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Protein kinase signalling, which transduces external messages to mediate cellular growth
and metabolism, is frequently deregulated in human disease, and specifically in cancer.
As such, there are 77 kinase inhibitors currently approved for the treatment of human
disease by the FDA. Due to their historical association as the receptors for the tumour-
promoting phorbol esters, PKC isozymes were initially targeted as oncogenes in cancer.
However, a meta-analysis of clinical trials with PKC inhibitors in combination with chemo-
therapy revealed that these treatments were not advantageous, and instead resulted in
poorer outcomes and greater adverse effects. More recent studies suggest that instead
of inhibiting PKC, therapies should aim to restore PKC function in cancer: cancer-asso-
ciated PKC mutations are generally loss-of-function and high PKC protein is protective in
many cancers, including most notably KRAS-driven cancers. These recent findings have
reframed PKC as having a tumour suppressive function. This review focusses on a poten-
tial new mechanism of restoring PKC function in cancer — through targeting of its nega-
tive regulator, the Ser/Thr protein phosphatase PHLPP. This phosphatase regulates PKC
steady-state levels by regulating the phosphorylation of a key site, the hydrophobic motif,
whose phosphorylation is necessary for the stability of the enzyme. We also consider
whether the phosphorylation of the potent oncogene KRAS provides a mechanism by
which high PKC expression may be protective in KRAS-driven human cancers.

Introduction

Protein kinase C and phorbol esters

Protein kinase C (PKC) isozymes are members of the AGC family of Ser/Thr protein kinases. They are
activated in response to extracellular signals and phosphorylate a wide variety of substrates to regulate
cell growth, metabolism and also cell death and senescence. PKC isozymes were initially studied in
cancer following their identification as the ‘receptors’ for tumour promoting phorbol esters. These com-
pounds embed in cell membranes and mimic binding of the natural agonist diacylglycerol (DAG) to
acutely activate PKC [1,2]. Consequently, PKC became a target of cancer therapies, with many trials
focussing on PKC inhibition. Unlike DAG, which is transiently elevated in response to extracellular
signals, phorbol esters are metabolically stable, and therefore cause sustained signalling of PKC.
However, chronic activation of PKC by these compounds ultimately promotes the degradation of PKC,
resulting in paradoxical inhibition of the pathway [3]. Indeed, before the development of targeted
genetic knockdown approaches, overnight treatment with the phorbol ester, phorbol myristate acetate
(PMA), was a routine approach to deplete cells of PKC [4]. Recent meta-analysis of the use of PKC
inhibitors in clinical trials determined that not only were these treatments ineffective, in some cases they
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decreased response rate and disease control rate, with a significant increase in adverse effects, compared with
patients receiving standard chemotherapy alone [7]. These data suggested that our understanding of the role of
PKC in oncogenic signalling was incomplete [8], and that inhibition of PKC does not generally show therapeutic
efficacy. PKC is subject to complex regulatory mechanisms and understanding these mechanisms provides the
foundation for understanding how to appropriately target PKC in cancer.

PKC is basally phosphorylated, autoinhibited and stable

There are 10 major PKC isozymes, encoded by nine genes, categorised into three subtypes based on their domain
structure and mechanism of activation (Figure 1). All PKC isozymes contain a conserved C-terminal Kinase
domain, with an AGC protein kinase regulatory C tail, and variable N-terminal regulatory region containing an
autoinhibitory pseudosubstrate segment that constrains activity in the absence of appropriate stimuli. Binding of
second messengers to specific modules in this N-terminal regulatory region relieves autoinhibition to promote
activation of PKC. Conventional PKC isozymes (cPKC isozymes; PKCo, the alternatively spliced BI and BII, )
contain two tandem C1 domains (C1A, C1B), which bind DAG on the plasma membrane and on internal mem-
branes such as the Golgi, and a C2 domain which upon binding to Ca®" associates with the plasma membrane
where it binds PIP,. Novel PKC isozymes (nPKC isozymes; PKC3, €, 1, 6) contain a novel C2 domain which
does not bind Ca®", and instead activation of these isozymes is mediated solely by binding of DAG to the Cl
domains. Atypical PKC isozymes (aPKC isozymes; PKCC, 1) do not contain these membrane targeting modules,
and instead have an N-terminal PBI protein interaction domain, which allows their scaffolding to substrates.
Thus, with the exception of aPKC family members, PKC isozymes are activated by DAG and, in the case of
cPKCs, also Ca’*, produced by type C phospholipases in response to extracellular signals (reviewed in [9]). As
aPKC family members are regulated by different mechanisms they are not discussed within the scope of this
review and the reader is referred to a recent comprehensive review on their role in oncogenic signalling [10].
Importantly, all PKC isozymes are maintained in an autoinhibited, stable conformation until engagement of
appropriate second messengers/scaffold proteins with N-terminal regulatory modules reversibly releases the
pseudosubstrate from the active site to allow substrate binding and downstream signalling.
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Figure 1. Primary domain structure of conventional, novel and atypical PKC isozymes.

The conventional, novel and atypical PKC isozymes share a common C-terminal PKC Kinase domain (blue), with regulatory
C-tail. The family members differ in their variable N-terminal regulatory modules. All isozymes contain an autoinhibitory
pseudosubstrate (red). Conventional and novel PKC isozymes contain tandem DAG-binding C1 domains (orange) and a C2
domain (yellow). The C2 domain of conventional PKC isozymes, but not novel PKC isozymes, is a Ca?*-regulated plasma
membrane sensor, with determinants for PIP, binding. Atypical PKC isozymes contain a PB1 protein interaction module
(purple) and an atypical C1 domain which does not bind DAG.
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PKC processing and life cycle

Upon initial translation, PKC is in an open state with its domains exposed (Figure 2A). Phosphorylation at
three conserved sites ‘prime’ the enzyme to adopt an autoinhibited and stable conformation. Without these
phosphorylations, the enzyme is unstable and subject to proteasomal degradation, described below. The first
two phosphorylations are catalysed by upstream kinases: the activation loop (T500 for PKCBI/II) and turn
motif (T641 for PKCBII) residues are phosphorylated by PDK1 and mTORC2, respectively. These phosphoryla-
tions allow for the low-level activation of PKC, triggering the final phosphorylation, autophosphorylation of its
hydrophobic motif (S660 for PKCBII (reviewed in [9]). These priming phosphorylations align residues in the
active site for catalysis and promote the positioning of its regulatory pseudosubstrate segment within its active
site, ‘clamped’ in place by the C2 domain (Figure 2B) [11,12]. This autoinhibited, primed form of PKC is
exceptionally stable, with a half-life of days in the cell. If PKC fails to form this ‘primed’ state, it remains in an
open state, with its phosphorylation sites labile to dephosphorylation (Figure 2C). Note that once ‘primed’, the
enzyme retains activity following dephosphorylation of the hydrophobic motif, but it is unstable [13]. It is this
‘primed’ PKC that transduces signals upon stimulation with second messengers.

Conventional and novel PKC isozymes are activated by receptor-mediated hydrolysis of phospholipids [14].
One major pathway is through activation of phospholipase C (PLC) which both generates DAG and elevates
intracellular Ca**. This phospholipase is activated in response to extracellular signals such as hormones and
growth factors via G-protein-coupled receptors (GPCR) and receptor tyrosine kinases (RTKs). PLC catalyses
the hydrolysis of PtdIns(4,5)P, (PIP,) on the plasma membrane to release cytosolic IP; and membrane-bound
DAG. IP; binds to IP; receptors on, for example, the endoplasmic reticulum, triggering the release of Ca*"
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Figure 2. Life cycle of PKC and quality control by PHLPP1.

(A) Newly translated PKC is unphosphorylated and present in an open state. (B) Upon phosphorylation by PDK1 and mTORC2, PKC adopts an
autoinhibited state with its pseudosubstrate in the active site. (C) PKC that does not properly autoinhibit remains in an open conformation and is
labile to dephosphorylation by PHLPP1. (D) In response to second messengers DAG (pink rectangle) and Ca®* (grey circle), PKC translocates to
the plasma membrane, a conformational change removes the pseudosubstrate from the active site, and PKC is active to phosphorylate substrates.
(E) PKC which is dephosphorylated by PHLPP1/2 is sensitive to polyubiquitylation and proteasomal degradation. Created with BioRender.com.
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from intracellular stores and increasing Ca** concentrations within cells. The conventional PKC C2 domain
binds Ca**, facilitating C2 binding to PIP, on the membrane [15,16]. At the plasma membrane, the
membrane-embedded allosteric activator, diacylglycerol, binds one of the tandem C1 domains. Novel PKC iso-
zymes, containing a novel C2 domain which does not bind Ca®", are instead reliant on solely their C1 domains
for activation; a single amino acid difference between the C1B domains of conventional and novel PKCs (Tyr
to Trp, respectively) results in nPKC isozymes binding to DAG with two orders of magnitude higher affinity
[17]. As such, novel PKC isozymes are often activated on Golgi membranes [18,19], which contain significant
amounts of DAG [20,21]. Importantly, membrane binding causes a conformational change in PKC that results
in release of the pseudosubstrate from the active site of the kinase and favours an open, active conformation
allowing phosphorylation of cellular substrates (Figure 2D).

However, this active membrane-bound conformation of PKC is also labile to dephosphorylation, with bio-
chemical studies revealing that the rate of dephosphorylation is accelerated by two orders of magnitude upon
membrane binding [22]. Under situations of prolonged activation by chronic signals or by, for example, the
tumorigenic phorbol esters, PKC is dephosphorylated on its hydrophobic motif by the PPM phosphatase
PHLPP described in the following section, and its turn motif and activation loop by PP2A [23,24]. It is specif-
ically the dephosphorylation of the hydrophobic motif which signals for degradation of PKC [3,13]. Open,
dephosphorylated PKC is polyubiquitylated and degraded via the proteasome (Figure 2E) [25,26], although one
report suggests that phosphorylated PKC activated at the plasma membrane can also be degraded by a distinct
pathway [27]. Thus, protein-level down-regulation of PKC results from chronic activation.

Degradation of PKC

E3 ligases have been identified that selectively regulate the degradation of PKC under basal conditions or the
degradation following phorbol ester stimulation, suggesting at least two distinct degradation mechanisms. Basal
levels of PKC are regulated by the E3 ligase TRIM41/RINCK [26]. RINCK has been demonstrated to directly
ubiquitylate PKC both in vitro and in cells, an event that reduces steady-state levels of PKCPBII by a
proteasome-dependent mechanism. Conversely, genetic knockdown of RINCK by siRNA was shown to increase
the steady-state levels of PKCa, PKCBII and PKCC in HeLa cells. However, siRNA knockdown of RINCK did
not influence the phorbol ester-induced degradation of PKC, indicating that this down-regulation occurs
through a different pathway. Nonetheless, phorbol ester induced down-regulation of PKC also occurs through
ubiquitylation and proteasomal degradation [28-31], albeit through a different E3 ligase. The E3 ligase complex
LUBAC, comprised of HOIP and HOIL-1L, has been reported to preferentially bind and ubiquitylate the acti-
vated, open species of cPKC isozymes, triggering their degradation [32]. Whereas steady-state levels of PKCo
were reported to be equal in WT and HOIL-1L™'~ MEFS, PKCo. was relatively resistant to PMA-induced
down-regulation in MEFs lacking this E3 ligase complex. PKCA has similarly been demonstrated to be degraded
through the ubiquitin-proteasome system through the E3 ligase VHL [33]. Whether additional E3 ligases
regulate both the basal and phorbol ester dependent down-regulation of PKC remains to be established.

While different E3 ligases may mediate the ubiquitylation of PKC isozymes under basal conditions and
activation-induced down-regulation, both pathways are dependent on the dephosphorylation of the hydropho-
bic motif site by PHLPP. siRNA knockdown of PHLPP1 or PHLPP2 inhibited the phorbol ester-induced
dephosphorylation of endogenous PKCo at the hydrophobic motif, and also increased PKC protein expression
in cancer cells [25]. Similarly, PHLPP1~'~ MEFS have greater basal PKCa expression and a reduced rate of
PDBu-induced PKCo down-regulation [13]. By dephosphorylation of poorly primed or chronically activated
PKC, PHLPP can carefully tune signalling output by regulation of protein levels.

PHLPP1 and protein kinase C quality control

The PH domain leucine-rich repeat protein phosphatase (PHLPP) isozymes, PHLPP1 and PHLPP2, are Ser-
Thr phosphatases within the protein phosphatase magnesium/manganese-dependent (PPM) ‘shrub’ of the
phosphatome [34]. PHLPP1/2 signalling has been identified as an important regulator of many disease pro-
cesses, such as in oncogenic signalling and regulation of immunity. To confer this array of functions, PHLPP
dephosphorylates a broad range of substrates. Many phosphatases such as the PP1/PP2A class phosphatases
elicit selectivity towards substrates through interaction with additional regulatory modules; however PPM phos-
phatases such as PHLPP1/2 encode the catalytic and any regulatory domains within one polypeptide chain
[35]. PHLPP1/2 are encoded by two separate genes, yet they share a similar structure with several conserved
domains including a pleckstrin homology (PH) domain, a hydrophobic leucine-rich repeat (LRR) region, a
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Figure 3. Hydrophobic motif phosphorylation regulates Akt activity and PKC protein levels.
(A) PHLPP1 and PHLPP2 phosphatases contain a conserved PP2C phosphatase domain (red) and a number of regulatory
modules. The PH (green), Leucine-rich repeats (grey) and PDZ-ligand (yellow) domain all mediate binding of a myriad of
substrates. PHLPP1 differs by an N-terminal Extension (NTE), which contains a bipartite Nuclear Localisation Signal and allows
targeting of PHLPP1 to its nuclear substrates, and a Nuclear Export Signal (NES). (B) Phosphorylation state of the hydrophobic
motif has different functional effects on Akt and PKC. Ser473 phosphorylation of Akt is inducible, regulates activity of Akt
towards certain substrates, but does not affect protein stability. In contrast, Ser660 phosphorylation of PKCBIl regulates protein
stability and total protein levels. Activation loop (magenta), Turn Motif (orange) and Hydrophobic Motif (green) phosphorylation
sites of Akt and PKC are shown.

PP2C family phosphatase domain and a C-terminal PDZ-binding motif (Figure 3A) [36]. In addition to these
conserved regions, PHLPP1 contains an additional N-terminal extension (NTE), whose function has not yet
been fully characterised, however has been demonstrated to contain a bipartite Nuclear Localisation Signal
(NLS) that drives PHLPPI’s function in the nucleus [37]. PHLPP1 also contains a nuclear export sequence
(NES) between the LRR and PP2C domains.

PHLPP1/2 have relatively low catalytic activity, with the activity of their isolated phosphatase domains mea-
sured to be on the order of one reaction per second in an in vitro phosphatase assay toward phosphopeptide
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substrates [38] or purified Akt [39]. Therefore intracellular targeting to substrates via these regulatory regions is
critical for protein function [40]. For example, the LRR region is critical for the regulation of receptor tyrosine
kinase transcription, through modification of histone phosphorylation and acetylation [41], and the
PDZ-binding motif is critical for scaffolding of PHLPP to the plasma membrane near Akt, to drive its depho-
sphorylation [39]. PHLPP1 and PHLPP2 are divergent in their PDZ-binding motif (DTPL and DTAL for
PHLPP1/2, respectively), and regulate different Akt isoforms and, therefore, different Akt substrates [42]. The
PH domain, which as an isolated domain has been shown to have weak affinity both in cells and in vitro for
phosphoinositides [43,44], is required for PHLPP to bind and dephosphorylate PKC in cells [25] (Figure 3A).
The first identified substrate of PHLPP was the hydrophobic motif site of Akt (Ser473 for Aktl) [39]. This
phosphorylation site in the regulatory C-tail of the kinase permits its full activation and phosphorylation of
downstream substrates. This phosphorylation is inducible, by mTORC2 downstream of PI3K signalling, and is
also very phosphatase labile and easily removed by PHLPP. PHLPP was later demonstrated to dephosphorylate
the hydrophobic motif of other AGC protein kinases such as S6K1 [45], to modulate its activity, and PKC.
Unlike the inducible, stimulus-sensitive phosphorylation of Akt, the hydrophobic motif site of PKC (S660 for
PKCBII) is one of the aforementioned three stable, priming phosphorylations which occur during initial trans-
lation and processing of PKC, maintaining the protein in a stable, autoinhibited state (Figure 3B). Atypical
PKC isozymes contain a glutamate residue instead of a serine at their hydrophobic motif site and therefore are
not directly regulated by PHLPP, although PHLPP has been reported to indirectly regulate these isozymes [46].

Balance of PHLPP and PKC expression in human cancer

As ¢/nPKC isozymes are stable in an autoinhibited state, the magnitude of PKC signalling output in cells is
regulated at the level of protein expression. PKC protein expression levels are therefore important biomarkers
for the activity of the signalling pathway in cancer. Recent data have demonstrated that PKC protein levels,
regulated by PHLPP1 activity, may play a key, protective role in certain cancers.

Consistent with PKC protein levels being controlled by hydrophobic motif modulation by PHLPP, Reverse
Phase Protein Array (RPPA) analysis of >5000 tumour samples revealed a statistically significant 1:1 correlation
between PKCo/f protein levels and hydrophobic motif phosphorylation [13]. Total PKC expression levels were
also negatively correlated with PHLPP1 expression. This confirmed that PKC in tumour samples is phosphory-
lated, and that dephosphorylated PKC is degraded. Whereas this correlation was clear for PKC, the same was
not true for Akt or S6K1, whose hydrophobic motif phosphorylation is inducible, regulates activity, and does
not regulate protein stability (Figure 4A) [13]. It is interesting that the phosphorylation on the same site, the
hydrophobic motif, has divergent roles in these related kinases: it controls the chronic stability (but not activity)
of PKC and the acute activity (but not stability) of Akt.

Tumour suppressive functions of protein kinase C

As discussed above, PKC isozymes were targeted with inhibitors for many years in clinical trials, however this
approach showed no therapeutic benefit [7]. More recent studies from our laboratory and others have reframed
PKC as having a tumour suppressive function, suggesting that instead of inhibiting PKC, therapies should aim
to increase PKC signalling in cancer. Analysis of cancer-associated mutations revealed that the majority of
these mutations were in fact loss of function, either inactivating kinase activity or critically impacting stability
and ultimately protein levels [47]. Furthermore, correction of a PKCB A509T mutation in the DLD-1 colorectal
cancer cell line both restored PKC kinase activity and increased PKCBII protein levels, and the resulting cells
had reduced cell growth in vitro and tumour development in vivo [47]. A heterozygous knockout of the mutant
PKCB in these cells had a partial effect, indicating that PKCf was haploinsufficient and that total protein levels
are important in the tumour suppressive function of PKC.

Two particular cancers in which high PKC expression has been demonstrated to be protective are colorectal
carcinoma (CRC) and pancreatic adenocarcinoma (PDAC). In a study of protein expression in PDAC tumour
samples, high levels of PKCo and PKCp, measured by their hydrophobic motif phosphorylation by RPPA,
were associated with increased survival. Patients with high PKCP had a remarkable 5 year survival rate of 50%,
whereas those with low PKCP had no survival past 5 years (Figure 4B) [13]. Activation of PKC with prostratin,
a weak PKC activator [48], was sufficient to inhibit the mutant KRAS-driven growth of pancreatic cancer cells
both in vitro and in an orthotopic transplant model [49]

Dowling et al. [50] demonstrated that PKCRII functions as a tumour suppressor in colorectal cancer, and
that low expression of PKCBII was associated with decreased disease-free survival. Patients with low levels of
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Figure 4. High expression of PKC is associated with improved survival in PDAC and CRC.

(A) RPPA analysis of hydrophobic motif phosphorylation and total protein levels of PKCa, Akt and S6K1 (reprinted from [13] with permission from
Elsevier). (B) RPPA analysis of 105 PDAC tumour samples revealed high levels of PKCBII hydrophobic motif phosphorylation correlates with
significantly improved survival outcomes. Reprinted from [13] with permission from Elsevier. Tissue microarray analysis of CRC patients with
increased PKCBII protein expression in tissue distant from the tumour had increased survival outcomes. From [50]. (C) Model: The balance of PKC
and PHLPP1 levels in PDAC/CRC correlate with survival outcomes. High PHLPP1, resulting in low PKC, is a marker of poor prognosis, whereas low
PHLPP1, resulting in high PKC, is marker of good prognosis.
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PKCBII, measured by microarray analysis of tissue distal to the tumour, had a low (10%) 10 year survival,
whereas patients with high expression had a 10 year survival rate of 60% (Figure 4B). In a separate study,
immunohistochemical analysis of >200 human CRC patient samples determined that low expression of PKCo,
and high expression of KRAS, was a biomarker of poor prognosis in colorectal cancer patients [51]. PKCo also
has a demonstrated tumour suppressive role in an APC™" model of intestinal tumorigenesis [52]. PKCo/&
phosphorylate Sur8, a scaffold of MAPK signalling overexpressed in CRC, and trigger its ubiquitylation and
degradation [53]. Sur8 and PKCo/d protein levels were also negatively correlated in human CRC tumour
samples [53]. Dupasquier et al. investigated whether enhancing PKCo function could be beneficial in CRC.
They determined, in both in vitro and transgenic mouse models, that enhancing PKCo signalling inhibited
growth and triggered CRC cell death, whereas overexpression of PKCo. was not deleterious in the normal intes-
tinal epithelium, suggesting PKCo could be therapeutically targeted in CRC [54].

Within three transgenic mouse models of KRAS-driven lung cancer, loss of PKCa resulted in an increase in
tumour number, burden and grade. The PKCa-mediated suppression of tumour growth was regulated through
control of oncogene-induced senescence (OIS) by activation of a p38 MAPK-TGFp signalling axis which
induced cellular growth arrest in vitro [55]. Ohm et al. [56] demonstrated that within KRAS-mutated lung
adenocarcinoma high PRKCD (PKC8) mRNA expression correlated with improved survival outcomes.
However, the authors also discovered that PKCS could perform pro-apoptotic or pro-tumorigenic functions,
and this role of PKC$ in lung adenocarcinoma was segregated according to KRAS-dependence of the chosen
cell line. In a panel of 17 KRAS-mutant NSCLC cell lines, KRAS-dependent cell lines required PKC3 for sur-
vival, whereas in KRAS-independent cell lines PKC3 had a pro-apoptotic and tumour-suppressive role [56].
A very recent study analysed protein expression of NSCLC tumours by RPPA analysis and determined that
PKCoa protein expression and PKCo, PKCB and PKCS hydrophobic motif phosphorylation were associated
with increased regression free survival [57]. While mouse models and human patient samples suggest a tumour
suppressive role for PKCo, PKCP and PKCS, another recent study from Garg et al. [58] suggested that PKCe
expression is required for KRAS-driven lung tumorigenesis. Stratification of patient primary lung adenocarcin-
omas according to KRAS mutation status and PRKCE expression revealed increased survival in patients with
low PRKCE expression. Although protein expression of PKCe in these patient samples was not measured in
this analysis, a combination of PKCe knockout with a murine model of KRAS-driven lung tumorigenesis
demonstrated that PKCe expression was required for this tumorigenesis model [58]. PKCo and PKCS may
both be tumour suppressive in endometrial cancer. Hsu et al. [59] determined that PKCo functioned as a
tumour suppressor in endometrium, by regulating Akt through PP2A. Further Reno et al. [60] demonstrated
that PKCS expression was negatively correlated with increasing tumour grade in endometrial cancer.

In the skin-tumour model of tumour promotion by phorbol esters, tumours develop after a tumour-initiation
event, such as application of the carcinogen DMBA, and repeated application of phorbol ester to the skin for
tumour-promotion. Such experiments attributed an oncogenic role to PKC; however, given our new under-
standing, downregulation of PKC in response to chronic phorbol ester exposure could promote tumorigenesis.
In support of this new model, transgenic mice which overexpress PKCS were resistant to phorbol-induced
tumorigenesis [61,62].

Overall, it is clear from recent studies that high PKC expression dampens oncogenic signalling in a range of
cancer types. In particular, PDAC and CRC patient data show that higher PKC expression is associated with
improved survival outcomes. In a pan-cancer analysis, PKC expression was tightly correlated with hydrophobic
motif phosphorylation, and negatively correlated with the expression of PHLPP1. Therefore, strategies to target
PKC signalling in PDAC and CRC should focus on enhancing PKC levels, which can be achieved through the
targeting of PHLPP (Figure 4C).

Targeting the balance of PKC and PHLPP in cancer

Reframing PKC as being tumour suppressive provides an explanation for why previous clinical trials inhibiting
PKC have failed and suggest that therapeutic strategies should focus on restoration of PKC signalling.
Development of novel approaches to block the dampening of PKC signalling by PHLPP may represent a viable
new therapeutic option in these cancers. PP2C phosphatases such as PHLPP are resistant to common Ser/Thr
phosphatase inhibitors such as okadaic acid and microcystin [63]. Two compounds, NSC117079 and
NSC-45586, have been identified which inhibit the phosphatase activity of PHLPP [64]. These tool compounds
have been used to demonstrate that inhibition of PHLPP can be neuroprotective, and also protective in
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osteoarthritis [65,66]. PHLPP2 dephosphorylates Myc at T58, regulating its stability as a driver of prostate
cancer progression, which was prevented by inhibition of PHLPP2 with NSC-45586 [67].

The PHLPP inhibitors were screened from the NCI Diversity set and have been useful as proof of principle
compounds in determining cellular roles of PHLPP. However, the development of optimised compounds is
required. Firstly, they have low efficacy and require micromolar concentrations to elicit activity. Additionally,
NSC-45586 has been reported to bind to albumin in serum, requiring even greater concentrations to be used in
cells [65]. In the studies described above, between 5-300 WM compound was required for inhibition in cells,
dependent on the cell type [64,65,67]. In the murine model of osteoarthritis, an intra-articular injection equiva-
lent to 4 uM was sufficient for a functional effect [66]. Furthermore, an important consideration is that these
compounds inhibit the phosphatase activity and therefore all functions of PHLPP. In the above study which
determined the neuroprotective role of PHLPP1, it was noted by authors that PHLPP inhibition was detrimen-
tal in astrocytes, specifically through a pro-survival signalling mechanism of PHLPP2, and called for PHLPP1
specific inhibitors [65]. PHLPP1 is known to play a critical role in the function of the immune system, for
example through regulation of STAT1 transcriptional activity [37], and PHLPP also functions as a tumour suppres-
sor by dampening signalling through Akt and ERK [68,69]. Developing effective PHLPP inhibitors for specific
substrates/functions is highlighted by the finding that Phlpp1 ™'~ mice are protected from sepsis [37]. In the case of
PKC, it is therefore desirable to develop new inhibitors that can specifically target the binding of the PHLPP PH
domain to PKC. As yet, regulation of PKC protein levels is the only known role of this domain, therefore allosteri-
cally targeting this specific region will allow a blockade of PKC down-regulation by PHLPP whereas maintaining
other functions. The PHLPP1 PH domain has a very weak affinity for phosphoinositides [44], however has been
demonstrated to directly bind the C1A domain of PKC to induce its dephosphorylation [25]. Therefore, this PH
domain represents a novel, unique druggable space for targeting PHLPP1.

An alternative to inhibition of PHLPP1 to rescue PKC expression could be at the level of targeting the pro-
teasomal degradation of PKC. An early study of phorbol-ester induced degradation of PKC determined that
not only did treatment with a proteasome inhibitor block PMA-induced down-regulation of the protein, it also
prevented the tumour-promoting effects of PMA [28]. While treatment with proteasome inhibitors to restore
PKC signalling has not been further functionally tested in more recent studies, this approach is a potential
alternative to increase PKC signals.

Does PKC suppress the function of oncogenic KRAS?

The above recent data provide a possible mechanism by which PKC may play a tumour suppressive role in cancer.
Two cancer types in which PKC is known to be protective, CRC and PDAC, are primarily driven by mutant
KRAS. KRAS mutations drive 95% of PDAC cases and 40% of CRC cases [70-73]. Analysis of cancer-associated
PKC mutations also demonstrated that a majority of these mutations co-occur with KRAS mutations [47]. Is it
therefore possible that one role of PKC is to suppress the oncogenic signalling of mutant KRAS, with loss of PKC
protein required to unleash its full oncogenic potential?

Recent work from Wang et al. [49] has demonstrated that growth of mutant KRAS-driven pancreatic
tumours could be reduced by treatment with the PKC activator prostratin. This compound induces PKC activ-
ity at a low level and therefore does not induce its protein-level down-regulation. As discussed above, PKCa
was found to supress KRAS-mediated lung tumour formation in transgenic mouse models of lung cancer.
Tumorigenesis in this model was strictly dependent on KRAS activation, as no tumours were observed in
Prkca™'~ mice in the absence of tumour initiators [55].

One mechanism through which PKC may inhibit oncogenic KRAS signalling is through phosphorylation of
Ser181 in its C-terminal hypervariable region (HVR). This region, unique to KRAS4B over the other Ras iso-
forms, has a highly basic patch which aids membrane binding of KRAS (Figure 5A). Two papers from the
Philips laboratory proposed that phosphorylation of Ser181 within the HVR by PKC may disrupt membrane
binding and function as a farnesyl-electrostatic switch to shuttle KRAS to intracellular membranes.
Phosphorylated KRAS limited cell survival of mutant KRAS-transformed NIH3T3 cells or CRC cells by
binding BcL-xL and inducing apoptosis [74,75].

The phosphorylation of a farnesyl-electrostatic switch in KRAS4B, proposed by Philips and colleagues,
remarkably mirrors the well characterised myristoyl-electrostatic switch of the best-defined cellular substrate of
PKC, MARCKS [76]. PKC is a basophilic kinase, with a substrate specificity motif of RxxS, and typically phos-
phorylates polybasic regions of proteins. Myristoylated Alanine Rich C Kinase Substrate (MARCKS) is phos-
phorylated by PKC on a number of sites within its highly basic phosphorylation site domain (PSD)
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Figure 5. KRAS4B and MARCKS are regulated by a similar polybasic, PKC-dependent, membrane binding domain. Part 1 of 2
(A) Domain structure of HRAS, NRAS and KRAS4A/B, differing in their C-terminal hypervariable region (HVR). KRAS4B HVR contains a single lipid
modification however is binds the membrane through a polybasic sequence. This sequence can be phosphorylated by PKC at Ser181. (B) Domain
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Figure 5. KRAS4B and MARCKS are regulated by a similar polybasic, PKC-dependent, membrane binding domain. Part 2 of 2
structure of PKC substrate MARCKS. N-terminal myristoylation domain (MD) is modified upon translation. A polybasic stretch in the middle of the
protein enhances membrane binding and is modified by PKC at three sites. (C) Model of KRAS4B and MARCKS response to intracellular Ca*.
Activation of PKC by intracellular Ca2* signals leads to phosphorylation of the MARCKS PSD and the KRAS4B HVR. Upon phosphorylation both
proteins translocate from the plasma membrane to intracellular localisations such as the Outer Mitochondrial Membrane (OMM), Golgi, or
Endoplasmic Reticulum (ER). Created with BioRender.com.

(Figure 5B). MARCKS is typically situated on the plasma membrane through N-terminal myristoylation and
the highly hydrophobic PSD enhances membrane binding through interaction with PIP, and actin-binding.
Upon the release of intracellular Ca’* stores, MARCKS dissociates from the plasma membrane into the cytosol,
through either binding of Calmodulin (CaM) or phosphorylation by PKC in the PSD [76,77]. Importantly,
although both these mechanisms release MARCKS from the membrane in response to Ca®*, CaM binding and
PSD phosphorylation are mutually exclusive (Figure 5C).

The intracellular localisation of KRAS appears to be similarly modulated in response to Ca®". Whereas other
Ras isoforms contain multiple lipid moieties for membrane binding, the HVR of KRAS4B is only farnesylated
on its C-terminal CAAX box, and membrane binding enhanced by a string of basic residues in its unique HVR
[78] (Figure 5A). In response to Ca** signals, either phosphorylation or CaM binding of the HVR causes
KRAS translocation from the membrane to the cytosol. Modelling membrane binding of the HVR found that
the farnesyl group spontaneously inserts into the lipid bilayers, however the insertion is restricted by phosphor-
ylation due to an altered conformation of the HVR [79]. In cells, it was found that Ser181 phosphorylation sub-
stantially weakens but does not fully inhibit membrane binding and clustering of KRAS4B [80]. KRAS4B also
translocates from the plasma membrane to bind CaM in response to Ca**. The structure of KRAS HVR
binding to CaM was recently solved, and whereas the conformations of CaM binding were distinct from CaM
in complex with canonical peptides, they were remarkably similar to the mechanism by which MARCKS binds
CaM [81]. As with MARCKS, phosphorylation and CaM binding both disengage KRAS from the membrane in
response to Ca**, however phosphorylation of the HVR is mutually exclusive with CaM, and modulates activity,
function and localisation of KRAS4B [82,83]. Prostratin treatment in PDAC cell lines, activating PKC, compro-
mised the interaction of KRAS with CaM and prevented tumorigenicity [49].

In the identification of the farnesyl-electrostatic switch of KRAS, Bivona et al. [75] proposed that K-Ras and
MARCKS represent a shared class of proteins that are anchored to the plasma membrane via lipid modification
in conjunction with a stretch of polybasic residues. In a recent review, Grant and colleagues proposed a
common motif they termed the Singly Lipidated Polybasic Terminus (SLIPT) which mediates plasma mem-
brane binding and when phosphorylated reduces affinity for both CaM and plasma membrane [84]. Similar
motifs have also been reported in the small GTPases RaplA, RhoA, RalA and RalB [85-88]. This supports the
concept of a common mechanism by which phosphorylation of polybasic stretches by PKC could critically
impact protein localisation and interactors. PKCo has also been reported to phosphorylate the hypervariable
(HV) sequence of RalB, but not RalA, at Ser192 and Ser198 [89]. PKCo.-dependent phosphorylation was
observed to relocate RalB from the plasma membrane to late endosomes, positively regulate RalBP1 binding
and abolish binding to Sec5 and the exocyst complex. RalB has been demonstrated to antagonise
anchorage-independent growth of CRC cells, which required interaction with Sec5 [90]. A phosphomimetic
mutation of the PKCo-dependent sites of RalB impaired o5 trafficking, impairing CRC cell attachment to fibro-
nectin. By regulating effector-binding, localisation and trafficking of RalB, PKCo may regulate its effect in CRC
through phosphorylation of these sites.

However, although the above evidence suggests KRAS phosphorylation dampens mutant KRAS signalling, other
data suggest that this phosphorylation may drive oncogenesis. It has been proposed that the change in localisation
upon phosphorylation favours activation of Raf-1 and PI3K, and this phosphorylation is in fact required for sub-
cutaneous tumour growth of mutant KRAS-transformed NIH3T3 cells [91,92]. Ribonucleoprotein HNRNPA2B1
interacted with and regulated oncogenic signalling of phosphorylated mutant KRAS in PDAC cells [93].

As well as acting directly on KRAS, PKC may act to dampen oncogenic KRAS signalling further down the
pathway. In transgenic mouse models of lung carcinoma, PKCo blocked KRAS-mediated oncogenesis through
p38 MAPK-TGFp pathway [55]. PKCa/d have also been identified to act downstream of Ras in colorectal
cancer cells by regulating protein levels of the Ras scaffold Sur8 [53]. PKC was also shown to have a tumour
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suppressive role in an APC™" driven mouse model of colorectal cancer. This suggests other functions of PKC
outside of the KRAS pathway.

Conclusions

PKC belongs to a growing number of kinases with tumour suppressive function [94], which initially complicated
the study and therapeutic targeting of PKC isozymes in human cancer. As described above, total protein levels of
PKC are important for its tumour suppressive function. As protein levels are tightly controlled via posttranslational
mechanisms by PHLPP, mRNA levels are not necessarily representative of total PKC protein expression. A recent
proteomic study of the CCLE cancer cell line panel found a very poor correlation between mRNA expression and
protein levels for most PKC isozymes [95]. Although a large amount of data exists concerning genomic and tran-
scriptomic phenotypes of human cancers through large-scale collaborative efforts such as The Cancer Genome
Atlas (TCGA, [96]) and curated in databases such as cBioPortal and COSMIC [97,98], these data may not correlate
well to PKC protein expression and its role in these cancers. With technological advances, large scale proteomic
analyses of these cancers have begun to be characterised, and as we further develop resources such as The Cancer
Proteome Atlas (TCPA, [99]) we will have a better understanding of how PKC protein levels correlate with disease
prognosis. What is becoming clear is that the levels of PKC protein in the cell are exquisitely regulated and deregu-
lation of any of the steps that control these levels result in pathophysiologies. For cancers such as colon and pan-
creatic cancer, restoring PKC levels may be beneficial. In particular, the PKCe, PKCB and PKCS isozymes appear
to be particularly important in supressing oncogenic signalling in these cancer types.

Compounds that increase PKC activity slightly, without inducing its down-regulation, may have a therapeutic
advantage. For example, low levels of bryostatin-1 have been observed to activate the kinase without inducing
down-regulation, whereas higher levels will induce degradation of the protein [4]. Furthermore, as discussed in
this review, prostratin is a non-tumorigenic activator of PKC which has been demonstrated to inhibit the
growth of mutant KRAS-driven tumours [49]. However, compounds that activate PKC, even weakly, destabilise
the enzyme and risk reducing steady state levels.

A more attractive therapeutic avenue may be to target the negative regulators of PKC. PHLPP is one such nega-
tive regulator that plays an important role in dictating the amount of PKC in at least one cancer, PDAC. In this
cancer, not only are PHLPP1 and PKC levels inversely correlated, but patients with low PHLPP1 and high PKC
have significantly improved survival. Because PHLPP is recruited to or localised near its substrates through its
various domains, designing molecules to interfered with the PHLPP:PKC interface may be a promising thera-
peutic avenue to enhance the steady-state levels of PKC without interfering with other functions of PHLPP. Such
an approach may circumvent the paradoxical loss of function of PKC resulting from prolonged activation.
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