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competent conformation. This species is maintained in an inactive state until the second
messengers, Ca’" and DAG, become available. In the absence of these second messengers, the
closed conformation maintains the binding surfaces of both C1 domains masked through
intramolecular interactions. This conformation reduces the affinity of the C1 domains for
DAG, thus tuning the ability of PKC to become activated in such a way that it is inactive in
the absence of these second messengers, but quickly becomes activated upon their production.
In the absence of these processing phosphorylations and subsequent conformational changes,
PKC would be constitutively active. We further show that for PKCPII, the C1B domain is the
primary DAG binder, although the C1A domain can bind DAG as well.

This mechanism of tuning the affinity for ligands through intramolecular interactions
is commonly utilized by other multi-domain enzymes. In PKC, these conformational
transitions occur through processing phosphorylations. Although the process of PKC
maturation is now well known, a number of questions remain to be addressed. For example,
although it is known that mTOR plays a role in the maturation of PKC, its exact role in cells
remains to be determined. Whether mTOR directly phosphorylates PKC, phosphorylates a
chaperone that then binds PKC, or itself acts as a chaperone in order to allow PKC to auto-

phosphorylate, is yet to be determined.

THE STRUCTURE OF PKC

Described in Chapter 3, our data support the hypothesis that the C2 domain of PKCBII
interacts with the kinase domain and C-terminal tail through intramolecular interactions,
maintaining PKC in a closed, autoinhibited conformation, thus reducing its basal binding to
membranes. We identified and validated two points of electrostatic interaction of the C2
domain, one with the N-terminal lobe of the kinase domain and one with the C-terminal tail.

Although the structures of most PKC domains have been resolved by solution NMR or X-ray
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crystallography, the structure of the entire molecule remains elusive. Future work is required
to discern the points of interaction of the C1A and C1B domains, as both have been proposed
to interact with other domains within the enzyme. Elucidating these interactions is important
as it might reveal novel ways of targeting PKC, either by opening it up with small molecules
or peptides in order to activate it or by clamping it in the closed conformation in order to

inhibit it.

PKC AS A TUMOR SUPPRESSOR

PKC has long been implicated in cancer development and has thus been targeted
therapeutically over the last three decades. The work presented in Chapter 4 overturned a 30+-
year old dogma that postulated that PKC is hyperactive in cancer and should thus be inhibited.
We show that, in fact, the majority of cancer-associated PKC mutations from human tumors
are loss-of-function and that a heterozygous loss-of-function PKCBII mutation can provide a
growth advantage in cells as well as in a mouse xenograft model. These data suggest that
therapeutic strategies should no longer be aimed at inhibiting PKC in cancer, as previously
attempted, but instead, should be aimed at increasing or restoring PKC activity. However,
much work has to be done in order to identify feasible and practical means of restoring PKC
activity or of activating the wild-type PKC allele in patients. For example, PKC activity could
be increased by developing PKC agonists that directly recruit PKC to membranes or that
allosterically open up the kinase by breaking up intradomain interactions, in order to activate
the wild-type PKC isozyme and compensate for the lack of activity of the mutant PKC.
However, the agonist must not downregulate PKC after prolonged treatment, as do phorbol
esters and Bryostatins. Downregulation could potentially be prevented by inhibiting the
isomerization of PKC by Pinl, a step necessary for its dephosphorylation (Abrahamsen et al.,

2012), or by inhibiting the ability of its hydrophobic motif phosphatase, PHLPP (Gao et al.,
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2008), to dephosphorylate PKC. By targeting the PH domain of PHLPP, only its function
towards PKC would be affected. Gene therapy could also be used to add a corrected copy of
the PKC gene into patient cells. However, for the dominant negative mutations that prevent
processing phosphorylation and affect the maturation of other PKCs in the cell, these methods
might not work well. In these cases, the mutated gene would have to be replaced with a
corrected one. However, caution should be taken when attempting to restore PKC activity as

too much PKC activity could be detrimental and could induce other pathophysiologies.

FUTURE DIRECTIONS

One of the limitations on PKC research is the lack of isozyme-specific tools to study
individual PKCs. Considering that PKC isozymes have little substrate specificity in vitro and
that multiple isozymes are expressed in the same cell types, elucidating downstream signaling
pathways and subcellular localization of endogenous PKC isozymes poses significant
challenges. Developing isozyme-specific PKC modulators has been difficult because of the
high homology among the PKC isozymes, as well as among protein kinases in general.
Therefore, the specific roles of each PKC isozyme and their redundancy remain to be
elucidated. However, the advent of genome editing technologies will facilitate a much more
thorough and accurate study of PKC by enabling manipulation of the levels and sequence of
the endogenous gene. This technology could be used to increase or repress the expression of
individual endogenous PKC genes and to introduce disease-associated mutations within the
endogenous protein. Moreover, the use of endogenous tags would allow for determining the
subcellular localization of each isozyme. Genome editing technology would thus greatly
advance our knowledge of PKC and facilitate the development of drugs to target this enzyme

in disease.



131

FIGURES

kinase

Prevent processing
phosphorylations

Unprimed

v

J

Prevent DAG binding
to C1 domain

r;(

r;(

Primed &
autoinhibited

\

Prevent Ca?* binding
to C2 domain

—_—
=
=
>
DAG N |
Ca2* Dy~ Reduce intrinsic
¥ Active catalytic activity ==
PIP,
Wild-type PKC Loss-of-function PKC mutation

Tumor growth

Figure 28. Regulation of PKC and its Dysregulation in Cancer

Left: Model showing processing of PKC. Unprimed cPKC is in a membrane-associated, open
conformation. Upon priming phosphorylation at its activation loop (pink circle), turn motif (orange
circle), and the hydrophobic motif (green circle), cPKC matures into a closed conformation in which the
C1A, CIB, and C2 domains become masked, the pseudosubstrate binds the substrate-binding site, and
the primed enzyme localizes to the cytosol. These intradomain interactions maintain PKC in a closed,
but autoinhibited conformation until the second messengers DAG and Ca®" are produced and bind to
PKC, thus activating it. Wild-type PKC can suppress tumor growth.

Right: Cancer-associated PKC mutations induce loss-of-function by preventing processing
phosphorylations, DAG binding to the C1 domain, or Ca2+ binding to the C2 domain, or by reducing
the intrinsic catalytic activity of PKC. Inactivating mutations are permissive to tumor growth.
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