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Abstract

Non-oncogenic cancer drivers often impinge on complex signals that create new addictions and
vulnerabilities. PKCA/v suppresses tumorigenesis by blocking metabolic pathways that regulate
fuel oxidation and create building blocks for the epigenetic control of cell differentiation. Reduced
levels of PKCA /1 unleash these pathways to promote tumorigenesis, but the simultaneous
activation of the STING-driven interferon cascade prevents tumor initiation by triggering
immunosurveillance mechanisms. However, depending on the context of other signaling pathways,
such as WNT/B-Catenin or PKC(, and timing, PKCA/1 deletion can promote or inhibit
tumorigenesis. In this review, we discuss in detail the molecular and cellular underpinnings

of PKCA/v functions in cancer with the perspective of the crosstalk between metabolism and
inflammation in the tumor microenvironment.
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Contextual dual oncogene or tumor suppressor role of the atypical PKCs

The atypical Protein Kinase C (aPKC) family of kinases only includes two members: PKC(C
and PKCA/v. The PRKCZ gene encodes PKC in humans (Prkcz in mice), while PKCA/v

is encoded by the PRKC/ gene in humans and the Prkcigene in mice [1, 2] (Figure 1).

Both kinases have been shown to play critical roles in key cellular functions, including
controlling cell polarity, inflammation, and tumor transformation (Table 1) [2-5]. Studies in
mouse models and more recent analysis of human specimens and data sets have established
PKCC as a tumor suppressor [6-11]. Instead, PKCA/1 has been shown to have putative
cell-autonomous tumor-promoting functions in models of Ras-induced lung adenomas and
BCR-ABL-induced leukemia [12-15]. However, it is clear now that PKCA/v involvement
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in cancer is more complex. Thus, PKCA/v also shows tumor suppressor activities in

other contexts, such as therapy-resistant prostate cancer, mesenchymal colorectal cancer,
and hepatocellular carcinomas [11, 16-19]. It should be kept in mind that while the
implication of PKCA/v as a tumor promoter in lung cancer and leukemia is based on
research focused on the tumor epithelial cell compartment, the role of PKCA/v as a tumor
suppressor becomes even more apparent when considered a critical player in orchestrating
transformation and immunological signals in the tumor microenvironment. In this review,
we will provide an in-depth discussion integrating the role of PKCA/v in epigenetics and
metabolism, together with new evidence linking PKCA/x to the control of autophagy and
lysosomal biology as a critical mechanism of tumor promotion. We will also discuss the
crosstalk with the interferon pathway, which is central in immunosurveillance to prevent
tumor initiation. Finally, we will discuss these fundamental cell functions in three cancer
paradigms: colorectal cancer, prostate cancer, and hepatocellular carcinoma.

Epigenetic and metabolic control of lineage plasticity

Previously published data had shown that the selective knock-out (KO) of PKC(

alone in intestinal epithelial cells (IECs) resulted in resistance to glucose deprivation

by the upregulation of a glutamine-driven serine biosynthetic pathway [6]; it also

showed that PKCC-defective IECs were rendered with increased stemness features due

to the activation of YAP/B-Catenin signaling [9]. Furthermore, when PKC( was KO in
intestinal cancer cells, these became more metastatic through a mechanism involving the
downregulation of miR-200s [10]. However, none of these effects were sufficient to generate
transformation spontaneously and consistently required additional oncogenic drivers, such
as the inactivation of the Apcgene [6, 9, 17]. Strong evidence that PKCA/1 was a tumor
suppressor in intestinal tumorigenesis came from the analysis of mice in which it was KO in
the intestinal epithelium together with PKCC [11, 20]. Indeed, the conditional double PKC(C
and PKCA /v deficiency in that mouse model resulted in spontaneous, aggressive serrated
tumors in the small intestine and the colon without any additional oncogenic stimuli [11,
20].

PKCA/A modulates epigenetic mechanisms in cell differentiation

The tumor suppressor function of PKCA/v in intestinal carcinogenesis is rooted in its

role in the regulation of the homeostasis of the cells of the intestinal secretory pathway.
Thus, the initial evidence that PKCA/1 could be involved in modulating cell differentiation
and lineage plasticity stands from the observation that PKCA/v-deficient IECs showed

a defective epithelial secretory pathway characterized by the accumulation of immature
Paneth/goblet cell progenitors associated with a reduction in the number of mature Paneth
cells, with the few remaining being mislocalized [17]. Paneth cells are normally located

at the bottom of the crypt playing a central role in the metabolic homeostasis of intestinal
stem cells and creating a sterile environment through the secretion of lysozyme and anti-
microbial peptides. This is of paramount importance in an organ, like the intestine, that

is in intimate contact with a massive microbiota component [21, 22]. This Paneth/goblet
defect, together with possible alterations in other progenitors in the crypt, resulted in
chronic intestinal inflammation that, nonetheless, was not sufficient to spontaneously drive
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tumorigenesis but that cooperated with the inactivation of Apc, or the activation of the -
Catenin pathways in a mutagen/inflammatory-driven mouse model system [17]. Therefore,
the inactivation of either PKCC or PKCA/1 generated independent and distinct conditions
conducive to tumorigenesis when this process was driven by the WNT pathway [6, 17]. The
mechanism underlying the defects in the intestinal secretory lineage of PKCA/v1-deficient
IECs involves the upregulation of EZH2, a member of the Polycomb complex essential

for the methylation of histones [17], which serves to repress gene expression through

the increased content of H3K27-Me3 (Figure 2) [23]. Central transcription factors in this
process are Atohl and Gfil, whose levels are unleashed upon the inhibition of the Notch
pathway [24-26]. Higher EZH2 in PKCA/1-deficient IECs represses the Atohl promoter
activity by accumulating H3K27-Me3 [17]. EZH2 is a direct substrate of PKCA/v [17],
which reduces its stability through a still-to-be-identified mechanism. In this regard, recent
evidence demonstrates that EZH2 is subjected to a complex regulation by multiple post-
translational modifications (PTMs) including phosphorylation, acetylation, methylation,
ubiquitylation, O-GIlcNAcylation, and sumolylation [27]. These PTMs impact many aspects
of EZH2 biology including its stability, enzymatic activity, localization, binding to other
subunits of polycomb repressive complex 2 (PRC2) [27]. Furthermore, the loss of PKCA/v
in 1ECs results in INK-induced cell death, which, together with the accumulation of EZH2
that represses the expression of critical transcriptional master regulators of the intestinal
secretory pathway, leads to an inflammatory microenvironment conducive to cancer [17].

The connection of PKCA/1 with the epigenetic control of lineage plasticity in the intestine
echoes its role in castration-resistant prostate cancer. Thus, the loss of PKCA/v in
PTEN-deficient prostate epithelial cells promotes tumorigenesis /n vivo by inducing the
reprogramming of tumor cells towards a partial basal cell lineage with neuroendocrine
characteristics [19]. Studies in different cell lines and the bioinformatics and histological
analyses of human prostate cancer datasets and tissue specimens established that this effect
of PKCA/v deficiency is cell-autonomous and of human relevance [19]. Lineage plasticity is
a developmental process of cell reprogramming and adaptive resistance employed by cells
to evade therapeutic pressures[28]. This process plays a crucial role in tumor progression

to metastasis and resistance to targeted therapies, and as such it is becoming a major

clinical problem in many types of cancers, including prostate cancer [28-30]. While naive
neuroendocrine prostate cancer (NEPC) is a sporadic disease, its incidence is rising due

to therapy resistance to more powerful anti-androgen drugs [28, 31, 32]. Thus, although
androgen deprivation therapy is very effective for the early management of prostate cancer
[33], tumors become resistant, which leads to a lethal outcome known as castration-resistant
prostate cancer (CRPC). However, although second-generation androgen receptor (AR)
inhibitors have been successfully implemented as a second-line therapy [34, 35], the
response to these potent drugs declines with time, and most patients again develop resistance
[33, 36]. One of the most aggressive forms of resistant tumors is NEPC, which arises as

a consequence of changes in the lineage of cancer cells from luminal (AR-positive) to

basal (AR negative). This new stage of tumorigenesis is very aggressive and metastatic

and displays markers of neuroendocrine differentiation [32, 37]. These tumors have small
cell histological features, suggesting that similar cellular and molecular mechanisms might
also be important in other types of cancers, like in lung small cell carcinomas [29, 30].
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Future research should provide insights into the potential role of PKCA/v in this type

of tumors, and in light with prior evidence suggesting a pro-tumorigenic role of this

kinase in non-small cell lung carcinomas (NSCLC) [38]. The loss of PKCA/v in prostate
epithelial cells induces changes in the DNA methylome through a mechanism dependent
on DNA methyltransferase, consistent with the epigenetic modifications underlying lineage
reprogramming in CRPC (Figure 3) [19]. This evidence suggests that inhibition of DNA
methylation might reverse the basal/neuroendocrine state of CRPC cells and promote

the transition to a more luminal phenotype, which would restore sensitivity to androgen-
deprivation therapy [39]. Collectively, all these studies lead to the conclusion that PKCA/v is
a novel and critical regulator of the epigenetic control of lineage cell differentiation both in
the intestinal and prostate epithelia with dire results when it is lost or inactivated.

Lysosomal positioning and mTORCL1 activity in ATF4 upregulation and one-carbon

metabolism

The control of DNA methylation levels in prostate cancer cells and likely histone
methylation in IECs is enabled by activating the one-carbon metabolism through the
upregulation of the serine biosynthetic pathway (Figure 3) [19]. This type of metabolic
reprogramming is key for the synthesis of S-adenosyl methionine (SAM), the universal
and obligate donor of methyl groups in many biochemical reactions [40, 41]. Therefore,
PKCA/v by generating SAM facilitates the modulation of gene expression through DNA
methylation in prostate cancer. This process most likely provides the substrate for the
enhanced EZH2-driven methylation of H3K27 that results in the repression of Atoh1/Gfil
intestinal secretory progenitor cells (Figure 2) [17]. Therefore, PKCA/1 emerges as a new
node in the crosstalk between the epigenetic control of gene expression and the generation of
the metabolic building blocks required for this process to proceed (Figure 3).

The precise mechanism whereby PKCA/v represses the serine one-carbon metabolism

is by inhibiting the expression of ATF4 [19], which is the master transcription factor

of many metabolic enzymes in this pathway, including PHGDH, MTHFDZ, and PSAT1
(Figure 3) [40, 42]. PKCA /v deficiency results in the upregulation of ATF4 expression
through the upregulation of mMTORCL1 [19], which had previously been shown to regulate
ATF4 transcriptionally [43, 44]. mTORCL1 is central to the modulation of cell growth

and metabolism [45]; under basal conditions, it is anchored to the lysosomes through the
Ragulator complex, which together with the Rag and Rheb GTPases are required and
sufficient for mTORCL activity [46, 47]. A central component of Ragulator is LAMTOR2,
which has been shown to associate with RagA/B and RagC/D also to control lysosomal
positioning [47]. PKCA/v was found to directly interact with LAMTOR?Z in an unbiassed
Bio-ID proteomics approach, which revealed the association of PKCA/v with several other
components of the endosomal/lysosomal system, including LAMP2, KIF2C/B, and the
V-ATPases [19]. PKCA/v directly phosphorylates LAMTOR?2 at serine 30, which is located
at the interface with the Rag GTPases, consistent with a model whereby PKCA/v+-induced
phosphorylation of LAMTOR2 could impact complex formation, recruitment to lysosomes,
and ultimately mTORC1 activation. Indeed, the loss of PKCA/1 or the expression of

a LAMTOR?2 alanine-30 mutant induced the perinuclear aggregation of lysosomes and
increased the amount of mTOR and RagC proximal to the nucleus, where Rheb, a key
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activator of mTORCY1, resides [19]. Furthermore, these effects of PKCA /v deficiency were
rescued by treating these cells with Ciliobrevin D, a dynein inhibitor that blocks the
retrograde transport system [19]. Therefore, PKCA/v1 orchestrates a lysosome-regulated
mechanism to activate a mTORC1-ATF4 axis to unleash the one-carbon metabolism for
SAM synthesis and the subsequent epigenetic regulation of lineage differentiation.

PKCA/v is a new player in the regulation of autophagy

All these studies collectively point to a model whereby a critical role of PKCA/v is

to modulate lysosome topology. However, a new connection between PKCA /v and the
lysosome has been revealed in recent studies, which is related to autophagy activation and its
crosstalk with metabolism, the stress response, and immunomodulatory pathways.

Autophagy control by the p62-PKCA/A-LC3 ternary complex regulates oxidative
metabolism

The first evidence that PKCA/x might be involved in autophagy comes from an unbiased
proteomics effort to determine the role of PKCA/v in hepatocytes and IECs in hepatocellular
carcinoma (HCC) and intestinal cancer, respectively. Those studies revealed that LC3

and ULK2 were two interacting partners of PKCA/v (Figures 4A and 4B) [18, 48-50].

LC3 is a central component of the autophagy machinery that also binds the adaptor p62
(encoded by the SQSTM1 gene) through its specific LIR (LC3-interacting region) domain
(Figures 1 and 4A) [51]. This is of great interest from a molecular cell biology point

of view because p62 was identified several years ago as an aPKC-interacting partner in

an unbiassed 2-hybrid screen [52]. Both p62 and the aPKCs harbor in their N-terminal
regions respective PB1 domains that account for p62 oligomerization and its interaction
with PKCA/v (Figure 1) [53-55]. Therefore, the existence of a p62-PKCA/x complex was
known for a long time, but its mechanistic involvement in autophagy has been recently
clarified. Thus, p62, PKCA/v and LC3 form a ternary complex whereby p62 helps anchor
PKCA/v to LC3, which results in the PKCA/v-induced phosphorylation of LC3 at serine 12
[48, 49]. It is well accepted that p62 is a positive component of the autophagy machinery

by bringing ubiquitinated aggregates to the autophagosome for their degradation [55-57].
However, p62 also favors the homeostatic inhibition of autophagy through the PKCA/v-
triggered phosphorylation of LC3’s S12 [48, 49]. The negative regulation of LC3 by S12
phosphorylation can be explained by modeling its structure with a p62 peptide. Accordingly,
S12 phosphorylation creates a destabilizing clash with D15, leading to structural changes
that account for the reduced binding of p62 to LC3 [48]. These biochemical experiments
and structural predictions explain why an alanine mutant of LC3 at serine 12, which

cannot be phosphorylated by PKCA /v, drives increased autophagy vesicles and flux [48].
Therefore, the loss of PKCA/1 promotes the accumulation of unphosphorylated LC3 that
binds more tightly to p62, and likely other components of the autophagic machinery,
fostering autophagy [48]. This process has two consequences. On the one hand, it favors the
generation of fatty acids for oxidation [48]. On the other, it creates an environment favorable
to the detoxification of damaged mitochondria, which accumulate as a consequence

of the enhanced oxidative stress created by the activation of oxidative metabolism in
PKCA/v-deficient hepatocytes (Figure 4A, Key Figure) [48]. However, to fully understand
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the complexity of the crosstalk between the different metabolic pathways controlled by
PKCA/v, it should be taken into consideration that PKCA./v represses basally oxidative
phosphorylation pathways by inhibiting the expression of its master regulator, PPARa
(Figure 4A) [48]. In this way, PKCA/v deficiency promotes PPARa-mediated oxidative
phosphorylation while simultaneously unleashing autophagy that feeds the pathway and
helps detoxify excessive ROS production [48]. Therefore, PKCA/ deficiency provides the
mechanisms that allow cancer and normal cells to sustain levels of ROS that are not toxic
but sufficient to drive tumorigenesis [48]. An important consequence of increased ROS
production by PKCA/v1-deficient cells is the activation of the transcription factor NRF2
(Figure 4A) [48], which serves two purposes. First, it also contributes to ROS detoxification
by transcriptionally upregulating oxidative stress scavengers [58]; this, together with the
upregulation of autophagy, maintains oxidative stress within acceptable levels. However,
increased ROS-induced NRF2 results in another pro-tumorigenic function. Thus, NRF2
accumulation in hepatocytes leads to their mitogenic activation through still-to-be fully
understood pathways [48].

PKCA/h, autophagy and the interferon response

From all these studies, we can conclude that PKCA/v is mechanistically tied to the
lysosome’s function through the phosphorylation of LAMTORZ2, which regulates mTORC1,
and through the phosphorylation of LC3, that contributes to autophagy’s role in oxidative
phosphorylation and ROS homeostatic control (Figures 3 and 4A). However, more recent
data link PKCA/1 to autophagy through another player. The unbiassed proteomics Bio-1D
strategy described above also revealed that PKCA/v interacted with proteins involved in
autophagy [47] and with components of the intracellular trafficking from the endoplasmic
reticulum to the Golgi [18]. A critical new interactor identified in that study was ULK2 [18]
(Figure 4B). This observation reinforced the notion that PKCA/1 is a fine-tune modulator of
autophagy because ULK2, like ULK1, can positively regulate this process [59]. However,
these unexpected new findings revealed a novel and unanticipated signaling connection
whereby PKCA/1 regulates interferon (IFN) activation. These recent studies showed that
ULK2 phosphorylates and activates another kinase termed TBK1 that plays a critical role
during IFN signaling [60]. Thus, by phosphorylating the transcription factor IRF3, which is
the master regulator of the synthesis of IFNa/p [61], TBK1 drives the generation of type

I IFNs (IFNa/B), whereas ULK1/2 also impacts autophagy [62]. The TBK1-IRF3 pathway
is controlled by the adaptor STING transitions from the endoplasmic reticulum to the

Golgi to activate this pathway [63, 64]. The fact that PKCA/1 interacts with components

of the ER-Golgi network, together with its ability to bind and phosphorylate ULK?2,
uncovers the molecular mechanism that underly previous observations that the loss of PKA/4
in IECs promoted the IFN cascade that recruited CD8* T cells to increase anti-cancer
immunosurveillance (Figure 4B) [18, 50].

The connection of PKCA/x with ULK2 also shed new light on mechanistic questions linking
the IFN response and different autophagy mechanisms. That is, ULK2 phosphorylation

by PKCA/v at serine 150 inhibited ULK?2 activity and promoted its degradation through

a Vps4AB-dependent mechanism, suggestive of microautophagy [18]. Central to this
process is the K63-type polyubiquitination of the ULK2’s K146 residue by the NDFIP1-
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NEDDAL ubiquitin ligase complex [18]. Inactivation of ULK2 by PKCA/1 maintains

S172 phosphorylation of TBK1 on check, which renders cells with low levels of IRF3
phosphorylation and basally reduced IFN signaling [18]. In this way, PKCA/x loss unleashes
the ULK2-TBK1-IRF3-IFN pathway in parallel with the activation of autophagy (Figure 4B)
[18]. Altogether, these observations open a new paradigm whereby autophagy is positively
modulated concomitantly to the stimulation of IFN signaling by the simple inhibition of
PKCA/v [18, 50]. These findings beg the question: what is the role of autophagy in the IFN
cascade activated by PKCA/v loss? Recent observations showed that inhibiting autophagy
severely reduced the enhanced activation of IFN in PKCA/v1-deficient cells because of
reduced STING levels [18]. This is apparently counterintuitive because previous data
suggested that STING was a target of autophagy itself [65], although later work challenged
that concept [64]. In this regard, the studies on PKCA/1 revealed a connection between
autophagy (also known as macroautophagy) and chaperone-mediated autophagy (CMA).
According to this model, STING is basally degraded by CMA to maintain IFN under
unstimulated conditions [18]. However, the activation of autophagy by PKCA/v deficiency
represses CMA through a mechanism that still needs to be identified, rendering cells

with high basal levels of STING that synergize with the increased activation of the TBK1-
IRF3 axis further to stimulate the IFN response (Figure 4B). These check-and-balance
mechanisms are central to preventing the pro-tumorigenic potential of PKCA /v -deficient
cells through activating immunosurveillance, at least in the intestinal cancer paradigm.

The complex relations between the IFN pathway, autophagy, and

immunosurveillance

All the studies described in the preceding section should be considered in the conceptual
framework of others addressing the crosstalk between autophagy and the immune response
[66, 67], which have generated complex and, on many occasions, contradictory conclusions.
This important topic has already been discussed in previous very informative reviews

[68, 69]. Here we will examine recent new evidence that sheds light on this seemingly
multifaceted question. At a cell-autonomous level, it seems that autophagy’s role in
controlling the IFN cascade and immunosurveillance processes is heavily dependent on

the context. Thus, if the activation of autophagy is accompanied by a parallel induction

of immunogenic cell death (ICD), as is the case in response to certain chemotherapeutics,
autophagy is a required event. However, the mechanism still needs to be fully understood
[70]. However, if the conditions involve the activation of the cGAS-STING pathway by,

for example, the release of mitochondrial DNA in response to radiotherapy, then autophagy
will inhibit the pathway by limiting the number of damaged mitochondria [71]. Also,
autophagy has recently been shown to degrade major histocompatibility complex (MHC)
class | proteins, at least in pancreatic cancer, suggesting that inhibiting autophagy prevents
immunoevasion [72]. If we keep in mind that the need for autophagy for the activation of the
IFN/immunosurveillance cascade seems to be dictated by the ICD status, then the evidence
that the loss of PKCA/v in IECs results in the activation of markers of ICD is consistent with
the positive role of autophagy in the activation of immunosurveillance in PKCA/v1-deficient
pre-neoplastic lesions [18].
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The new finding that PKCA/x regulates the IFN pathway has important consequences for our
understanding of the dual role of this kinase as a pro and anti-tumor molecule. Thus, recent
experiments showed that the inducible genetic inactivation of PKCA/v in already established
B-Catenin-driven tumors reduces tumor load, associated with triggering IFN signaling and
the recruitment of CD8* T cells [18]. These new findings strongly suggest that inhibitors of
PKCA/1 might be used to make tumors immunologically “hot” and, therefore, potentially
susceptible to immunotherapy. However, this again would be context-dependent due to the
cell-autonomous and non-autonomous role of PKCA/v as a tumor suppressor [2]. In this
regard, an important aspect of all these studies is the opposite effects of PKCA/1 in intestinal
cancer, depending on the timing of its inactivation. If PKCA/1 is lost concomitantly to tumor
initiation by APC inactivation, in that case it enhances tumorigenesis because the p-Catenin
pathway synergizes with the inflammatory state created by PKCA/v deficiency, which is
further boosted by the p-Catenin-induced activation of immunoevasion [17]. Therefore, if
the ability of PKCA/41 deficiency to activate the immunosurveillance mechanisms is blunted,
then PKCA /v loss drives tumorigenesis characterized by tubular adenomas [17].

Similarly, when PKCA/v is constitutively inactivated in IECs in which PKCC has also been
genetically ablated, mice develop intestinal tumors, but in this case through the serrated
pathway, which is likely driven by the activation of a YAP-MAPK cascade, independent of
B-Catenin signaling [11]. In this case, the immunosurveillance state activated by PKCA/v
loss is ablated by the lack of PKC( [11], which is required for IFN activation through a
mechanism not understood. These PKCA/1-PKC( doubly deficient tumors correspond to
the invasive mesenchymal phenotype, which has the worst prognosis in patients and for
which better therapies are sorely needed [11, 16, 20]. In this regard, while the single genetic
inactivation of PKCA/v in IECs is not sufficient to drive tumorigenesis, if the levels of
CD8™ T cells are reduced with neutralizing antibodies, then the full carcinogenic potential
of PKCA/v deficiency is unleashed, and serrated mesenchymal tumors develop without

any other oncogenic stimuli [11]. This contrasts with the APC-deficient model that does
not progress beyond the adenoma stage even under conditions of PKCA/v deficiency [17].
Therefore, the context, timing, and balance of signals accompanying the loss of PKCA/v
deficiency seem to be critical to determine the outcome of the mechanisms that drive tumor
development.

Challenges and opportunities in the therapeutic targeting of PKCA/v in

cancer

Several studies reporting the direct pharmacologic inhibition of PKCA/1 have met three
important caveats. First, it is extremely difficult to generate PKCA./v-specific chemical
inhibitors without also inhibiting PKCC due to the high degree of identity in their catalytic
domains. This important problem has not been adequately addressed yet and has been
recently discussed in a previous review [2]. The second potential caveat is liver toxicity;
as demonstrated recently and discussed above, PKCA/v inhibition in hepatocytes creates

a cell-autonomous and cell-non-autonomous oxidative state that drives tumorigenesis [48].
However, it should be kept in mind that PKCA/+ is lost chronically in this hepatocyte-
selective model, which is quite different from a situation in which this kinase might be
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inhibited acutely in a therapeutic setting, and the putative liver toxicity caused by excessive
oxidative stress could be managed to mitigate its side effects. Third, inhibiting PKCA/v as
an anti-cancer strategy must take into consideration that although some data suggest that
this kinase might be required for tumor initiation in certain cancer models, it is a tumor
suppressor, as demonstrated in more complex systems recapitulating the interplay between
the cancer epithelium and the tumor microenvironment [2]. However, while inhibiting
PKCA/v in the context of cells deficient also in other tumor and immunosuppressors such
as PTEN (in the prostate) or APC (in the intestine) drives higher levels of malignancy, the
fact that the single inactivation of PKCA/v in IECs causes a potent immunosurveillance
response in the absence of other mutations that prevents tumor initiation, suggest that
putative selective inhibitors of PKCA/1 might be useful to enable immunotherapy by
switching the tumor phenotype from immunologically cold to infiltrated by cytotoxic T
cells, as demonstrated in our own studies using inducible IEC-specific single PKCA/1

KO models [11, 18]. On the other hand, a potential barrier in using immune checkpoint
inhibitors in cancer therapy is the severe desmoplastic and immunosuppressive response
associated with the mesenchymal phenotype of tumors deficient for PKCA/v and PKC(
[11]. However, as shown recently, that hurdle can be overcome by combining anti-stroma
with immune checkpoint inhibition, suggesting that although the mesenchymal phenotype
of intestinal tumors is a clear promoter of malignancy, their reactive stroma also creates a
vulnerability that can be targeted therapeutically [11]. One very attractive possibility is that
the simultaneous reduction in the content of both aPKCs might be developed as biomarkers
to identify mesenchymal cancer patients susceptible to this type of combination treatment.

Concluding remarks

Considerable effort has been devoted to identifying the mutagenic landscape of different
cancers. While some of this knowledge has been leveraged to generate new therapies
that have been relatively successful in the clinic, it seems that a better understanding of
the complex interactions between different non-oncogenic players, such as epigenetics,
metabolism, and the IFN cascades, will generate new therapeutic targets in a mutational-
agnostic manner. On many occasions, decreased levels of gene products, like in the

case of PKCA/x, create new dependencies and tumor vulnerabilities. Since restoring

the activity/levels of these new non-oncogenic suppressors is challenging, a complete
characterization of the signals from cells deficient in these tumor-suppressive players is
critical to identify points of action for new therapeutics. In the case of PKCA/1-defective
cells, it will be necessary to find ways to inactivate its enzymatic activity in tumors

(to activate immunosurveillance) while simultaneously preventing the unleashing of pro-
tumoral signals. This, along with several other pending important mechanistic details,
remain to be investigated (see Outstanding Questions).

In summary, PKCA/1 inactivation generates signals that converge into enhanced
tumorigenesis by creating a pro-tumoral inflammatory environment, like in the intestinal
epithelium, or unleashing the autophagy-OXPHOS-NERF2 cascade, like in hepatocytes.
In contrast, in situations in which the tumor is already fully developed and initiated

by a mechanism independent of PKCA/x deficiency, the activation of the IFN-mediated
immunosurveillance cascade prevails. These data should be considered in the context of
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the dual role of PKCA /v loss in different types of cancers. Something that has not been
explored, but that would be of great interest, is to determine whether the activation of the
IFN pathway contributes to the inhibition of lung tumorigenesis and leukemia reported
upon PKCA/+ loss in mouse models driven by specific oncogene activation [12-15]. This
is undoubtedly an important aspect to resolve if PKCA/v can ever be considered a viable
potential therapeutic target in cancer.
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Highlights

PKCA/v regulates epithelial cell lineage differentiation in the intestine and the prostate
through epigenetic mechanisms, which are enabled, at least in prostate cancer cells,

by the upregulation of ATF4, a critical step in the serine biosynthetic pathway for the
generation of S-adenosyl-methionine, the obligate universal donor of methyl groups.

ATF4 is transcriptionally activated by mTORC1 through the PKCA/v-induced
phosphorylation of LAMTORZ at serine-30, which governs the aggregation of lysosomes
and increases the amount of mTOR and RagC proximal to the nucleus, where RheB
activates mTOR.

PKCA/v, in complex con p62, inhibits autophagy by directly phosphorylating LC3 at
serine-12, while PKCA/v inactivation renders cells with increased autophagy activity
that promotes oxidative phosphorylation triggered by PPARa and serves to eliminate
ROS-damaged mitochondria, maintaining ROS levels below toxic concentrations, which
enables the accumulation of NRF2 to activate tumorigenesis.

The loss of PKCA /v results in the activation of a new ULK2-TBK1 cascade that further
reinforces the activation of autophagy to prevent the degradation of STING that helps
stimulate the interferon pathway to promote CD8* T-cell recruitment and activation that
inhibits tumor initiation and progression.
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Outstanding questions

While it is clear that PKCA /v inactivation promotes EZH2-mediated repression of key
transcription factors involved in lineage differentiation and also promotes the generation
of methyl donor groups through the serine-one-carbon pathway, what remains to be
determned is the precise mechanisms whereby PKCA/v regulates the levels of EZH2, and
how that impacts the epigenome of differentiating cells in the intestine and the prostate
epithebum.

The fact that PKCA/v represses mTORCL1 through the regulation of lysosome position
with respect to the nucleus, which is instrumental for the activation of ATF4, also
begs the question: what other metabolic mechanisms are being impinged by PKCA/x
in a mTORC1-dependent, but ATF4-independent, manner that contributes to the cell-
autonomous antitumorigenic effects of PKCA/1?

By maintaining STING levels through the inhibition of CMA, increased levels of
macroautophagy by PKCA/v loss support the actuation of the IFN pathway triggered
via TBK1-IRF3. What remains to be determined is how macroautophagy inhibits this
process and whether it also impinges on other IFN-independent cell functions.

While PKCA/v loss unleashes the actuation of the IFN cascade, how PKCC inhibition
blocks that effect remains to be determined, which is essential for understanding

the immunoevasion mechanisms triggered in colorectal cancer by WNT-independent
pathways.
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Figure 1. aPK Cs have a contextual oncogene or tumor suppressor role
(A) The atypical protein kinase C subfamily is constituted by two members: PKC( and

PKCA/v. The aPKCs differ from the other members of the PKC family in that they lack
functional C2 and the C1 domain does not bind diacylglycerol. The regulatory domain of
the aPKCs also harbor a PB1 domain, a highly conserved protein interaction module that
regulates their binding to other PB1-containing proteins such as the autophagy receptors and
signaling adaptor p62.

(B-C) PKC( (B) and PKCA/1 (C) and their direct phosphorylation substrates and binding
partners. The aPKCs have a contextual oncogene or tumor suppressor role in different

types of cancer. They have pleiotropic biological functions mediated by phosphorylation

of substrates or binding to selective interactors. SGOC: serine glycine one-carbon; EMT:
epithelial mesenchymal transition; IFN: interferon.
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Figure 2. PK_C?L/x controlslineage cell differentiation through EZH2-dependent epigenetic
reprogramming

PKCA/v regulates lineage plasticity at least in part through the control of the stability

of EZH2 by direct phosphorylation. The loss of EZH2 phosphorylation upon PKCA/v
deficiency increases EZH2 and H3K27me3 levels, which represses the expression of two
master regulators of Paneth cell differentiation, ATOH1, and GFI1. The downregulation
of these two genes results in a disruption of Paneth cell homeostasis that leads to an
inflammatory microenvironment conducive to cancer.
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Figure 3. PKCA/1 regulatesthe crosstalk between epigenetic reprogramming and metabolism
The loss of PKCA /v results in the upregulation of serine biosynthesis through a mTORC1/

ATF4-driven pathway. PKCA/1 represses mTORCL activation by phosphorylation of
LAMTORZ2, a component of the Ragulator complex that anchors mTORCL to the lysosome
membrane, enhancing its activity. Loss of PKCA/v activates mTORCL to drive an ATF4-
dependent gene transcription program resulting in the upregulation of the serine biosynthetic
pathway that is key for synthesizing S-adenosyl methionine (SAM), which is the universal
obligate methyl donor for DNA methylation by DNA methyltransferases (DNMT).
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Figure 4. Theregulation of autophagy and the interferon pathway by PK CA/1 deter mines cancer
outcome

(A) PKCA/v represses oxidative phosphorylation pathways by inhibiting the expression
of PPARa and autophagy in liver. PKCA/x forms a ternary complex with p62 and LC3,
whereby PKCA/1 modulates the interaction of LC3 with p62, which is inhibited by the
constitutive phosphorylation of LC3 by PKCA/v. Loss of PKCA/1 enhances autophagy,
which increases ROS production that leads to NRF2 activation to promote tumorigenesis.
The loss of PKCA/1 enhances PPARa activity and autophagy, sustaining an oxidative
metabolism required for tumor development.

(B) The loss of PKCA/v unleashes the ULK2-TBK1-STAT1-IFN pathway to promote an
anti-tumorigenic response orchestrated by the recruitment of CD8* T cells in intestinal
epithelial cells. PKCA/x regulates the IFN pathway and autophagy through ULK2 by
phosphorylation. Autophagy upregulation by loss of PKCA/v serves to sustain the activation
of the IFN pathway by preventing the degradation of STING by CMA.
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Table 1.

Contextual-dependent role of the aPKCs and their binding partners in cancer
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PKC Interactors Organism/Cancer type aPK C expression | Proposed role/Mechanism References
PKCC PHGDH Colorectal cancer Reduced PKC( Metabolic reprogramming and tumor [6]
suppressor/Phosphorylation substrate
PKCC ADAR2 Metastatic colorectal Reduced PKC(Q Tumor suppressor role, repressor [10]
cancer of miR200 and EMT/Phosphorylation
substrate
PKCC B-Catenin and Intestinal cells and Reduced PKC(G Tumor suppressor role, repressor of [9]
YAP colorectal cancer stemness/Phosphorylation substrate
PKCC c-Myc Prostate cancer Reduced PKC(Q Tumor suppressor role/Phosphorylation [8]
substrate
PKCA/L | p62 Hepatocellular carcinoma Reduced PKCA/v | Tumor suppressor role/PB-1 adapter [54, 55]
PKCA/L | LAMTOR2 Neuroendocrine Prostate Reduced PKCA/L Repressor of mTOR and lineage plasticity/ | [19]
cancer Phosphorylation substrate
PKCA | EZH2 Colorectal cancer Reduced PKCA/v | Repressor of Paneth cell differentiation/ [17]
Phosphorylation substrate
PKCA/L | ULK2 Colorectal cancer Reduced PKCA/v Inactivation of interferon pathway and [18]
autophagy/Phosphorylation substrate
PKCA/L | SOX2 Lung squamous carcinoma | Increased PKCA/v | Activation of stemness/Phosphorylation [12]

substrate

Trends Cell Biol. Author manuscript; available in PMC 2023 December 01.



	Abstract
	Contextual dual oncogene or tumor suppressor role of the atypical PKCs
	Epigenetic and metabolic control of lineage plasticity
	PKCλ/ι modulates epigenetic mechanisms in cell differentiation
	Lysosomal positioning and mTORC1 activity in ATF4 upregulation and one-carbon metabolism

	PKCλ/ι is a new player in the regulation of autophagy
	Autophagy control by the p62-PKCλ/ι-LC3 ternary complex regulates oxidative metabolism
	PKCλ/ι, autophagy and the interferon response

	The complex relations between the IFN pathway, autophagy, and immunosurveillance
	Challenges and opportunities in the therapeutic targeting of PKCλ/ι in cancer
	Concluding remarks
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.

