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EPIGRAPH

It is the pervading law of all things organic and inorganic,

of all things physical and metaphysical,

of all things human, and all things super-human,

of all true manifestations of the head, of the heart, of the soul,

that the life is recognizable in its expression,

that form ever follows function. This is the law.

—Louis Sullivan
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ABSTRACT OF THE DISSERTATION

The Molecular Basis of Protein Kinase C Regulatory Mechanisms in Cancer
and Neurodegenerative Disease

by

Timothy R. Ba�

Doctor of Philosophy in Biomedical Sciences

University of California San Diego, 2019

Professor Alexandra Newton, Chair

Protein kinase C (PKC) isozymes transduce the myriad of signals downstream of phos-

pholipid hydrolysis that potentiate an array of cellular processes including proliferation, di↵er-

entiation, migration, and memory. PKC function is dysregulated in a variety of pathological

states, including cancer and neurodegenerative disease. To maintain signaling fidelity, PKCs

rely upon precise regulatory mechanisms that orchestrate the phosphorylations and conforma-

tional transitions that specify their signaling output. This thesis describes the molecular mech-

anisms by which PKC phosphorylation and autoinhibition depends upon the kinases PDK1 and

xvi



mTORC2, and is opposed by PHLPP phosphatases, to produce a primed enzyme that is ap-

propriately tuned to respond to activating signals. Specifically, we uncover the molecular basis

for the controversial role of mTORC2 in AGC kinase activation by identifying a novel and con-

served mTOR phosphorylation site in the C-terminal tail. Phosphorylation of this, which we

term the TOR-Interaction Motif (TIM), promotes PDK1 phosphorylation of the activation loop

and intramolecular autophosphorylation of the hydrophobic motif to control activation of PKC

and related AGC kianse Akt. Examination of the interrelated processes of phosphorylation and

autoinhibition unveils a critical role for the pseudosubstrate in protecting PKC from dephospho-

rylation by phosphatase PHLPP1, which selectively promotes the dephosphorylation and degra-

dation of aberrantly active PKCs to provide a PKC quality control mechanism. High-throughput

protein-level analysis from patient samples reveals that PKC quality control is a critical signaling

node that sets PKC expression levels and serves as a prominent loss-of-function mechanism to

impair PKC tumor-suppressive function in cancer. Critically, diseases driven by PKC dysregula-

tion rely upon impaired PKC quality control. LOF PKC mutations in chordoid glioma act in a

dominant-negative fashion to globally suppress PKC output; whereas, GOF PKC mutations in

spinocerebellar ataxia drive phosphoproteome-wide changes in the cerebellum. Taken together,

this thesis expands upon biochemical mechanisms of PKC maturation to identify the structural

and molecular determinants of PKC phosphorylation and implicates PHLPP1 as the master reg-

ulator of PKC signaling fidelity through PKC quality control. This work is not only relevant to

the pathology of disease-associated mutations in cancer and neurodegenerative disease, but also

to the development of therapeutics that attempt to modulate PKC activity by targeting these

regulatory mechanisms.
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Chapter 1

Tipping Point: The Balance of PKC

Signaling is Dysregulated in Disease

1.1 PKC Structure & Function

Signal transduction by protein kinase constitutes the predominant mechanism of cellular

communication to detect, integrate, and amplify signals in the extracellular environment to illicit

coordinated cellular responses (Hunter, 1995). The protein kinase C (PKC) family of Ser/Thr

kinases belongs to the AGC family of phosphotransferases that catalyze the transfer of the ATP

�-phosphate to hydroxyl groups of Ser and Thr side chains on protein substrates (Prince et al.,

2011). PKC isozymes are the primary diacylglycerol (DAG) and Ca2+-responsive enzymes that

transduce signals from the plasma membrane to the intracellular environment to regulate diverse

cellular processes (Newton, 1995).

All PKCs contain a C-terminal catalytic domain and an N-terminal regulatory domain

(Parker et al., 1986) (Figure 1.1). The catalytic portion consists of the kinase domain and

1



a C-terminal extension, the C-tail, which is a characteristic feature of AGC kinases required

for catalytic activity and regulation by various adaptors (Kannan et al., 2007). The catalytic

domain is rendered catalytically competent by phosphorylation at three highly conserved sites at

the kinase domain activation loop and two sites in the C-tail, the turn and hydrophobic motifs

(Keranen et al., 1995). The nine PKC isozymes are stratified into three groups, classified by their

regulatory domains. Conventional PKCs (cPKCs; ↵, �, �) harbor a Ca2+-binding C2 domain

(Parker et al., 1986), tandem diacylglycerol-binding C1 domains (Burns and Bell, 1991), and an

autoinhibitory pseudosubstrate segment (House and Kemp, 1987). Novel PKCs (nPKCs; �, ", ✓,

⌘), in contrast, possess a novel C2 domain that is incapable of binding Ca2+ (Sossin and Schwartz,

1993), and rely instead upon increased sensitivity to agonists, as their C1B domain binds DAG

with 100-fold higher a�nity than that of cPKCs due a Tyr to Trp substitution (Dries et al.,

2007; Hurley et al., 2008). Additionally, the C2 domain of nPKCs precedes the pseudosubstrate

and C1 domains, and displays inverse topology, presumably to accommodate the di↵erential

domain orientation (Pappa et al., 1998). Atypical PKCs (aPKCs; ⇣, �/◆) respond to neither

Ca2+ nor DAG (Kazanietz et al., 1994; Pu et al., 2006), and are instead regulated by sphingosine

1-phosphate (Kajimoto et al., 2019) and protein:protein interactions via a PB1 domain (Lamark

et al., 2003; Tobias and Newton, 2016). Notably, atypical PKCs are further distinguished by a

glutamic acid at their hydrophobic motif, which functions as a phosphomimetic (Tobias et al.,

2015).

Due to the multitude of family members, diversity of activating stimuli, and abundance

of substrates, PKCs signal through numerous pathways to regulate diverse and often antagonistic

cellular processes dependent upon the nature of the signal, cell type, and cellular environment

(Coussens et al., 1986). PKCs have a well-established role in regulating cell proliferation by

2
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Figure 1.1: PKC Structure & Function. Conventional PKC is activated downstream of
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direct phosphorylation of cell-cycle components, as well as indirectly through the PI3K/Akt,

Wnt-�-catenin, and MAPK pathways (Black and Black, 2013). PKC’s pro-proliferative e↵ects

are perhaps best illustrated by the requirement of PKC✓ for T-cell activation (Valge et al.,

1988). Underscoring the complexity of PKC signaling, other PKCs have opposing e↵ects on

proliferation, however, as evidenced by the positive and negative regulation of D-type cyclin

expression by PKC" and PKC↵, respectively (Clark et al., 2004). These divergent outcomes in

PKC regulation of cell proliferation may be explained, in part, by the ability of ERK to exert

both proliferative and anti-proliferative e↵ects due to di↵erential signal duration downstream

of PKC-mediated MAPK pathway activation (Mebratu and Tesfaigzi, 2009). Thus, PKCs are

ubiquitous initiators of core intracellular signaling pathways that regulate cell proliferation, the

consequence of which varies by isozyme and is signal and context dependent.

PKC function is also critical in the brain, where cPKCs are key regulators of postsynaptic

transmission (Tanaka and Nishizuka, 1994). Originally purified from brain extracts in which its

regulation by Ca2+ and phospholipids was first described (Kishimoto et al., 1983), cPKCs are

responsible for key neuronal processes such as long-term depression (LTD), mediated by the

internalization of AMPA and NMDA glutamate receptors upon PKC phosphorylation (Linden

and Connor, 1991). Indeed, PKC is well-known to phosphorylate numerous transporters, ion

channels, and GPCRs to generally promote receptor desensitization in many tissues, underscoring

its central role in both signal propagation and signal termination (Gereau and Heinemann, 1998;

Namkung and Sibley, 2004). Additionally, PKC regulates cytoskeleton dynamics through the

phosphorylation of MARKS, GAP43, and Tau (Correas et al., 1992; He et al., 1997; Stumpo et

al., 1989). PKC also indirectly regulates microtubule and neurofilament stabilization to influence

cytoskeletal reorganization through the phosphorylation and inhibition of GSK3� (Goode et al.,
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1992). Many of these PKC-mediated neuronal processes depend upon PDZ-domain containing

sca↵old proteins including PICK1, PSD95, and SAP97 (Lin et al., 2006; O’Neill et al., 2011;

Staudinger et al., 1997). Thus, PKC function in the brain is tightly regulated by its subcellular

localization and interaction with e↵ectors proteins to fine-tune its output and direct distinct

signaling programs.

1.2 PKC Unbalanced in Disease

Evidenced by its essential role in cell proliferation and neurotransmission, the integrity

of PKC signaling must be maintained to avoid pathophysiologies that result from dysregulation

of these cellular processes (Figure 1.2) This notion is substantiated by the abundance of PKC

somatic and germline mutations, di↵erential expression, and signaling pathway alterations in

cancer and neurodegenerative disease. PKC is a recently-appreciated tumor suppressor, whose

function is frequently lost by a variety of mechanisms in the context of cancer (Newton, 2018b;

Newton and Brognard, 2017). Conversely, PKC’s expanding functions in synaptic plasticity

generally support a role in neurodegeneration associated with enhanced activity (Callender and

Newton, 2017). Advances in genomic sequencing and proteomic technologies from patient samples

have proven important tools for identifying and dissecting the specific PKC contributions to these

disease states.

PKC isozymes have a storied history in cancer biology, beginning with the discovery

that the C1 domain is the receptor for the tumor-promoting phorbol esters, which potently

activate PKCs (Kikkawa et al., 1983; Ono et al., 1989). Indeed, repetitive treatment of mice with

phorbol esters following administration of a subthreshold amount of carcinogen was su�cient to

promote papilloma formation and spontaneous conversion to carcinoma (Griner and Kazanietz,
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T-ALL                          JLSE
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Figure 1.2: PKC Unbalanced in Disease. PKC is frequently mutated in disease. Loss-
of-function mutations are generally associated with proliferative diseases including cancer and
lupus. Gain-of-function mutations, conversely, are observed in neurodegenerative diseases such
as Alzheimer’s Disease and Spinocerebellar Ataxia.

2007). This finding lead to the hypothesis that PKCs, as with many other viral oncogenic

kinases identified at the time (Hunter et al., 1984), should be inhibited in cancer. What was

not considered, however, was that phorbol esters, in addition to activating PKC, also promote

its down-regulation (Parker et al., 1995). Thus, it was unclear whether the tumor-promoting

e↵ects of phorbol esters were due to PKC activation, or to its down-regulation. Three decades of

failed clinical trials with PKC inhibitors cast doubt on the role of PKC as an oncogenic target in

cancer. A meta-analysis of non-small cell lung cancer clinical trials revealed that the use of PKC

inhibitors in combination with chemotherapy was not only ine↵ective, but often detrimental to

patient outcome compared to chemotherapy alone (Zhang et al., 2015). This finding is perhaps

not surprising considering the ample evidence for some isozymes that PKC overexpression did

not promote tumors but rather protected them from phorbol ester-induced oncogenesis (Reddig

et al., 1999), with the unambiguous exceptions of PKC" and atypical PKCs (Oster and Leitges,

2006; Reddig et al., 2000; Regala et al., 2005; Wheeler et al., 2003). Furthermore, examination
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of known PKC substrates suggests a tumor-suppressive, rather than oncogenic, role, as PKC

dampens the activity of the prevalent oncogenic drivers EGFR, HER2, K-Ras and PI3K (Bivona

et al., 2006; Lee et al., 2011; Ouyang et al., 1998). Furthermore, PKC’s well known role in

promoting receptor internalization, as has been shown for EGFR, HER2, and TGF-� receptors,

may dampen pro-survival signaling at the source of these pathways (Ba� et al., 2004; Cochet

et al., 1984; Gunaratne et al., 2012; Ouyang et al., 1998;). Additionally, PKC phosphorylates

and stabilizes the tumor-suppressor p53 (Yoshida et al., 2006; Youmell et al., 1998), suggesting

that PKC may influence both the attenuation of oncogenic signaling, as well as the maintenance

of genome integrity. It was not until a recent biochemical analysis of cancer-associated PKC

mutations revealed the majority of these mutations were in fact loss-of-function (LOF) that

PKC’s tumor-suppressive function was fully appreciated (Antal et al., 2015a). Consistent with the

mutational profile of tumor-suppressors, these mutations were distributed across most domains

of PKC genes, targeting regions involved in catalysis, ligand binding, and post-translational

modification to inactivate PKC. Convincingly, CRISPR-mediated correction of a heterozygous

LOF mutation in PKC� suppressed the ability of a K-Ras-driven colon cancer cell line to form

tumors in mice (Antal et al., 2015a). These findings initiated a flurry of reports supporting a

tumor-suppressive role for many PKC isozymes in a variety of cancers. Substantiating PKC

attenuation of oncogenic K-Ras, PKC was also found to disrupt the K-Ras interaction with

calmodulin required for tumorigenicity in pancreatic cancer (Wang et al., 2015). PKC was

also recently implicated in suppressing oncogenic Akt signaling in endometrial cancer through

regulation of a PP2A phosphatase family member (Hsu et al., 2018). Indeed, the co-occurrence

of GOF oncogene mutations with LOF PKC mutations in cancer highlights PKC antagonism of

pro-survival signaling and suggests oncogenic driver mutations may be most advantageous when
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PKC is inactivated (Antal et al., 2015a). This hypothesis is consistent with tumor suppressor

loss functioning as the critical and rate-limiting step of oncogenesis (Weinberg, 1991), and may

underlie the requirement for phorbol ester-mediated downregulation of PKC to potentiate the

tumorigenic properties of low level carcinogen. PKC loss was also observed in cancer at the level of

expression, where low PKC levels correlated with more severe disease in colorectal cancer, bladder

cancer, and T-ALL (Dowling et al., 2016; Langzam et al., 2001; Milani et al., 2014). While the

cause of this reduced expression is not known, PKC levels may be utilized as prognostic markers

for some cancers.

Contrary to other tumor suppressors and the two-hit hypothesis that selects for ho-

mozygous mutation or deletion (Knudson, 1971), mutation of a single PKC allele is su�cient

for tumorigenesis, suggesting that PKC is haploinsu�cient for tumor suppression (Antal et al.,

2015a). PKC LOF mutations also exert their e↵ects, in part, by acting as dominant-negatives,

which may obviate the need for biallelic mutation (Antal et al., 2015a). The precise mechanism

by which this occurs has not be described, and whether there are post-translational means to im-

pair PKC function in cancer remains to be explored. Taken together, PKC’s tumor-suppressive

function constitutes the brakes to oncogenic signaling, and numerous mechanisms abrogate this

signaling safeguard to facilitate tumorigenesis.

While PKC activity is typically is lost in cancer, its enhanced activity is associated with

neurodegeneration. It was recently shown that rare PKC↵ variants co-segregate with a↵ected

family members with Alzheimer’s Disease (AD) (Alfonso et al., 2016). One of these mutations in

the catalytic domain causes an 30% increase in the catalytic rate of the enzyme, which enhances

PKC output without promoting its down-regulation (Callender et al., 2018). Additionally, PKC

is heavily implicated in AD due to its direct and indirect regulation of Tau phosphorylation, as
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well as its functions both upstream and downstream of amyloid beta (Callender and Newton,

2017).

PKC dysregulation in neurodegenerative disease is perhaps most strongly tied to

spinocerebellar ataxia (SCA), where PKC� mutations are the hallmark of SCA14 (Chen et al.,

2003; Yabe et al., 2003). Expressed almost exclusively in the cerebellum, PKC� orchestrates

the maturation of Purkinje neurons by regulating the process of climbing fiber elimination and

synapse pruning to fine-tune motor control (Chen et al., 1995). SCA14-associated PKC� mu-

tations have been reported to be hyperactive, and PKC activity alone is su�cient to cause an

ataxic phenotype in mouse models (Adachi et al., 2008; Ji et al., 2014). The specific mechanisms

governing PKC hyperactivation are not well described, however, with hypotheses attributing

PKC� mutation pathology to di↵erential PKC� localization or the formation of protein aggre-

gates (Seki et al., 2005; Takahashi et al., 2015). Although PKC� mutations comprise just a

subset of SCA diagnoses, deregulation of Ca2+ homeostasis is a central theme of cerebellar atax-

ias that may converge on PKC� signaling, as hallmarks of other forms of SCA include mutations

in PKC e↵ectors such as the upstream receptor mGluR1 (SCA44) (Watson et al., 2017), Ca2+

channel subunits (SCA6, SCA42) (Zhuchenko et al., 1997; Kimura et al., 2017), and mediators

of intracellular Ca2+ release like the IP3 receptor (SCA15, SCA16, SCA29) (van de Leemput et

al., 2007; Novak et al., 2010; Zambonin et al., 2017) . PKC� activity is unequivocally involved

in Purkinje cell processes, as acute treatment of isolated Purkinje neurons with phorbol esters

induces a dramatic loss of dendrites, while PKC inhibition promotes dendritic outgrowth, or

arborization (Schrenk et al., 2002). Thus, how PKC� mutations induce degeneration of these

cells may open avenues for therapeutic intervention and even provide insights into the general

pathology cerebellar ataxias and other neurodegenerative disorders.
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1.3 The PKC Lifecycle: Maturation, Activation, and Down-

regulation

The highly regulated process of PKC maturation primes the enzyme for specific spa-

tiotemporal activation and underpins its regulation throughout the entirety its signaling lifetime

(Antal and Newton, 2014)(Figure 1.3). Following synthesis, PKCs are matured by a series of

ordered phosphorylations and conformational transitions that result in autoinhibition to achieve

catalytic competence and stability (Newton, 2003). The activation loop is phosphorylated by

the phosphoinositide-dependent protein kinase 1 (PDK1) in a PI3K-independent manner (Dutil

et al., 1998; Le Good et al., 1998; Sonnenburg et al., 2001), and the two C-tail phosphorylations

are mediated by the mammalian target of Rapamycin complex 2 (mTORC2) by an unknown

mechanism (Sarbassov et al., 2004; Facchinetti et al., 2008; Guertin et al., 2006; Ikenoue et

al., 2008). While the activation loop and hydrophobic motif phosphorylations are necessary for

e�cient catalysis (Edwards and Newton, 1997; Orr and Newton, 1994), the turn motif phospho-

rylation imparts protein stability (Bornancin and Parker, 1996). PKC phosphorylation at the

hydrophobic motif also requires the protein chaperone Hsp90, dependent upon a PxxP motif in

the PKC C-tail (Gould et al., 2009). Upon phosphorylation, the PKC pseudosubstrate occupies

the active-site of the kinase domain. PKC phosphorylation and autoinhibition is accompanied by

the conformational transition from the unprimed, open conformation to the primed, closed con-

formation, which is stable and protected from ubiquitination and proteolysis. In the primed state,

PKC’s regulatory domains are masked against the kinase domain, such that both C1 domains

are inaccessible, and the C2 domain clamps over the pseudosubstrate to maintain autoinhibition

(Antal et al., 2014, 2015b).

10



Mechanism of Activation

Constitutive

C1B C1AC2

UNPRIMED ACTIVE

Ca2+

DAG

Downstream
Signaling

C1BC2

Agonist-Evoked

How does PKC become 
phosphorylated? 

DAG

Ca2+
PHLPP1/2

DEGRADED

C1B C1A

C2

PRIMED

PDK1
mTORC2

Kinase

PS

Figure 1.3: The PKC Lifecycle: Maturation, Activation, and Down-regulation.
Newly-synthesized PKC exists in an unprimed state that is neither phosphorylated nor cat-
alytically competetent and must become matured through the activities of PDK1 and mTORC2
in order to achieve the mature, primed state. It is only the fully phosphorylated, autoinhibited,
and stable PKC that accumulates in the cell and can become activated by second messengers.
In the active state, PKC is sensitive to dephosphorylation by PHLPP phosphatases and degra-
dation. The major open question in the model of PKC processing is the mechanism by which
PDK1 and mTORC2 lead to PKC phosphorylation, catalytic competence, and autoinhibition.

Primed cPKCs are cytosolically localized in the phosphorylated and catalytically com-

petent but inactive state, poised to respond to fluctuations in the second-messengers DAG and

Ca2+. Upon the increase in concentration of extracellular signaling molecules such as a neuro-

transmitters that bind G-protein coupled receptors (GPCRs) and activate G↵q-coupled signal-

ing, phospholipase C (PLC) hydrolyzes the phospholipid phosphatidylinositol 4,5-bisphosphate

(PIP2) into its constituents DAG and inositol 1,4,5-trisphosphate (IP3). IP3-stimulated release

of intracellular Ca2+ stores from the endoplasmic reticulum (ER) recruits PKC to the plasma

membrane via the Ca2+-bound C2 domain interaction with the anionic phospholipids PIP2 and

phosphatidyl serine (PS) (Newton et al., 2016). The reduction in dimensionality upon PKC

association with the lipid membrane potentiates the C1 domain search for DAG (Newton and

Koshland, 1989). Binding of predominantly the C1B domain to DAG retains PKC on the mem-
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brane and expels the pseudosubstrate to activate the kinase and initiate substrate phosphory-

lation (Orr et al., 1992). The duration of PKC activation correlates with the metabolism of

DAG.

In the activated state, PKCs display two orders of magnitude enhanced sensitivity to

dephosphorylation. PKC down-regulation is initiated through dephosphorylation of the hy-

drophobic motif by PH domain leucine-rich repeat-containing protein phosphatases (PHLPP)

and subsequent dephosphorylation of the activation loop and turn motif by PP2A-family phos-

phatases (Gao et al., 2008; Keranen et al., 1995). Complete PKC dephosphorylation, dependent

upon Pin1 isomerization of the turn motif site (Abrahamsen et al., 2012) terminates its activity

and dissociates PKC from the membrane, where it subject to ubiquitination and proteasome-

dependent degradation (Chen et al., 2007). Dephosphorylated PKC may re-enter the pool of

signaling-competent enzyme dependent via Hsp70-mediated re-phosphorylation through its in-

teraction with the dephosphorylated turn motif (Gao and Newton, 2002). Thus, the interplay

between the regulatory mechanisms controlling PKC phosphorylation, dephosphorylation, and

autoinhibition specify PKC expression and spatiotemporal output, and become frequently dys-

regulated in disease.

This thesis investigates the molecular mechanisms of PKC regulation by phosphorylation

and autoinhibition and how dysregulation of these processes manifests in disease (Figure 1.4).

Using biochemical, structural, and live-cell FRET-based biosensors, we undertake two mechanis-

tic studies to investigate the requirement of mTORC2 in maturation of PKC by phosphorylation

and the determinants of autoinhibition that yield a catalytically competent and stable enzyme,

respectively. These coordinated processes underlie all PKC functions as they determine PKC

catalytic activity, cellular levels, and responsiveness to second-messengers. In cancer, the iden-
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Figure 1.4: Approach for Studying PKC Function in Disease. This thesis investigates
the molecular mechansisms underlying the pathology of dysregulated PKC signaling in disease.
Studies to understand the molecular basis of PKC phosphorylation describe the molecular de-
tails of PKC maturation by mTORC2 and PKC quality control by PHLPP1, which reveal a
conserved PKC loss-of-function mechanism in cancer, with particular relevance in pancreatic
cancer. In a complementary fashion, a second approach begins with human diseases for which
PKC mutations have been implicated as disease drivers. Understanding the mechanisms by
which disease-associated mutations dysregulate PKC signaling informs the pathophysiology of
the a↵ected downstream pathways and cell processes. Specifically, gain-of-function mutations in
spinocerebellar ataxia lead to the identification of a PKC-mediated phosphorylation on GSK3�
involved in cytoskeletal defects in neurodegenerative disease.

13



tification of PHLPP1-mediated PKC quality control presents a pervasive PKC LOF mechanism

that provides a novel post-translational means by which PKC function in suppressed, in addi-

tion to the described genetic and transcriptional mechanisms. Having established the molecular

basis of PKC processing, we apply this knowledge to disease-associated mutations in chordoid

glioma and spinocerebellar ataxia to ascertain how mutant PKC interacts with these process-

ing checkpoints to induce proliferative or degenerative disorders. Understanding the critical

determinants of proper PKC function, we uncover how causative disease-associated mutations

subvert regulatory mechanisms to drive pathophysiology. What is more, we utilize these aberrant

enzymes to discover pathological neomorphic functions and signaling pathways that contribute

to our understanding of PKC biology. Specifically, biochemical characterization of a recurrent

PKC↵ mutation in chordoid glioma revealed a potential mechanism for the dominant-negative

e↵ects of LOF PKC mutations in cancer to globally suppress PKC function. In a related fashion,

phosphoproteomic analysis of mice harboring SCA14 PKC� mutations identified the direct PKC

phosphorylation site on GSK3� responsible for its PKC-mediated inhibition and implicated cy-

toskeleton dysfunction as a potential source degeneration in cerebellar ataxias. Moreover, our

findings present avenues for developing therapies to target dysregulated PKC regulatory mech-

anisms and the associated downstream pathways. Taken together, the reciprocal application of

PKC molecular mechanisms with human disease reveals novel functions not readily apparent in

a non-pathological state and informs new approaches for targeted therapeutic intervention.
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Chapter 2

mTORC2 Controls PKC and Akt via

Phosphorylation of a Conserved

TOR-Interaction Motif

2.1 Abstract

The widely-accepted model for activation of the kinases PKC and Akt involves mTORC2

phosphorylation of the hydrophobic motif. However, the biochemical mechanism of this phospho-

rylation event and identity of the cellular hydrophobic motif kinase remain controversial. Here we

identify a distinct mTOR-mediated phosphorylation we term the TOR-Interaction Motif (TIM),

which is conserved in all mTOR-dependent kinases. TIM mutations in PKC�II (T634) or Akt1

(T443) abolish cellular kinase activity by impairing activation loop and hydrophobic motif phos-

phorylation. We show that the activation loop kinase PDK1 and mTORC2 bind PKC via the
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TIM and hydrophobic motif and cooperate to activate PKC and Akt. Reinterpretation of a pre-

viously reported PKC�II crystal structure reveals a PKC homodimer that is disrupted by TIM

phosphorylation and mTOR activity. Our data support a model in which TIM phosphorylation

by mTORC2 relieves PKC dimerization, recruiting PDK1 to phosphorylate the activation loop

and triggering intramolecular hydrophobic motif autophosphorylation. These studies provide the

framework for a general AGC kinase activation mechanism.

2.2 Introduction

The ability of cells to respond to changes in their environment relies upon e↵ective signal

transduction orchestrated by protein kinases. Precise phosphorylation mechanisms and autoin-

hibitory constrains that ensure the fidelity of these signaling pathways are critical to maintain

cellular homeostasis and frequently become deregulated in disease (Blume-Jensen and Hunter,

2001). Among the e↵ectors whose activity are precisely tuned to prevent aberrant signaling are

the protein kinase C (PKC) family Ser/Thr kinases (Newton, 2018).

PKC isozymes transduce signals resulting from receptor-mediated phospholipid hydrolysis

to influence a wide range of cellular processes including cell growth, receptor desensitization, and

di↵erentiation (Griner and Kazanietz, 2007; Nishizuka, 1984), with emerging functions in cancer

and neurodegenerative disease (Newton, 2018). Supporting a general role as tumor-suppressors,

cancer-associated PKC mutations are overwhelmingly loss-of-function and target evolutionarily

conserved kinase features (Antal et al., 2015a; McSkimming et al., 2016; Newton and Brognard,

2017). Additionally, a prevalent loss-of-function mechanism in cancer involves the suppression of

PKC protein levels by its negative regulator, the phosphatase PHLPP1 (Ba� et al., 2019; Gao et

al., 2005, 2008). In pancreatic cancer, patient survival strongly correlates with high PKC protein
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levels and markers of PKC stability (Ba� et al., 2019). Aberrant PKC activity, in contrast, is

observed in neurodegenerative diseases such as Alzheimer’s, where PKC variants that increase the

catalytic rate of the kinase co-occur with disease (Alfonso et al., 2016; Callender and Newton,

2017; Callender et al., 2018). Increased PKC activity in neurodegeneration is not restricted

to alterations in the kinase domain, however, as germline mutations that cause spinocerebellar

ataxia primarily target its regulatory domains, enhancing PKC activity by largely unknown

mechanisms (Adachi et al., 2008; Chen et al., 2003; Lui et al., 2016). Therefore, regulation of

PKC output is critical for its cellular function.

In addition to an AGC kinase family catalytic domain, PKCs contain N-terminal regu-

latory modules consisting of ligand-binding domains tethered to the kinase core by an autoin-

hibitory pseudosubstrate segment, which serves to restrain catalytic activity in the absence of

the appropriate signals (Newton, 2010). Release of the pseudosubstrate for conventional (cPKC;

↵, �, �) and novel (nPKC; ", �, ✓, ⌘) PKCs occurs through binding the lipid second messenger

diacylglycerol (DAG) (Orr et al., 1992). Additionally, cPKCs possess a C2 domain that binds

Ca2+ to direct signaling to the plasma membrane (Scott et al., 2013). Thus, fluctuations in the

second messengers that engage PKC on the membrane e↵ectively direct spatial and temporal

PKC output (Antal and Newton, 2013).

Shortly after synthesis, PKCs are matured by constitutive phosphorylations at three

conserved sites (Keranen et al., 1995): the activation loop by the phosphoinositide-dependent

kinase PDK1(Dutil et al., 1998; Le Good et al., 1998), and two sites on the C-terminal tail (C-

tail) mediated by mTORC2, the turn motif and hydrophobic motif (Guertin et al., 2006). The

activation loop and hydrophobic motif phosphorylations are required for PKC activity (Edwards

and Newton, 1997; Orr and Newton, 1994); whereas, turn motif phosphorylation is not necessary

17



for catalysis, and instead promotes protein stability (Bornancin and Parker, 1996). The final

event of PKC maturation, phosphorylation of the hydrophobic motif, triggers a conformational

change that results in pseudosubstrate occupation of the active-site, e↵ectively autoinhibiting the

enzyme (Ba� et al., 2019). It is this catalytically competent, yet autoinhibited form of PKC that

is stable and poised to respond to second messengers. Enzymes that do not become autoinhibited

and are aberrantly active independent of agonist are targeted by PHLPP1-mediated PKC quality

control, which dephosphorylates the hydrophobic motif, leading to PKC degradation (Ba� et

al., 2019). Therefore, hydrophobic motif phosphorylation is the lynchpin that activates PKC and

simultaneously promotes autoinhibition, stabilizing the enzyme.

The current dogma proposes that the atypical kinase complex mTORC2 is the long-

sought-after hydrophobic motif kinase that directly activates several AGC kinases by phospho-

rylating the turn motif and hydrophobic motif sites (Oh et al., 2010; Sarbassov et al., 2005). In

addition to regulating PKC, mTORC2 is necessary for the phosphorylation of the related AGC

kinases Akt, SGK, and PKN; and this requirement is evolutionarily conserved (Garcia-Martinez

and Alessi, 2008; Roelants et al., 2017; Sarbassov et al., 2005; Yang et al., 2017). Curiously,

AGC kinase member S6K depends, instead, upon mTORC1 (Burnett et al., 1998), and three

novel PKCs, �, ✓, and ⌘, are mTOR-independent (Ikenoue et al., 2008).

The role of mTORC2 has been most extensively studied in Akt. The turn motif phos-

phorylation of Akt, like that of atypical PKC⇣, occurs co-translationally on the ribosome via

direct mTORC2 phosphorylation to promote protein stability by preventing ubiquitination dur-

ing synthesis (Oh et al., 2010; Tobias et al., 2015). The Akt hydrophobic motif phosphorylation,

distinct from that of PKC, enhances, but is not required for, catalysis (Yang et al., 2002); rather,

activation loop phosphorylation is necessary and su�cient for Akt activity (Balasuriya et al.,

18



2018). Canonical activation of Akt involves the generation of PIP3, which recruits Akt to the

plasma-membrane via its PH domain, resulting in PDK1-dependent activation loop phosphory-

lation and mTORC2-mediated hydrophobic motif phosphorylation (Alessi et al., 1996; Bellacosa

et al., 1998; Chan et al., 1999; Franke et al., 1995). In cells, catalytic competence of Akt is

required for hydrophobic motif phosphorylation, however, suggesting that this site is governed

by a kinase-intrinsic mechanism (Facchinetti et al., 2008; Toker and Newton, 2000). We have

previously reported that Akt hydrophobic motif phosphorylation is induced in the absence of

mTORC2 by any signal that disrupts the interface between Akt’s PH domain and its kinase

domain, as occurs upon binding to the plasma membrane (Warfel et al., 2011). Whether Akt

membrane recruitment activates PKC principally through disengaging the PH domain autoinhi-

bition or by promoting activation loop and hydrophobic motif phosphorylation through PDK1

and mTORC2, however, remains contested (Chu et al., 2018; Ebner et al., 2017). Further ob-

fuscating the requirements for Akt activation, mTORC2 is only capable of phosphorylating the

Akt turn motif in vitro (Ikenoue et al., 2008); the hydrophobic motif site of Akt and PKC,

alternatively, are regulated via autophosphorylation triggered by PDK1 phosphorylation of the

activation loop (Balendran et al., 1999; Behn-Krappa and Newton, 1999; Toker and Newton,

2000). That the turn motif and hydrophobic motif phosphorylations of PKC and Akt are regu-

lated independently challenges the notion that mTORC2 directly phosphorylates both of these

sites. Thus, in the absence of a mechanism for hydrophobic motif phosphorylation, the function

of mTORC2 in regulating AGC kinases is unclear.

Here we provide evidence for a distinct mTORC2 phosphorylation site, which we term

the TOR-Interaction Motif (TIM), that controls the activation of PKC and Akt. TIM phos-

phorylation is sensitive to mTOR inhibition and mTORC2-deficiency, and mutation of the TIM
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site abolishes PKC and Akt cellular kinase activity by preventing activation loop and hydropho-

bic motif phosphorylation. Overexpression of PDK1 is su�cient to rescue activity and recover

phosphorylation in the absence of mTORC2. For PKC, mTORC2 and PDK1 bind the TIM site

and hydrophobic motif of the C-tail and cooperate to regulate the rate-determining step of PKC

maturation. Comparative analysis of the TIM motif in PKC structures reveals an unappreciated

PKC homodimer that is regulated by TIM phosphorylation and mTOR activity. Thus, identi-

fication of the TOR-Interaction Motif as the bona fide target of mTORC2 establishes that the

hydrophobic motif is regulated by autophosphorylation. Moreover, this PKC activation mecha-

nism implicates mTORC2-dependent conformational rearrangements that recruit PDK1 to the

C-tail as the critical step in AGC kinase activation.

2.3 Results

Defect in PKC Maturation Upon Loss of mTORC2

cPKC priming phosphorylations (Figure 2.1A), enzymatic activity, and cellular stability

are dependent upon mTORC2 (Facchinetti et al., 2008; Ikenoue et al., 2008). To assess the

nature of the mTOR requirement, we characterized PKC function in Sin1 KO (Sin1-/-) and

Rictor KO (Ric-/-) mouse-embryonic fibroblasts (MEFs), which lack critical components of the

mTORC2 complex and abolish mTORC2 function (Guertin et al., 2006; Jacinto et al., 2006).

Endogenous PKC phosphorylation at the activation loop, turn motif, and hydrophobic motif

sites was ablated in both Sin1 KO and Rictor KO MEFs, which could not be rescued by agonist

stimulation, targeting to the plasma membrane, or protecting PKC phosphorylations with active-

site inhibitors (Gould et al., 2011) (Figure 2.1B; Figure 2.8B, 2.8C, 2.8E). Accordingly, basal and

agonist-evoked cellular PKC activity was also dramatically reduced in Sin1 KO MEFs compared
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to WT MEFs using the C Kinase Activity Reporter (CKAR) (Ross et al., 2018; Violin et al.,

2003) (Figure 2.1C, Figure 2.8A). Consistent with dependence upon mTORC2, but not mTORC1

(Jacinto et al., 2004; Sarbassov et al., 2004), overexpressed PKC�II was sensitive to mTORC1/2

inhibitor Torin, but not mTORC1 inhibitor Rapamycin, and PKC phosphorylation deficiency in

Sin1 KO MEFs was rescued by expression of Sin1 (Figure 2.1D).

To further characterize the PKC defect in the absence of mTORC2, we used a live-cell

PKC conformation reporter, Kinameleon, which reads out intramolecular PKC rearrangements

that alter FRET between flanking CFP and YFP molecules (Antal et al., 2014). Using this re-

porter, we have previously shown that PKC maturation by phosphorylation induces an increase in

the FRET emission of the reporter, which is dependent upon hydrophobic motif phosphorylation,

PKC catalytic activity, and the autoinhibitory pseudosubstrate (Ba� et al., 2019). Furthermore,

only mature PKC which has become appropriately primed can undergo a further conformational

transition to the high-FRET active state upon agonist stimulation (Ba� et al., 2019). Consis-

tent with a role for mTORC2 in PKC priming, Sin1 KO MEFs expressing PKC�II-Kinameleon

displayed reduced FRET compared to those reconstituted with Sin1, similar to cells expressing

catalytically-dead PKC�II (K371R, KD) (Figure 2.1E). Neither did Sin1 KO MEFs expressing

PKC�II-Kinameleon show a FRET change in response to PDBu stimulation, whereas Sin1 KO

MEFs reconstituted with Sin1 displayed the characteristic FRET increase of that observed in

WT MEFs (Figure 2.1F). As an additional measure of the PKC folding deficiency in the absence

of mTORC2, we used a FRET-based translocation assay to assess PKC ligand sensitivity in live

cells. We have previously shown that compared to properly primed enzyme, which is recruited

to membranes relatively slowly due to e�cient masking of its ligand-binding domains in the

autoinhibited conformation, unprimed PKC exhibits a roughly 5-fold faster translocation rate
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upon agonist stimulation, owing to the increased accessibility of the C1 domains (Antal et al.,

2014). Accordingly, PKC�II translocated more rapidly in Sin1 KO MEFs (WT-/-) than in +/+

MEFs (WT+/+) or in Sin1 KO MEFs reconstituted with Sin1 (WT-/- +Sin1) (Figure 2.1G; t1/2=

1.10 ± 0.08 min versus 8.2 ± 0.3 min and 6.1 ± 0.4 min, respectively). Compared to PKC in

WT MEFs, PKC in Sin1 KO MEFs was observed to rapidly redistribute from the cytosol to the

plasma membrane upon PDBu-stimulation, which was rescued by Sin1 expression in Sin1 KO

MEFs (Figure 2.1H). To confirm that enhanced PKC translocation in mTORC2-deficient cells

was due to impaired masking of the C1 domains, we introduced a mutation in the ligand-binding

site of the PKC�II C1A domain that impairs the ability to bind phorbol esters (Antal et al., 2014;

Dries et al., 2007). Rapid PKC�II translocation in Rictor KO MEFs (WTRic-/-) was identical

to that of kinase-dead PKC�II mutant D466N in +/+ MEFs (D466N+/+); however, mutation

of the C1A domain to impair phorbol ester binding slowed the rate of translocation in Rictor

KO MEFs (W58YRic-/-) (Figure 2.8D). Mutating the C1A domain in +/+ MEFs (W58A+/+),

however, had no e↵ect on PKC translocation due to e↵ective masking of this domain in the

primed conformation (Figure 2.8D). Since loss of hydrophobic motif phosphorylation rendered

PKC incapable of adopting the primed conformation (Ba� et al., 2019) and PKC phosphory-

lation was reduced upon loss of mTORC2, we reasoned that phosphomimetic substitutions at

the C-tail phosphorylation sites may permit proper folding and recover PKC translocation ki-

netics in mTORC2-deficient cells. Although Glu substitution at the turn and hydrophobic motif

phospho-acceptor sites (T641E/S660E) exhibited normal translocation in +/+ MEFs (EE+/+),

the Glu substitution mutant displayed the same rapid translocation as WT PKC�II in the Sin1

KO MEFs (EE-/-), suggesting that mTORC2 regulation of PKC conformation acts independently

from phosphorylation of the C-tail sites (Figure 2.1G; t1/2= 6.2 ± 0.3 min versus 2.3 ± 0.1 min
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respectively).

We next addressed whether mTOR activity regulates the initial phosphorylation of newly-

synthesized PKC or the steady-state phosphorylation of mature PKC. WT MEFs expressing

PKC�II were subjected to a time-course of Torin treatment and analyzed for phosphorylation

by electrophoretic mobility-shift analysis. The phosphorylation of mature PKC was surprisingly

resistant to mTOR inhibition: 24 hrs of Torin treatment was not su�cient to achieve a compa-

rable fraction of unphosphorylated PKC to that observed in Sin1 KO MEFs (Figure 2.1I). In

contrast, the phosphorylation of mTORC1 substrate S6K1 was abolished within 1 hr of mTOR

inhibition (Figure 2.8G). Reasoning that mTORC2 may exclusively regulate the phosphorylation

of nascent PKC, we performed a time-course of mTOR inhibition in the presence of the protein

synthesis inhibitor, cycloheximide (CHX). Upon addition of CHX, the Torin-dependent accumu-

lation of unphosphorylated PKC was blocked at all timepoints (Figure 2.1J). Importantly, the

hydrophobic motif phosphorylation of S6K1 was rapidly lost upon mTOR inhibition in the pres-

ence of CHX, suggesting a distinct regulatory mechanism for S6K1 and mTORC1 (Figure 2.1J).

To investigate the role of mTORC2 in PKC phosphorylation during maturation, we performed

pulse-chase analysis to monitor the pool of newly-synthesized PKC. Following synthesis, PKC

undergoes an electrophoretic mobility shift corresponding to the tightly-coupled phosphorylation

of the turn and hydrophobic motifs with a half-time of approximately 30 min (the activation

loop phosphorylation does not cause a mobility shift) (Borner et al., 1989). mTOR inhibition

during maturation retarded PKC progression to the phosphorylated species, similar to the e↵ect

of a kinase-deficient PKC mutant (Figure 2.1K). Since mTOR activity is critical for processing

both the turn motif and hydrophobic motif sites, we next asked which phosphorylation site was

rate-limiting with respect to mTOR activity. To assess whether phosphorylation of the turn mo-
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tif or the hydrophobic motif is the rate-determining step of PKC maturation, phosphomimetic

mutants of the turn (T641E) or hydrophobic (S660E) motifs were subjected to pulse-chase anal-

ysis. Interestingly, while both PKC phosphomimetic mutants progressed to the phosphorylated

species in untreated conditions, neither mutant became phosphorylated upon mTOR inhibition

(Figure 2.1L). Thus, negative charge at neither the turn nor hydrophobic motif was su�cient

to bypass the requirement for mTOR activity, suggesting that phosphorylation of neither site

is rate-limiting. Taken together, mTORC2 regulates PKC conformation, activity, and the rate-

limiting step of PKC phosphorylation independently of phosphorylation at either the turn motif

or hydrophobic motif sites.
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Figure 2.1: Defect in PKC Maturation Upon Loss of mTORC2.
(A) Diagram of cPKC secondary structure showing kinase domain (cyan), C-terminal tail (C-tail,
grey), C2 domain (yellow), C1 domains (orange), and pseudosubstrate (PS, red). Three consti-
tutive phosphorylations at the activation loop (magenta), turn motif (orange), and hydrophobic
motif (green) are shown as circles.
(B) Immunoblot (IB) of triton-solubilized lysates from WT (+/+), Rictor KO (Ric-/-), or Sin1
KO (Sin1-/-) MEFs probed with the indicated antibodies.
(C) PKC activity in WT (+/+) or Sin1 KO (Sin1-/-) cells expressing CKAR2 and treated with
PDBu (200nM). Data represent the normalized FRET ratio changes (mean ± SEM) from 3
independent experiments.
(D) IB of triton-solubilized lysates from WT (+/+), Rictor KO (Ric-/-), or Sin1 KO (Sin1-/-)
MEFs, expressing YFP-PKC�II and HA-Sin1, treated with Rapamycin (10nM) or Torin
(200nM), and probed with the indicated antibodies.
(E) Basal PKC conformation analyzed by the FRET ratio (mean ± SEM) of WT (+/+) or Sin1
KO (Sin1-/-) MEFs expressing PKC�II Kinameleon C wild-type (WT) or kinase-dead K371R
(KD), and HA-Sin1. Each data point represents the FRET ratio from individual cells relative to
the average maximum signal.
(F) PKC conformation dynamics analyzed by FRET ratio changes (mean ± SEM) of WT (+/+)
or Sin1 KO (-/-) MEFs expressing PKC�II Kinameleon C wild-type (WT) or kinase-dead K371R
(KD), and HA-Sin1 and treated with PDBu (200nM).
(G) PKC translocation analysis of mYFP-PKC�II WT or T641E/S660E (EE) monitored by
FRET ratio changes (mean ± SEM) in WT (+/+) or Sin1 KO (-/-) MEFs co-expressing
myristoylated-palmitoylated mCFP and HA-Sin1, and treated with PDBu (100nM).
(H) PKC translocation analysis monitored by live-cell YFP-channel fluorescence images of WT
(+/+) or Sin1 KO (Sin1-/-) MEFs expressing PKC�II Kinameleon C and HA-Sin1, and treated
with PDBu (200nM) for the indicated timepoints.
(I) IB mobility shift analysis of triton-solubilized lysates from WT (+/+) MEFs expressing
PKC�II for 24hrs prior to Torin treatment (250nM).
(J) IB mobility shift analysis of triton-solubilized lysates from COS7 cells expressing PKC�II
for 24hrs prior to treatment with Torin (250nM) and Cycloheximide (250µM) for the indicated
times prior to lysis.
(K) Autoradiograph (35S) and IB analysis of newly synthesized PKC pulse-chase HA immuno-
precipitates from COS7 cells expressing HA-PKC�II WT or K371R (Kinase-Dead) and treated
with Torin (250nM) during the chase.
(L) Autoradiograph (35S) and IB analysis of newly synthesized PKC pulse-chase HA immuno-
precipitates from WT MEFs expressing the indicated PKC�II constructs and treated with Torin
(250nM) during the chase.
In immunoblots, the double asterisk (**) denotes the position of mature, fully phosphorylated
PKC; the single asterisk (*) denotes the position of PKC phosphorylated at either the turn motif
or hydrophobic motif; and the dash (-) indicates the position of unphosphorylated PKC. ****p
< 0.0001 by Student’s t-test.
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PDK1 Overexpression Bypasses mTORC2 Dependence of PKC and Akt

Given that mTORC2-deficiency abrogates all three constitutive PKC phosphorylations,

we hypothesized that the known activation loop kinase, PDK1, may be involved in mTORC2

regulation of PKC (Dutil et al., 1998; Le Good et al., 1998). To address whether PDK1 and

mTORC2 cooperate to e↵ect the rate-limiting step of PKC phosphorylation, we asked whether

PDK1 overexpression rescues the processing defect upon mTOR inhibition. Whereas pulse-chase

of PKC in the presence of Torin blocked the mobility shift to the phosphorylated species, overex-

pression of PDK1 in Torin-treated cells recovered PKC processing (Figure 2.2A). This e↵ect was

dependent upon PDK1 catalytic activity, as kinase-dead PDK1 mutant K110N (kdPDK1) did

not restore the phosphorylation of newly-synthesized PKC (Figure 2.2A). The phosphorylated

PKC species observed upon PDK1 rescue appeared as an intermediate mobility band between the

unphosphorylated and fully phosphorylated PKC, suggestive of di↵erential phosphorylation at

the C-tail. Analysis of PKC�II phosphorylation state in +/+ MEFs treated with Torin or in Sin1

KO MEFs revealed that PDK1 expression rescued PKC phosphorylation at the activation loop

and hydrophobic motif, but not the turn motif site (Figure 2.2B). Importantly, PKC catalytic

activity was required for the rescue of hydrophobic motif phosphorylation, as kinase-dead mu-

tant PKC�II K371R (kdPKC) did not become phosphorylated upon expression of PDK1 (Figure

2.2B). The PDK1-mediated rescue of PKC activation loop and hydrophobic motif phosphory-

lation in the absence of mTORC2 was also observed in Torin-treated COS7 cells and Rictor

KO MEFs (Figure 2.11A, 2.11C). Supporting PDK1-mediated rescue of PKC function in the

absence of mTORC2, PDK1 expression in Torin-treated WT MEFs or Sin1 KO MEFs restored

PDBu-stimulated PKC activity; whereas, expression of kinase-dead PDK1 displayed no or wors-

ened e↵ect (Figure 2.2C). Thus, PDK1 supplementation bypasses the mTORC2-requirement for
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PKC activation by promoting phosphorylation at the activation loop and hydrophobic motif in

a manner dependent upon both PDK1 and PKC catalytic activity.

The AGC kinase family member, Akt, is also regulated by PDK1 and mTORC2 (Alessi

et al., 1997; Sarbassov et al., 2005), so we next assessed whether PDK1 was capable of res-

cuing mTORC2-dependent Akt phosphorylation. The isolated catalytic domain of Akt1 is not

appreciably phosphorylated in Sin1 KO cells; however, Sin1 reconstitution induces robust phos-

phorylation at the turn and hydrophobic motif sites (Figure 2.2D). As seen for PKC, PDK1

expression induced Akt1 phosphorylation exclusively at the activation loop and hydrophobic

motif sites (Figure 2.2D). This e↵ect also required the catalytic activity of both PDK1 and Akt:

introduction of kinase-dead mutations in either PDK1 (K110N; kdPDK1) or Akt1 (K368M;

kdAkt) abrogated the rescue of hydrophobic motif phosphorylation (Figure 2.2D). Activation

loop phosphorylation of catalytically impaired Akt was only partially rescued, likely due to the

fact that hydrophobic motif phosphorylation stabilizes phosphate on the activation loop (Chan

et al., 2015). Thus, PDK1 cooperates with mTORC2 to regulate PKC and Akt activity and

compensates for mTORC2-deficiency by promoting activation loop and hydrophobic motif phos-

phorylation, dependent upon both PDK1 catalytic activity and intrinsic PKC/Akt catalytic

activity (Figure 2.2E).
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Figure 2.2: PDK1 Overexpression Bypasses mTORC2 Dependence of PKC and Akt.
(A) Autoradiograph (35S) and IB analysis of newly synthesized PKC pulse-chase HA immunopre-
cipitates from COS7 cells expressing FLAG-PKC�II and FLAG-PDK1, and treated with Torin
(250nM) during the chase.
(B) IB analysis of triton-solubilized lysates or FLAG immunoprecipitates fromWT (+/+) or Sin1
KO (Sin1-/-) MEFs expressing FLAG-PKC�II WT or kinase-dead K371R (kd), FLAG-PDK1WT
or kinase-dead K110N (kd), and HA-Sin1. Cells were treated with or without Torin (200nM)
during transfection for 24hrs prior to lysis. (right) Quantification of PKC phosphorylation reflects
the percentage of the faster mobility species phosphorylated at the hydrophobic motif (S660).
(C) PKC activity in WT (+/+) or Sin1 KO (Sin1-/-) MEFs expressing CKAR2 and mCherry-
PKC�II, and treated with PDBu (200nM). Data represent the normalized FRET ratio changes
(mean ± SEM) from three independent experiments. (right) Quantification of PKC activity
reflects the normalized area under the curve (AUC; mean ± SEM) 10min after PDBu treatment.
(D) IB analysis of triton-solubilized lysates or FLAG immunoprecipitates from Sin1 KO (Sin1-/-)
MEFs expressing FLAG-Akt1 catalytic domain (141-480) WT or kinase-dead K179M (kd),
FLAG-PDK1 WT or kinase-dead K110N (kd), and HA-Sin1. (right) Quantification of Akt
phosphorylation reflects the normalized phospho-signal relative to total Akt for the activation
loop (pThr308), turn motif (pThr450), or hydrophobic motif (pSer660).
(E) Schematic of mTORC2 and PDK1 function in the phosphorylation of PKC and Akt: (left)
mTORC2-containing cells produce kinase that is phosphorylated at the activation loop (AL),
Turn Motif (TM), and Hydrophobic Motif (HM); (middle) mTORC2-deficient cells produce ki-
nase with impaired phosphorylation at all three sites; (right) PDK1 overexpression in mTORC2-
deficient cells rescues phosphorylation at the AL and HM, but not the TM.
In immunoblots, the double asterisk (**) denotes the position of mature, phosphorylated PKC;
the single asterisk (*) denotes the position of PKC phosphorylated at the hydrophobic motif,
and the dash (-) indicates the position of unphosphorylated PKC. Immunoblots represent the
average of at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001 by One-way ANOVA and Tukey HSD Test. IB quantifications represent the mean ±
SEM from at least 3 independent experiments.
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Structural Divergence and mTORC2 Binding Site in the PKC C-tail Confer

mTORC2 Dependence

That the PKC and Akt turn motif phosphorylations are mTORC2-dependent but can-

not be rescued by PDK1 overexpression suggests that this site is a direct target of mTOR. This

finding, however, does not explain how mTOR activates these kinases, as the turn motif phospho-

rylation is neither necessary nor su�cient to substitute for loss of mTORC2. In order to identify

critical regions for mTOR-mediated PKC activation, we pursued a structural approach to map

the mTORC2 binding site on PKC. Pulse-chase and co-immunoprecipitation analysis demon-

strated that mTOR physically associates with PKC�II during processing and binds exclusively

to the faster electrophoretic mobility, unphosphorylated species of PKC (Figure 2.3A, Figure

2.9A). Pulldown studies with the isolated PKC�II domains revealed that mTOR most robustly

associates with the PKC catalytic domain (Figure 2.9B). Thus, in order identify mTORC2 bind-

ing sites, the PKC�II catalytic domain sequence (296-673) was walked on a peptide array and

overlaid with cell lysate expressing mTORC2 component Sin1 or the mTOR kinase (Figure 2.9C).

Both components bound strongly to the active-site tether and hydrophobic motif regions in the

C-tail (Figure 2.3B, Figure 2.9C). Alanine scans of the identified sequences implicated several Phe

residues comprising the respective motifs that were critical for binding (Figure 2.3B). Since the

hydrophobic motif binding site contained the phospho-acceptor Ser, we asked if phosphorylation

at this site a↵ected mTOR binding. Compared to peptide array sequences with unmodified Ser

at the hydrophobic motif, those containing phosphorylation of the PKC�II hydrophobic motif

(pSer660) abolished mTOR binding (Figure 2.3B). Thus, mTORC2 recognizes conserved motifs

in the PKC C-tail to bind newly-synthesized, unphosphorylated PKC.

Next, we took advantage of the diversity of the greater PKC family to investigate how
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mTORC2 regulates only a subset of kinases despite recognizing conserved motifs. While six

PKC isozymes require mTORC2 for phosphorylation; three novel PKCs (�, ⌘, ✓) are mTORC2-

independent (Ikenoue et al., 2008). Yet, motif analysis of the C-tail active-site tether and hy-

drophobic motif revealed a high degree of conservation among these enzymes, including residues

critical for mTORC2 binding that are conserved broadly across AGC kinases (Crooks et al., 2004;

Kannan et al., 2007) (Figure 2.3C). Therefore, to determine the structural basis for mTORC2 de-

pendence, PKC�/� chimeras were engineered that contained sequence from mTORC2-dependent

and -independent isozymes to assess the sequence requirements for mTORC2 dependence (Fig-

ure 2.3C). Whereas PKC�II turn motif and hydrophobic motif phosphorylation were exquisitely

sensitive to either mTOR inhibition (+/+, Torin) or ablation (Sin1-/-), PKC� was insensitive

(Figure 2.3D). Replacement of the C-terminal 25 amino acids of PKC� with those of PKC�II,

such that the chimera contained the hydrophobic motif of PKC�II (PKC�/� HM), had no ef-

fect on mTORC2 dependence (Figure 2.3D). Substitution of the C-terminal 45 amino acids to

include the PKC�II turn motif and hydrophobic motif phosphorylation sites (PKC�/� TM),

however, induced mTORC2 sensitivity of the turn motif, but not the hydrophobic motif (Fig-

ure 2.3D). Underscoring the dispensability of the turn motif for activity and processing, this

enzyme retained cellular catalytic activity and phosphorylation kinetics upon mTOR inhibi-

tion, similar to that of PKC� (Figure 2.9D, 9E, 9F). To confirm the di↵erential regulation of

the turn motif and hydrophobic motif phosphorylations by mTORC2, an identical chimera be-

tween mTORC2-independent PKC✓ and PKC�II (PKC✓/� TM) produced the same result: the

PKC�II turn motif, but not hydrophobic motif, phosphorylation became mTORC2-dependent

when fused to an mTORC2-independent PKC at the active-site tether (Figure 2.9G). Extending

the junction a further seven residues or more to include the entire PKC�II active-site tether
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(PKC�/� AST), however, resulted in a chimera that was dependent upon mTORC2 for turn

motif and hydrophobic motif phosphorylation (Figure 2.3D, Figure 2.9G). The residues preced-

ing the active-site tether of AGC kinase di↵er substantially despite a high degree of structural

similarity (Taylor and Kornev, 2011); Asp629 in PKC� and many mTORC2-independent kinases,

for example, is not conserved in mTORC2-dependent enzymes (PKC�II Asn625). This residue

in PKA (Asp323), is necessary for catalytic activity, despite the lack of a defined role in catalysis

(Gibbs and Zoller, 1991). Accordingly, an Asp to Asn mutation in the turn motif PKC chimera

(PKC�/� TM D625N) converted the hydrophobic motif to an mTORC2-dependent phosphoryla-

tion site (Figure 2.3D), suggesting that the structural integrity of the active-site tether is critical

for mTORC2-independent hydrophobic motif phosphorylation.

To ascertain the role of the active-site tether in mTORC2-dependence, we compared the

structures of various AGC kinase C-tails (van Eis et al., 2011; Knighton et al., 1991; Leonard

et al., 2011; Lin et al., 2012; Xu et al., 2004) (Figure 2.3E). Unexpectedly, the high degree of

structural complementarity in the C-tail of AGC kinases diverges exclusively in PKC�II to form

an ↵-helix in place of the highly conserved active-site tether (Leonard et al., 2011; Taylor et al.,

2012) (Figure 2.3E). Whereas the conserved Asp that confers mTORC2-independent hydrophobic

motif phosphorylation forms contacts to structure the apex of the active-site tether, the PKC�II

novel helix is clamped down by the C1B domain at this position in the full-length structure

(Figure 2.3F). Taken together, PKC chimeras and structural analysis reveal distinct regulation

of the turn and hydrophobic motif sites by mTORC2, wherein mTORC2-dependence of the turn

motif is regulated at the level of the phosphorylation site sequence, and the structural integrity of

a canonical active-site tether confers mTORC2-independent phosphorylation of the hydrophobic

motif.
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Figure 2.3: Structural Divergence and mTORC2 Binding Site in the PKC C-tail
Confer mTORC2 Dependence.
(A) Co-immunoprecipitation autoradiograph (35S) and IB analysis of newly synthesized PKC
pulse-chase HA or Myc immunoprecipitates from COS7 cells expressing HA-PKC�II and Myc-
mTOR. The double asterisk (**) denotes the position of mature, fully phosphorylated PKC and
the dash (-) indicates the position of unphosphorylated PKC.
(B) (top) IB analysis of 1-step, 15-mer peptide arrays of the PKC�II C-tail overlaid with triton-
solubilized lysate fromWTMEFs expressing HA-Sin1 or Myc-mTOR and probed with antibodies
for Sin1 (HA) or mTOR (Myc). (right) Peptide arrays of the indicated hydrophobic motif
sequences were generated with phospho-serine (pS) or unphosphorylated serine (S) and probed
for mTOR as described. (bottom) Alanine-scans of the indicated C-tail peptides and probed for
Sin1 and mTOR as described.
(C) (left) Schematic of mTORC2-dependent and independent PKC isozymes. (top) Schematic of
PKC�/PKC�II chimeras (PKC�/�), indicating the location of the junction (PKC�II numbering)
of the N-terminal PKC� sequence (blue) and C-terminal PKC�II sequence (red). The position of
the turn motif (orange) and hydrophobic motif (green) phosphorylations are indicated. (bottom)
Motif analysis of the C-terminal tail for 3 mTORC2-dependent cPKCs (↵,�,�) and 3 mTORC2-
independent nPKCs (�,✓,⌘).
(D) IB of triton-solubilized lysates from WT (+/+) or Sin1 KO (-/-) MEFs expressing mCherry-
tagged PKC�, PKC�II, or indicated PKC�/� chimera treated with Torin (250nM) and probed
with antibodies against the PKC� (pThr641) or PKC� (pSer645) turn motif, hydrophobic motif
(pSer660), and total PKC (dsRED).
(E) Alignment of the kinase domain (space-filling, white) and C-tail (cartoon, color) from crystal
structures of PKC�II (PDB ID: 3PFQ), PKC✓ (PDB ID: 1XJD), PKC⌘ (PDB ID: 3TXO), Akt1
(PDB ID: 4EKL), and PKA (PDB ID: 2CPK) with indicated structural features. (F) (top)
Alignment of the C-tail from crystal structures of PKC�II (PDB ID: 3PFQ) and PKC✓ (PDB
ID: 5F9E) showing the positions of the PKC�/� chimera junctions and (bottom) the position of
the C1B domain in the full-length PKC�II structure
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Figure 3. mTORC2 Binding Sites Reveal Structure 
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TOR-Interaction Motif Phosphorylation is Critical for PKC and Akt Activity

Although mTORC2 independently regulates PKC turn motif and hydrophobic motif phos-

phorylation, neither site is rate-limiting for PKCmaturation, suggesting that this process depends

upon a distinct phosphorylation event. Consequently, we utilized protein sequence alignments

to identify novel mTORC2-regulated phosphorylation sites in the active-site tether that confer

kinase activity. Surprisingly, we identified a conserved Thr preceding the turn motif phosphory-

lation site in the mTORC2 binding region of the active-site tether, which was present exclusively

in mTORC2-dependent AGC kinases. (Turn Motif -7; Figure 2.4A). This residue is located in an

invariant F-D-X2-F-pT motif we term the TOR-Interaction Motif (TIM; Figure 2.4A). Kinome

analysis (Metz et al., 2018) of AGC kinases that contain this motif include those reported to

be mTOR-regulated such as the six PKC family members, as well as the Akt, SGK, and PKN

family kinases (Figure 2.4B). Intriguingly, the mTORC1-regulated p70S6K family and two ki-

nases not known to be regulated by mTOR, the MSK and RSK family kinases, also conserve

the TOR-Interaction Motif (Figure 2.4B). To assess whether TIM phosphorylation was necessary

for kinase function, we generated TIM site Ala mutants in PKC�II (T634A) and Akt1 (T443A)

and assessed the e↵ect of TIM mutation on cellular kinase activity and phosphorylation state.

Although mutation of the TIM or turn motif alone had minimal e↵ect on PKC cellular activity,

the double mutation (AA; T634A/T641A) abolished PKC response to agonist (Figure 2.4C).

Akt1 TIM mutation alone, however, was su�cient to abrogate enzymatic activity of the isolated

catalytic domain, while turn motif mutation (T540A) had no e↵ect (Figures 4D). The residues

comprising the TOR-interaction motif did not appear to be involved in catalysis, so we next asked

how TIM phosphorylation conferred kinase activity. Phosphorylation state analysis revealed a

dramatic reduction in activation loop and hydrophobic motif phosphorylation of the inactive
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PKC and Akt TIM mutants (Figure 2.4E and 2.4F). Interestingly, the PKN family members

PKN1 and PKN2, showed greater dependence upon the turn motif site, and the e↵ect of TIM

mutation had opposite e↵ects on activation loop phosphorylation in PKN1 and PKN2 (Figure

2.10A). These results establish the importance of phosphorylation sites in the active-site tether of

AGC kinases and suggest that the precise function of these phosphorylations may vary between

kinases.

Having established that the TIM site is critical for PKC and Akt activity, we next as-

sessed whether TIM phosphorylation is regulated by mTOR. Inhibition of mTOR in HEK-293t

cells expressing PKC�II e↵ectively blocked TIM phosphorylation (pPKCT634) (Figure 2.4G).

mTORC2 integrity was also required for TIM phosphorylation, as Sin1 KO MEFs expressing

PKC�II lacked detectable phosphorylation at Thr634, which was restored upon Sin1 reconstitu-

tion (Figure 2.4H). These experiments suggest that mTORC2-dependent TIM phosphorylation

promotes activation loop and hydrophobic motif phosphorylation to facilitate PKC and Akt ac-

tivation. Moreover, this finding clarifies the roles of the upstream kinases involved in PKC and

Akt activation, providing evidence that direct mTOR phosphorylations at the TIM and turn

motif sites promote PDK1 phosphorylation of the activation loop and autophosphorylation of

the hydrophobic motif. (Figure 2.4I).
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Figure 2.4: TOR-Interaction Motif Phosphorylation is Critical for PKC and Akt
Activity.
(A) Sequence alignment of the active-site tether region indicating TOR-interaction motif (red)
and turn motif (blue) phosphorylation sites for mTOR-dependent and independent AGC kinases.
(B) AGC kinase branch of the Kinome tree indicating the conservation of the TOR-interaction
motif Thr.
(C) PKC activity in COS7 cells expressing CKAR2 and the indicated mCherry-PKC�II and
treated with UTP (100µM) and PDBu (200nM). Data represent the normalized FRET ratio
changes (mean ± SEM) from three independent experiments. (right) Quantification of PKC
activity represents the normalized area under the curve (AUC; mean ± SEM).
(D) Akt activity in COS7 cells expressing BKAR and the indicated mCherry-Akt1 and treated
with GDC-0068 (20µM). Data represent the normalized FRET ratio changes (mean ± SEM) from
3 independent experiments. Quantification (right) of PKC activity represents the normalized area
under the curve (AUC; mean ± SEM).
(E) IB of triton-solubilized FLAG immunoprecipitates from HEK-293t cells expressing FLAG-
PKC�II WT, T634A, T641A, or T634A/T641A (AA) and probed with the indicated antibodies.
(right) Quantification of PKC phosphorylation (mean ± SEM) represents the percent of the
faster-mobility, phosphorylated species.
(F) IB of triton-solubilized FLAG immunoprecipitates from HEK-293t cells expressing the cat-
alytic domain (141-480) FLAG-Akt1 WT, T443A, or T450A and probed with the indicated
antibodies. (right) Quantification of Akt phosphorylation (mean ± SEM) reflects the normal-
ized phospho-signal relative to total Akt for the activation loop (pThr308) or hydrophobic motif
(pSer660).
(G) IB analysis of whole-cell lysates from HEK-293t cells expressing FLAG-PKC�II, treated with
Torin (250nM) for 36hrs co-transfection, and probed with the indicated antibodies. (right) Quan-
tification reflects the normalized phospho-signal relative to total PKC for the TOR-interaction
motif (pThr634).
(H) IB analysis of triton-solubilized lysates and FLAG immunoprecipitates from WT (+/+) or
Sin1 KO (Sin1-/-) MEFs expressing FLAG-PKC�II and HA-Sin1 and probed with the indicated
antibodies.
(I) Model of mTOR-dependent AGC kinase phosphorylation sites and their upstream kinases:
PDK1 is the activation loop kinase, the TOR-interaction motif and turn motif are phosphorylated
by mTOR, and the hydrophobic motif proceeds by intramolecular auto-phosphorylation.
**p < 0.01; ****p < 0.0001; n.s., not significant by One-way ANOVA and Tukey HSD Test
or Student’s t-test. IB quantifications represent the mean ± SEM from at least 3 independent
experiments.
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mTORC2 Recruits PDK1 to the PKC C-tail

Given that mTORC2 and PDK1 cooperate to regulate the rate-limiting step of PKC

phosphorylation, we hypothesized that mTOR activity may be facilitating PDK1 binding to

PKC via TIM phosphorylation. For the AGC kinases S6K, RSK, and SGK, phosphorylation of

the hydrophobic motif is a prerequisite for activation loop phosphorylation, which allows PDK1

to dock onto the C-tail via the PIF-pocket in the PDK1 N-lobe (Biondi et al., 2000, 2001).

For PKC and Akt, however, PDK1 utilizes a hydrophobic groove in the PIF pocket, rather

than the phosphate groove, to recognize the unphosphorylated hydrophobic motif (Collins et

al., 2005). Supporting a role for mTORC2 in facilitating binding to unphosphorylated PKC,

PDK1 preferentially bound the nascent, unphosphorylated PKC species two-fold better than the

phosphorylated form; however, mTOR inhibition reduced PDK1’s ability to associate with un-

phosphorylated PKC (Figure 2.12A). Thus, to determine how mTOR may be recruiting PDK1,

we investigated the e↵ect of TIM and turn motif phosphorylation on PDK1 binding. Peptide

arrays of the PKC C-tail overlaid with Sin1 or PDK1 revealed that TIM and turn motif phospho-

rylation had little e↵ect on the ability of either protein to bind the active site tether (Figure 2.5A).

While both proteins displayed a�nity for the active-site tether and the hydrophobic motif, Sin1

bound the active-site tether more strongly, whereas more robust hydrophobic motif association

was observed for PDK1 (Figure 2.5A). In cellular immunoprecipitation assays, PDK1 associated

with hydrophobic motif-phosphorylated PKC�II C-tail (601-673), which was abrogated by mu-

tation of the hydrophobic motif but not of the TIM or turn motif (Figure 2.5B). Substitution of

the TIM site with a negatively charged Glu did not confer PDK1 binding in the absence of hy-

drophobic motif phosphorylation, suggesting that mTOR regulation of PDK1 binding is mediated

through the hydrophobic motif and is regulated at the level of C-tail accessibility, rather than
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by altered binding a�nity upon phosphorylation (Figure 2.5C). To assess whether mTORC2

promotes PDK1-mediated PKC processing via TIM phosphorylation, we tested the ability of

PDK1 to rescue the function of the PKC�II TIM and turn motif mutant (T634A/T641A). The

cellular activity of PKC�II T634A/T641 (AA) was enhanced by PDK1 expression, and further

impaired by expression of kinase-dead mutant PDK1 K110N (kdPDK1) (Supplementary Figure

2.5D). Furthermore, while PKC�II T634A and T634E both impaired the ability of PDK-1 to

rescue hydrophobic motif phosphorylation upon mTOR inhibition or loss of mTORC2, the defect

in the T634A mutant was more severe (Figure 2.12B). As an additional measure that mTOR

regulates PDK1 binding of PKC via accessibility of the PKC hydrophobic motif, PIF peptide,

which binds the PDK1 hydrophobic docking site, the PIF pocket, with several orders of magni-

tude higher a�nity than other AGC kinases, suppressed PKC phosphorylation in the presence

or absence of mTOR inhibition (Figure 2.5D). That PIF peptide suppresses PKC phosphoryla-

tion upon mTOR inhibition, presumably by competing with PKC for access to PDK1, suggests

that mTOR activity enhances the ability of PDK1 to bind the unphosphorylated hydrophobic

motif. Accordingly, we have previously shown that although PDK1 displays higher a�nity for

the phosphorylated PKC hydrophobic motif peptide, PDK1 preferentially binds unphosphory-

lated full-length PKC, likely due to increased accessibility of the C-tail in this conformation (Gao

et al., 2001). Thus, mTORC2 activity and TIM phosphorylation enhance PDK1 binding and

function, respectively, suggesting that PDK1 is recruited to PKC via mTORC2-mediated TIM

phosphorylation.

To gain structure insight into the binding events required for PKC maturation, we mod-

eled the binding of Sin1 and PDK1 with PKC. We first docked the kinase domain of PKC�II

with the structure of the yeast Sin1 CRIM domain, the known direct interaction partner that
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recruits AGC kinases to TOR (Tatebe et al., 2017) (Figure 2.5E). Corroborating our peptide

arrays, the majority of the poses produced by unbiased docking, positioned the CRIM domain in

contact with the active-site tether (Figure 2.13A). It has been shown that the acidic loop of the

CRIM domain targets mTORC2 to its substrates and is required for mTORC2-mediated phos-

phorylation of PKC and Akt (Cameron et al., 2011). In our model, several negatively-charged

residues that comprise this loop interact with Arg635 of PKC at the TIM+1 position, anchored

by a hydrophobic interaction between Phe361 of the CRIM domain and Phe633 of PKC at the

TIM-1 position (Figure 2.5E; inset). We then utilized a model of a PDK1:RSK complex to dock

PDK1 to the C-tail of PKC�II. A possible binding pose between PDK1 and PKC involves an

extended conformation of the C-tail, such that PDK1 can simultaneously bind the PKC hy-

drophobic motif through its PIF pocket and accommodate the PKC activation loop in its active

site (Figure 2.5F). Thus, experimental binding studies and structural analysis support a model

in which mTORC2-mediated TIM phosphorylation recruits PDK1 by promoting accessibility of

the PKC C-tail.
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Figure 2.5: mTORC2 Recruits PDK1 to the PKC C-tail.
(A) IB analysis of 1-step, 15-mer peptide arrays of the PKC�II C-tail overlaid with triton-
solubilized lysate from WT MEFs expressing HA-Sin1 or FLAG-PDK1 and probed with anti-
bodies for Sin1 (HA) or PDK1 (FLAG). Peptides bound strongly by Sin1 (blue), PDK1 (red),
or both (purple) are indicated.
(B) IB of triton-solubilized lysates or FLAG or IgG control immunoprecipitates from HEK-
293t cells expressing FLAG-PDK1 and GST-PKC�II C-tail (601-673) constructs and probed
with the indicated antibodies. PIF peptide was used as a positive control for PDK1 binding.
(bottom) Quantification of relative C-tail co-immunoprecipitation with PDK1 (mean ± SEM)
from 3 independent experiments.
(C) IB of triton-solubilized lysates or FLAG or IgG control immunoprecipitates from HEK-293t
cells expressing FLAG-PDK1 and GST-PKC�II C-tail (601-673) constructs and probed with the
indicated antibodies. PIF peptide was used as a positive control for PDK1 binding.
(D) IB of triton-solubilized lysates from +/+ MEFs, expressing FLAG-PKC�II and the in-
dicated GST-C-tail constructs, treated with Torin (250nM) for 24hrs during transfection, and
probed with the indicated antibodies. (bottom) Quantification of PKC phosphorylation (mean
± SEM) represents the percent of the faster-mobility, phosphorylated species from 3 independent
experiments.
(E) Docking of the Sin1 CRIM domain NMR structure (PDB ID: 2RVK) to the catalytic domain
of PKC�II (PDB ID: 2I0E). (inset) Interactions of the CRIM domain acidic loop with the PKC�II
TOR-interaction motif helix.
(F) Homology model of PDK1 (PDB ID: 1H1W) binding to PKC�II.
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Figure 5. mTORC2 Recruits PDK1 to the PKC C-tail
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TOR-Interaction Motif Coordinates the Dimerization of Immature PKC

To explore the role of conformational changes in the PKC C-tail, we compared the only

two reported PKC structures in which the active-site tether is resolved. The kinase domains of the

PKC�II catalytic domain (Grodsky et al., 2006) and full-length (Leonard et al., 2011) structures

share nearly identical architecture; however, there was a large deflection in the trajectory of the

C-tail in active-site tether region, that di↵ered from the canonical AGC active-site tether (Figure

2.6A). The active-site tether in the full-length structure adopted an inward position (TIM In),

in which the TIM helix was clamped down due to the binding of the C1B domain on the C-tail

(Leonard et al., 2011) (Figure 2.6A). Conversely, the active-site tether of the isolated catalytic

domain adopted an outward orientation (TIM Out), in which the Phe residues of the TIM were

exposed (Figure 2.6A). Accordingly, we then asked whether there were any C-tail interactions in

the catalytic domain structure that accounted for the unusual position of the active-site tether in

the absence of the C1B domain. Examining the crystal packing of the catalytic domain structure

revealed a symmetrical, head-to-head PKC homodimer, forming a dimerization interface through

hydrophobic interactions in the TOR-Interaction Motif Helix (TIM Helix) (Figure 2.6B).

We have previously shown that mature PKC translocates to membranes as a monomer

(Antal et al., 2015b). To ascertain whether immature PKC self-associates in a cellular context, we

performed co-immunoprecipitation assays between di↵erentially-tagged PKC proteins. Whereas

very little association of WT PKC�II proteins was observed under resting conditions in which

the majority of PKC is in the mature form, chronic Torin treatment resulted in a four-fold

enhancement of PKC association, consistent with dimerization (Figure 2.6C). Furthermore, the

co-immunoprecipitated PKC was devoid of phosphorylation at the hydrophobic motif, indicating

that dimerization occurred only between immature PKC molecules (Figure 2.6C). To test whether
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TIM phosphorylation regulates its dimerization, we tested the association of the PKC�II TIM

and turn motif mutant PKC�II T634A/T641A (AA). Surprisingly, PKC�II AA displayed greatly

enhanced basal association which could not be further increased by mTOR inhibition (Figure

2.6C). Thus, these data suggest that immature PKC dimerizes through the active-site tether

TIM Helix, which is relieved upon mTORC2 phosphorylation at the TIM and turn motif sites.

We have shown here that immature PKC, produced as a result of mTORC2 deficiency, adopts

an open conformation with exposed C1 domains, and that the conformational changes upon

maturation serve to mask the C1B domain against the active-site tether. Consequently, we

examined whether the presence of the C1B domain in mature PKC blocks dimerization. To

assess the role of the C1B domain in PKC dimerization, we tested the propensity of the isolated

PKC�II catalytic domain (Cat) to associate with a full-length PKC. Compared to two isolated

catalytic domains, the full-length protein exhibited reduced association with Cat, suggesting that

the C1B domain impairs the dimerization of mature PKC (Figure 2.6D).

Structural analysis of potential steps of PKC processing implicates the TIM helix as a

polyvalent sca↵old during maturation. The TIM helix Out position of nascent PKC forms an in-

terface for PKC homodimerization (Figure 2.6E; PKC:PKC). This conformation also presents the

primary binding site of the PKC C-tail to Sin1, mediating the recruitment of mTORC2 (Figure

2.6E; PKC:Sin1). Following phosphorylation by mTORC2, PKC interaction with PDK1 necessi-

tates an extended conformation of the C-tail that is incompatible with dimerization. (Figure 2.6E;

PKC:PDK1). Finally, the full-length structure of mature PKC shows the clamping of the C1B

domain over the C-tail, stabilizing the TIM In position, which masks the hydrophobic residues

required for mTORC2 binding and precludes PKC dimerization (Figure 2.6E; PKC:C1B). Thus,

the TIM site and mTOR activity mediate the dissociation of an immature PKC homodimer to
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promote PKC processing.
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Figure 2.6: TOR-Interaction Motif Coordinates the Dimerization of Immature PKC.
(A) Alignment of PKC�II catalytic domain (PDB ID: 2I0E) and full-length (PDB ID: 3PFQ)
crystal structures showing the kinase domain (space-filling, white), C-tail (red, cyan), and posi-
tion of the TIM phosphorylation site (Thr634, tan).
(B) PKC dimer from PKC�II X-ray structure (PDB ID: 2I0E) showing the PKC kinase (teal)
and C-tail (red) with dimer partner (PKC) kinase (tan) and C-tail (blue). The dimerization
interface at the TOR-interaction helix (TIM Helix) is shown with interacting Phe residues.
(C) IB of triton-solubilized lysates and HA or IgG control immunoprecipitates from HEK-293t
cells expressing HA- and mCherry-PKC�II WT or T634A/T641A (AA), and probed with the
indicated antibodies. (right) Quantification of relative PKC co-immunoprecipitation (mean ±
SEM) from 3 independent experiments.
(D) IB of triton-solubilized lysates or FLAG immunoprecipitates from HEK-293t cells expressing
full-length (FL) or catalytic domain (Cat, 296-673) HA- and FLAG-PKC�II and probed with
the indicated antibodies. (right) Quantification of relative PKC co-immunoprecipitation (mean
± SEM) from 3 independent experiments.
(E) Structural diagram of PKC dimeric and monomeric states governed by mTORC2.
(PKC:PKC) PKC�II TOR-interaction motif (TIM) helix dimerization interface from 2 PKC
molecules (red, blue) is shown with hydrophobic interactions and Thr phosphorylation in space-
filling. (PKC:Sin1) TIM helix (red) is shown interfacing with the Sin1 CRIM domain (light
orange). (PKC:PDK1) PKC kinase domain (teal) in complex with PDK1 (purple) bound to the
hydrophobic motif. (PKC:C1B) Masked TIM helix is shown interfacing with the C1B domain
(orange) in the autoinhibited, monomeric conformation.
(F) Model of PKC maturation by phosphorylation. Newly-synthesized PKC exists as a homod-
imer mediated by the TOR-interaction motif (TIM) helix, with membrane targeting domains
exposed, and is neither phosphorylated nor catalytically active (UNPRIMED). TIM and turn
motif phosphorylation by mTORC2 relieve the PKC dimer, exposing the C-terminal tail to re-
cruit PDK1. Bound PDK1 phosphorylates PKC at the activation loop, triggering intramolecular
auto-phosphorylation at the hydrophobic motif, autoinhibition, and masking of the TIM helix
by the C1B domain (PRIMED). This species of PKC, which is stable and catalytically com-
petent, is maintained in an inactive state by the pseudosubstrate, poised for activation by the
second-messengers diacyglycerol and Ca2+.
*p < 0.05; n.s., not significant by Student’s t-test.
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Figure 7. Negative Charge in the Active-Site Tether Informs 
AGC Kinase Activation Mechanisms.
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Figure 2.7: Negative Charge in the Active-Site Tether Is a Conserved Feature of
PDK1-Dependent AGC Kinases.
(A) AGC branch of the Kinome tree displaying kinases dependence upon PDK1 (blue), mTOR
and PDK1 (gold), or neither mTOR nor PDK1 (red). Included in the mTOR/PDK1-depenent
category are the MSK and RSK family kinases, which have not been reported to be mTOR-
dependent, but conserve the TOR-interaction motif (B) Motif analysis of the active-site tether
in AGC kinases, stratified by dependence upon PDK1 (top), mTOR and PDK1 (middle), or
neither mTOR nor PDK1 (bottom). The RSK and MSK kinase families were included in the
mTOR/PDK1-dependent group due to conservation of the TOR-interaction motif, although their
dependence upon mTOR is not known. The TOR-interaction motif and turn motif sites positions
are highlighted and negatively-charged amino acids are shown in red.

Negative Charge in the Active-Site Tether Is a Conserved Feature of PDK1-

Dependent AGC Kinases

Having established the role for TIM phosphorylation in activating PKC, we hypothesized

that negative charge in the active-site tether may serve as a general AGC kinase activation mech-

anism by recruiting PDK1. To investigate this possibility, we categorized AGC kinases by their

requirement for PDK1 (blue), mTOR and PDK1 (gold), or neither kinase (red), and evaluated

negative charge in the active-site tether by motif analysis (Crooks et al., 2004) (Figure 2.7A).

Following the highly conserved NFD motif present in nearly all AGC kinases, PDK1-dependent

kinases display extensive negatively charge residues, whereas mTOR/PDK1-dependent kinases
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instead conserve the TOR-interaction motif phosphorylation site Thr (Figure 2.7B). Specifically,

the invariant Glutamic Acid at the TIM+2 position of PKA and mTOR-independent PKC en-

zymes may compensate for the lack of a phosphorylatable residue to recruit PDK1 (Figure 2.7B).

In support of this, phosphorylation of the turn motif of PKA, a PDK1-dependent and mTOR-

independent kinase, dramatically enhances PDK1 binding via the hydrophobic motif (Romano et

al., 2009). Furthermore, kinases that require neither PDK1 nor mTORC2 exhibit a high degree

of variability in the active-site tether, with fewer negatively charged residues and poor conser-

vation of the turn motif phosphorylation site (Figure 2.7B). Thus, negative charge in the active

site tether, conferred by negatively charged residues or phosphorylations at the TIM and turn

motif, may be a conserved feature in AGC kinases to recruit PDK1.

2.4 Discussion

The prevailing findings of this study revise the activation mechanisms of PKC and Akt by

providing evidence that mTORC2 is not the direct hydrophobic motif kinase. Rather, mTORC2

performs the first and rate-limiting step of PKC maturation by phosphorylating the newly identi-

fied TOR-Interaction Motif (TIM) and turn motif sites (Figure 2.6F; i). This is accomplished by

mTORC2 component Sin1 and the mTOR kinase recognizing determinants in the C-tail active-

site tether and hydrophobic motif that confer binding to the immature, unphosphorylated PKC

species. Dissociation of the PKC dimer upon phosphorylation recruits PDK1 to the unphospho-

rylated hydrophobic motif to promote activation loop phosphorylation (Figure 2.6F; iii). For

Akt, activation loop phosphorylation is su�cient to activate the kinase; whereas, for PKC, this

site alone does not enable phosphorylation of downstream substrates, but may provide the low

rate of catalytic activity required to autophosphorylate at the hydrophobic motif (Figure 2.6F;
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iv). Predicated upon hydrophobic motif phosphorylation, the final step of PKC maturation is au-

toinhibition via the pseudosubstrate to yield the catalytically competent and stable PKC species

(Figure 2.6F; v). The conformational changes driven by activation loop phosphorylation and

hydrophobic motif autophosphorylation result in clamping of the C1B domain over the C-tail,

locking the active-site tether in the TIM In position. This process serves the interdependent func-

tions of stabilizing the catalytically competent and phosphorylated PKC, as well as preventing

self-association of the mature form.

Characterization of TOR-interaction motif phosphorylation as a requirement for PKC

processing may have been hindered by the potentially transient nature of phosphorylation at this

site, as evidenced by the low rate of identification in proteomic studies (Hornbeck et al., 2015).

First reported by mass spectrometry as a PKC autophosphorylation in insect cell expression

(Flint et al., 1990), TIM phosphorylation may be more sensitive to phosphatases due to its out-

ward orientation on a exposed segment of the C-tail. The critical role for TIM phosphorylation

specifically during PKC processing and compensation by the turn motif phosphorylation suggests

that this site may only be required in the recruitment of PDK1 and is dispensable thereafter.

Whether this phosphorylation plays a more dynamic role in kinases such as Akt that are tran-

siently activated by PDK1 merits further investigation. That negatively charged amino acids do

not compensate for TIM phosphorylation may be explained by properties of the kinase domain

that co-evolved with the C-tail to require phosphorylation (Kannan et al., 2007; Pearlman et al.,

2011). PKA, for example contains a stretch of 4 Glu residues instead of the TIM phosphoryla-

tion site and autophosphorylates at the turn motif (Keshwani et al., 2012), which may obviate

the need for mTORC2. The active-site tether region in is a conserved chimeric PDK1 binding

element for PKA, Akt, and PKN (Romano et al., 2009), and requirement for phosphorylation
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site at this position in PKC may reflect the need for a phosphorylation switch to toggle a�ni-

ties between dimerization partners and regulators that also bind this region, such as PDK1 and

chaperone Hsp90 (Gould et al., 2009; Taylor and Kornev, 2011). Interestingly, in addition to

known mTORC2 substrates, the TOR-Interaction Motif was conserved in mTORC1 substrates

S6K1 and S6K2, as well as the MSK and RSK family kinases, whose mTOR-dependence has not

yet been assessed. A conserved TOR Signaling (TOS) Motif present in the S6K N-terminus was

previously described for substrates recognized by mTORC1 (Schalm and Blenis, 2002), suggest-

ing that other regions may distinguish between the TOR complexes. That the hydrophobic motif

of S6K has also been characterized as an autophosphorylation site, despite its prevalent use as

a marker for mTORC1 activity, suggests that TIM phosphorylation in S6K by mTORC1 may

serve a similar function (Romanelli et al., 2002).

The turn motif phosphorylation, which is the constitutive and stable mTOR phospho-

rylation, may additionally serve the interdependent functions of preventing the re-dimerization

of mature PKC and conferring the ability to autophosphorylate at the hydrophobic motif. In

support of this, we have previously shown in vitro that mature PKC dephosphorylated at the

activation loop and hydrophobic motif, but retaining the turn motif phosphorylation, was capa-

ble of re-autophosphorylating at the hydrophobic motif (Dutil et al., 1998). Dephosphorylation

of the turn motif site, however, abolished the ability of PKC to re-autophosphorylate, but could

be rescued by incubation with catalytically competent PDK1 (Dutil et al., 1998). Thus, the turn

motif phosphorylation locks in place the conformational changes conferred by activation loop

phosphorylation, allowing PDK1-independent re-autophosphorylation and extending the signal-

ing lifetime of PKC. Indeed, the turn motif phosphorylation plays a critical role in stabilizing

AGC kinases by anchoring the C-tail to the kinase domain (Hauge et al., 2007). In this manner,
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turn motif phosphorylation may serve as a stamp that mTORC2 has adequately processed the

nascent PKC dimer, protecting immature PKC from degradation through the subsequent pro-

cesses of activation loop and hydrophobic motif phosphorylation until it is ultimately stabilized

in the fully phosphorylated and autoinhibited, mature conformation.

Elucidating the hydrophobic motif as an mTORC2- and PDK1-dependent autophospho-

rylation highlights the regulation of kinase activation through non-catalytic regions, and the

various roles of hydrophobic motif phosphorylation among AGC kinases (Pearce et al., 2010;

Yang et al., 2009). PKC hydrophobic motif phosphorylation is essential for its catalytic activity

likely through interactions formed with the C-helix upon phosphorylation. For Akt, hydropho-

bic motif phosphorylation confers maximal activity, and may fine-tune substrate specify and

signaling duration, perhaps by stabilizing activation loop phosphorylation (Manning and Toker,

2017). For some AGC kinases, however, hydrophobic motif phosphorylation occurs first to create

a docking site for PDK1 (Leroux et al., 2018). In all cases, activation loop phosphorylation is the

critical event for activation, and this process appears to be regulated primarily by PDK1 binding,

which is achieved by a multitude of mechanisms (Mora et al., 2004). Notably, the requirement

of PIP3 for PDK1-dependent activation loop phosphorylations di↵ers among kinases, as PKCs

are phosphorylated by PDK1 in a PI3K-indepenent manner (Dutil et al., 1998). It was shown

that chimeric Akt, in which the Akt catalytic domain was fused to the PKC regulatory domain,

was dependent upon PI3K activation for activation loop and hydrophobic motif phosphorylation,

suggesting that localization of the interaction may influence the ability of PDK1 to phosphory-

late the activation loop and dictate whether PIP3 is required (Andjelkovi et al., 1999). That

the PDK1 step of PKC activation is regulated at the level of binding is not surprising, as PDK1

exists at low nanomolar concentrations, while its substrates may outnumber that by as many as
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two orders of magnitude in the cell (Hein et al., 2015). Given the lack of a canonical AGC kinase

C-tail, it logically follows that PDK1 specificity, and therefore activity towards its substrates,

would be regulated by binding this regulatory element. Thus, recruitment of PDK1 to the C-tail

of PKC in a manner that permits phosphorylation of the activation loop is the rate-determining

step of PKC maturation.

An unexpected finding from this study is the ability of immature PKC to homodimer-

ize. Dimerization of mature PKC has previously been proposed in vitro in the presence of Ca2+

and phosphatidylserine or in cells upon activation; however, these studies do not take into ac-

count the reduction in dimensionality upon PKC engagement on a lipid membrane or vesicle,

and may have limited physiological basis (Huang et al., 1999; Swanson et al., 2014). It is un-

likely that mature, autoinhibited PKC dimerizes due to its ability to autophosphorylate in a

concentration-independent manner, indicative of monomeric function (Newton and Koshland,

1987). Neither is the activated form likely to dimerize, as the C2-mediated translocation of

PKC�II relies upon intramolecular, rather than intermolecular contacts with the kinase domain

(Antal et al., 2015b). Additionally, analysis of cellular PKC↵ activation demonstrated that PKC

translocation is a di↵usion-driven process hampered by oligomerization and strongly suggesting

that PKC translocation occurs as a monomer (Hui et al., 2017). Thus, our finding in this study

that newly-syntheiszed PKC exists as an immature homodimer regulated by mTORC2-mediated

TIM phosphorylation is likely to be the only physiologically relevant dimer that is consistent with

PKC biochemistry. In an interesting parallel, it was shown that mTORC2 phosphorylates STE-

family kinase MST1 to impair its homodimerization and activity (Sciarretta et al., 2015). Akt has

been proposed to dimerize (Datta et al., 1995; Dudek et al., 1997); however, whether mTORC2-

mediated TIM phosphorylation also regulates Akt dimerization or, alternatively, disrupts the
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interface between the PH domain and the kinase domain to promote activation remains to be

determined. A full-length Akt crystal structure may provide insight; although, full-length Akt

structures have thus far been refractory to crystallization without substantial C-tail truncations

that remove the TIM and hydrophobic motif sites (Wu et al., 2010).

The physiological importance of hydrophobic motif phosphorylation is perhaps best il-

lustrated by its frequent dysregulation in cancer. The PKC hydrophobic motif Ser is among the

most highly mutated phosphorylation sites among cancer-associated kinase alterations (Huang

et al., 2018). Additionally, PHLPP1-dependent PKC quality control that mediates hydrophobic

motif dephosphorylation and PKC degradation is exploited in cancer to suppress PKC protein

levels (Ba� et al., 2019). Thus, maintaining the integrity of the PKC processing machinery

that permits hydrophobic motif phosphorylation is critical to PKC’s tumor-suppressive func-

tion. Akt hydrophobic motif phosphorylation, conversely, generally serves an oncogenic role,

and constitutively active or amplified Akt is prevalent in the wide variety of cancers that fre-

quently harbor PI3K pathway alterations (Yuan and Cantley, 2008). It was recently shown

in triple-negative breast cancer that sustained activation loop and hydrophobic motif phospho-

rylation marked resistance to PI3K inhibition (Mundt et al., 2018). Patient-derived xenograft

models from PI3K-resistant triple-negative breast tumors could be sensitized to PI3K pathway in-

hibitors by combination with mTOR inhibitors, suggesting that mTORC2 may play a role in Akt

reactivation and therapeutic resistance upon inhibition of growth factor signaling (Mundt et al.,

2018). Targeting mTOR in cancer, however, should be approached with caution. Although ATP-

competitive mTORC1/2 inhibitors are being preferentially developed over mTORC1-specific Ra-

pamycin analogs due to their e�cacy in suppressing oncogenic Akt and other cell growth pathways

(Benjamin et al., 2011), this approach would have the unwanted consequence of inhibiting PKC
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processing, depleting the levels of an important tumor-suppressor. Therefore, exploring meth-

ods to promote mTOR-independent PKC processing, perhaps by targeting PKC dimerization or

association with PDK1, may potentiate the e�cacy of mTOR therapeutics.

Our work detailing the molecular basis of PKC and Akt regulation by mTORC2 provides

new lines of investigation into the regulatory mechanisms of AGC kinases. Understanding the

determinants for signal propagation through these kinases will facilitate the identification of new

therapeutic strategies to modulate the cellular processes they regulate.
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Figure 2.8: Supplemental Data Related to Figure 2.1.
(A) PKC basal activity in WT (+/+) or Sin1 KO (Sin1-/-) MEFs expressing CKAR and RFP-
tagged PKC�II WT, phosphomimetic T641E/S660E (EE), or CKAR alone and treated with
PKC inhibitor Gö6976 (1µM). The reduction in FRET Ratio (mean ± SEM) represents the
unstimulated PKC activity prior to inhibitor addition from 3 independent experiments.
(B) IB analysis of triton-solubilized lysates from COS7 cells expressing RFP-tagged PKC�II and
treated with Torin (250nM) for 24hrs co-transfection followed by Gö6983 (1µM) for the indicated
timepoints to trap PKC phosphorylation.
(C) IB analysis of triton-solubilized lysates from WT (+/+) or Rictor KO (Ric-/-) MEFs ex-
pressing RFP-tagged PKC�II and treated with UTP (1µM) or PDBu (200nM) for 15min prior
to lysis.
(D) PKC translocation analysis of mYFP-PKC�II WT, kinase-dead D466N, or C1 binding-
deficient mutant W58Y monitored by FRET ratio changes (mean ± SEM) in WT (+/+) or
Rictor KO (Ric-/-) MEFs co-expressing myristoylated-palmitoylated mCFP and treated with
PDBu (100nM).
(E) IB analysis of triton-solubilized lysates from WT (+/+) or Sin1 KO (Sin1-/-) MEFs express-
ing PKC↵ WT, myristoylated PKC↵ (Myr-PKC↵), PKC�II WT, or myristoylated-palmitoylated
PKC�II (MP-PKC�II) and probed with antibodies against the turn motif (Thr638/641), hy-
drophobic motif (Ser657/660), and total PKC↵ or PKC�. Myr-PKC↵ and MP-PKC�II contain
the N-terminal Src myristoylation and Lyn myristoylation-palmitoylation sequences, respectively.
(F) PKC activity monitored by FRET ratio changes (mean ± SEM) in WT (+/+) or Sin1 KO
(Sin1-/-) MEFs expressing CKAR and RFP myristoylated-palmitoylated PKC�II treated with
PDBu (200nM) and PKC inhibitor Gö6976 (1µM).
(G) IB analysis of triton-solubilized lysates from COS7 cells expressing treated with mTOR
inhibitor PI-103 (1µM) for the indicated timepoints and probed with the indicated antibodies.
(H) Autoradiograph (35S) and IB analysis of newly synthesized PKC pulse-chase PKC↵ im-
munoprecipitates from COS7 cells expressing PKC�II and treated with mTOR inhibitor PI-103
(1µM) during the chase. PI-103 is a poor mTOR inhibitor which retards, but does not block,
the phosphorylation of PKC, enabling the quantification of T641E phosphorylation dynamics.
(right) Quantification of PKC�II WT and T641E phosphorylation kinetics. Both proteins exhibit
a similar reduction in the rate of phosphate incorporation upon mTOR inhibition, suggesting
that turn motif phosphorylation is not the rate-determining step controlled by mTOR activity.
The double asterisk (**) denotes the position of mature, fully phosphorylated PKC; the single
asterisk (*) denotes the position of PKC phosphorylated at either the turn motif or hydrophobic
motif; and the dash (-) indicates the position of unphosphorylated PKC.
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Figure 2.9: Supplemental Data Related to Figure 2.3.
(A) Co-immunoprecipitation IB analysis of triton-solubilized lysates and HA or Myc immuno-
precipitates from COS7 cells expressing HA-PKC�II and Myc-mTOR, Myc-Raptor, or HA-Sin1.
The double asterisk (**) denotes the position of mature, fully phosphorylated PKC and the dash
(-) indicates the position of unphosphorylated PKC.
(B) GST Pull-down IB analysis of triton-solubuilized lysates and GST pulldown from COS7 cells
expressing GST-tagged PKC�II N-terminus+C1 domains (NC1;1-156), C2 domain (), catalytic
domain (Cat;296-673), C-tail (CT;628-673), and Myc-mTOR and probed with the indicated
antibodies. Hsp70 was used as a positive control for C-tail binding.
(C) IB analysis of a 3-step walk of 15-mer peptide arrays of the PKC�II N-term overlaid with
triton-solubilized lysate fromWTMEFs expressing mTORC1 Myc-Raptor, mTORC2 component
HA-Sin1, or Myc-mTOR and probed with antibodies for Raptor (Myc), Sin1 (HA) or mTOR
(Myc). The Raptor negative control array was also used for the mTOR blot.
(D) PKC activity monitored by FRET ratio changes (mean ± SEM) in COS7 cells expressing
CKAR and mCherry-tagged PKC�, PKC�II, or PKC�/b TM chimera (PKC�1-632/�II629-673)
and treated with PDBu (200nM).
(E) Autoradiograph (35S) and IB analysis of newly synthesized PKC pulse-chase HA immuno-
precipitates from COS7 cells expressing HA-tagged PKC�/b TM chimera (PKC�1-632/�II629-673)
and treated with Torin (250nM) during the chase. double asterisk (**) denotes the position of
mature, fully phosphorylated PKC; the single asterisk (*) denotes the position of PKC phospho-
rylated at either the turn motif or hydrophobic motif; and the dash (-) indicates the position of
unphosphorylated PKC.
(F) Autoradiograph (35S) and IB analysis of newly synthesized PKC pulse-chase HA immuno-
precipitates from COS7 cells expressing HA-tagged PKC� or PKC�II and treated with Torin
(250nM) during the chase. The double asterisk (**) denotes the position of mature, fully phos-
phorylated PKC and the dash (-) indicates the position of unphosphorylated PKC.
(G) IB of triton-solubilized lysates from WT (+/+) or Sin1 KO (-/-) MEFs expressing mCherry-
tagged PKC⌘, PKC✓/� TM chimera (PKC✓1-663/PKC�II629-673), or the indicated PKC�/�
chimera treated with Torin (250nM) and probed with antibodies against the PKC turn motif
(TM), hydrophobic motif (HM), and total PKC (dsRED).

60

Timothy Baffi




61

0.95

1.00

1.05

1.10

1.15

0 5 10 15

P
K

C
 A

ct
iv

ity
 (

C
F

P
/F

R
E

T
)

Time (min)

Chase (min):  0    15    30     0    15    30           

PKCd/b TM PKCd/b TM
+Torin

PKC (HA)

** 35S–

–

75–

75–
**

*75–

75–

Chase (min):   0    15   30   90         0    15   30   90          0   15   30   90

PKCd PKCbII PKCbII
+Torin

PKC (HA)

** 35S
–

**–

PKCd/b TM
PKCd
PKCb

PDBu

Supplementary Figure 2.

100–

100–

100–

PKCd1-617/bII615-673 PKCd1-610/bII608-673 PKCd1-603/bII601-673PKCq1-663/PKCbII629-673

PKC (dsRED)

PKCh

pPKCHM

pPKCTM

Sin1 MEFs:      +/+ –/–
– Torin   –

:      +/+ –/–
– Torin   –

:      +/+ –/–
– Torin   –

:      +/+ –/–
– Torin   –

:      +/+ –/–
– Torin   –

A B

C D 

E F

G

250– 250– 250–

75– 75– 75–

75– 75– 75–

IP: Myc

10%
Input    IP

Raptor (Myc)

PKCb

Hsp70

10%
Input    IP

Sin1 (HA)

PKCb

Hsp70

IP: HA

10%
Input    IP

mTOR 

PKCb

Hsp70

IP: Myc

** ** **– – –

656-671
566-581 653-668
476-491
386-401
296-311

563-578
473-488
383-398

656-671
566-581 653-668

476-491
386-401
296-311

563-578
473-488
383-398

IB: Sin1 (HA)

IB: Raptor (HA)

IB: mTOR (Myc)

656-671
566-581 653-668

476-491
386-401
296-311

563-578
473-488
383-398

250–

50–

25–

37–

250–

75–

In
pu

t
P

ul
ld

ow
n

mTOR

mTOR

GST

Hsp70

GST   NC1   C2    Cat     CT

Myc-mTOR
GST-PKCbII

61

Timothy Baffi




PKN overexpression
FLAG M2
1:1000

Phospho-PRK1 (Thr774)/PRK2 
(Thr816) Antibody 1:1000

GAPDH
1:2000

PKN overexpression
FLAG M2
1:1000

Phospho-PRK1 (Thr774)/PRK2 
(Thr816) Antibody 1:1000

GAPDH
1:2000

PKN2 WT PKN2 T950A PKN2 T957A

PKN1 WT PKN1 S918A PKN2 T913A

PKN overexpression
FLAG M2
1:1000

Phospho-PRK1 (Thr774)/PRK2 
(Thr816) Antibody 1:1000

GAPDH
1:2000

PKN overexpression
FLAG M2
1:1000

Phospho-PRK1 (Thr774)/PRK2 
(Thr816) Antibody 1:1000

GAPDH
1:2000

PKN2 WT PKN2 T950A PKN2 T957A

PKN1 WT PKN1 S918A PKN2 T913A

PKN overexpression
FLAG M2
1:1000

Phospho-PRK1 (Thr774)/PRK2 
(Thr816) Antibody 1:1000

GAPDH
1:2000

PKN overexpression
FLAG M2
1:1000

Phospho-PRK1 (Thr774)/PRK2 
(Thr816) Antibody 1:1000

GAPDH
1:2000

PKN2 WT PKN2 T950A PKN2 T957A

PKN1 WT PKN1 S918A PKN2 T913A

PKN overexpression
FLAG M2
1:1000

Phospho-PRK1 (Thr774)/PRK2 
(Thr816) Antibody 1:1000

GAPDH
1:2000

PKN overexpression
FLAG M2
1:1000

Phospho-PRK1 (Thr774)/PRK2 
(Thr816) Antibody 1:1000

GAPDH
1:2000

PKN2 WT PKN2 T950A PKN2 T957A

PKN1 WT PKN1 S918A PKN2 T913A

PKN overexpression
FLAG M2
1:1000

Phospho-PRK1 (Thr774)/PRK2 
(Thr816) Antibody 1:1000

GAPDH
1:2000

PKN overexpression
FLAG M2
1:1000

Phospho-PRK1 (Thr774)/PRK2 
(Thr816) Antibody 1:1000

GAPDH
1:2000

PKN2 WT PKN2 T950A PKN2 T957A

PKN1 WT PKN1 S918A PKN2 T913A

PKN overexpression
FLAG M2
1:1000

Phospho-PRK1 (Thr774)/PRK2 
(Thr816) Antibody 1:1000

GAPDH
1:2000

PKN overexpression
FLAG M2
1:1000

Phospho-PRK1 (Thr774)/PRK2 
(Thr816) Antibody 1:1000

GAPDH
1:2000

PKN2 WT PKN2 T950A PKN2 T957A

PKN1 WT PKN1 S918A PKN2 T913A

PKN1 WT PKN1 S918A PKN1 T913A PKN2 WT PKN2 T950A PKN2 T957A

PKN (FLAG)

pPKN1/2T774/T816

GAPDH

0.0

1.0

2.0

3.0

WT S918A T913A WT T950A T957A

pP
K

N
1/

2T
77

4/
T

81
6 
/ 

To
ta

l P
K

N
1/

2

PKN1 PKN2

***

**

*
n.s.

Supplementary Figure 3.

A

Figure 2.10: Supplemental Data Related to Figure 2.4.
(A) IB analysis of triton-solubilized lysates from HEK-293t cells expressing FLAG-tagged PKN1,
PKN2, turn motif mutants PKN1 S918A and PKN2 T957A, or TOR-interaction motif mutants
PKN1 T913A and PKN2 T950A and probed with antibodies against the PKN activation loop
(PKN1/2T774/T816), total PKN (FLAG), and GAPDH loading control. (bottom) Quantification
of PKN phosphorylation (mean ± SEM) reflects the normalized activation loop phospho-signal
(PKN1/2T774/T816) relative to total PKN from 3 biological replicates.
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Figure 2.11: Supplemental Data A Related to Figure 2.5.
(A) IB analysis of triton-solubilized lysates from COS7 cells expressing HA-tagged PKC�II WT
or Kinase-Dead (KD) and FLAG PDK1, treated with Torin for 24hrs co-transfection, and probed
with the indicated antibodies.
(B) PKC activity monitored by FRET ratio changes (mean ± SEM) in COS7 cells expressing
CKAR2, mCherry- PKC�II T634A/T641A (AA), and FLAG-tagged PDK1 WT or kinase-dead
K110N (kdPDK1) and treated with PDBu (200nM) and inhibitors Gö6976 (1µM)/Staurosporin
(1µM). (right) Quantification of PKC activity represents the area under the curve (AUC) from
3 independent experiments. Traces were normalized to the levels following inhibitor addition.
(C) IB analysis of triton-solubilized lysates from WT (+/+) or Rictor KO (Ric-/-) MEFs ex-
pressing HA-tagged PKC�II WT or Kinase-Dead (KD) and FLAG PDK1 and probed with the
indicated antibodies.
(D) IB analysis of triton-solubilized lysates from WT (+/+) or Sin1 KO (Sin1-/-) MEFs express-
ing FLAG-PKC�II, FLAG PDK1, and HA-Sin1, treated with Torin for 24hrs co-transfection and
probed with the indicated antibodies. Vinculin was used as a loading control. (right) Quantifi-
cation of PKC phosphorylation (mean ± SEM) reflects the fraction of the slower mobility, fully
phosphorylated PKC from three independent experiments.
****p < 0.0001 by One-way ANOVA and Tukey HSD Test or Student’s t-test.
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A

Figure 2.12: Supplemental Data B Related to Figure 2.5.
(A) Autoradiograph (35S) and IB analysis of newly synthesized PKC by pulse-chase. Cos7 cells
expressing Myc-PDK1 or Myc-mTOR and HA-PKC�II subjected to a 30min chase with Torin
(250nM) treatment following 35S pulse, lysed and immunoprecipitated with either HA or Myc
antibodies. (**) denotes the position of mature, fully phosphorylated PKC; the single asterisk
(*) denotes the position of PKC phosphorylated at either the turn motif or hydrophobic motif;
and the dash (-) indicates the position of unphosphorylated PKC.
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Supplementary Figure 6.

A

Figure 2.13: Supplemental Data C Related to Figure 2.5.
(A) Molecular docking of Sin1 CRIM domain (PDB ID: 2RVK) and PKC�II catalytic domain
(PDB ID: 2I0E). All poses of the CRIM domain are shown in grey cartoon docked to the PKC
kinase domain (teal, space filling) and PKC C-tail (red, cartoon). The highest density of predicted
CRIM domain poses was observed in the active-site tether region of the PKC C-tail, consistent
with the Sin1 binding site, as determined by peptide array (Figure 2.3B, Figure 2.5A).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture and Transfection

COS7 cells, HEK-293t cells, +/+ MEFs, Ric-/- MEFs, and Sin1-/- MEFs were cultured

in DMEM (Corning) containing 10% fetal bovine serum (Atlanta Biologicals) and 1% peni-

cillin/streptomycin (Gibco) at 37�C in 5% CO2. Generation of the Sin1 KO and Rictor KO

MEFs was described previously (Jacinto et al., 2006; Guertin et al., 2006). Transient transfection

was carried out using the Lipofectamine 3000 Transfection Reagent (Thermo Fisher Scientific).

METHOD DETAILS

Plasmids and Constructs

The C Kinase Activity Reporter (CKAR) and Kinameleon C reporter were previously described

(Violin et al., 2003; Antal et al., 2014). All constructs were generated by QuikChange Mutage-

nesis (Agilent) or subcloning into pcDNA3 or pCMV vectors with N-terminal a�nity tags. Rat

PKC was used throughout with the exception of the chimera experiments pertaining to Figures

2.3 and 2.9. Mouse Akt1 was used.

FRET Imaging and Analysis

Cells were imaged as described previously (Gallegos et al., 2006). For activity experiments COS7

cells were co-transfected with the indicated mCherry-tagged PKC construct and CKAR. For

Kinameleon experiments, the indicated Kinameleon construct containing mYFP and mCFP was

transfected alone. For translocation experiments, MEFs were co-transfected with the indicated

mYFP-tagged construct and plasma-membrane targeted mCFP at a ratio of 10:1. Baseline

images were acquired every 15 s for 2 min prior to ligand addition. Förster resonance energy
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transfer (FRET) ratios represent mean ± SEM from at least three independent experiments.

All data were normalized to the baseline FRET ratio of each individual cell unless noted that

absolute FRET ratio was plotted or traces were normalized to levels post-inhibitor addition.

When comparing translocation kinetics, data were also normalized to the maximal amplitude of

translocation for each, as previously described, in order to compare translocation rates (Antal

et al., 2014). Every CKAR experiment contained an mCherry-transfected control to measure

endogenous activity, and an mCherry-tagged WT control.

Immunoblotting and Antibodies

Cells were lysed in PPHB: 50 mM NaPO4 (pH 7.5), 1% Triton X-100, 20 mM NaF, 1 mM

Na4P2O7, 100 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1 mM Na3VO4, 1 mM PMSF, 40 mg/ml

leupeptin, 1mM DTT, and 1 mM microcystin. Triton-soluble fractions were analyzed by SDS-

PAGE on 7% big gels to observe phosphorylation shift, transfer to PVDF membrane (Biorad),

and western blotting via chemiluminescence SuperSignal West reagent (Thermo Fisher) on a Flu-

orChem Q imaging system (ProteinSimple). In Western blots, the double asterisk (**) denotes

the position of mature, and the single asterisk (*) denotes the position of partially phospho-

rylated PKC at the turn or hydrophobic motif; whereas, the dash (-) indicates the position of

unphosphorylated PKC. The turn motif and hydrophobic motif phosphorylations, but not the

activation loop phosphorylation, induces an electrophoretic mobility shift that retards the migra-

tion of the phosphorylated species. The pan anti-phospho-PKC activation loop antibody (PKC

pThr500) was described previously (Dutil et al., 1998). The anti-phospho-PKC↵/�II turn motif

(pT638/641; 9375S), anti-phospho-PKC�/✓, pan anti-phospho-PKC hydrophobic motif (�II pS660;

9371S), anti-mTOR, anti-Rictor, anti-Raptor, anti-Sin1, anti-Vinculin, anti-Myc tag, anti-S6K,
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anti-phospho-S6KT389, anti-phospho-AktT308,anti-phospho-AktT450, anti-phospho-AktS473 anti-

bodies and Calyculin A were purchased from Cell Signaling. Anti-PKC� (610128) and PKC↵

(610128) antibodies were purchased from BD Transduction Laboratories. The DsRed antibody

was purchased from Clontech. The anti-HA antibody for immunoblot was purchased from Roche.

The anti-HA (clone 16B12; 901515) and anti-FLAG (Clone L5; 637301) antibodies used for im-

munoprecipitation were purchased from BioLegend. The anti-↵-tubulin (T6074) and anti-FLAG

immunoblot antibodies were from Sigma. UTP, PDBu, Gö6983, Gö6976, and BisIV were pur-

chased from Calbiochem.

Pulse-Chase Experiments

For pulse-chase experiments, COS7 cells were incubated with Met/Cys-deficient DMEM for 30

min at 37 �C. The cells were then pulse-labeled with 0.5 mCi/ml [35S]Met/Cys in Met/Cys-

deficient DMEM for 7 min at 37�C, media were removed, washed with dPBS (Corning), and

chased with DMEM culture media (Corning) containing 200 mM unlabeled methionine and 200

mM unlabeled cysteine. At the indicated times, cells were lysed in PPHB and centrifuged at

13,000 x g for 3 min at 22 �C, supernatants were pre-cleared for 30 min at 4 �C with Protein

A/G Beads (Santa Cruz), and protein complexes were immunoprecipitated from the supernatant

with either an anti-HA, anti-Myc, or anti-FLAG monoclonal antibody overnight at 4 �C. The

immune complexes were collected with Protein A/G Beads (Santa Cruz) for 2 hrs, washed 3x

with PPHB, separated by SDS-PAGE, transferred to PVDF membrane (Biorad), and analyzed

by autoradiography and western blot. Co-immunoprecipitation experiments were performed

similarly, omitting the labeling and autoradiography steps.
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Peptide Array

For peptide arrays, experiments were performed as described in (Romano et al., 2009).

Molecular Docking

Molecular docking experiments were performed using ZDOCK.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was determined via Repeated Measures One-Way ANOVA and Brown-

Forsythe Test or Student’s t-test performed in GraphPad Prism 6.0a (GraphPad Software). The

half-time of translocation was calculated by fitting the data by non-linear regression using a

one-phase exponential association equation with GraphPad Prism 6.0a (GraphPad Software).

Western blots were quantified by densitometry using the AlphaView software (Protein Simple).
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Chapter 3

Protein Kinase C Quality Control by

Phosphatase PHLPP1 Unveils

Loss-of-Function Mechanism in

Cancer

3.1 Abstract

Protein kinase C (PKC) isozymes function as tumor suppressors in increasing contexts.

In contrast to oncogenic kinases, whose function is acutely regulated by transient phosphoryla-

tion, PKC is constitutively phosphorylated following biosynthesis to yield a stable, autoinhibited

enzyme that is reversibly activated by second messengers. Here, we report that the phosphatase

PHLPP1 opposes PKC phosphorylation during maturation, leading to the degradation of aber-
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rantly active species that do not become autoinhibited. Cancer-associated hotspot mutations in

the pseudosubstrate of PKC� that impair autoinhibition result in dephosphorylated and unsta-

ble enzymes. Protein-level analysis reveals that PKC↵ is fully phosphorylated at the PHLPP

site in over 5,000 patient tumors, with higher PKC levels correlating (1) inversely with PHLPP1

levels and (2) positively with improved survival in pancreatic adenocarcinoma. Thus, PHLPP1

provides a proofreading step that maintains the fidelity of PKC autoinhibition and reveals a

prominent loss-of-function mechanism in cancer by suppressing the steady-state levels of PKC.

3.2 Introduction

Cellular homeostasis depends on exquisite regulation of protein kinase and phosphatase

activity to allow precise responses to extracellular signals (Brognard and Hunter, 2011). Dereg-

ulation of phosphorylation mechanisms is a hallmark of disease, with aberrant kinase and phos-

phatase activity driving an abundance of pathologies. One kinase family whose activity must

be precisely tuned to avoid pathophysiologies is protein kinase C (PKC). PKC family mem-

bers transduce myriad signals downstream of phospholipid hydrolysis to regulate diverse cellular

functions such as proliferation, apoptosis, migration, and di↵erentiation (Griner and Kazanietz,

2007; Newton, 2018). Although assumed to be oncoproteins for decades, analysis of cancer-

associated mutations and protein-expression levels supports a general tumor-suppressive role for

PKC isozymes, accounting for the failure and, in some cases, worsened patient outcome of PKC

inhibitors in cancer clinical trials (Antal et al., 2015b; Zhang et al., 2015). Conversely, enhanced

activity is associated with degenerative diseases, such as Alzheimer’s disease and spinocerebellar

ataxia, and increased risk of cerebral infarction (Newton, 2018). Even small changes in PKC

activity drive pathogenesis, as illustrated by a germline mutation in a↵ected family members
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with Alzheimer’s disease that causes a modest 30% increase in the catalytic rate of the enzyme

(Callender et al., 2018). Thus, tight regulation of PKC signaling output is essential.

PKC isozymes are multi-domain Ser/Thr kinases whose activity is governed by reversible

release of an autoinhibitory pseudosubstrate segment (Newton, 2018). For conventional PKC

(cPKC) isozymes (Figure 3.1A; ↵, �, and �), this is controlled by binding of the lipid second

messenger diacylglycerol (DAG) to the second of two tandem C1 domains. Ca
2+

binding to

a plasma membrane-directing C2 domain facilitates activation of these isozymes by localizing

them on the membrane, thereby increasing the probability of binding DAG. Engaging both the

C2 and C1B domains on membranes provides the energy to release the pseudosubstrate, allowing

substrate phosphorylation and downstream signaling. This activation is short-lived, with the

enzyme reverting to the autoinhibited conformation upon return of Ca
2+

and DAG to unstimu-

lated levels. Like many kinases, PKC is also regulated by phosphorylation. However, unlike many

kinases, these phosphorylations occur shortly after biosynthesis and are constitutive (Borner et

al., 1989; Keranen et al., 1995). Newly synthesized cPKC is matured by phosphorylation at

three conserved positions: the activation loop by the phosphoinositide-dependent kinase PDK-1

(Dutil et al., 1998; Le Good et al., 1998) and two C-terminal sites, the turn and hydrophobic

motifs (Keranen et al., 1995). The C-tail phosphorylations depend upon both the kinase complex

mammalian target of rapamycin complex 2 (mTORC2) (Guertin et al., 2006) and the intrinsic

catalytic activity of PKC, with in vitro studies showing that PKC autophosphorylates by an

intramolecular reaction at the hydrophobic motif (Behn-Krappa and Newton, 1999).

Mechanisms that prevent the phosphorylation of PKC, such as loss of PDK-1, inhibition

of mTORC2, or impairment of PKC’s intrinsic catalytic activity, result in PKC degradation

(Balendran et al., 2000; Guertin et al., 2006; Hansra et al., 1999). Indeed, it is this sensitivity of
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the unphosphorylated species to degradation that accounts for the ability of phorbol esters, potent

PKC agonists, to cause the downregulation of PKC (Jaken et al., 1981). The membrane-engaged

active conformation of PKC is highly sensitive to dephosphorylation (Dutil et al., 1994), and

dephosphorylation at the hydrophobic motif by the Pleckstrin homology (PH) domain leucine-

rich repeat protein phosphatase (PHLPP) serves as the first step in the degradation of PKC,

triggering subsequent PP2A-dependent dephosphorylation at the turn motif and activation loop

(Gao et al., 2008; Hansra et al., 1999; Lu et al., 1998). Thus, PKC signaling output is regulated

not only by second messengers but also by mechanisms that establish the level of PKC protein

in the cell. Understanding how to modulate these levels has important therapeutic implications,

as high PKC levels correlate with improved survival in diverse cancers (Newton, 2018).

Here, we report a quality control mechanism in which PHLPP1 ensures the fidelity of

PKC maturation by proofreading the conformation of newly synthesized PKC. Specifically, phos-

phorylation of the hydrophobic motif is necessary to adopt an autoinhibited conformation, and

it is this autoinhibited conformation that protects the hydrophobic motif from dephosphory-

lation by PHLPP1, protecting PKC from degradation. In cancer, hotspot mutations in the

pseudosubstrate are loss of function (LOF) because of this proofreading mechanism. The ratio of

hydrophobic motif phosphorylation to total PKC↵ in over 5,000 tumor samples reveals a near 1:1

ratio, validating mechanistic studies showing that if PKC is not phosphorylated at the hydropho-

bic motif, it is degraded. Finally, high levels of PKC hydrophobic motif phosphorylation (and

hence total PKC) correlate inversely with PHLPP1 levels and co-segregate with improved patient

survival in pancreatic adenocarcinoma, implicating PKC phosphorylation as both a prognostic

marker and therapeutic target. Thus, PHLPP1-dependent quality control provides a general

LOF mechanism for a tumor suppressor in cancer by targeting post-translational modifications.
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3.3 Results

PKC Priming Phosphorylations Are Necessary for Maturation and Activity

PKC priming phosphorylations (Figures 1A and 1B) have been presumed to be necessary

for catalytic competence based on biochemical studies (Bornancin and Parker, 1997; Cazaubon et

al., 1994; Edwards and Newton, 1997; Orr and Newton, 1994). To assess whether phosphorylation

at these sites is also necessary in a cellular context, we measured the agonist-evoked activity of

wild-type (WT) PKC�II or mutants with non-phosphorylatable residues at each of the three

priming sites in cells using the C kinase activity reporter (CKAR) (Violin et al., 2003). Phorbol

12,13-dibutyrate (PDBu) treatment caused a robust increase in CKAR phosphorylation in COS7

cells expressing WT PKC or turn motif mutant (T641A) that was reversed by addition of PKC

inhibitor (Figure 3.1C). In contrast, cells expressing activation loop (T500V) or hydrophobic

motif (S660A) mutants displayed no increase in CKAR phosphorylation above that of endogenous

PKC. Thus, phosphorylatable residues at the activation loop and hydrophobic motif, but not

turn motif, are necessary for cellular PKC activity. Western blot analysis with phospho-specific

antibodies revealed that WT PKC�II protein was phosphorylated at the C-terminal sites (causing

an electrophoretic mobility shift [asterisk]; Keranen et al., 1995) and at the activation loop

(Figure 3.1D). The T641A protein was phosphorylated at the activation loop and hydrophobic

motif, whereas the T500V and S660A proteins were unphosphorylated at all three sites, exhibited

by their faster mobility (dash) and lack of reactivity with phospho-specific antibodies (Figure

3.1D). To assess whether negative charge at the hydrophobic motif is su�cient for cellular PKC

activity, we examined the PDBu-stimulated activity of phosphomimetic PKC mutants with Glu

substitutions at either or both of the C-tail phosphorylation sites (Figure 1E).
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Replacement with Glu at the turn motif (T641E), hydrophobic motif (S660E), or both

C-terminal sites (T641E/S660E) resulted in activation kinetics comparable to those observed

with WT PKC�II (see Figure 3.1C). In contrast, PKC�II T641E/S660A was inactive, revealing

a requirement for negative charge at the hydrophobic motif irrespective of turn motif phospho-

rylation. Thus, phosphorylation of the activation loop and hydrophobic motif, but not the turn

motif, is necessary for PKC maturation and enzymatic activity in cells.
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Figure 3.1: PKC Priming Phosphorylations Are Necessary for Maturation and Ac-
tivity.
(A) cPKC domain structure showing pseudosubstrate (red), C1 domains (orange), C2 domain
(yellow), kinase domain (cyan), C-terminal tail (gray), and three priming phosphorylations (cir-
cles).
(B) Crystal structure of PKC�II kinase domain (cyan; PDB: 3PFQ) highlighting priming phos-
phorylations (space filling) and pseudosubstrate residues 18-26 (red) modeled into the active
site.
(C) COS7 cells expressing CKAR alone (endogenous) or co-expressing the indicated mCherry-
PKC�II WT or Ala mutant constructs were treated with PDBu (200 nM) followed by Gö6983
(1 µM).
(D) Immunoblot (IB) analysis of COS7 cells transfected with the indicated PKC�II constructs
and probed with indicated phospho-specific or total PKC antibodies.
(E) COS7 cells expressing CKAR alone (endogenous) or co-expressing the indicated mCherry-
PKC�II phosphomimetic Glu substitution constructs were treated with PDBu (200 nM) followed
by Gö6983 (1 µM).
CKAR data represent the normalized FRET ratio changes (mean ± SEM) from at least 3 inde-
pendent experiments of >100 cells for each condition.
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The Autoinhibitory Pseudosubstrate Is Required for Cellular PKC Phosphorylation

Extensive in vitro biochemical studies have established that the pseudosubstrate is nec-

essary to restrain PKC activity in the absence of second messengers (House and Kemp, 1987;

Orr et al., 1992; Pears etal., 1990). To probe the role of the pseudosubstrate in a cellular con-

text, we deleted the 18-amino-acid-pseudosubstrate segment of two cPKC isozymes, PKC↵ and

PKC�II (Figure 3.2A; PKC↵ �PS and PKC�II �PS) and examined the phosphorylation state

and cellular activity of the expressed proteins. Deletion of the pseudosubstrate abolished phos-

phorylation at all three priming sites (Figure 3.2B), which could not be rescued by treatment

with the phosphatase inhibitor Calyculin A (Figure 3.8). Surprisingly, however, analysis of PKC

basal activity, assessed by the drop in CKAR phosphorylation upon addition of PKC inhibitor,

revealed that PKC�II �PS had high basal activity despite the absence of priming phosphoryla-

tions (Figure 3.2C). Whereas both WT PKC↵ and PKC�II were activated by treatment of cells

with uridine triphosphate (UTP) and PDBu, neither PKC↵ �PS nor PKC�II �PS responded to

either agonist, but constitutive, maximal activity was revealed upon inhibitor addition (Figures

2D and 2E). Thus, deletion of the pseudosubstrate results in constitutively active PKC that,

unexpectedly, has maximal activity in the absence of priming phosphorylations.

Given that replacement of the hydrophobic motif Ser with Ala abolished cellular PKC

activity (Figure 3.1C), we used phosphorylation mutants of PKC�II �PS (which is not phos-

phorylated and constitutively active) to assess whether negative charge at the hydrophobic motif

is required in the maturation of PKC but becomes dispensable thereafter. Turn motif mutants

PKC�II �PS T641A and PKC�II �PS T641E had enhanced basal activity with little preference

for Ala versus Glu (Figure 3.2F). In contrast, only the phosphomimetic Glu, but not Ala or Asn,

at the hydrophobic motif site conferred activity (Figure 3.2G). Mutation of the hydrophobic
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motif did not simply alter substrate specificity to abolish recognition of CKAR; western blot

analysis using a phospho-Ser PKC substrate antibody revealed no significant phosphorylation

above basal levels in cells expressing PKC�II �PS S660A but robust phosphorylation in cells

expressing PKC�II �PS (Figure 3.9). These data reveal that deletion of the pseudosubstrate

(1) results in a constitutively active PKC that retains no phosphorylation at the priming sites

and (2) does not bypass the requirement for negative charge at the hydrophobic motif to gain

catalytic competence.
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Figure 3.2: The Autoinhibitory Pseudosubstrate Is Required for Cellular PKC Phos-
phorylation.
(A) Schematic of pseudosubstrate-deleted PKC (PS) lacking amino acids 19-36 of PKC or
PKC�II.
(B) IB analysis of lysates from COS7 cells transfected with indicated PKC constructs and probed
with phospho-specific or total PKC antibodies.
(C-G) PKC activity analysis in COS7 cells expressing CKAR alone or co-expressing the indicated
mCherry-PKC constructs treated with Gö6976 (1 µM) (C), agonists UTP (100 µM), PDBu (200
nM), and inhibitors BisIV (2µ M) (D) and Gö6983 (1 µM) (E), or Gö6976 (1 µM). (F and G).
PKC�II PS trace in (F) is reproduced in (G) for comparison (dashed line).
CKAR data represent the normalized FRET ratio changes (mean± SEM) from three independent
experiments of >100 cells for each condition.
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The Autoinhibited Conformation of PKC Retains Priming Phosphorylations

To explore the relationship between PKC phosphorylation and activity, we used a PKC

conformation reporter, Kinameleon, wherein intramolecular rearrangements within PKC alter

Förster resonance energy transfer (FRET) between flanking cyan fluorescent protein (CFP) and

yellow fluorescent protein (YFP) molecules (Figure 3.3A). Using this reporter, we showed previ-

ously that PKC adopts at least three distinct conformations: (1) a low-FRET unprimed state,

in which the regulatory domains are exposed; (2) an intermediate-FRET primed state, in which

PKC is fully phosphorylated at the C-terminal sites and autoinhibited, with the regulatory do-

mains masked; and (3) a high-FRET active state, in which the regulatory domains are engaged

on the plasma membrane (Figure 3.3A; Antal et al., 2014). To examine how autoinhibition af-

fects PKC conformation, we altered the a�nity of the pseudosubstrate for the kinase domain by

either scrambling the position of positively charged amino acids in the pseudosubstrate (Figure

3.3B; scrambled mutant) or replacing them with neutral residues (Figure 3.3B; neutral mutant)

in the Kinameleon reporter. Analysis of basal FRET, indicative of the average conformation of

the PKC embedded in the reporter, revealed that the scrambled (PKC�II Scram PS) and neutral

(PKC�II Neu PS) pseudosubstrate mutants had significantly lower basal FRET ratios than WT

PKC�II, consistent with an unprimed, open conformation (Figure 3.3C). However, the scram-

bled mutant displayed modest propensity to autoinhibit; introduction of a kinase-dead mutation

in PKC�II Scram PS (Scram PS K371R) which abolishes hydrophobic motif autophosphoryla-

tion and induces the unprimed conformation) (Antal et al., 2014; Behn-Krappa and Newton,

1999), further reduced the FRET ratio (Figure 3.3C). The FRET ratio of PKC�II Neu PS was

indistinguishable from that of kinase-dead PKC (K371R).

Next, we examined the ability of these mutants to adopt the active conformation upon
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agonist stimulation. PDBu treatment caused an increase in FRET ratio for WT PKC�II, reflect-

ing the conformational rearrangement of the N and C termini (Figure 3.3D). PKC�II Scram PS

underwent a more rapid conformational transition, and the FRET change plateaued at a lower

amplitude (Figure 3.3D). No conformational change was observed for kinase-inactive PKC�II

Scram PS K371R, PKC�II Neu PS, or PKC�II K371R (Figure 3.3D). These data suggest that

while PKC�II Scram PS is loosely autoinhibited and rapidly adopts the open/active conforma-

tion in the presence of agonist, PKC�II Neu PS resembles unprimed PKC and is incapable of

transitioning to the active state. Upon agonist stimulation, cPKC isozymes translocate to the

plasma membrane where their C2 domain recognizes PIP2 and C1B domain binds DAG. However,

PKC that has not been properly processed by phosphorylation exists in an open conformation

with unmasked C1 domains, resulting in localization to DAG-rich Golgi membranes (Antal et

al., 2014; Scott et al., 2013). PKC�II Kinameleon reporter proteins that were incapable of

acquiring or retaining priming phosphorylations (Neu PS, K371R, Scram PS K371R) translo-

cated primarily to intracellular compartments resembling Golgi membranes following PDBu

stimulation (Figure 3.3E). In contrast, PKC�II that was fully (WT) or partially (Scram PS)

phosphorylated/autoinhibited primarily distributed to the plasma membrane (Figure 3.3E). Co-

localization analysis between PKC and membrane-targeted CFP confirmed that PKC�II Neu PS

co-distributed with the Golgi marker and WT PKC�II co-distributed with the plasma membrane

marker upon PDBu stimulation (Figure 3.3F). Thus, disruption of the pseudosubstrate unmasks

the C1 domains to promote interaction with Golgi membranes. To assess exposure of the C1

domains in the pseudosubstrate mutants, we used FRET to monitor real-time translocation of

YFP-tagged PKC to plasma membrane-targeted CFP in live cells (Figure 3.3G). In response

to PDBu, PKC�II Scram PS and PKC�II Neu PS translocated to the plasma membrane with
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significantly faster kinetics than WT PKC�II (Figure 3.3H; t1/2 = 2.3 ± 0.1 min and 3.1 ±

0.2 min, respectively, versus 5.0 ± 0.2 min), but with slower kinetics than kinase-dead PKC�II

K371R (Figure 3.3H; t1/2 = 1.0 ± 0.1 min), which has fully exposed C1 domains. The acceler-

ated membrane translocation and enhanced a�nity for Golgi membranes of the pseudosubstrate

mutants support an unprimed, open conformation.

Next, we assessed the relationship between pseudosubstrate-dependent conformational

changes and PKC activity using CKAR (Figure 3.3I). Addition of PKC inhibitor caused a min-

imal decrease in CKAR phosphorylation in cells expressing WT PKC�II, indicating low basal

activity and e↵ective autoinhibition, but a large decrease in cells expressing PKC�II Neu PS

or PKC�II �PS, reflecting high basal activity and no autoinhibition. PKC�II Scram PS had

slightly lower basal activity than that of the constitutively active PKC�II Neu PS, consistent with

weak autoinhibition. Lastly, whereas WT PKC�II was phosphorylated at all three priming sites,

the pseudosubstrate mutants had impaired phosphorylation; the weakly autoinhibited PKC�II

Scram PS was minimally phosphorylated, while the unprimed PKC�II Neu PS and PKC�II

�PS had no detectable phosphorylation (Figure 3.3J). Thus, the degree of PKC phosphorylation

correlates with the extent of autoinhibition.
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Figure 3.3: The Autoinhibited Conformation of PKC Retains Priming Phosphory-
lations
(A) Schematic showing PKC conformations assessed using the Kinameleon C FRET reporter.
(B) PKC�II pseudosubstrate mutants with basic (red) and neutral (green) residues highlighted.
Crystal structure of PKC�II showing the pseudosubstrate modeled into the active site of the
kinase domain with basic residues shown as sticks is shown. The pseudo-P-site is indicated by
an asterisk (*).
(C) Absolute FRET ratio (mean ± SEM) of the indicated PKC�II Kinameleon C constructs
expressed in COS7 cells. Each data point represents the average absolute FRET ratio from an
individual cell.
(D) FRET ratio changes (mean ± SEM) of the indicated PKC�II Kinameleon C constructs
expressed in COS7 cells following PDBu (200 nM) treatment.
(E) Representative YFP images of indicated PKC�II Kinameleon C constructs in COS7 cells
before (basal) or after (post-PDBu) 25 min stimulation with PDBu (200 nM).
(F) Representative pseudo-colored images of plasma membrane-targeted (PM) or Golgi-targeted
(Golgi) mCFP and the indicated mCherry-PKC�II in COS7 cells. Co-localization is shown as
yellow in an overlay of mCFP and mCherry images (Merge).
(G) Schematic for PKC Translocation Assay: agonist-stimulated movement of mYFP-tagged
PKC to plasma membrane-localized myristoylated-palmitoylated mCFP is monitored by FRET
increase upon PKC membrane association.
(H) Translocation analysis of the indicated mYFP-PKC�II was monitored by FRET ratio change
in COS7 cells co-expressing myristoylated-palmitoylated mCFP and treated with PDBu (100
nM).
(I) Basal PKC activity in COS7 cells expressing CKAR and the indicated mCherry-PKC�II
constructs treated with Gö6983 (1 µM). Quantification (right) shows the normalized magnitude
of FRET ratio change.
(J) IB analysis of lysates of COS7 cells expressing indicated PKC�II constructs and probed with
indicated phospho-specific or total PKC antibodies.
****p < 0.0001, by repeated-measures one-way ANOVA and Brown-Forsythe Test; n.s., not
significant. Kinameleon and CKAR represent the normalized FRET ratio changes (mean ±
SEM) from three independent experiments with >100 cells for each condition.
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Autoinhibition Protects PKC from PHLPP1-Mediated Dephosphorylation and

Degradation

Next, we investigated whether autoinhibition-deficient PKC was subject to dephospho-

rylation of the exposed hydrophobic motif site. We showed previously that activation of pure

PKC via membrane binding increases its sensitivity to phosphatases by two orders of magnitude

(Dutil et al., 1994). Furthermore, this phosphatase sensitivity is prevented by occupancy of the

active site with protein or peptide substrates or with small-molecule inhibitors (Cameron et al.,

2009; Dutil and Newton, 2000; Gould et al., 2011). To assess whether the pseudosubstrate of

PKC can similarly protect the kinase domain from dephosphorylation in trans, we examined

the phosphorylation state of the isolated catalytic domain (Cat) expressed alone or co-expressed

with the isolated regulatory domain containing (Reg) or lacking (Reg �PS) the pseudosubstrate

(Figure 3.4A). The catalytic domain alone was not phosphorylated at either of the C-terminal

priming sites in COS7 cells; however, co-expression with the PKC regulatory domain (Cat +

Reg) was su�cient to rescue phosphorylation at the hydrophobic motif, but not the turn motif

(Figure 3.4B). Co-expression with the regulatory domain lacking the pseudosubstrate (Cat +

Reg �PS), in contrast, did not promote catalytic domain hydrophobic motif phosphorylation

(Figure 3.4B). These data reveal that autoinhibition by the pseudosubstrate is responsible for

retaining phosphate specifically at the hydrophobic motif.

Next, we addressed whether the known hydrophobic motif phosphatase PHLPP was re-

sponsible for the dephosphorylation of newly synthesized autoinhibition-deficient PKC. We em-

ployed pulse-chase analysis to 35S radiolabel a pool of newly synthesized PKC and monitored

the maturation of the nascent protein via the electrophoretic mobility shift that accompanies

phosphorylation (Borner et al., 1989; Sonnenburg et al., 2001). The kinetics of PKC phospho-
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rylation were una↵ected by ectopic PHLPP1 expression (Figure 3.4C), indicating that PHLPP1

may be saturating in any regulation of PKC. Immunoprecipitation revealed that PHLPP1 ex-

clusively bound the faster-mobility, unphosphorylated species of 35S-labeled (newly synthesized)

PKC and did not bind the slower-mobility band that had become phosphorylated by 60 min (Fig-

ure 3.4C; asterisk). Further co-immunoprecipitation studies revealed that PHLPP1 e↵ectively

bound unphosphorylated �PS or kinase-dead (K371R) PKC�II mutants. This interaction was

independent of the C1A, C1B, or C2 domains, as mutants lacking these regulatory domains still

associated with PHLPP1 (Figure 3.4D). Deletion of the C2 domain with the pseudosubstrate

intact (�C2) also resulted in enhanced PHLPP1 association (Figure 3.4D), consistent with our

previous report that the C2 domain clamps the pseudosubstrate in the substrate-binding cavity

(Antal et al., 2015a). Analysis of phosphorylation state and CKAR-reported activity revealed

that the PKC�II �C2 mutant had decreased phosphorylation and enhanced basal activity, con-

sistent with a loosening of autoinhibition as observed upon disruption of pseudosubstrate binding

(Figures 3.4E and 3.4F). Deletion of the C1 and C2 domains concurrently (�C1A/C1B/C2) re-

sulted in greater dephosphorylation than that observed upon deletion of the C2 domain alone

(�C2). However, PKC�II �C1A/C1B/C2, which retains only the pseudosubstrate segment of

the regulatory domain, was e↵ectively autoinhibited: despite its enhanced sensitivity to dephos-

phorylation, its basal activity was indistinguishable from that of PKC�II �C1A, PKC�II �C2,

and PKC�II �C1A/C1B (Figure 3.4F). These data reveal that the pseudosubstrate functions

not only as an inhibitor of the kinase domain but also as a tether to position the regulatory

domains that protect PKC from dephosphorylation.

Next, we used pulse-chase analysis to examine if phosphorylation could be detected on

newlysynthesized autoinhibition-deficient PKC. PKC�II �PS, like kinase-dead PKC (K371R),
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did not undergo the characteristic mobility shift observed for WT PKC (Figure 3.4G). This

finding suggests that PHLPP1 dephosphorylates newly synthesized PKC that cannot be autoin-

hibited, thus preventing accumulation of the phosphorylated species on any open PKC. Previous

studies have shown that the isolated catalytic domain of PKC is phosphorylated at the priming

sites when expressed in insect cells (Behn-Krappa and Newton, 1999), suggesting a di↵erent phos-

phatase environment in insect versus mammalian cells. To determine whether PKC�II �PS also

evades dephosphorylation in this system, we analyzed the phosphorylation state of WT PKC�II

or PKC�II �PS expressed in Sf9 cells. In marked contrast to its unphosphorylated state in mam-

malian cells, PKC�II �PS was phosphorylated at all three priming sites in Sf9 cells, revealing

that PKC lacking the pseudosubstrate does incorporate phosphate but is dephosphorylated in the

absence of autoinhibition in certain contexts, such as in COS7 cells (Figure 3.4H). Co-expression

of the PP2C phosphatase domain of PHLPP1 caused a 4-fold decrease in both PKC�II WT

and �PS steady-state levels, along with a commensurate decrease in phosphorylation, relative

to cells that did not express the PHLPP1 PP2C domain (Figure 3.4H). The PHLPP1-induced

decrease in steady-state levels and loss of the dephosphorylated species is consistent with the de-

phosphorylated protein displaying enhanced sensitivity to downregulation (Figure 3.4H). Upon

dephosphorylation, PKC is subject to ubiquitination and proteasome-dependent degradation

(Parker et al., 1995). Analysis of PKC’s half-life via cycloheximide treatment of cells confirmed

that autoinhibition-deficient PKC was significantly less stable than WT PKC (Figure 3.4I; WT

PKC�II t1/2 > 48 h, Scram PS t1/2 = 16 ± 2 h, Neu PS t1/2 = 10.1 ± 0.5 h). Furthermore, en-

dogenous PKC↵ was more resistant to PDBu-induced downregulation in the absence of PHLPP1

(Figure 3.4J; Phlpp1-/- t1/2 = 14 ± 2 h, Phlpp1+/+ t1/2 = 6.6 ± 0.9 h). Moreover, the steady-state

levels of endogenous PKC↵ were 2-fold higher in Phlpp1-/- MEFs compared to Phlpp1+/+ MEFs
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(Figure 3.4K). These results demonstrate that unphosphorylated PKC is unstable and support

a role for PHLPP1 in regulating PKC stability by opposing hydrophobic motif phosphorylation

and consequently promoting PKC degradation.
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Figure 3.4: Autoinhibition Protects PKC from PHLPP1-Mediated Dephosphoryla-
tion and Degradation
(A) Schematic of indicated PKC�II truncation mutants.
(B) IB analysis of COS7 cells expressing indicated PKC�II constructs probed with indicated
phospho-specific or total PKC antibodies.
(C) Autoradiogram (35S) and IB analysis of newly synthesized PKC pulse-chase immunoprecip-
itates from COS7 cells expressing HA-PKC�II and FLAG-PHLPP1 (see STAR Methods).
(D) IB analysis of FLAG immunoprecipitates from COS7 cells transfected with indicated HA-
PKC�II and FLAG-PHLPP1 constructs and probed with indicated antibodies. Vinculin was
used as a loading control.
(E) IB analysis of lysates from COS7 cells transfected with indicated HA-PKC�II constructs
probed with phospho-specific or total PKC antibodies. PKC�II �37-86 (�C1A), PKC�II �159-
291 (�C2), PKC�II �101-291 (�C1B/C2), PKC�II �37-291 (�C1A/C1B/C2), or PKC�II
296-673 (Cat). Quantification (bottom) of pSer660 band intensity relative to WT (mean ±
range, n = 2) is shown.
(F) COS7 cells co-expressing CKAR and indicated mCherry-PKC�II regulatory domain deletion
constructs were treated with BisIV (2 µM). Insert shows trace for Cat activity, with cluster of
traces in main Figure 3.reproduced for comparison. Quantification (bottom) shows magnitude
of the FRET ratio change from 3 independent experiments.
(G) Autoradiogram (35S) of HA immunoprecipitates from pulse chase of COS7 cells expressing
the indicated PKC constructs.
(H) IB analysis of lysates from Sf9 insect cells infected with the indicated GST-PKC constructs
and His-PHLPP1 PP2C (PHLPP1; 1154-1422) baculovirus, probed with the indicated phospho-
specific or total PKC antibodies. Quantification (right) of total PKC protein normalized to
Tubulin or PKC phosphorylation normalized to total PKC is shown.
(I) IB analysis of lysates from COS7 cells expressing the indicated HA-PKC constructs treated
with cycloheximide (CHX, 250 µM) for the indicated times prior to lysis and probed with the
indicated antibodies. Quantification (bottom) of PKC band intensity normalized to Tubulin
loading control and plotted as percentage of protein at time zero is shown.
(J) IB analysis of lysates from WT MEFs treated with PDBu (200 nM) for the indicated time
points prior to lysis and probed with the indicated antibodies. Quantification (bottom) of PKC
band intensity normalized to Hsp90 loading control and plotted as percentage of protein at time
zero is shown.
(K) IB analysis of lysates from untreated WT MEFs probed with the indicated antibodies.
Quantification (bottom) of PKC band intensity normalized to Tubulin loading control is shown.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by repeated-measures one-way ANOVA
and Tukey HSD test. IB quantification (excluding E) represent the mean ± SEM from at least
three independent experiments. Dashed line (B and E) indicates splicing of irrelevant lanes from
a single blot.
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Cancer-Associated Pseudosubstrate Hotspot Mutations Reveal a Distinct PKC LOF

Mechanism

Given the tumor-suppressive role of PKC�, we asked whether PKC mutations that per-

turb autoinhibition, and are thus subject to PHLPP1 quality control, could present a LOF

mechanism in cancer. In support of this, the pseudosubstrate of PKC� is a 3D-clustered func-

tional hotspot of cancer-associated mutations (Gao et al., 2017). 10 distinct mutations, identified

in 16 tumor samples, occur in the region preceding the P0 position (Ala25) of the pseudosubstrate

(P-7 through P-1) (Figure 3.10, Figure 3.5A). These include Arg22 at the P-3 position in the

pseudosubstrate, a critical residue for e↵ective autoinhibition that makes multiple contacts with

both the bound nucleotide and Asp470 in the active site (Figure 3.5B) (House and Kemp, 1990;

Pears et al., 1990). Analysis of sequence conservation among PKC isozymes using the protein

alignment tool KinView (McSkimming et al., 2016) reveals that this interaction partner, which

resides between the HRD and DFG motifs of the kinase activation segment, is highly conserved

in PKC isozymes compared to other kinases (Figure 3.5B; asterisk). Given the conservation of

this interaction pair, we reasoned that the Arg22 mutations would have the largest e↵ect on PKC

autoinhibition. Introducing each of the 10 mutations into PKC�II, we measured basal activity

via CKAR upon inhibitor addition in COS7 cells. The activity of every pseudosubstrate mutant

di↵ered significantly from that of WT and segregated into two distinct groups: 56% of muta-

tions were less active than WT and 44% of mutations were more active (Figures 5C and 5D).

Mutations displaying enhanced autoinhibition (Figure 3.5E; blue) had a higher fraction of phos-

phorylated PKC to unphosphorylated PKC compared to WT PKC, as assessed by the intensity of

the slower-migrating phosphorylated species (asterisk) to the faster-migrating unphosphorylated

species (dash) and staining with antibodies to the three processing phosphorylations (Figure

94



3.5E). Conversely, mutations displaying reduced autoinhibition (Figure 3.5E; red) had a lower

fraction of phosphorylated PKC to unphosphorylated PKC compared to WT PKC (Figure 3.5E).

Thus, mutants with reduced basal activity had increased phosphorylation relative to WT and

mutants with increased basal activity had reduced phosphorylation (Figure 3.5F). These data

show that aberrant autoinhibition of cancer-associated PKC pseudosubstrate mutations causes

LOF in either of two ways: (1) enhancing pseudosubstrate a�nity to reduce PKC output or (2)

weakening pseudosubstrate a�nity to reduce PKC phosphorylation and stability.
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Figure 3.5: Cancer-Associated Pseudosubstrate Hotspot Mutations Reveal a Dis-
tinct PKC LOF Mechanism
(A) Mutations in the N terminus (1-40) of PKC� identified in human cancers showing 3D-
clustered functional hotspots (red).
(B) Crystal structure of PKC�II with the pseudosubstrate modeled into the active site. Interac-
tions between the pseudosubstrate (Arg22), bound nucleotide (AMP-PNP), and kinase domain
(Asp470) are highlighted. KinView analysis showing evolutionary protein sequence conservation
of the activation segment from all PKC isozymes (top) or all protein kinases (bottom) is shown.
Height of the letter indicates the residue frequency at that position.
(C) COS7 cells co-expressing CKAR and indicated mCherry-PKC�II cancer-associated pseudo-
substrate mutants were treated with Gö6983 (1 mM) to determine basal activity.
(D) Quantification of (C) showing the magnitude of FRET ratio change upon inhibitor addition.
Data represent three independent experiments of >100 cells for each construct; dotted line indi-
cates WT activity; ****p < 0.0001, by repeated-measures one-way ANOVA and Tukey-Kramer
HSD test.
(E) IB analysis of lysates from COS7 cells expressing indicated PKC constructs probed with
phospho-specific or total PKC antibodies.
(F) Schematic of cancer-associated pseudosubstrate mutants. Pseudosubstrate mutations man-
ifest as LOF, either by enhancing (reduced activity) or disrupting (reduced stability) PKC
autoinhibition.
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PKC Quality Control Is Conserved in Human Cancer

More broadly, we explored whether PHLPP1-mediated quality control may be a ubiqui-

tous mechanism employed by tumors to suppress PKC output. To assess whether PKC quality

control by PHLPP1 is a conserved process in human cancer, we analyzed the phosphorylation

state and total protein levels of PKC in patient tumor samples by reverse-phase protein array

(RPPA), a high-throughput antibody-based method for quantitative detection of protein markers

from cell lysates (Tibes et al., 2006). Analysis of 5,157 patient samples from 19 cancers compris-

ing The Cancer Genome Atlas (TCGA) Pan-Can 19 revealed a striking 1:1 correlation between

PKC↵ hydrophobic motif phosphorylation (pSer657) and total PKC↵ protein (Figures 6A and

6B; R = 0.923). We also analyzed hydrophobic motif phosphorylation of Akt and S6K, two other

AGC kinases regulated by PHLPP1. In contrast to PKC, hydrophobic motif phosphorylation of

Akt (pSer473) and S6K (pThr389) did not correlate with total protein (Figures 3.6A and 3.6B; R

= 0.214 and -0.081, respectively). Consistent with the tumor data, analysis of cancer cell lines

from the Cancer Cell Line Encyclopedia (CCLE) and MD Anderson Cell Lines Project (MCLP)

also displayed a strong correlation between PKC↵ hydrophobic motif phosphorylation (pSer657)

and total PKC↵ protein, which was not observed with the Akt activation loop (pThr308) or hy-

drophobic motif (pSer473) phosphorylation sites and total Akt protein (Figure 3.11). These data

demonstrate that the hydrophobic motif site is generally phosphorylated in essentially 100% of

the PKC species present in the cell, regardless of cell or tissue type. The one exception may

be head and neck squamous carcinomas (HNSC), where a small number of samples had hy-

pophosphorylated PKC; whether defects in the PKC degradation pathway allow accumulation of

unphosphorylated PKC in this cancer remains to be determined. In summary, RPPA analyses

validate cellular studies showing that unphosphorylated PKC is unstable and rapidly degraded,
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indicating that only phosphorylated PKC accumulates in cells in an endogenous context.
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High PKC and Low PHLPP1 Levels Are Protective in Pancreatic Adenocarcinoma

Next, we sought to identify which cancer subtype exhibits the most robust PKC qual-

ity control by PHLPP1, a finding that could be therapeutically relevant. We reasoned that

cancers in which PKC phosphorylation was strongly dependent on PHLPP1 would have (1) a

strong correlation between PKC↵ and PKC� hydrophobic motif phosphorylation due to common

regulation of their levels and (2) relatively low PKC steady-state levels because of dominant reg-

ulation by PHLPP1. Thus, we examined the correlation of total PKC↵ and PKC� hydrophobic

motif phosphorylation as a function of cancer type (Figure 3.7A; column 2). We also examined

the association of known positive regulators of PKC processing, such as PDK-1 and mTORC2

components, with the PKC↵:PKC� hydrophobic motif correlation (Figure 3.7A; columns 3-7).

In general, cancers with relatively high levels of PKC expression (e.g., low-grade glioma [LGG],

glioblastoma multiforme [GBM], and kidney renal papillary cell carcinoma [KIRP]) had relatively

high correlation with these positive regulators, and those with low levels of PKC expression had

low correlation with these positive regulators. One notable outlier was pancreatic adenocar-

cinoma (PAAD), which showed correlation signatures with positive regulators similar to those

observed in high-PKC-expressing cancers despite much lower PKC↵ expression levels (Figure

3.7A). Thus, we hypothesized that PKC expression in PAAD, which is suppressed by a common

mechanism due to the strong correlation of PKC↵:PKC� hydrophobic motif phosphorylation

(Figure 3.7A; column 2), may be dominantly regulated by PHLPP1 quality control. Indeed,

RPPA analysis of the 105 PAAD samples revealed an inverse correlation between PHLPP1 levels

and PKC↵ levels (Figures 3.7B and 3.7C). In contrast, this inverse correlation between PHLPP1

levels and PKC↵ was not observed in the glioma tumor samples (Figure 3.7B), two cancers in

which positive regulators dominate in controlling PKC levels. This suggests that in gliomas,
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which generally have very low levels of PHLPP1 (Warfel et al., 2011), positive regulators dom-

inate in controlling PKC levels. However, in pancreatic cancer, PKC levels are determined by

the negative regulator PHLPP1 via PKC quality control, as evidenced by the inverse correlation

between PHLPP1 and PKC↵ protein levels. Together, these findings reveal a consistent 1:1

stoichiometry of phosphorylated PKC and total PKC protein levels regardless of cell or tumor

type; in some malignancies, such as pancreatic cancer, the amount of PHLPP1 is the dominant

mechanism controlling PKC levels.

Next, we measured the impact of PKC expression on patient outcome by stratifying

survival rates by levels of PKC hydrophobic motif phosphorylation. We focused on pancreatic

cancer as PKC levels are subject to PHLPP1-mediated quality control in this cancer. Analysis

of the cohort of 105 PAAD patients revealed that high levels of hydrophobic motif phosphory-

lation in PKC↵ (pSer657) or PKC� (pSer660) co-segregated with significantly improved survival

(Figure 3.7D). Thus, as PKC hydrophobic motif phosphorylation demarcates stable PKC and

improved patient survival, it serves as a potential prognostic marker and avenue for intervention

in pancreatic cancer, for which there are limited e↵ective therapeutic options.
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Figure 3.7: High PKC and Low PHLPP1 Levels Are Protective in Pancreatic Ade-
nocarcinoma
(A) Heatmap of PKC↵ expression by cancer type (Expression; column 1). Heatmap showing
coe�cient of determination between PKC↵ hydrophobic motif phosphorylation and the indicated
protein or phosphorylation (correlation; columns 2-8) is shown. Cancer types are indicated by
TCGA study abbreviations. (B) RPPA analysis of PHLPP1 and PKC↵ levels in patient samples
from the indicated cancers with Least-Squares Regression Line.
(C) Heatmap of individual PAAD patients showing relative abundance of the indicated protein
or modification.
(D) Kaplan-Meier survival plots from PAAD patients stratified by PKC hydrophobic motif
phosphorylation levels. p = log-rank p value.
(E) Model of PKC Quality Control by PHLPP1: newly synthesized PKC (i) binds PHLPP1
where it surveys the conformation of this unprimed PKC to regulate phosphorylation of the
hydrophobic motif. This species is in an open conformation, with the pseudosubstrate (PS; red
rectangle) and all membrane-targeting modules unmasked. PKC that becomes phosphorylated
(ii) is immediately autoinhibited, releasing PHLPP1 and entering the pool of stable, catalytically
competent but inactive enzyme (iii). This primed species is transiently and reversibly activated
by binding second messengers (iv). PKC that does not properly autoinhibit following priming
phosphorylations (v), for example due to mutations that impair autoinhibition, is rapidly de-
phosphorylated by PHLPP1 at the hydrophobic motif, leading to further dephosphorylation and
degradation (vi).
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3.4 Discussion

Pseudosubstrate and phosphorylation play an interdependent and essential function in

PKC homeostasis that is exploited in cancer to e↵ectively lose PKC. First, phosphorylation of the

hydrophobic motif is necessary for the pseudosubstrate-dependent transition of newly synthesized

PKC to the mature, autoinhibited conformation that prevents basal signaling in the absence of

second messengers. In this manner, phosphorylation serves as an o↵ switch, ensuring that the

deregulated activity of newly synthesized enzyme is immediately quenched (Figure 3.7E; iii).

This pseudosubstrate-engaged conformation, in turn, is necessary to protect newly synthesized

PKC from dephosphorylation by bound PHLPP1 (Figure 3.7E; ii). Because lack of phosphate at

the hydrophobic motif results in proteasomal degradation of PKC, PHLPP1 provides a quality

control step that prevents aberrant PKC from accumulating in the cell (Figure 3.7E; v). The

vulnerability of aberrant PKC to dephosphorylation/degradation is exploited in cancer. Notably,

the pseudosubstrate is a hotspot for cancer-associated mutations. Those that loosen autoinhi-

bition are LOF because phosphorylation cannot be retained at the hydrophobic motif, resulting

in an unstable protein that is degraded (Figure 3.7E; vi). Those that enhance autoinhibition

are also LOF by decreasing signaling output, pushing the equilibrium to the closed conformation

(Figure 3.7; iii). Validating the requirement for phosphorylation at the hydrophobic motif for

PKC stability, analysis of over 5,000 tumor samples and 1,500 cell lines reveals an almost 1:1

correlation between total PKC levels and hydrophobic motif phosphorylation. Additionally, we

identify PAAD as a malignancy in which PHLPP1 quality control dominates in controlling PKC

levels. Consistent with a tumor-suppressive role of PKC, low levels of PKC are associated with

poor survival outcome in this cancer. Thus, in PAAD, there is a dependence upon PHLPP1 to

suppress PKC expression, providing a potential therapeutic target to stabilize PKC and increase
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patient survival.

Our findings delineate a mechanism that results in the loss of a tumor suppressor at the

post-translational level, rather than the prevalent mechanism involving genetic deletion of regions

encoding tumor-suppressor genes (Weinberg, 1991). Indeed, the tumor-suppressive role of PKC

isozymes remained uncharacterized for several decades in part due to relatively infrequent dele-

tion of PKC genes compared to other notable tumor suppressors. However, impairing protein

stability is an equally e↵ective method for LOF, as epitomized by the tumor suppressor p53,

which is also stabilized by phosphorylation to prevent its degradation in the context of the DNA

damage response (Chehab et al., 1999). Attesting to its key regulatory role, the hydrophobic mo-

tif was recently identified as a hotspot for cancer mutations across most AGC kinases, including

PKC� (Huang et al., 2018). However, phosphate at this PHLPP-regulated position plays dis-

tinct roles among these kinases. For Akt and S6K, dephosphorylation at the hydrophobic motif

attenuates catalytic activity (Gao et al., 2005; Liu et al., 2011) without a↵ecting stability. This

latter point is evident from our own analysis showing no significant correlation between the total

levels of these two AGC kinases and phosphorylation of their respective hydrophobic motifs. But

in PKC, phosphorylation serves a very di↵erent function in stabilizing the enzyme. Thus, PKC

is unique among PHLPP1 hydrophobic motif substrates in that phosphate protects the kinase

from degradation. An unexpected finding from this study is that deletion of the autoinhibitory

pseudosubstrate abolished any detectable phosphorylation at the three processing sites yet re-

sulted in constitutively and maximally active PKC. Thus, surprisingly, PKC with no priming

phosphates can have full, unrestrained catalytic activity. Furthermore, as is the case for the

activation loop phosphate (Sonnenburg et al., 2001), transient phosphorylation at the hydropho-

bic motif is necessary for PKC to progress to a catalytically competent conformation but then
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becomes dispensable for activity. We were unable to observe even transient phosphorylation of

the autoinhibition-deficient PKC during processing in mammalian cells, underscoring the strict

homeostatic control of the hydrophobic motif site. Phosphorylation of autoinhibition-deficient

PKC, however, was readily observed in Sf9 insect cells. PKC may evade PHLPP quality control

in insect cells because of the evolutionary functional divergence of the PHLPP PH domain (Park

et al., 2008), a key determinant in its dephosphorylation of PKC in cells (Gao et al., 2008). One

possible explanation for the requirement of negative charge at the hydrophobic motif early in the

life cycle of PKC is that autophosphorylation of this site triggers association of the C-tail with

the kinase domain, an important step in aligning the regulatory spine (Taylor and Kornev, 2011).

Although protein kinases share a common active conformation, numerous mechanisms of autoin-

hibition have evolved to maintain kinases in inactive states (Bayliss et al., 2015). For nearly

all protein kinases, phosphorylation serves to relieve autoinhibition, usually elicited by binding

to regulatory molecules following agonist stimulation. For example, Akt autoinhibition by the

PH domain is relieved via binding phosphatidylinositol-3,4,5-trisphosphate (PIP3) to promote

activating phosphorylations at the activation loop and hydrophobic motif (Alessi et al., 1996).

Indeed, oncogenic mutations that dislodge the PH domain from the kinase domain activate Akt

independently of PIP3 generation (Parikh et al., 2012). In a similar manner, we found that

cancer-associated PKC mutations in the pseudosubstrate also elicit constitutive activity. How-

ever, by impairing autoinhibition, these mutations induce PHLPP1-dependent dephosphorylation

and are e↵ectively LOF by promoting PKC degradation. Thus, cancer-associated activating mu-

tations that disrupt autoinhibition present as gain-of-function mutations in Akt but manifest as

LOF mutations in PKC. The role of PHLPP1 quality control in setting the level of PKC in cells

has important ramifications for cancer therapies, as higher expression levels of PKC isozymes
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have been reported to predict improved patient survival in diverse malignancies (Newton, 2018).

For example, higher levels of PKC↵ and PKC�II protein predict improved outcome in T cell

acute lymphoblastic leukemia (T-ALL) and colorectal cancer, respectively (Dowling et al., 2016;

Milani et al., 2014). Here, we show that high PKC hydrophobic motif phosphorylation corre-

lated with dramatically increased survival in PAAD. Because greater than 90% of pancreatic

cancers harbor an activating K-Ras mutation (Almoguera et al., 1988), one possibility is that

high PKC levels suppress K-Ras signaling. Consistent with this, PKC phosphorylation of K-Ras

on Ser181 in the farnesyl-electrostatic switch was reported to disengage K-Ras from the plasma

membrane (Bivona et al., 2006). Although the role of this specific PKC phosphorylation in tu-

mors is unclear (Barcel et al., 2014), Wang et al. (2015) have shown that oral administration of

a phorbol ester with very weak potency promoted K-Ras phosphorylation and repressed growth

in orthotopic mouse models of human pancreatic cancer. Furthermore, PKC suppresses growth

of oncogenic K-Ras-driven tumors in a xenograft mouse model of colorectal adenocarcinoma,

and deletion or mutation of only one PKC allele is su�cient to enhance tumor growth (Antal et

al., 2015b). Additionally, K-Ras is among the most frequently co-mutated genes in tumors with

LOF PKC mutations (Antal et al., 2015b). Together, these data support a role for functional

PKC in suppressing oncogenic K-Ras signaling. Another mechanism by which PKC suppresses

oncogenic signaling was recently unveiled by Black and coworkers, who showed that PKC↵ de-

ficiency in endometrial tumors enhances oncogenic Akt signaling via a mechanism involving its

modulation of the activity of a PP2A family phosphatase (Hsu et al., 2018). Thus, targeting

the PHLPP1-dependent quality control step of PKC processing may be a promising approach

to stabilize PKC in cancers involving oncogenes controlled by PKC. Our work underscores the

importance of careful consideration of PKC phosphorylation mechanisms in cancer therapies.
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Notably, mTOR kinase inhibitors and Hsp90 inhibitors currently in clinical trials will have the

unwanted result of preventing PKC processing, thus depleting levels of this tumor suppressor.

Coupling such therapies with disruption of PHLPP1-dependent quality control may have signifi-

cant therapeutic benefit. Thus, the post-translational inactivation of PKC by PHLPP1, distinct

from loss of other tumor suppressors via genetic mechanisms, presents a druggable interaction

and potential vulnerability in cancers that respond to PKC restoration.
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100–
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Figure S1

Figure 3.8: Supplemental Data Related to Figure 3.2. PKC �PS Phosphorylation
Is Not Regulated by a Calyculin-Sensitive Phosphatase. Western blot of lysates from
COS-7 cells expressing RFP-tagged PKC�II wild-type (WT) or deleted pseudosubstrate (�PS)
and treated with DMSO (-) or Calyculin A (Cal, 100µM) and Gö6976 (6µM) for 20 minutes prior
to lysis. Immunoblots were probed with PKC phospho-specific antibodies against the activation
loop (pThr500), turn motif (pThr641), or hydrophobic motif (pSer660), total overexpressed PKC
(HA), or phospho-serine substrate (pSer) as a positive control for Calyculin A.
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Figure S2

pSer PKC
Substrate

Tubulin

PKCb
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Figure 3.9: Supplemental Data Related to Figure 3.2. Substrate Specificity of
PKC Phosphorylation Site Mutants. Western blot of lysates from COS-7 cells expressing
mCherry-tagged PKC�II wild-type (WT), or PKC�II mutants PKC�II T500V, PKC�II T641A,
PKC�II S660A, PKC�II �PS, PKC�II �PS T641A, PKC�II �PS S660A, or mCherry vector
control (Vec) stimulated (PDBu) with DMSO (-) or 200nM PDBu (+) for 3 min prior to lysis
and pretreated (BisIV/83) with either DMSO (-) or 1µM BisIV/1µM Gö6983 (+) 10 min prior
to PDBu addition. Immunoblots were probed for total PKC�, phospho-Ser PKC substrate
antibodies, and Tubulin loading control.
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Table 3.1: Supplemental Data Related to Figure 3.5. Table of Cancer-Associated
PKC�II Pseudosubstrate Mutations. Mutations identified from patient-derived tumor sam-
ples showing the resultant missense mutation in PKC�, cancer type, sample identifier, and
database source.

 Mutation Cancer Type Sample Identifier Source

V18M Skin Cutaneous Melanoma TCGA-EE-A2GL cBioPortal
Pancreatic Adenocarcinoma TCGA-IB-7651-01 cBioPortal

Large Intestine Adenocarcinoma T3118 COSMIC
Lung Adenocarcinoma TCGA-05-4389-01 cBioPortal

Liver Cancer CHG-13-09220T ICGC
F20S Head and Neck Squamous Cell Carcinoma TCGA-F7-A624-01 cBioPortal
A21S Adrenocortical Carcinoma TCGA-OR-A5K9-01 cBioPortal

Ampullary Carcinoma AMPAC_95 cBioPortal
Uterine Endometrioid Carcinoma TCGA-AX-A05Z-01 cBioPortal

Stomach Adenocarcinoma TCGA-BR-4184-01 cBioPortal
R22H Pancreatic Ductal Adenocarcinoma N/A mutation3D
R22G Adult T Cell Lymphoma-Leukaemia ATL399 COSMIC

Adult T Cell Lymphoma-Leukaemia ATL351 COSMIC
Adult T Cell Lymphoma-Leukaemia ATL126 COSMIC
Adult T Cell Lymphoma-Leukaemia ATL318 COSMIC

Diffuse large B cell lymphoma QC2-25-T2 COSMIC

R19C

R19L

A21T

G24D

G24V

Figure S3
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Protein abundance of PKC-alpha and PKC-alpha_pS657 in MCLP data (648 cell lines)
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A B

Figure 3.10: Supplemental Data Related to Figure 3.6. PKC is Fully Phosphorylated
at the Hydrophobic Motif in Human Cancer Cell Lines.
(A) Heatmap of kinase levels versus their hydrophobic motif phosphorylation for PKC or Akt1
obtained from 5,157 patient samples from TCGA Pan Cancer Atlas measured by Reverse Phase
Protein Array (RPPA). Shown are total PKC↵ versus pSer657 and total Akt1 versus pSer473 and
pThr308.
(B) Quantification of data in (A): Scatterplot of the expression of the indicated phosphorylations
correlated with PKC↵ or Akt1 protein levels; R= Spearman’s rank correlation coe�cient.
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3.5 Methods

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture and Transfection

COS7 cells, Phlpp1+/+ MEFs, and Phlpp1-/- MEFs were cultured in DMEM (Corning) containing

10% fetal bovine serum (Atlanta Biologicals) and 1% penicillin/streptomycin (Gibco) at 37�C

in 5% CO2. Generation of the PHLPP1 MEFs was described previously (Masubuchi et al.,

2010). Transient transfection was carried out using the Lipofectamine 3000 Transfection Reagent

(Thermo Fisher Scientific). Sf9 cells were grown in Sf-900 II SFM media (Gibco) in shaking

cultures at 27�C.

METHOD DETAILS

Plasmids and Constructs

The C Kinase Activity Reporter (CKAR) was previously described (Violin et al., 2003). PKC

pseudosubstrate-deleted constructs were generated by looping out the 54 bases comprising

residues 19-36 of PKC↵ or PKC�II by QuikChange Mutagenesis (Agilent). Scrambled and

Neutral Pseudosubstrate constructs were generated by QuikChange Mutagenesis (Agilent). The

catalytic domain was generated by cloning residues 296-673 of human PKC�II into pcDNA3

containing an N-terminal HA tag at the NotI and XbaI sites. Regulatory domain constructs

were generated by cloning residues 1-295 of human PKC� into pcDNA3 with mCherry at the

N-terminus at the BamHI and XbaI sites. mCherry-tagged constructs were cloned into pcDNA3

with mCherry at the N-terminus at the BamHI and XbaI sites. mYFP-tagged constructs were

cloned into pcDNA3 with mYFP at the N-terminus at the XhoI and XbaI sites. HA-tagged rat
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PKC�II constructs were cloned into pcDNA3 with HA at the N-terminus at the NotI and XbaI

sites. HA-tagged human PKC�II constructs were cloned into pcDNA3 with HA at the N-terminus

at the XhoI and XbaI sites. Kinameleon was cloned into pcDNA3 as mYFP-PKC�II-mCFP. All

mutants were generated by QuikChange Mutagenesis (Agilent). Rat PKC constructs were used

with the exception of human PKC↵ in Figure 3.2D and human PKC�II in Figures 3.5C, 3.5D,

and 3.5E.

FRET Imaging and Analysis

Cells were imaged as described previously (Gallegos et al., 2006). For activity experiments COS7

cells were co-transfected with the indicated mCherry-tagged PKC construct and CKAR. For

Kinameleon experiments, the indicated Kinameleon construct containing mYFP and mCFP was

transfected alone. For translocation experiments, COS7 cells were co-transfected with the indi-

cated mYFP-tagged construct and plasma-membrane targeted mCFP at a ratio of 10:1. Baseline

images were acquired every 15 s for 2 min prior to ligand addition. Förster resonance energy

transfer (FRET) ratios represent mean ± SEM from at least three independent experiments.

All data were normalized to the baseline FRET ratio of each individual cell unless noted that

absolute FRET ratio was plotted or traces were normalized to levels post-inhibitor addition.

When comparing translocation kinetics, data were also normalized to the maximal amplitude of

translocation for each, as previously described, in order to compare translocation rates (Antal

et al., 2014). Every experiment contained an mCherry-transfected control to measure endoge-

nous activity, and an mCherry-tagged WT (or deleted pseudosubstrate) PKC. Control traces

are depicted as dotted lines: specifically, the endogenous trace in Figure 3.1E and the deleted

pseudosubstrate trace in Figure 3.2G and 3.3I, were redrawn to serve as a point of reference in
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those Figures (data were acquired and derived in the same experiments which generated all the

data in Figure 3.1 and Figure 3.2, respectively).

Immunoblotting and Antibodies

Cells were lysed in PPHB: 50 mM NaPO4 (pH 7.5), 1% Triton X-100, 20 mM NaF, 1 mM

Na4P2O7, 100 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1 mM Na3VO4, 1 mM PMSF, 40 mg/ml

leupeptin, 1mM DTT, and 1 mM microcystin. Phlpp1+/+ and Phlpp1-/- MEFs were lysed in

50 mM Tris (pH 7.4), 1% Triton X-100, 50 mM NaF, 10 mM Na4P2O7, 100 mM NaCl, 5 mM

EDTA, 1 mM Na3VO4, 1 mM PMSF, 40 mg/ml leupeptin, and 1 mM microcystin. Triton-

soluble fractions were analyzed by SDS-PAGE on 7% big gels to observe phosphorylation shift,

transfer to PVDF membrane (Biorad), and western blotting via chemiluminescence SuperSignal

West reagent (Thermo Fisher) on a FluorChem Q imaging system (ProteinSimple). In West-

ern blots, the asterisk (*) denotes the position of mature, phosphorylated PKC; whereas, the

dash (-) indicates the position of unphosphorylated PKC. The turn motif and hydrophobic mo-

tif phosphorylations, but not the activation loop phosphorylation, induces an electrophoretic

mobility shift that retards the migration of the phosphorylated species. The pan anti-phospho-

PKC activation loop antibody (PKC pThr500) was described previously (Dutil et al., 1998). The

anti-phospho-PKC↵/�II turn motif (pT638/641; 9375S) and pan anti-phospho-PKC hydropho-

bic motif (�II pS660; 9371S) antibodies and Calyculin A were purchased from Cell Signaling.

Anti-PKC� (610128) and PKC↵ (610128) antibodies were purchased from BD Transduction

Laboratories. The DsRed antibody was purchased from Clontech. The anti-PHLPP1 antibody

was purchased from Proteintech (22789-1-AP). The anti-HA antibody for immunoblot was pur-

chased from Roche. The anti-HA (clone 16B12; 901515) and anti-FLAG (Clone L5; 637301)
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antibodies used for immunoprecipitation were purchased from BioLegend. The anti-↵-tubulin

(T6074) and anti-His (H1029) antibodies were from Sigma.

Baculovirus Expression of PKC and PHLPP1 PP2C

Human PKC�II, PKC�II PS, and PHLPP1 PP2C (residues 1154-1422) were cloned into the

pFastBac vector (Invitrogen) containing an N-terminal GST or His tag. Using the Bac-to-

Bac Baculovirus Expression System (Invitrogen), the pFastBac plasmids were transformed into

DH10Bac cells, and the resulting bacmid DNA was transfected into Sf9 insect cells via Cell-

FECTIN (ThermoFisher Scientific). Sf9 cells were grown in Sf-900 II SFM media (Gibco) in

shaking cultures at 27�C. The recombinant baculoviruses were harvested and amplified. Sf9 cells

were seeded in 35 mm dishes (1 x 106 cells/dish) and infected with baculovirus. Following 2 days

of incubation, Sf9 cells were lysed directly in 1x Laemmli sample bu↵er, sonicated, and boiled at

95�C for 5 min.

Pulse-Chase Experiments

For pulse-chase experiments, COS7 cells were incubated with Met/Cys-deficient DMEM for 30

min at 37 �C. The cells were then pulse-labeled with 0.5 mCi/ml [35S]Met/Cys in Met/Cys-

deficient DMEM for 7 min at 37�C, media were removed, washed with dPBS (Corning), and

chased with DMEM culture media (Corning) containing 200 mM unlabeled methionine and 200

mM unlabeled cysteine. At the indicated times, cells were lysed in PPHB and centrifuged at

13,000 x g for 3 min at 22 �C, supernatants were pre-cleared for 30 min at 4 �C with Protein

A/G Beads (Santa Cruz), and protein complexes were immunoprecipitated from the supernatant

with either an anti-HA or anti-FLAG monoclonal antibody (BioLegend, 16B12; BioLegend L5)
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overnight at 4 �C. The immune complexes were collected with Protein A/G Beads (Santa Cruz)

for 2 hrs, washed 3x with PPHB, separated by SDS-PAGE, transferred to PVDF membrane (Bio-

rad), and analyzed by autoradiography and western blot. Co-immunoprecipitation experiments

were performed similarly, omitting the labeling and autoradiography steps.

Reverse Phase Protein Array

For RPPA experiments, patient samples and cell line samples were prepared and antibodies were

validated as described previously (Li et al., 2017; Tibes et al., 2006).

Cancer Mutation Identification

Cancer-associated pseudosubstrate mutations were identified by querying the cBioPortal (cbio-

portal.org), COSMIC (https://cancer.sanger.ac.uk/cosmic), mutation3D (mutation3d.org), and

ICGC (https://dcc.icgc.org) databases.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was determined via Repeated Measures One-Way ANOVA and Brown-

Forsythe Test or Student’s t-test performed in GraphPad Prism 6.0a (GraphPad Software). The

half-time of translocation or degradation was calculated by fitting the data to a non-linear regres-

sion using a one-phase exponential association equation with GraphPad Prism 6.0a (GraphPad

Software). Western blots were quantified by densitometry using the AlphaView software (Protein

Simple).
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Chapter 4

Recurrent PKC↵ Driver Mutation is

Dominant-Negative in Chordoid

Glioma

4.1 Abstract

A recurrent mutation in the tumor-suppressor kinase PKC↵ was recently identified as

the probable driver of chordoid glioma. This mutation, PKC↵ D463H, is found in the catalytic

Asp, which functions as the catalytic base of the phosphotransfer reaction to abstract a protein

from the substrate hydroxyl group to facilitate nucleophilic attack. How this mutation a↵ects

protein function and whether the oncogenic D463H mutant protein is gain-of-function (GOF) or

loss-of-function (LOF) in the context of the disease is not known. Here we utilize biochemical and

live-cell imaging techniques to demonstrate that PKC↵ D463H exhibits cellular mislocalization,
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impaired phosphorylation, and is catalytically inactive. Investigating the reason for the recur-

rence of the identical function, we identify a neomorphic function of the overexpressed D463H

mutant protein as a dominant-negative, capable of reducing the activity of endogenous PKCs.

The dominant-negative function of PKC↵ D463H, as well as a cancer-associated LOF PKC�II

mutation, required the ability of these mutant proteins to bind the activating second messen-

ger diacyclglycerol. Taken together, our data is consistent with a model by which LOF PKC

mutations act as dominant-negatives by sequestering diacylglycerol to globally suppress PKC

output in cancer. Thus, approaches to target PKC↵ D463H in chordoid glioma should focus

not on developing PKC inhibitors, but rather on restoring PKC function and combating the

dominant-negative e↵ects.

4.2 Introduction

Genomic analysis of cancer subsets has aided the identification of activating mutations

in putative oncogenic kinases, which are often disease hallmarks and can be targeted therapeuti-

cally. This principle is well illustrated by the characterization core oncogenic pathways sustained

by oncogenic kinases such as PI3K, EGFR, BRAF, and Akt among others that harbor consti-

tutively activating mutations present in a variety of malignancies (Blume-Jensen and Hunter,

2001; Tsatsanis and Spandidos, 2000). Molecular characterization of how cancer-associated mu-

tations alter kinase catalysis, substrate specificity, stability, localization, binding to adaptors and

ligands, and autoinhibitory constraints is critical to determining whether they are likely to be

gain-of-function (GOF) mutations in oncoproteins or loss-of-function (LOF) mutations in tumor

suppressors. Although enhanced kinase activity is generally regarded as oncogenic driver event,

perhaps due to discovery that the first-characterized viral oncogenes encoded protein kinases
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(Hunter et al., 1984). Several kinases appear to have tumor-suppressing functions, however,

displaying reduced protein levels and LOF mutations in proliferative disorders (An and Brog-

nard, 2019; Hudson et al., 2018). Perhaps the most iconic example of tumor-suppressor kinases,

which were misattributed with oncogenic function, are the protein kinase c (PKC) family kinases

(Newton and Brognard, 2017).

Determining the role of PKC in cancer has long been obfuscated by the lag in mechanistic

understanding of PKC biochemistry following its implication as an important cancer e↵ector.

PKC was first proposed as an oncogene when it was discovered that the C1 domain was the

receptor of the tumor-promoting phorbol esters, which are potent PKC activators (Kikkawa et

al., 1983; Ono et al., 1989). Recent work has demonstrated PKC’s role as a tumor-suppressor,

rather than an oncogene, however, as the primary e↵ect of chronic phorbol-ester treatment is

PKC dephosphorylation and downregulation, e↵ectively depleting PKC from cells. Prevalent

LOF cancer-associated mutations and low expression levels in tumors generally supports a tumor-

suppressive role for PKC. Therefore, e↵orts to target PKC in cancer have shifted to promote PKC

stability, rather than inhibit its activity.

PKC↵ was recently implicated as a driver in chordoid glioma due to a recurrent D463H

mutation as the only genetic aberration found in nearly 100% of patients (Goode et al., 2018;

Rosenberg et al., 2018). Chordoid glioma is a histologically low-grade tumor of the third ven-

tricle with ependymal origin, which is di�cult to resect, molecularly uncharacterized due to its

rarity, and is associated with high degrees of morbidity and mortality (Pomper et al., 2001). The

initial studies of the PKC↵ D463H mutation reported upregulated transcript levels, decreased

protein stability, and robust transforming potential of immortalized astrocytes and 3T3 fibrob-

lasts. Whether the observed e↵ects are due to enhanced or reduced PKC↵ activity, however,
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is unclear. Therefore, we performed biochemical and cellular characterization of PKC↵ D463H

activity and phosphorylation to determine whether the mutant protein alters PKC catalysis or

confers neomorphic functions that underlie its oncogenic potential.

Here we show that the PKC↵ D463H mutation severely impairs PKC cellular activity,

likely by abrogating the ability of the highly conserved HRD motif Asp to function as the catalytic

base in the phosphotransfer reaction. In addition to reduced catalytic activity, the PKC↵ D463H

mutant displays defective phosphorylation, explaining the finding that the protein is less stable.

PKC↵ D463H retains the ability to autophosphorylates when PKC dephosphorylation is blocked.

Additionally, we observed basal localization of PKC↵ D463H protein to the plasma membrane

and cells expressing PKC↵ D463H exhibited dramatically suppressed endogenous PKC activity.

This e↵ect was dependent upon the ability of PKC↵ D463H mutant to bind the membrane,

as C1 domain mutations that abrogate ligand binding abolished the dominant-negative e↵ect.

Finally, we show that the dominant negative function is likely inherent to unprocessed PKC,

as mutation the hydrophoic motif phospho-acceptor Ser was su�cient to produce PKC� with

dominant-negative capabilities, dependent upon its ligand-binding ability. Thus, we find that

the PKC↵ D463H mutation is a LOF, inactive mutant that additionally suppresses the global

cellular activity of WT PKC by a novel dominant-negative mechanism.

4.3 Results

PKC↵ D463H Mutation is a Hallmark of Chordoid Glioma

In order to understand the pathophysiology of the PKC↵ D463H mutant in chordoid

glioma, we sought to characterize the e↵ects of the mutation on the kinase domain. KinView

analysis of the sequence surrounding the mutation revealed absolute conservation of the mutated
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Figure 1: 
Sequence/Structure/Modeling?
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Figure 4.1: PKC↵ D463H Mutation is a Hallmark of Chordoid Glioma.
(A) Kinview analysis of the kinase region containing the catalytic Asp in the HRD motif of
PKCs, AGC kinases, or all kinases. The position of the PKC↵ D463H mutation is indicated.
(B) Crystal Structure of the PKC↵ kinase domain with the position of Asp463 adjacent to the
RS2 hydrophobic spine residue Tyr461. Molecular modeling of D463H substitution shows a steric
clash of the His side chain with the activation segment.
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Asp463 in all PKCs (McSkimming et al., 2016) (Figure 4.1A). As the catalytic Asp forming the

HRD motif, this Asp is highly conserved in AGC kinases and more broadly in all eukaryotic

protein kinases (Adams, 2001; Valiev et al., 2007). Accordingly, we hypothesized that mutation

of this residue would have detrimental e↵ects on catalysis, owing to the key role of this residue as

the catalytic base in the phosphotransfer reaction. Molecular modeling and mutagenesis revealed

that Asp463 resides in the region forming the RS2 hydrophobic spine and that mutation to His

produced clashes with the activation segment (Kornev et al., 2006; Meharena et al., 2013) (Figure

4.1B). Thus, the PKC↵ D463H mutation not only potential impairs the biochemical properties

of this residue to act as a catalytic base in the catalysis reaction, but also sterically clashes with

the activation loop, perhaps altering phosphorylation and a↵ecting the ability of the kinase to

adopt the active conformation.

D463H Mutation Impairs PKC↵ Cellular Activity

To experimentally assess how the D463H mutation a↵ects PKC↵ activity, we utilized the

C Kinase Activity Reporter (CKAR2) (Ross et al., 2018; Violin et al., 2003) to measure agonist-

induced cellular PKC activity upon addition of physiological agonist UTP, which stimulates DAG

and Ca2+ production, or PDBu, a maximally activating phorbol ester. Compared to the WT

PKC↵ that was robustly activated upon agonist stimulation, D463H and D463N displayed no

activity above the endogenous cellular response (Figure 4.2A). In fact, both mutations suppressed

endogenous activity, particularly the D463H mutation, suggesting that substitution at the Asp463

residue is not only detrimental to catalytic activity, but also confers a dominant-negative function

(Figure 4.2B). This e↵ect was not due to di↵erential expression of the PKC↵ proteins, as PKC

levels as measured by mCherry intensity were indistinguishable (Figure 4.2C). Thus, PKC↵
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Figure 4.2: D463H Mutation Impairs PKC↵ Cellular Activity.
(A) PKC activity in COS7 cells expressing CKAR2 and the indicated mCherry-PKC↵ constructs
and treated with UTP (100µM) and PDBu (200nM). Data represent the normalized FRET ratio
changes (mean ± SEM) from three independent experiments.
(B) Quantification of PKC activity represents the normalized area under the curve (AUC; mean
± SEM) normalized to that of WT.
(C) PKC expression levels measured by mCherry intensity (mean ± SEM) from 3 independent
experiments. **p < 0.01; ****p < 0.0001; n.s., not significant by One-way ANOVA and Tukey
HSD Test.
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D463H is not only inactive in a cellular context, but also suppresses the activity of endogenous

WT PKC.

PKC↵ D463H is Capable of Autophosphorylation and Displays Enhanced Phos-

phatase Sensitivity

In addition to catalytic activity, PKC phosphorylation is a critical measure of its function,

as phosphorylations are required for autoinhibition and protein stability. We next assessed the

phosphorylation state of PKC↵ D463H. In agreement with impaired catalytic activity, PKC↵

D463H exhibited impaired phosphorylation at the activation loop, turn motif, and hydrophobic

motif sites, suggesting a defect in PKC processing (Figure 4.3A). The loss of PKC↵ phospho-

rylation was greatest for the D463H mutant compared to Ala or Asn substitutions at Asp463,

emphasizing an especially detrimental e↵ect of mutation this site (Figure 4.3B). Importantly, the

minimal amount of phosphorylation present in the D463H mutant was abolished by additional

mutation of the catalytic Lys (K368M/D463H) (Iyer et al., 2005), implying that the defect ob-

served is likely due to comprised autophosphorylation or autoinhibition (Figure 4.3A, 3B). There-

fore, we hypothesized that impaired PKC↵ D463H processing that prevents the incorporation or

stabilization of the hydrophobic motif autophosphorylation may account for its phosphorylation

deficiency. To address this, we treated cells expressing PKC↵ with PDBu, which promotes PKC

dephosphorylation (Hansra et al., 1999), or PKC inhibitor Gö6983, which protects PKC from

dephephosphorylation (Cameron et al., 2009; Gould et al., 2011). Treatment of cells express-

ing PKC↵ D463H with PDBu alone resulted in the rapid desphosphorylation of PKC↵ within

three hours. Addition of Gö6983, however, not only blocked PDBu-induced dephosphorylation,

but also promoted the complete phosphorylation of PKC↵ D463H, comparable to levels of WT
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Figure 3: Phosphorylation
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Figure 4.3: PKC↵ D463H is Capable of Autophosphorylation and Displays Enhanced
Phosphatase Sensitivity.
(A) Immunoblot of whole-cell lysates from COS7 cells expressing HA-PKC↵ WT, D463A,
D463H, D463N, or K368M/D463H (K/M D/H) constructs and probed with phospho-antibodies
antibodies against the activation loop (Thr497), turn motif (Thr638), hydrophobic motif (Ser657),
and antibodies against total PKC↵ and loading control (Tubulin).
(B) Quantification of (A), measuring PKC phosphorylation as a percent of the faster mobility
total PKC↵ band.
(C) Immunoblot of whole-cell lysates from COS7 cells expressing HA-PKC↵WT, D463A, D463H,
D463N, or K368M/D463H (K/M D/H) constructs, treated with PKC inhibitor Gö6983 (6µM)
20min prior to lysis and PDBu (200nM) for the indicated timepoints, probed with the indi-
cated phospho-antibodies antibodies against the activation loop (Thr497), turn motif (Thr638),
hydrophobic motif (Ser657), and antibodies against total PKC↵ and loading control (Vinculin).
The double asterisk (**) denotes the position of mature, fully phosphorylated PKC and the dash
(-) indicates the position of unphosphorylated PKC.
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PKC↵ (Figure 4.3C). This e↵ect was dependent upon the catalytic activity of PKC↵, as double

kinase-dead mutant K368M/D463H was completely unphosphorylated and unable to incorporate

phosphate even upon Gö6983 treatment. Thus, protecting PKC↵ D463H from dephosphoryla-

tion permits processing, suggesting that either impaired autophosphorylation and autoinhibition

or increased susceptibility to dephosphorylation accounts for the observed decrease in phospho-

rylation of this mutant. Importantly, although PKC↵ D463H lacks detectable cellular activity

against substrates in a cellular context, it retains the ability to autophosphorylate.

C1 Domains of PKC↵ D463H Are Necessary for Dominant-Negative Function

We have previously shown that PKC� is haploinsu�cient for tumor suppression, in that

loss of just one copy of PKC is su�cient to promote tumorigenesis (Antal et al., 2015a). We

also found that PKC loss-of-function mutations are dominant-negative, such that a heterozy-

gous inactivating PKC mutation is more detrimental than deletion of a single PKC allele. Since

PKC↵ D463H not only abolished PKC activity, but also appeared to be dominant-negative, we

sought to understand the mechanism by which this mutant suppressed endogenous PKC activity.

Upon phosphorylation, PKC autoinhibits to mask its ligand-binding C1 domains (Antal et al.,

2014). Failure to properly autoinhibit results in dephosphorylation and exposure of the C1 do-

mains, which confers 10-fold increased cellular sensitivity to ligand. Likewise, membrane-bound

PKC exhibits two orders of magnitude increased susceptibility to dephosphorylation (Dutil et

al., 1994). To assess PKC↵ D463H membrane a�nity we examined the subcellular localiza-

tion of the mutant protein. Under basal conditions, WT PKC↵ was cytosolically localized and

nuclear excluded, only localizing to membranes upon agonist-stimulation. PKC↵ D463H, in con-

trast, was constitutively associated with the plasma membrane (Figure 4.4A). Accordingly, we
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Figure 4.4: C1 Domains of PKC↵ D463H Are Necessary for Dominant-Negative
Function.
(A) mCherry images of PKC localization in untreated COS7 cells.
(B) PKC activity in COS7 cells expressing CKAR2 and the indicated mCherry-PKC↵ constructs
and treated with UTP (100µM). Data represent the normalized FRET ratio changes (mean ±
SEM) from three independent experiments.
(C) Quantification of (A). PKC activity represents the normalized area under the curve (AUC;
mean ± SEM) normalized to that of Vector.
(D) Immunoblot of whole-cell lysates from COS7 cells expressing the indicated HA-PKC↵ con-
structs and probed with antibodies against total PKC↵ (HA) and loading control (Tubulin).
The double asterisk (**) denotes the position of mature, fully phosphorylated PKC and the
dash (-) indicates the position of unphosphorylated PKC. ****p < 0.0001; n.s., not significant
by One-way ANOVA and Tukey HSD Test or Student’s t-test. IB quantifications represent the
mean ± SEM from at least 3 independent experiments.

130



hypothesized that PKC↵ D463H mutants may outcompete WT PKC for ligand upon agonist-

stimulation, e↵ectively suppressing their ability to be recruited to membrane and become active.

To test this, we generated ligand-insensitive mutations in the C1 domains, which abolish the

ability to bind DAG (W58A/Y123A). Whereas PKC↵ D463H abolished nearly all endogenous

UTP-induced activity, cells expressing ligand-insensitive PKC↵ D463H (W58A/Y123A/D463H)

abrogated the dominant-negative e↵ect, displaying a UTP response indistinguishable from that

of Vector control (Figure 4.4B, 4.4C). Additionally, the ligand-insensitive PKC↵ D463H mutant

recovered phosphorylation, suggesting that the constitutive membrane association is responsi-

ble for promoting dephosphorylation. Thus, PKC↵ D463H exerts its dominant-negative e↵ect

through its C1 domains, likely suppressing endogenous PKC translocation and activation by

sequestering DAG.

Unprocessed PKC Suppresses WT Activity via Exposed C1 Domains.

Given that PKC↵ D463H is unprocessed and dominant-negative, we next addressed

whether the suppression of endogenous PKC activity by unprocessed PKCs was a general

dominant-negative mechanism. To assess this, we generated PKC�II mutants lacking the C-

tail (�CT; �629-673), which is required for PKC processing. We then assessed the requirement

for the regulatory domain in the dominant-negative function of unprocessed PKC�II. Compared

to Vector control, cells expressing full-length PKC�II �CT displayed strongly impaired PDBu-

induced activity (Figure 4.5A, 4.5B). Cells expressing PKC�II Cat �CT (296-628), which also

lacks the regulatory domains, did not alter endogenous PKC activity (Figure 4.5A, 4.5B). This

suppression of cellular PKC activity by the regulatory domain of unprocessed PKC was con-

firmed to be generally applicable to PKC substrates by reduced staining using the pSer PKC

131



0.98

1.00

1.02

1.04

1.06

0 10 20

P
K

C
 A

ct
iv

ity
 (

C
F

P
/F

R
E

T
)

Time (min)

PDBu

0.00

0.50

1.00

1.50

End
…

Cat
 …

W
T …

P
K

C
 A

ct
iv

ity
 (

A
U

C
, r

.u
.)

n.s.

****

Vector Cat
∆CT

FL
∆CT

Figure 5: Dominant-negative mutants 
out-compete endogenous PKC for ligand

75–

100–

50–

75–
– Cat

 ∆C
T

FL ∆
CT

PKCa

PKC
(dsRED)

Tubulin

0.95

1.00

1.05

1.10

1.15

1.20

1.25

1.30

1.35

0 10 20

P
K

C
 A

ct
iv

ity
 (

F
R

E
T

/C
F

P
)

Time (min)

UTP

75–
100–

37–
50–

75–
100–

250–
150–

37–

–
Cat
∆CT

FL
∆CT

pSer PKC
Substrate

GAPDH

PKC
(dsRED)

PDBu:  – +    – +    – +  

A

Vector
WT
S660F

W58A/Y123A/S660F
Cat S660F

Vector

FL ∆CT

Cat ∆CT

B

0.0

1.0

2.0

3.0

4.0

5.0

1 2 3 4 5

P
K

C
 A

ct
iv

ity
 (

A
U

C
, r

.u
.)

****
VectorWT S660F W58A/

Y123A/
S660F

Cat
S660F

n.s.

D

E F

C

G

Figure 4.5: Unprocessed PKC Suppresses WT Activity via Exposed C1 Domains.
(A) PKC activity in COS7 cells expressing CKAR2 and mCherry-PKC�II Cat �CT (296-629)
or FL �CT (1-629) constructs and treated with PDBu (200nM). Data represent the normalized
FRET ratio changes (mean ± SEM) from three independent experiments.
(B) Quantification of (A). PKC activity represents the normalized area under the curve (AUC;
mean ± SEM) normalized to that of Vector.
(C) Immunoblot of whole-cell lysates from COS7 cells expressing mCherry-PKC�II Cat �CT
(296-629) or FL �CT (1-629) constructs treated with PDBu (200nM) for 15min prior to lysis and
probed with antibodies against total PKC (dsRED), pSer PKC Substrate, and loading control
(GAPDH).
(D) Immunoblot of whole-cell lysates from COS7 cells expressing mCherry-PKC�II Cat �CT
(296-629) or FL �CT (1-629) constructs treated with PDBu (200nM) for 15min prior to lysis
and probed with antibodies against total PKC (dsRED), endogenous PKC↵, and loading control
(Tubulin).
(E) PKC activity in COS7 cells expressing CKAR2 and the indicated mCherry-PKC�II con-
structs treated with UTP (100µM). Data represent the normalized FRET ratio changes (mean
± SEM) from three independent experiments.
(F) Quantification of (E). PKC activity represents the normalized area under the curve (AUC;
mean ± SEM) normalized to that of Vector.
****p < 0.0001; n.s., not significant by One-way ANOVA and Tukey HSD Test or Student’s
t-test.
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substrate antibody from cells expressing PKC�II FL �CT (Figure 4.5C). We also confirmed

that this e↵ect was independent of PKC expression levels, as neither PKC�II FL �CT or Cat

�CT altered the levels of endogenous PKC↵ (Figure 4.5D). As a further characterization of the

dominant-negative mechanism, we performed the similar experiments with cancer-associated hy-

drophobic motif mutant, PKC�II S660F, which blocks phosphorylation at the site, abolishes PKC

activity, and prevents PKC from adopting the processed, autoinhibited conformation. (Huang et

al., 2018). Consistent with loss of hydrophobic motif phosphorylation being su�cient for PKC

dominant-negative function, PKC�II S660F e↵ectively suppressed UTP-induced cellular PKC

activity, which was relieved by mutation of the C1 domain ligand binding sites or deletion of

the regulatory domains (Figure 4.5E, 4.5F). Thus, unprocessed PKC, which is characterized by

impaired hydrophobic motif phosphorylation, possesses dominant-negative activity against WT

PKC via exposure of its C1 domains and sequestration of ligand.

Generation of Stable Expressing YFP-PKC↵ NIH 3T3 Cell Lines

Having established the mechanism by which PKC↵ D463H exerts its dominant-negative

function through impaired autophosphorylation that enhances its ligand sensitivity, we next

tested whether this dominant-negative function was necessary or su�cient for its oncogenic ef-

fects. To this end, we generated cell lines stably expressing various YFP-tagged PKC↵ mu-

tants in NIH 3T3 cells, which transform in the presence of an oncogene. The parental cells are

contact-inhibited and lack the ability to grow in anchorage-independent conditions; however, cells

expressing an oncogene may acquire these characteristics, enabling measurement of the trans-

formation potential of the introduced gene. Following transfection of the PKC↵ mutants and

Geneticin selection, we confirmed expression of the introduced YFP-PKC↵ proteins by Western
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Figure 6: Transformation Assays
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Figure 4.6: Generation of Stable Expressing YFP-PKC↵ NIH 3T3 Cell Lines.
(A) Schematic for pooled stable cell line generation. NIH 3T3 cells were transfected with pcDNA3
YFP-PKC↵ DNA and treated with Geneticin for 6 weeks to select for stably-expressing cells.
(B) Immunoblot of whole-cell lysates from NIH 3T3 stable cell lines probed with antibodies
against GFP and Tubulin.

blot (Figure 4.6B). Using these cell lines, experiments assessing cell proliferation, focus-formation,

anchorage-independent colony growth, and tumor formation in mouse models may be conducted

to determine the role of PKC↵ D463H dominant-negative function in cellular transformation.

4.4 Discussion

In this study, we provide evidence that the PKC↵ D463H mutant is a LOF rather than a

GOF mutation in chordoid glioma. Biochemical and cellular analysis of the mutant lead us to the

intriguing hypothesis that PKC↵ D463H in the context of chordoid glioma is a LOF mutation

with neomorphic dominant-negative capabilities.

It is curious that this tumor would harbor an identical and recurrent LOF point mutation.

More commonly, recurrent mutations are found to be activating, as evidenced by KRas G12

mutations or BRAF V600E, presumably due to the limited ways in which a single amino acid
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substitution can activate a protein (Davies et al., 2002; Smit et al., 1988). LOF mutations

tend to be more arbitrarily distributed in critical protein domains, as is the case for PKC, since

there exist relatively many ways in which enzymes can be inactivated. Substantial truncations

can confer both activating e↵ects as seen with EGFR and ASXL1 truncations and inactivating

e↵ects as observed for APC truncation, depending on whether the portion of the truncated

domain conferred a tumor-suppressive function or autoinhibitory constraint (Balasubramani et

al., 2015; Nishikawa et al., 1994; Tighe et al., 2004). And of course, genetic deletions are

frequently observed for tumor-suppressor genes like PTEN, p53, and APC.

Our analysis of PKC↵ D463H cellular activity suggests that this mutation abolishes

catalytic activity. This is not surprising at the outset, as the catalytic aspartate is one of the

most highly conserved residues among all protein kinases. And due to the precision of the

chemistry involved in phosphotransfer, kinases cannot even tolerate less drastic substitutions such

as D463N. We have previously shown that PKC LOF mutations target conserved kinase motifs

(McSkimming et al., 2016). If this were another example of an indiscriminate LOF mutation

that can inactivate PKC by mutation at any number of sites to any number of residues, we

would not expect to see an invariant mutation in every patient that presents with chordoid

glioma. Thus, in our characterization of PKC↵ D463H function, we uncovered a neomorphic

function that explains the specificity of the mutation. Unprocessed PKC that adopts an open

conformation can be achieved either by disrupting autoinhibition or, as in the case of PKC↵

D463H, by impairing catalytic e�ciency su�ciently enough that it cannot overcome PHLPP1-

mediated PKC quality control. The result of this open conformation is that the ligand binding

C1 domains are exposed, including the C1A, which possess 100-fold higher a�nity for DAG

and is usually masked in the autoinhibited, closed conformation (Antal et al., 2014; Dries et al.,
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2007). Accordingly, we observed constitutive membrane association of PKC↵ D463H and blunted

cellular activity in response to Ca2+/DAG and phorbol ester. This function was also observed

for cancer-associated PKC�II hydrophobic motif mutant S660F, suggesting that any mutation

resulting in unprocessed PKC can be dominant-negative if it is stably expressed. We have

previously shown that PKC hydrophobic motif phosphorylation that accompanies autoinhibition

is required for PKC stability across a variety of cancers (Ba� et al., 2019). Therefore, PKC

mutants that were completely incapable of becoming phosphorylated would not be expressed

at su�cient levels to outcompete PKC for ligand. Our assays demonstrated, however, that

PKC↵ D463H is capable of autophosphorylation when it is protected from dephosphorylation,

in this case, by active site inhibitors that counter-intuitively promote PKC autophosphorylation

by locking the enzyme in a phosphatase-resistant state. Furthermore, our analysis of PKC

levels in a pan-cancer analysis revealed that the highest expressing cancer was low-grade glioma,

suggesting reduced PHLPP1 levels or ine�cient PKC quality control that allows higher levels

of PKC to accumulate. In support of this, we have also found that brain cancers represented

in the NCI60 cell line panel have low PHLPP levels (Warfel et al., 2011). Despite its ability

to become phosphorylated, PKC↵ D463H exhibits dramatically enhanced ligand a�nity and

e↵ectively outcompetes WT PKC to globally suppress Ca2+-dependent PKC activity. Thus, an

explanation for the specificity of the PKC↵ D463H mutation may be explained by this mutant’s

ability to evade PKC quality control mechanisms.

The studies described herein would be further supported by cellular and cellular assays

attesting that the dominant-negative function is necessary for cellular transformation. From our

analyses, we would expect that the PKC↵ W58A/Y123A/D463H mutant would be incapable

of transforming cells due to its inability to outcompete endogenous PKC to suppress global
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Figure 7: Model

Figure 4.7: Model of PKC↵ D463H Mutant Function in Chordoid Glioma.
Under normal conditions, PHLPP1 surveys the conformation of newly-synthesized PKC to de-
phosphorylate aberrantly active PKCs, promoting their degradation (left). In glioma, not only
are PHLPP1 levels relatively low, the PKC↵ D463H mutant is capable of autophosphoryla-
tion despite its impaired activity (right). It’s exposed C1 domains however, increase membrane
localization and allow the mutant to outcompete endogenous, functional PKC for DAG upon
activating stimuli, suppressing overall PKC cellular activity.

signaling. Additionally, to unequivocally demonstrate that residual PKC↵D463H activity against

substrates is not responsible for its oncogenic e↵ects, we would predict the K368M/D463H kinase-

dead mutant that was unable to incorporate phosphate under any conditions would still transform

cells. Furthermore, clinical analysis of the PKC↵ D463H mutant in patient tumors or mouse

models to determine the levels of the endogenously expressed protein would indicate the stability

of the mutant and whether su�cient levels are present to sequester DAG.

The findings from this study suggest that the use of PKC inhibitors in chordoid glioma

would be ine↵ective at best and detrimental at worst. Identification of the PKC↵ D463H
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dominant-negative function that may be driving this disease, however, raises new avenues for

therapeutic intervention. For example, use of a mutant-specific PROTAC (Schneekloth, et al.,

2004) or dTAG (Nabet et al., 2018) chemical degrader to remove the dominant-negative PKC

would restore the function of the remaining WT PKC . This approach is theoretically feasi-

ble because the D463H mutant at the catalytic Asp resides in the active site, potentiating the

exploitation of the di↵erential chemical properties of Asp and His at that position for mutant-

specific inhibitor design. Taken together, we have identified a potential neomorphic function

of the PKC↵ D463H driver mutation in chordoid glioma that is therapeutically actionable and

merits further cellular investigation into the molecular requirements for its oncogenic potential.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture and Transfection

COS7 cells were cultured in DMEM (Corning) containing 10% fetal bovine serum (Atlanta

Biologicals) and 1% penicillin/streptomycin (Gibco) at 37�C in 5% CO2. NIH-3T3 cells were

cultured in identical conditions as listed above, replacing FBS for newborn calf serum. Cells

were cultured at 5% NCS, and selected with Geneticin for 3-4 weeks using 1 mg/mL geneticin

with 10% NCS. Transient transfection was carried out using the Lipofectamine 3000 Transfection

Reagent (Thermo Fisher Scientific).

METHOD DETAILS

Plasmids and Constructs

The C Kinase Activity Reporter (CKAR) was (Violin et al., 2003). All constructs were generated

by QuikChange Mutagenesis (Agilent) or subcloning into pcDNA3 or pCMV vectors with N-

138



terminal a�nity tags. Human PKC↵ and rat PKC� were used throughout.

FRET Imaging and Analysis

Cells were imaged as described previously (Gallegos et al., 2006). For activity experiments COS7

cells were co-transfected with the indicated mCherry-tagged PKC construct and CKAR. Baseline

images were acquired every 15 s for 2 min prior to ligand addition. Förster resonance energy

transfer (FRET) ratios represent mean ± SEM from at least three independent experiments. All

data were normalized to the baseline FRET ratio of each individual cell unless noted that absolute

FRET ratio was plotted or traces were normalized to levels post-inhibitor addition. Every CKAR

experiment contained an mCherry-transfected control to measure endogenous activity, and an

mCherry-tagged WT control. UTP, PDBu, and Gö6983 were purchased from Calbiochem.

Immunoblotting and Antibodies

Cells were lysed in PPHB: 50 mM NaPO4 (pH 7.5), 1% Triton X-100, 20 mM NaF, 1 mM

Na4P2O7, 100 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1 mM Na3VO4, 1 mM PMSF, 40 mg/ml

leupeptin, 1mM DTT, and 1 mM microcystin. Triton-soluble fractions were analyzed by SDS-

PAGE on 7% big gels to observe phosphorylation shift, transfer to PVDF membrane (Biorad),

and western blotting via chemiluminescence SuperSignal West reagent (Thermo Fisher) on a Flu-

orChem Q imaging system (ProteinSimple). In Western blots, the double asterisk (**) denotes

the position of mature, and the single asterisk (*) denotes the position of partially phospho-

rylated PKC at the turn or hydrophobic motif; whereas, the dash (-) indicates the position of

unphosphorylated PKC. The turn motif and hydrophobic motif phosphorylations, but not the

activation loop phosphorylation, induces an electrophoretic mobility shift that retards the migra-
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tion of the phosphorylated species. The pan anti-phospho-PKC activation loop antibody (PKC

pThr500) was described previously (Dutil et al., 1998). The anti-phospho-PKC↵/�II turn motif

(pT638/641; 9375S), anti-phospho-PKC�/✓, pan anti-phospho-PKC hydrophobic motif (�II pS660;

9371S), and anti-pSer PKC substrate antibodies antibodies and Calyculin A were purchased from

Cell Signaling. Anti-PKC� (610128) and PKC↵ (610128) antibodies were purchased from BD

Transduction Laboratories. The DsRed antibody was purchased from Clontech. The anti-HA

antibody for immunoblot was purchased from Roche. The anti-HA (clone 16B12; 901515) and

anti-FLAG (Clone L5; 637301) antibodies used for immunoprecipitation were purchased from Bi-

oLegend. The anti-↵-tubulin (T6074) and anti-FLAG immunoblot antibodies were from Sigma.

Molecular Modeling

Molecular modeling experiments were performed using PyMOL.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was determined via Repeated Measures One-Way ANOVA and Brown-

Forsythe Test or Student’s t-test performed in GraphPad Prism 6.0a (GraphPad Software). The

half-time of translocation was calculated by fitting the data by non-linear regression using a

one-phase exponential association equation with GraphPad Prism 6.0a (GraphPad Software).

Western blots were quantified by densitometry using the AlphaView software (Protein Simple).
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Chapter 5

Activating Protein Kinase C�

Mutations that Cause

Spinocerebellar Ataxia Uncouple

PKC Quality Control to Alter the

Cerebellar Phosphoproteome

5.1 Abstract

Germline mutations in PKC� are the hallmark of Spinocerebellar Ataxia Type 14

(SCA14), an autosomal dominant neurodegenerative disorder characterized by progressive motor

function loss and senescence of cerebellar Purkinje neurons. The molecular underpinnings of
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SCA14 are not well defined and the role of PKC� mutations in the pathophysiology is unknown.

In this study, we use biochemical and proteomic approaches to determine the e↵ects of these

mutations on PKC� function and identify a↵ected signaling pathways. We show that PKC�

mutations target the diacylglycerol-binding C1B domain in residues that are critical for ligand

binding. Furthermore, we show that mutation or deletion of the C1B domain confers resistance to

phorbol ester-mediated PKC down-regulation; however, only PKC� SCA14 mutants and not C1B

deleted PKC is processed by phosphorylation. Phosphopreoteomic analysis from the cerebellum

of SCA14 model transgenic PKC� mutant mice revealed alterations in core neurodegenerative

signaling pathways. Specifically, we observed a significant reduction in phosphorylation at mul-

tiple KSP repeat phosphorylations of the Neurofilament Heavy Polypeptide (NF-H). We also

identified a significant increase in an inhibitory phosphorylation of GSK3� (pSer389), a reported

kinase of the NF-H KSP repeats. Accordingly, phorbol-ester stimulation induced phosphoryla-

tion at GSK3�S389 in a PKC-dependent, and MAPK-independent, manner, suggesting that PKC

may be the direct kinase of this site. Thus, we propose that the molecular basis of SCA14, which

may be relevant to other ataxias that exhibit dysregulated Ca2+ signaling, may involve PKC

inhibition of GSK3� to prevent NF-H homeostatic hyperphosphorylation.

5.2 Introduction

Cellular and genetic analysis have elucidated much of the pathology of neurogenerative

disease; however, the signal transduction mechanisms underlying dysregulation of key pathways

that drive disease remain largely unexplored, hindering the development of e↵ective therapeutics.

Dysregulation of Ca2+ homeostasis is a hallmark of neurodegeneration (Marambaud et al., 2009),

and the conventional protein kinase C isozymes, as master regulators of Ca2+ signaling, pose
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attractive targets to curb aberrant signaling through these pathways.

Contrary to its role as a tumor-suppressor in cancer, protein kinase C (PKC) activity is

thought to be enhanced in neurodegenerative disease (Callender and Newton, 2017). Upregulated

PKC signaling is among the earliest events in Alzheimer’s Disease (Tagawa et al., 2015). Fur-

thermore, Alzheimer’s-associated PKC↵ rare variants co-segregate with a↵ected family members

and enhance PKC output by increasing the catalytic rate of the enzyme (Alfonso et al., 2016;

Callender et al., 2018). Additionally, germline PKC� mutations are the cause of spinocerebellar

ataxia type 14 (SCA14), characterized by progressive loss of motor control and degeneration of

the cerebellum where PKC� is predominantly expressed (Chen et al., 2003; Hashimoto et al.,

1988). These mutations cluster in the C1B domain of the enzyme and have been reported to

enhance PKC activity, although the mechanisms by which this occurs are unknown (Adachi et

al., 2008).

The Ca2+-regulated conventional PKCs have long been known to be important e↵ectors

of various neurological processes including Purkinje cell maturation and long-term depression

(LTD) (Ichise et al., 2000; Kano et al., 1998; Kleppisch et al., 2001). It was recently shown that

PICK1-sca↵olded PKC↵ is the PKC isozyme responsible for LTD, which was required for the

depressive e↵ects of amyloid beta (Alfonso et al., 2014; Citri et al., 2010). PKC�, in contrast, was

implicated in regulating climbing fiber elimination though the mGluR1/G↵q/PLC�4 pathway

during the maturation of Purkinje cells in the cerebellum (Chen et al., 1995; Hashimoto et al.,

2000; Kano et al., 1997). PKC� knockout mice display improper pruning of climbing fibers,

establishing that the role of PKC� is to fine tune motor control by priming Purkinje neurons

to receive the appropriate excitatory inputs (Kano et al., 1995). Accordingly, PKC activation

in ex-vivo cultured Purkinje cells results in dendrite retraction, while PKC inhibition results
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in dendrite outgrowth (Schrenk et al., 2002). Thus, it is the excessive and pervasive activity

of PKC� in the cerebellum that is thought to drive the neurodegeneration observed in SCA14

patients (Ji et al., 2014).

Indeed, many genetically-defined forms of SCA are characterized by mutations in reg-

ulators of Ca2+ homeostasis (Becker, 2017). Specifically, SCA harbors causative mutations in

regulators of Ca2+ modulation including GluR1 (SCA44) (Watson et al., 2017), Ca2+-channel

subunits CaV2.1 (SCA6) (Zhuchenko et al., 1997) and CaV3.1 (SCA42) (Kimura et al., 2017), the

voltage-gated K+ channel KV3.3 (SCA13) (Herman-Bert et al., 2000) and KV3.3 (SCA19/22)

(Chung et al., 2003; Verbeek et al., 2002), the DAG-sensitive ion channel TRPC3 (SCA41)

(Becker et al., 2011), and the primary neuronal IP3 receptor IP3R1 (SCA15, 16, 29) (van de

Leemput et al., 2007; Novak et al., 2010; Zambonin et al., 2017) and its regulators the ataxin 2

and 3 (SCA2, 3)(Gispert et al., 1993; Takiyama et al., 1993). Additionally, mutations occur in

PKC substrates such as the ionotropic glutamate delta-2 subunit (GRID2; SCAR18) (Hills et al.,

2013) and negative regulators of PKC signaling such as a regulatory subunit of the phosphatase

PP2A, PPP2R2B (SCA12) (Holmes et al., 1999). Thus, SCA mutations converge upon Ca2+

homeostasis and PKC signaling, indicating that PKC� mutations in SCA14 may be the central

node of the pathological signaling pathway underlying ataxia.

The specific role of mutant PKC� in SCA14 and its pathological e↵ects are controversial.

Biochemical analyses have shown a general increase in mutant PKC� basal activity; however,

PKC� activity has also been shown to be dispensable for the ataxia pathology in mouse models

(Adachi et al., 2008; Shimobayashi and Kapfhammer, 2017). Another hypothesis involves the

aggregation of mutant PKC� (Seki et al., 2005; Takahashi et al., 2015), as has been described for

other SCA types harboring triplet nucleotide repeat expansion, as well as aggregation of amyloid
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beta, Tau, and ↵-synuclein characteristic of Alzheimer’s and Parkinson’s (Ross and Poirier, 2004).

Whether PKC� aggregates and how these aggregates a↵ect signaling is crucial to understanding

SCA14 pathology.

In order to address the knowledge gaps in spinocerebellar ataxia that pose barriers to

identifying a↵ected signaling pathways and therapeutic targets, we endeavored to perform cere-

bellar phosphoproteomics from transgenic mouse models of SCA14. We identify several hallmarks

of neurodegeneration that were represented in two independent PKC� models, as well as poten-

tial direct PKC substrates and downstream dysregulation of these pathways. In particular, we

implicate dysregulation in a PKC�/GSK3�/NF-H signaling axis through validation of a PKC-

mediated inhibitory phosphorylation on GSK3� Ser389. These studies merit further investigation

into the substrates and a↵ected pathways of mutant PKC� and whether their contribution to

SCA14 pathology is a common feature of cerebellar ataxias.

5.3 Results

PKC� Mutations that Cause Spinocerebellar Ataxia Type 14 Cluster in the C1B

Domain

PKC� mutations that cause SCA14 are reported to be activating; however, since the ma-

jority of these mutations lie outside the catalytic domain, the mechanism by which this occurs is

unknown. Listing all identified mutations on the PKC� secondary structure revealed that muta-

tions cluster in the C1B domain (Figure 5.1A). Additionally, several mutation pairs at homologus

positions in the C1A and C1B domains were observed including �F48/�F113, C66Y/C131Y,

and C77S/C142S, suggesting that similar e↵ects are exerted on each of the C1 domains (Figure

5.1A). To determine how these mutations might be impacting the function of the C1B domain,
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Figure 5.1: PKC� Mutations that Cause Spinocerebellar Ataxia Type 14 Cluster in
the C1B Domain.
(A) Diagram of PKC� mutations in Spinocerebellar Ataxia Type 14 (SCA14). Secondary struc-
ture of PKC� showing kinase domain (cyan), C-terminal tail (grey), Ca2+-binding C2 domain
(yellow), DAG-binding C1 domains (orange), and autoinhibitory pseudosubstrate (red). Unre-
ported PKC� ataxia-associated mutation in the C1B domain D115Y is indicated.
(B) SCA14 PKC� mutations (blue) mapped onto the crystal structure of the PKC� C1B domain
bound to phorbol ester. Residues critical for ligand binding are shown in red, and SCA14-
associated mutations that are also required for ligand binding are shown in purple.

we mapped all identified SCA14 mutations on the crystal structure of the PKC� C1B domain

(Figure 5.1B). SCA14 mutations appear to cluster in regions critical for C1B function, including

in the ligand binding pocket and in residues required for coordinating the two Zn2+ ions that

maintain its fold (Figure 5.1B). Many of the SCA14 mutations occur in residues that have been

experimentally shown to be necessary for ligand binding by mutagenesis studies with the isolated

C1B domain (Kazanietz et al., 1995) (Figure 5.2B). Thus, SCA14 mutations that cluster in the

C1 domains may exert their function by inactivating the C1 domain.
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SCA14-Associated PKC� D115Y Mutant is Refractory to PHLPP1-mediated Qual-

ity Control

Biochemical analysis of several SCA14 PKC� mutants suggests that they likely increase

basal activity (Adachi et al., 2008) (Figure 5.2A). We have previously shown that PKC↵ and

PKC� exhibiting elevated basal activity due to impaired autoinhibition are targeted by PHLPP1

for dephosphorylation and degradation to provide PKC quality control (Ba� et al., 2019). To

determine whether PKC� is also subject to PHLPP1-mediated quality control, we assessed the

phosphorylation and cellular activity of PKC� lacking the pseudosubstrate (�PS; �18-35). Sim-

ilar to the e↵ect observed with other conventional PKCs upon deletion of the pseudosubstrate,

PKC� �PS was devoid of phosphorylation at the activation loop, turn motif, and hydrophobic

motif, and displayed agonist-independent constitutive activity (Figure 5.2B, 5.2C). Interestingly,

PKC� �PS displayed elevated basal activity even greater than that of agonist-induced WT

PKC�, suggesting a relief of autoinhibitory constraints that is not recapitulated upon canonical

activation (Figure 5.2C).

Given that PKC� is also subject, to PHLPP1-mediated quality control, we would predict

that PKC� mutants that enhance activity would display greater sensitivity to dephosphoryla-

tion. Accordingly, we treated cells expressing PKC� WT or D115Y mutant with increasing

concentrations of PDBu to induce PKC dephosphorylation and degradation and measured the

concentration of phorbol ester required for half-maximal PKC� down-regulation. Surprisingly,

PKC� D115Y exhibited reduced sensitivity to phorbol ester-induced down-regulation, requir-

ing over an order of magnitude more PDBu to achieve comparable degradation (Figure 5.2D,

5.2E). PKC� �C1B (�100-150) showed low basal levels of phosphorylation and was completely

refractory to down-regulation (Figure 5.2D, 5.2E). These results suggest that a mutant C1B do-
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main protects PKC from dephosphorylation in untreated conditions and reduces sensitivity to

down-regulation in stimulated conditions.

149



150

Figure 5.2: SCA14-Associated PKC� D115Y Mutant is Refractory to PHLPP1-
mediated Quality Control.
(A) Hypothesis for PKC� pathology in SCA14. PKC� mutants have been reported to be activat-
ing. PHLPP1-mediated PKC Quality Control ensures that aberrantly active PKC is degraded.
Thus, we hypothesize that PKC� mutants concomitantly disrupt autoinhibition and confer re-
sistance to dephosphorylation by PHLPP1, leading to enhanced stability despite their increased
activity.
(B) Immunoblot of triton-solubilized lysates from COS7 cells expressing mCherry-PKC� WT
or �PS (�18-35) and probed with phospho-antibodies antibodies against the activation loop
(Thr514), turn motif (Thr655), hydrophobic motif (Thr674), and antibodies against total PKC�
(dsRED).
(C) PKC activity in COS7 cells expressing CKAR and the indicated mCherry-PKC� constructs
and treated with PKC agonists UTP (100µM) and PDBu (200nM) and PKC inhibitors BisIV
(1µM)/Gö6983 (1µM). Data represent the normalized FRET ratio changes (mean ± SEM) from
three independent experiments.
(D) PKC down-regulation immunoblots of whole-cell lysates from COS7 cells expressing HA-
tagged PKC� WT, D115Y, or �C1B (�100-150), treated with the indicated concentrations of
PDBu for 24hrs after 24hrs of transfection, and probed with the indicated phospho-antibodies,
total PKC� antibody (HA), or loading control antibody (Tubulin). Null-treated cells (;) were
treated with equivalent volume of DMSO.
(E) Quantification of (D). PKC levels represent the total PKC� normalized to Tubulin (mean
± SEM) from at least two independent experiments. Data were fit to an exponential decay curve
assuming eventual complete protein degradation and the concentration of PDBu producing half-
maximal degradation of each protein is indicated by the dotted line.
(F) Autoradiograph and immunoblots from PKC pulse-chase HA immunoprecipitates of triton-
solubilized COS7 cells expressing HA-tagged PKC�II WT, �C1B (101-151), or �PS (�19-36)
and exposed to X-ray film (35S) and probed with a PKC� antibody.
(G) Autoradiograph and immunoblots from PKC pulse-chase HA and FLAG immunoprecipitates
of triton-solubilized COS7 cells expressing FLAG-PHLPP1 and HA-tagged PKC� WT, �C1B
(100-150), exposed to X-ray film (35S), and probed with antibodies against PHLPP (FLAG) and
PKC� (HA).
(H) Model for PKC� evasion of PHLPP1-mediated quality control. PKC� SCA14 mutants are
constitutively active and are bound by PHLPP1, but are insensitive to PHLPP1 dephosphory-
lation, permitting agonist-independent activity and autoinhibition-independent phosphorylation
and stability.
In immunoblots, the double asterisk (**) denotes the position of mature, phosphorylated PKC;
the single asterisk (*) denotes the position of PKC phosphorylated at the hydrophobic motif,
and the dash (-) indicates the position of unphosphorylated PKC. Immunoblots represent the
average of at least three independent experiments.
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Since PKC quality control by PHLPP1 occurs during processing, shortly after synthesis,

we assessed PKC phosphorylation kinetics by pulse-chase analysis. Interestingly, PKC�II �C1B

(�101-151), which we have shown displays enhanced basal activity, exhibits a much subtler

phosphorylation defect (Figure 5.2F). Compared to WT PKC�II that became majority phos-

phorylated during the 60 min chase and in the bulk protein, PKC�II �C1B phosphorylation

kinetics were slowed; however, contrary to PKC� �C1B, achieved 50% phosphorylation in the

bulk protein (Figure 5.2F). We then assessed PKC� processing by pulse-chase and ability to bind

to PHLPP1. While PKC� �C1B was not phosphorylated and did not undergo a mobility shift

during processing as observed previously, PKC� D115Y exhibited similar phosphorylation kinet-

ics to that of WT PKC� (Figure 5.2G). PHLPP1 has been shown to bind the unphosphorylated,

faster mobility species of PKC, owing to its ability to recognize and dephosphorylate the open

conformation. Surprisingly, PHLPP1 bound both the phosphorylated and unphosphorylated

forms of PKC� D115Y (Figure 5.2G). Taken together, these results suggest that PKC� D115Y

mutant, which harbors an impaired C1B domain, is refractory to PHLPP1 quality control and

exhibits enhanced stability, due to reduced dephosphorylation by PHLPP1 (Figure 5.2H).

SCA14 Model PKC� Mutant Transgenic Mice Display Dramatic Cerebellar Phos-

phoproteome Changes

In order to determine the molecular pathology of enhanced activity conferred by SCA14

PKC� mutations, we obtained cerebellum tissue from H101Y, F643L, and WT human PKC�

transgenic mice (Figure 5.3A). The two PKC� mutant mice, harboring PKC� mutations in the

C1B (H101Y) and C-tail (F643) display Ataxia-like phenotypes, with the H101Y pathology be-

ing more severe. Cerebellum from these mice were homogenized and subjected to tandem mass-
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Figure 5.3: SCA14 Model PKC� Mutant Transgenic Mice Display Dramatic Cere-
bellar Phosphoproteome Changes.
(A) Schematic for cerebellar phosphoproteomic analysis from SCA14 model mice. PKC� trans-
genic mice expressing human PKC� H101Y, F643L, or WT PKC� were cerebellum homogeniza-
tion and phosphoproteomic analysis by tandem mass-spectrometry.
(B) Analysis of upregulated (green) and downregulated (red) phosphoproteins in H101Y or
F643L PKC� mouse cerebellum. The degree of overlap between altered phosphoproteins in
H101Y and F643L is shown by Venn diagram.

spectrometry to profile the phosphoproteome in PKC� mutant versus PKC� WT samples (Figure

5.3A). There were numerous phosphoproteins whose phosphorylation was increased (green) or

decreased (red) in the PKC� mutant mice (Figure 5.3B). There was a considerable degree of over-

lap between the H101Y and F643L mice, suggesting that similar pathways were a↵ected (Figure

5.3B). Interestingly, the majority of down-regulated phosphorylations were contained in a sin-

gle protein, Neurofilament-Heavy Polypeptide, in which the phosphorylation on 18 Lys-Ser-Pro

repeat sites was significantly reduced in H101Y and F643L mutant mice (Figure 5.3B). Among
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the increased phosphorylation sites was phosphorylation at Ser389 of GSK3�. PKCs have been

reported to phosphorylate and suppress the activity of GSK3� although the site of phosphory-

lation is unknown (Goode et al., 1992). Additionally, phosphorylation at Ser389 has been shown

to decrease its activity, from a mechanism distinct from the well-characterized inhibitory sites

at Ser9/21 phosphorylated by Akt (Thornton et al., 2008). Furthermore, GSK3� is among the

kinases proposed to maintain hyperphosphorylation of Neurofilament-Heavy Polypeptide at the

Lys-Ser-Pro repeats (Sasaki et al., 2002). Thus, phosphoproteomic analysis of the cerebellum

from PKC� mutant SCA14 model mice implicates potential altered signaling pathways that may

underlie the degenerative pathology.

PKC Promotes GSK3� Ser389 Phosphorylation in an Akt and MAPK Independent

Manner

Due to the identification of GSK3� as a potential PKC substrate that may drive SCA14,

we sought to validate this finding in a cellular context. Performing a time-course of PDBu

treatment, we observed an increase in phosphorylation on GSK3� Ser389 that was blocked by

pretreatment with PKC inhibitors (Figure 5.4A). The kinetics of this phosphorylation di↵ered

from the induction of ERK1/2 phosphorylation, a known downstream target of PKC-induced

MAPK pathway activation (Figure 5.4B). As a further measure that PKC-dependent GSK3�

Ser389 phosphorylation was MAPK-independent, we treated cells with MEK or JNK inhibitors

prior to PDBu stimulation and observed no inhibition of PDBu-induced phosphorylation at this

site (Figure 5.4C). Neither were Akt inhibitors su�cient to block PDBu-mediated phosphoryla-

tion at GSK3� Ser389, despite at reduction at the known direct Akt phosphorylation site, Ser9/21

(Figure 5.4C). Thus, GSK3� Ser389 is phosphorylated in a PKC-dependent, Akt and MAPK-
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Figure 5.4: PKC Promotes GSK3� Ser389 Phosphorylation in an Akt and MAPK
Independent Manner.
(A) Immunoblots of WT MEFs starved for 24hrs, treated with DMSO or PKC inhibitors (BisIV
(1µM)/Gö6983 (1µM)) 15min prior to PDBu (100nM) treatment for the indicated timepoints,
and probed with the indicated antibodies.
(B) Quantification of (A). ERK and pGSK3� phosphorylation (mean ± SEM) reflects phospho-
signal over total protein from three independent experiments.
(C) Immunoblots of WT MEFs starved for 24hrs, treated with DMSO (-), PKC inhibitors (BisIV
(1µM)/Gö6983 (1µM)), Akt inhibitor (GDC-0068 (1µM)), MEK inhibitor (GSK1120212,20µM.),
or JNK inhibitor (SP600125, 10µM) 15min prior to PDBu (100nM) treatment for 60 min, and
probed with the indicated antibodies.
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independent manner, suggesting that GSK3� Ser389 is a potential direct PKC phosphorylation

site that is enhanced in SCA14.

5.4 Discussion

The prevailing finding of this study is the identification of a potential dysregulated sig-

naling mediated by mutant PKC� that may underlie the pathology of SCA14 and other cere-

bellar ataxias. Consistent with enhanced PKC� activity in SCA14, PKC� mutants display en-

hanced basal activity and evade PHLPP1-mediated PKC quality control. Thus, uncoupling the

quality control regulatory mechanisms that maintain proper levels of autoinhibited and second-

messenger-responsive PKC is fundamental to the pathology of SCA14.

A critical advance in the understanding of SCA14 PKC� function is that mutations con-

fer increased catalytic activity without promoting PKC down-regulation, e↵ectively uncoupling

dephosphorylation by PHLPP1 from PKC degradation. Impairing the function of the C1B do-

main, in particular, has the dual function of loosening autoinhibition, and conferring resistance

to phorbol ester-induced dephosphorylation and down-regulation. Curiously, PKC� mutants

appear to adopt an open conformation and translocate rapidly to the plasma membrane, pre-

sumably mediated through the C1A domain (Verbeek et al., 2008). Simply deleting the C1B

domain, however, resulted in robust dephosphorylation, suggesting that a neomorphic function

of ligand-insensitive or misfolded C1B domain is responsible for this e↵ect. The localization

of mutant PKC� in an insoluble fraction and the ability of PDK1 to bring it in the cytosol

may be responsible for its protection from dephosphorylation (Jezierska et al., 2014). How the

mutant C1B mutation specifically promotes a PKC open conformation that is protected from

dephosphorylation remains to be determined. An intriguing hypothesis related to the idea of
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PKC� aggregation is that disruption of the C1B:C-tail interface, such as the C1B mutations that

misfold the domain or the F643L mutation in the active-site tether, could promote the PKC

oligomerization through the TOR-interaction motif helix. Of note, PKC� harbors substantial

insertions in key regulatory elements such as the ↵C-�4 loop and extreme C-tail. These regions

are among the most disordered regions of the catalytic domain, are predicted to be spatially close

in the tertiary structure, and present novel binding interfaces and steric constraints for the C1

domains. Structural insights into the autoinhibited, active, and mutant forms of PKC� through

crystallographic and cryo-EM studies will better inform the intermolecular interactions between

regulatory and kinase domains necessary to maintain the spatiotemporal control of PKC output.

Identification of GSK3� as a potential direct PKC� phosphorylation that is upregulated

in PKC� mutant cerebellum is a promising lead in revealing the dysregulated signaling in SCA14.

GSK3� has long been known to be negatively regulated by PKC; however, the site of phosphory-

lation was unknown. Mapping this phosphorylation to a known inhibitory site in GSK3�, Ser389,

strongly suggests that this the long-sought-after direct PKC phosphorylation site. GSK3� is

implicated in various neurogenerative diseases, including Alzheimer’s and Parkinson’s, through

its phosphorylation of tau, amyloid beta, and ↵-synuclein to prevent their aggregation (Lei et al.,

2011). Additionally, the neuronal e↵ects of lithium are thought to be mediated in part through

GSK3� inhibition (Cade, 1949). PKC phosphorylation at GSK3� Ser389, however, suggests

that inhibition of GSK3�, rather than its activity, is driving ataxia pathology. Characterization

of additional PKC� substrates and how GSK3� Ser389 phosphorylation e↵ects its activity and

substrate specificity in the context of Purkinje cells merits further investigation.

Another important group of neuronal proteins whose integrity mediated by phosphoryla-

tion is critical for preventing aggregation and cellular dysfunction are the neurofilament proteins.
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Figure 5.5: Hypothesis for PKC� Pathology in Spinocerebellar Ataxia.
(A) Neuronal dysfunction often presents with neurofilament pathology, and PKC� hyperactivity
in the cerebellum is known to cause the cerebellar degeneration characteristic of SCA14. Mainte-
nance of neurofilament phosphorylation is thought to promote axonal transport and prevent fila-
ment aggregation. This phosphorylation, particularly at Lys-Ser-Pro repeats, is facilitated in part
by GSK3�. SCA-14 PKC� mutant mice displayed both decreased neurofilament heavy polypep-
tide phosphorylation and increased phosphorylation of an inhibitory site on GSK3� (Ser389).
Thus, aberrantly active PKC� may block phosphorylation of neurofilaments through inhibition
of GSK3� leading to neuronal death and cerebellar degeneration. Neurofilament and Purkinje
cell images courtesy of (Yuan et al., 2012) and (Schrenk et al., 2002).

A dramatic result of our phosphoproteomic analysis was the marked down-regulation of NF-H

KSP repeats in SCA14 PKC� mutant mouse cerebellum. Neurofilament proteins, which play

support structural and axonal transport functions and are abundant in neurons, are heavily

phosphorylated at the KSP repeats, with 40-51 KSP phosphorylation sites per molecule that are

constitutively phosphorylated by GSK3�/Cdk5/ERK1/2 and p38/JNK (Holmgren et al., 2012;

Yuan et al., 2012). These findings present the attractive hypothesis that PKC� inhibition of

GSK3� through Ser389 phosphorylation impairs GSK3� phosphorylation of NF-H KSP repeats,
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promoting aggregation, impaired axonal transport, and Purkinje cell degeneration. Validation of

this signaling pathway in primary PKC� mutant neurons is necessary to implicate neurofilament

pathology as a driver of ataxia and establish the PKC�/GSK3� axis as a therapeutic target.

Taken together, our data advance the molecular understanding of the signaling pathways

that become dysregulated in SCA14. Elucidating the molecular drivers of SCA14 may have

applications in other SCAs that converge on similar pathways and will provide insight into the

maintenance of neuronal homeostasis. Should further studies reveal that general Ca2+ dysreg-

ulation converges on PKC� in most cerebellar ataxias, development of PKC� inhibitors would

be potentially e�cacious therapeutic endeavor. As most patients present with ataxia later in

life but may be identified by genomic sequencing, preventative measures to delay the onset of

disease by modulation of PKC� activity may be a viable approach. Although developing PKC�

inhibitors that cross the blood-brain barrier poses a significant challenge, since PKC� activity

is largely restricted to Purkinje neurons and inhibitors may selectively target the hyperactive

mutants, low levels of toxicity and side-e↵ects would be anticipated. Moreover, e↵orts to un-

derstand the molecular basis of mutant PKC� hyperactivation and identify the di↵erentially

regulated pathological substrates will potentiate therapeutic interventions in cerebellar ataxias.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture and Transfection

COS7 cells, HEK-293t cells, and +/+ MEFs were cultured in DMEM (Corning) contain-

ing 10% fetal bovine serum (Atlanta Biologicals) and 1% penicillin/streptomycin (Gibco) at 37�C

in 5% CO2. Transient transfection was carried out using the Lipofectamine 3000 Transfection

Reagent (Thermo Fisher Scientific). The mutant PKC� SCA14 model mouse tissue was obtained
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from the lab of Wendy Raskind at University of Washington.

METHOD DETAILS

Plasmids and Constructs

The C Kinase Activity Reporter (CKAR) was previously described (Violin et al., 2003). All

constructs were generated by QuikChange Mutagenesis (Agilent) or subcloning into pcDNA3 or

pCMV vectors with N-terminal a�nity tags. Rat PKC� and human PKC� were used throughout.

FRET Imaging and Analysis

Cells were imaged as described previously (Gallegos et al., 2006). For activity experiments COS7

cells were co-transfected with the indicated mCherry-tagged PKC construct and CKAR. Baseline

images were acquired every 15 s for 2 min prior to ligand addition. Förster resonance energy

transfer (FRET) ratios represent mean ± SEM from at least three independent experiments. All

data were normalized to the baseline FRET ratio of each individual cell unless noted that absolute

FRET ratio was plotted or traces were normalized to levels post-inhibitor addition. Every CKAR

experiment contained an mCherry-transfected control to measure endogenous activity, and an

mCherry-tagged WT control.

Immunoblotting and Antibodies

Cells were lysed in PPHB: 50 mM NaPO4 (pH 7.5), 1% Triton X-100, 20 mM NaF, 1 mM

Na4P2O7, 100 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1 mM Na3VO4, 1 mM PMSF, 40 mg/ml

leupeptin, 1mM DTT, and 1 mM microcystin. Triton-soluble fractions were analyzed by SDS-

PAGE on 7% big gels to observe phosphorylation shift, transfer to PVDF membrane (Biorad),
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and western blotting via chemiluminescence SuperSignal West reagent (Thermo Fisher) on a Flu-

orChem Q imaging system (ProteinSimple). In Western blots, the double asterisk (**) denotes

the position of mature, and the single asterisk (*) denotes the position of partially phosphorylated

PKC at the turn or hydrophobic motif; whereas, the dash (-) indicates the position of unphos-

phorylated PKC. The turn motif and hydrophobic motif phosphorylations, but not the activation

loop phosphorylation, induces an electrophoretic mobility shift that retards the migration of the

phosphorylated species. The pan anti-phospho-PKC activation loop antibody (PKC pThr500) was

described previously (Dutil et al., 1998). The anti-phospho-PKC� activation loop (pT514), anti-

phospho-PKC� turn motif (pT655; 9375S), pan anti-phospho-PKC hydrophobic motif (� pS674;

9371S), antibodies and Calyculin A were purchased from Cell Signaling. Anti-PKC� (610128)

and PKC↵ (610128) antibodies were purchased from BD Transduction Laboratories. The DsRed

antibody was purchased from Clontech. The anti-HA antibody for immunoblot was purchased

from Roche. The anti-HA (clone 16B12; 901515) and anti-FLAG (Clone L5; 637301) antibodies

used for immunoprecipitation were purchased from BioLegend. The anti-↵-tubulin (T6074) and

anti-FLAG immunoblot antibodies were from Sigma. UTP, PDBu, Gö6983, Gö6976, and BisIV

were purchased from Calbiochem.

Pulse-Chase Experiments

For pulse-chase experiments, COS7 cells were incubated with Met/Cys-deficient DMEM for 30

min at 37 �C. The cells were then pulse-labeled with 0.5 mCi/ml [35S]Met/Cys in Met/Cys-

deficient DMEM for 7 min at 37�C, media were removed, washed with dPBS (Corning), and

chased with DMEM culture media (Corning) containing 200 mM unlabeled methionine and 200

mM unlabeled cysteine. At the indicated times, cells were lysed in PPHB and centrifuged at
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13,000 x g for 3 min at 22 �C, supernatants were pre-cleared for 30 min at 4 �C with Protein

A/G Beads (Santa Cruz), and protein complexes were immunoprecipitated from the supernatant

with either an anti-HA, anti-Myc, or anti-FLAG monoclonal antibody overnight at 4 �C. The

immune complexes were collected with Protein A/G Beads (Santa Cruz) for 2 hrs, washed 3x

with PPHB, separated by SDS-PAGE, transferred to PVDF membrane (Biorad), and analyzed

by autoradiography and western blot. Co-immunoprecipitation experiments were performed

similarly, omitting the labeling and autoradiography steps.

Mass Spectrometry

Multiplex Substrate Profiling by Mass Spectrometry (qMSP-MS) on resected cerebellar tissues

were performed as described in (Lapek, et al., 2019).

Molecular Modeling

Molecular modeling experiments were performed using PyMOL.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was determined via Repeated Measures One-Way ANOVA and Brown-

Forsythe Test or Student’s t-test performed in GraphPad Prism 6.0a (GraphPad Software). The

half-time of translocation was calculated by fitting the data by non-linear regression using a

one-phase exponential association equation with GraphPad Prism 6.0a (GraphPad Software).

Western blots were quantified by densitometry using the AlphaView software (Protein Simple).
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Chapter 6

Targeting PKC Regulatory

Mechanisms in Disease

Addressing the dogma that mTORC2 is the hydrophobic motif kinase, Chapter 2 of this

dissertation re-evaluates the identity of the bona fide hydrophobic motif kinase by systematically

dissecting the biochemical relationships between mTORC2, AGC kinase phosphorylation, and

catalytic activity (Figure 6.1). Consistent with early studies that implicated the hydrophobic

motif as an autophosphorylation site, the studies contained herein propose a unifying model that

explains the requirements for mTOR activity through the identification of a novel and conserved

TOR-Interaction Motif (TIM) phosphorylation site. Demonstrating that mTORC2-dependent

phosphorylation of this site in PKC is the first and rate-limiting step in recruiting PDK1 to

activate the kinase and permit intramolecular hydrophobic motif phosphorylation, this work

redefines mTORC2 as an AGC kinase chaperone that may serve similar roles in other mTOR-

regulated AGC kinases.
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Expanding the role of hydrophobic motif function in PKC, Chapters 2 and 3 also find

that this phosphorylation is the final step and driving force that promotes the conformational

rearrangements necessary for autoinhibition and stabilization of PKC in the primed state. This

finding may explain the variable requirement of hydrophobic motif phosphorylation for kinase ac-

tivity among AGC kinases, dependent upon both the phosphorylation of the activation loop and

also the ability of the C-tail to associate with the N-lobe in the phosphorylated or unphosphory-

lated hydrophobic motif states. Indeed, hydrophobic motif phosphorylation that precedes activa-

tion loop phosphorylation in some kinases recruits PDK1 by providing a direct phospho-docking

site; whereas, hydrophobic motif phosphorylation that follows activation loop phosphorylation

must recruit PDK1, instead, through conformational transitions. This model perhaps explains

why truncation of N-terminal AGC kinase regulatory segments promotes agonist and mTOR-

independent phosphorylation in the C-tail, as is observed for Akt and PKN yeast homologue

Ypk1, and may underlie the intramolecular basis for autoinhibition. Importantly, the complexity

of PKC processing, which involves several regulatory proteins including PDK1, mTORC2, Hsp90,

and PHLPP1, are targets of many drugs that are clinically approved or undergoing therapeutic

development (Figure 6.1). In particular, mTOR and Hsp90 inhibitors are extensively utilized as

anti-cancer therapies and would have the unwanted e↵ect of impairing PKC maturation. Thus,

the e↵ect of any therapeutics on PKC function should be considered, and e↵orts to mitigate

these e↵ects merit investigation. In summary, the PKC phosphorylation arc that culminates

with hydrophobic motif phosphorylation achieves complete activation of the kinase, initiating

the process of PKC quality control that selectively stabilizes autoinhibited enzymes during PKC

maturation.
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6.1 Updating the Model of PKC Maturation

PKC maturation by phosphorylation is not only a critical process to specify PKC function

and stability, but also serves as a paradigm for kinase regulation by phosphorylation. Activation

loop phosphorylation, for example, is the nearly ubiquitous mechanism by which eukaryotic

protein kinases become activated through structuring of the activation segment to adopt an

active conformation (Adams, 2002). This activation is regulated by a variety of mechanisms

including transphosphorylation by an upstream activation loop kinase as is the case for LKB1

phosphorylation of AMPK family members (Lizcano et al., 2004) and PDK1 phosphorylation

of AGC kinase family members (Mora et al., 2004), as well as cis or trans autophosphorylation

(Lochhead, 2009). Alternatively, hydrophobic motif phosphorylation has proven more enigmatic,

as the stimuli and associated kinases that result in phosphorylation at this site in AGC kinases

vary between kinases and su↵er from lack of mechanistic studies. Indeed, even the function of the

Akt hydrophobic motif, a well-studied and widely regarded marker of activation, is still debated.

The uncertainty regarding the hydrophobic motif may be explained in part by the decade-long

search for the hydrophobic motif kinase PDK2, following the identification of PDK1 as the

activation loop kinase (Alessi et al., 1997; Chan and Tsichlis, 2001; Stokoe et al., 1997). Although

there existed evidence that the hydrophobic motif site was regulated by autophosphorylation

for PKC, Akt, and S6K (Behn-Krappa and Newton, 1999; Romanelli et al., 2002; Toker and

Newton, 2000), this finding could not be reconciled by the unequivocal requirement of mTOR

kinase activity for hydrophobic motif phosphorylation in these kinase among others, upon the

discovery of mTORC2.
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Figure 6.1: Updating the Model of PKC Maturation. In order to become both active and
stable, PKC must undergo a series of ordered phosphorylations and confomational transitions,
followed by kinetic proofreading quality control. Newly-synthesized PKC (i) exists in an unphos-
phorylated and inactive dimer, mediated by the TIM Helix. TIM and turn motif phosphorylation
by mTORC2 dissociates the PKC dimer to recruit PDK1 (ii). PDK1 phosphorylation of the ac-
tivation loop then triggers intramolecular hydrophobic motif autophosphorylation (iii). At this
phase, the apex of PKC maturation and critical decision branch point, PKC is catalytically active
and has overcome the energy barrier to achieve the autoinhibited conformation. PKC is then
subject to quality control by PHLPP1 as a kinetic proofreading checkpoint, in which PHLPP1
surveys the conformation of PKC to dephosphorylate aberrantly active enzyme (vi),leading to its
degradation (vii) and ensuring the fidelity of PKC autoinhibition. This proofreading step main-
tains the integrity of the PKC maturation process by selectively stabilizing only those PKCs that
have become both phosphorylated and autoinhibited (iv). It is this primed PKC species that
comprises the major cellular fraction and is appropriately tuned to respond to fluctuations in
second messengers to provide tightly regulated control of spatiotemporal activation (v). PKC
processing relies upon the activity of several enzymes, including positive regulation by the ki-
nases mTORC2 and PDK1 and chaperone Hsp90, as well as negative regulation by phosphatase
PHLPP1. These enzymes are frequently therapeutic targets in disease; thus, the outcome on
PKC due to their inhibition must be considered in the context of the disease.
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6.2 PHLPP1 as the Master Regulator of PKC Quality Control

A major finding from this dissertation is the characterization of PKC quality control,

described in Chapter 3, mediated by PHLPP1 (Figure 6.2) (Ba� et al., 2019). To ensure the

fidelity of PKC maturation, the process of PKC quality control relies upon the ability of PHLPP1

to recognize the unprimed and open PKC conformation that has not become autoinhibited to

promote selective dephosphorylation and degradation. The conformational transitions that result

in autoinhibition, set in motion by hydrophobic motif phosphorylation and dependent upon the

a�nity of the pseudosubstrate, act as a molecular clock that renders PKC subject to degradation

if they do not occur su�ciently rapidly to protect PKC from PHLPP1 dephosphorylation. Thus,

PKC quality control represents a novel example of kinetic proofreading, or a specificity mechanism

for error correction that allows enzymes to discriminate between two possible pathways to achieve

higher accuracy than one would predict based solely on the free energy di↵erence between the

two possibilities (Hopfield, 1974; Lemmon et al., 2016). In the case of PKC quality control, this

kinetic proofreading confers a high degree of autoinhibition fidelity following phosphorylation by

utilizing a PHLPP1 conformational surveying mechanism to take advantage of PKC’s dependence

upon phosphorylation for stability.

Given the essential role this process plays in regulating enzyme integrity and protein

levels, PKC quality control dysregulation is readily apparent in multiple pathological states. For

example, the foregoing data demonstrated that PKC quality control maintains near stoichiometric

phosphorylation at the hydrophobic motif across 19 di↵erent cancers, and is exploited in pancre-

atic cancer to suppress PKC expression, resulting in worsened patient survival (Ba� et al., 2019).

Furthermore, PKC quality control may explain why dozens of LOF PKC mutations in cancer

display defects in phosphorylation, as slight perturbations to their catalytic e�ciency or confor-
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mational integrity allow kinetic proofreading by PHLPP1 to dominate. In addition to excess PKC

quality control, PKC mutations that evade this process also cause disease. In chordoid glioma de-

scribed in Chapter 4, low quality control pressure that results in higher levels of PKC potentiates

the dominant-negative e↵ects of a recurrent LOF PKC↵ D463H mutation, which acts to globally

suppress PKC output. Conversely, activating mutations in spinocerebellar ataxia described in

Chapter 5 bypass PKC quality control to avoid degradation and become aberrantly stabilized,

which promotes neurodegeneration through enhanced, agonist-independent activity. Thus, PKC

quality control underlies GOF, LOF, and neomorphic e↵ects of PKC disease-associated muta-

tions and presents a critical node for regulating PKC output through the coordinated control of

PKC expression levels, autoinhibition, and sensitivity to activation.

While PHLPP phosphatases are known to remove the hydrophobic motif phosphate to

regulate PKC levels, this e↵ect was shown in the context of chronic phorbol ester treatment

at the plasma membrane (Gao et al., 2008). The studies in Chapter 3 supplement previous

work by establishing the role of PHLPP1 in regulating PKC in an agonist-independent manner

by conformationally surveying the newly-synthesized protein to the ensure the fidelity of PKC

maturation. Thus, the physiological and perhaps predominant role of PHLPP1 in controlling

PKC levels may be through quality control of the nascent protein. While PHLPP is also neces-

sary for PKC down-regulation by phorbol esters, which likely accounts for their well-described

oncogenic e↵ects, this process may reflect the a�nity of PHLPP1 for the open and active PKC

conformation, resigning this particular capability of PHLPP regulation to cases of PKC hyper-

activation during persistent and elevated levels of second messengers, rather than a constitutive

surveying process. Thus, the interrelated PHLPP1 functions of conformationally surveying the

newly-synthesized protein to ensure autoinhibition following maturation and, in a related man-
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ner, dephosphorylating activated PKC to terminate signaling at the membrane both serve to

quench aberrantly active enzyme and suppress protein levels under resting conditions and in

the presence of agonist, respectively. Taken together, the identification of di↵erential PHLPP1

regulation of the nascent and activated PKC protein relies upon precise intramolecular confor-

mational rearrangements, which occur upon PKC phosphorylation and upon activation. These

homeostatic processes highlight the importance of restricted spatial and temporal PKC activa-

tion orchestrated by intramolecular constraints and second messengers, as enzymes aberrantly

activated in an agonist-dependent or independent manner are rapidly removed from the cell.
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Figure 6.2: PHLPP1 as the Master Regulator of PKC Quality Control.
(A) The process of PHLPP1-mediated PKC quality control, as the critical step of PKC matura-
tion controlling protein levels and activity, is frequently dysregulated in disease. This dissertation
has illustrated how excessive PKC quality control functions as a pervasive loss-of-function mech-
anism in cancer to suppress expression, particularly relevant in pancreatic cancer where low PKC
levels correlated with worsened survival. Loss of PHLPP1 quality control, conversely potentiates
the pathological e↵ects of both loss-of-function and gain-of-function mutations in cancer and
ataxia, respectively. Failure to degrade unprimed PKC↵ mutants in chordoid glioma unleashes
their dominant-negative function to globally suppress PKC out by sequestering diacylglycerol.
In spinocerebellar ataxia, aberrently active PKC� mutats evade dephosphorylation by PHLPP1
to drive neurodegeneration. Thus, the integrity of PHLPP1-mediated PKC quality control is
essential to maintain signaling homeostasis through PKC and avoid pathophysiologies.
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6.3 A High-Throughput Approach for Identifying Therapeutic

PKC Modulators

The clinical PKC field has su↵ered from the misguided attempts to inhibit PKC in cancer;

however, PKC remains an attractive therapeutic target, given its involvement in several disease

pathologies and the wealth of knowledge on its function and regulation. Evidence from this

dissertation supports the notion that approaches should generally aim to enhance PKC output

in cancer and inhibit its output in neurodegeneration. Caution should of course be exercised in

targeting PKC by rigorous mechanistic validation of its role in the specific disease context. Fortu-

nately, there exist a multitude of potent and specific orthosteric and allosteric PKC inhibitors that

may be re-purposed in neurodegenerative disease and incorporated in emerging technologies such

as proteolysis targeting chimera (PROTAC) (Sakamoto et al., 2001; Schneekloth, et al., 2004)

and degradation tag (dTAG) (Nabet et al., 2018) chemical degraders. Developing therapies for

cancer treatment poses a more di�cult challenge, as PKC activators generally have the opposite

e↵ect of causing PKC down-regulation when administered chronically. Studies utilizing intermit-

tent dosing schedules of bryostatins, a relatively weak phorbol ester, suggest that use of some

PKC activators may have the desired e↵ects in some contexts (Wang et al., 2015). Additionally,

recruitment of PKC to di↵erential membrane compartments upon activation has distinct e↵ects

on selective agonist-induced degradation, which may identify classes of agonists to strategically

activate PKC in a manner that prevents its down-regulation (Lum et al., 2016). Nonetheless,

novel approaches outside of diacylglycerol analogs are required both to appropriately study PKC

and to develop e↵ective therapeutics.

The work of this dissertation reveals a novel approach to modulate PKC output via con-
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Figure 6.3: A High-Throughput Approach for Identifying Therapeutic PKC Mod-
ulators. Therapeutic approaches should generally attempt to restore PKC tumor-suppressive
function in cancer and reduce its pathological activity in neurodegenerative disease. Targeting
the process of PKC maturation to influence the balance of PHLPP1 kinetic proofreading is a
viable method to screen for novel allosteric regulators to modulate PKC output. Using the
Kinameleon C FRET reporter to measure PKC conformation in live cells, compounds may be
screened in a high-throughput format to identify modulators of PKC conformation, which can be
validated for e↵ects on PKC activity and cellular processes using fluorescence microscopy studies
and functional assays.

formation that a↵ords both positive and negative regulation. The ability of PHLPP1 to survey

the unprimed PKC conformation to orchestrate PKC quality control suggests that there are

interfaces on the kinase domain that mediate binding to PHLPP1 and become masked upon au-

toinhibition to preclude binding. Thus, allosteric regulators may have the potential of targeting

these interfaces to either facilitate or disrupt the interaction of the regulatory domains with the

kinase domain, enabling the modulation of PKC sensitivity to PHLPP1 kinetic proofreading. In
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this way, PKC levels can be increased or decreased by using the cell’s endogenous machinery

involved in PKC quality control. In cases where PKC quality control is lost or impaired, thera-

peutics that target this interface would instead alter PKC sensitivity to agonist to modulate its

activity. This conformational targeting approach has the additional benefit of primarily target-

ing PKC processing, sparing the canonical PKC activation mechanisms through Ca2+ and DAG,

which regulate a host of other e↵ectors, intact.

Importantly, targeting PKC conformation enables high-throughput screening of small-

molecular libraries utilizing the FRET-based Kinameleon C reporter, which reads out cellular

PKC conformational changes (Figure 6.3). Thus, using a single screening platform, compounds

could be assessed for their ability to promote or disrupt the autoinhibited state, which would

lead to increased or decreased PKC stability, respectively. Compounds that modulate PKC con-

formation could then be validated for their e↵ects on PKC activity by fluorescence microscopy

using CKAR and on stability using biochemical assays. In this manner, identification of PKC

modulators would expedite the development of potential therapeutics and isozyme-specific re-

search tools that selectively increase or decrease PKC output. In summary, the contributions of

this dissertation to understanding the mechanisms by which PKC becomes phosphorylated and

the quality control process that arbitrates its maturation will facilitate the development of next-

generation PKC therapeutics that harness the cell’s intrinsic regulatory machinery to modulate

PKC expression at the post-translational level.
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