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Protein kinase C-theta (PKCB) is a key enzyme in T lymphocytes signal transduction pathway that works downstream
of the activated T cell receptor (TCR) and the CD28 receptor. This protein translocates to the center of the immunological
synapse (IS) as T cells encounter an antigen. Depending on the quality and quantity of extracellular antigenic stimuli,
PKCO differentially phosphorylates and activates different effector molecules that mediate signal transduction into distinct
subcellular compartments and activate the major T cell responsive transcription factors, NF-«xB, NFAT and AP-1.

Besides having a major biological role in T cells, PKCO is also expressed at high levels in gastrointestinal stromal tumors,
although the functional importance is not fully clear. The present manuscript shades light on the current understanding on

PKCO in T cell signaling and cancer.
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Introduction

PKCH is a phospholipid-dependent, but Ca**-independent serine/
threonine kinase, which resides in the cytosol of resting cells. Cell
activation mediates it’s translocation to the plasma membrane
where it interacts with diacylglycerol (DAG). PKC9 is involved
in the formation of the IS, directional release of effector molecules
from cytotoxic T cells towards their specific target cells [1], and
above all it is essential for T cell activation and survival [2] .

PKC, being key enzyme in T cell differentiation and activation, is
inactive in a steady state condition as its catalytic domain is bound
to a pseudo-substrate motif. Autophosphorylation at two sites of
its C terminus (turn motif and hydrophobic motif) subsequently
activates the kinase. However, self-activation of PKC is still under
investigation. In the Jurkat T cells, the activation loop, turn motif
and hydrophobic motif are constitutively phosphorylated. No/low
phosphorylation of Thr-219 autophosphorylation site of PKC6
in resting T cells suggests for its inactivity [3]. PI3K and PLCyl
play critical role in the activation of PKC8. Once activated, PLCy1
leads to the production of second messenger inositol triphosphate
(IP3) and diacylglycerol (DAG). IP3 induces Ca2+ influx whereas
DAG activates PKCs [4] . Intracellular location of PKCO signs for
the activation status of T cells. In resting T cells, PKCO is mostly
localized in cytoplasm, whereas upon TCR stimulation, PKC8
translocates to the membrane [5].

Several biochemical studies have shown that the activation and
regulation of kinase activity of PKCO upon T cell activation

depends on it’s translocation to the membrane, where it is
phosphorylated by Lck at Tyr90 [6]. Lee et al. have shown that
PDK1 interacts with and phosphorylates PKC8 at threonine 538
located in activation loop [7]. Phosphorylation of this site is
critical for PKCO kinase activity, and its ability to activate NF-
kB. Moreover, PKCO undergoes auto-phosphorylation at threonine
219 in the regulatory domain upon T cell activation. Mutation of
this site in PKCO prevented the proper recruitment of PKCBO in the
activated T cells, but does not affect its catalytic activity or DAG
binding ability [3]. Activation of PKCH is thus carefully regulated
by multiple mechanisms during T cell activation.

PKC®@ interacting proteins in T cells

PKC6 interacts with multiple proteins and physiological substrates
that eventually shape biological functions of T cells. Below are
the some of the important signaling substrates of PKC0 in T cells:

14-3-3t

The first PKCO -binding protein identified was 14-3-3t, a member
of a large family of conserved regulatory proteins expressed in all
eukaryotic cells [8, 9]. PKCO was found to coimmunoprecipitate
with 14-3-3tin Jurkat T cell lysates and to interact with immobilized
glutathione S-transferase (GST)-14-3-3t in a pull-down assay or
with soluble GST-14-3-3t in a Far Western overlay assay [10].
14-3-31 is predominantly cytosolic, and its overexpression in
Jurkat cells inhibited phorbol ester-induced cytosol-to-membrane
translocation of PKCBO. Overexpression of 14-3-3t also inhibited
PKC6 -dependent IL-2 production. It is possible that 14-3-31 binds
PKCH only in its inactive conformation and thereby targets PKC6
to the cytosol and/or protects it from proteolysis.
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Akt/PKB

Akt/PKB was found to activate the NF-«kB signaling pathway in T
cells [11, 12] by mimicking the CD28 costimulatory signal leading
to NF-kB activation [13]. In addition, studies showed that PKC6
and Akt/PKB constitutively associate in intact T cells and bind
directly to each other in vitro [14]. Because both PKC8 and Akt/
PKB are recruited to the plasma membrane in activated T cells,
their complex is likely to exist in this compartment.

PICOT

The human PICOT protein was initially identified by Witte et al.
in a study aimed at discovering new PKC6-binding proteins in
activated human T cells. Utilizing the yeast two-hybrid system,
they tested binding of bait consisting of catalytically inactive
PKCBO (PKCO-K409R) to protein products of a Jurkat cell cDNA
library [15]. Most positive clones obtained were found to possess
sequences corresponding to a novel gene, which was cloned
(GenBank accession no. AAF28844) and further characterized.
PICOT is 335 amino acids long; it consists of an amino-terminal
thioredoxin (Trx) homology domain, which is required for
interaction with PKC60.

Initial functional characterization of PICOT revealed that it inhibits
PKC6-induced JNK, but not ERK activation, and down regulates
PKC6-dependent activation of AP-1 and NF-«kB in TCR-stimulated
Jurkat T cells [15]. Because AP-1 and NF-kB are usually activated
by various stress signals, these functional effects of PICOT and
the conservation of the Trx system and the PICOT-HD domain
throughout evolution suggest that PICOT and its relatives may
have evolved as proteins that regulate stress-induced signaling
pathways in other cell types and organisms via their interaction
with kinases.

Chl

Cblis aubiquitously expressed cytoplasmic protein that is abundant
in the thymus and cells of the hematopoietic system [16-18] .
Analysis of Jurkat T cells demonstrated that Cbl associates weakly
with 14-3-3 proteins in unstimulated cells, an effect that was
greatly enhanced by TCR-ligation and by PKC-activating phorbol
esters [19, 20]. The effect of PMA on tyrosine phosphorylation
of Cbl was reversed upon treatment with a PKC-inhibitor GF-
109203X. Liu et al. found that PKCO physically associate with,
and phosphorylate, Cbl [21] . Additional studies revealed that a
C-terminal serine-rich motif in Cbl, which is critical for PMA
induced 14-3-3 binding, is the target for phosphorylation by PKC6.

Fyn and Lck

Fyn and Lck are essential kinases for the normal development and
function of mature effector T cells [22]. Fyn was the most prominent
tyrosine-phosphorylated protein associated with PKC6 [23]. PKC6
-Fyn interaction was also observed using the yeast two-hybrid
system and reciprocal coimmunoprecipitation from T cell lysates.
When tested in vitro, PKC6O was found to be a substrate for Fyn.
In addition, the presence of Fyn increased PKC8 catalytic activity.
An inhibitor of PKC6 binding to Fyn, TER 14687, abrogated PKC6
redistribution in CD3-stimulated T cells and decreased cytokine
production in a dose-dependent manner. As noted above, T cell
activation is followed by tyrosine phosphorylation of PKC8 [6].
Phosphorylation was mediated by Lck, which also interacted
directly with the PKCO regulatory domain as demonstrated by
pull-down with GST-fusion proteins, coimmunoprecipitation, and

an overlay assay. Lck association with PKCO could be observed in
resting cells, increased following T cell activation, and involved
both the SH2 and SH3 domains of Lck. Other important signaling
proteins that are found to interact with PKCO in T cell includes
SPAK, CARMA, Moesin and HePTP, which are discussed in great
details elsewhere [24].

Localization of PKC0 in the immunological synapse

PKC6O colocalizes with the TCR in the central supramolecular
activation cluster (cSMAC) [25]. T cell surface receptor engagement
triggers signaling cascades that result in the recruitment of
multiple membrane-anchored and cytoplasmic effector molecules,
including kinases, adaptor proteins,and cytoskeletal components,
to the IS [26]. PKCH attracted significant attention when it was
found to be one of the most prominent proteins and the only
PCK among all the isoforms selectively translocating to the IS
[25, 27]. PKCO is found to be recruited to the junction between
the cSMAC and peripheral (p) SMAC and co-localizes with
TCRs in a CD28 co-stimulatory-dependent manner [25, 27, 28].
Additional high-resolution imaging analysis by TIRF microscopy
demonstrated that PKCO colocalizes with CD28, and demonstrated
that the cSMAC is divided into two structurally and functionally
distinct compartments: a central TCR- high compartment, where
signaling is terminated and TCR-associated signaling complexes
are internalized and degraded [29], and an outer TCR-low “ring”
where PKCO and CD28 colocalize [30] . Further studies have
shown that T cells expressing PKCO periodically break open
the pSMAC to create an asymmetric focal zone accumulation
pattern that relocates to nearby areas where the pSMAC reformed
[31]. This periodic breaking of the symmetric pSMAC to form a
polarized focal zone allows short bursts of migration, facilitating
T cell interaction with multiple antigen presenting cells [32]. A
recent study has identified a unique region of PKC9, called the
V3 domain, that is responsible for the selective translocation of
PKCH to the IS [33]. The PKCO-Lck—CD28 interaction explains
why PKCB8 recruitment to the IS depends on CD28 co-stimulation.
However, in a different study the active kinase domain of PKC6
was reported to be essential for PKCO translocation into the IS
[34] and is not clear why there is a discrepancy. One possibility
is that the two studies used different sources of T cells: primary T
cells transduced with retrovirus and a D10 cell line. In contrast to
conventional T cells, PKCH does not translocate to IS of Tregs. In
fact it is actually sequestered away from the IS [35], suggesting
that the function of PKCB8 in Tregs is likely to be different from its
functions in conventional T cells. Altogether, the fact that selective
translocation of PKCH (but not other isoforms of PKC) to the IS
is critical for T cell activation, strongly suggests it has unique
functions in mediating TCR signals, and that selective inhibition
of PKC6 could specifically interfere with T cell function.

Role of PKCO in T cell activation and signaling pathways

The major PKC6-mediated TCR signaling pathways are illustrated
in figure 1. Cytoskeletal components play critical roles in signal
transduction from the IS through TCR and ensuing events leading
to T cell activation. Intracellular location of PKC8 is critical for
its function in mediating TCR signals. In resting T cells, PKC8
is mostly localized in cytoplasm. Upon TCR stimulation, PKC6
translocates to the membrane detergent insoluble regions called
lipid rafts [5]. Vav was found to promote the translocation of
PKCH from the cytosol to the membrane and cytoskeleton [36].
It also induced PKCO activation in a CD3/CD28 co stimulation
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pathway that was dependent on Rac and actin cytoskeleton
reorganization. In addition, a TCR/CD28-coupled Vav signaling
pathway that mediated the activation of JNK and the IL-2 gene,
and upregulated CD69 expression, was dependent on intact PKC6
function because these Vav-induced responses were inhibited by a
dominant-negative PKCO mutant or by a selective PKCBO inhibitor
[36]. Also in another study, membrane or lipid raft recruitment
of PKCO was absent in T cells treated with PI3K inhibitors and
was enhanced by constitutively active PI3K. These findings reveal
that the Vav/Rac- and PI3K-dependent pathway promotes the
recruitment of PKCO to the T cell synapse and its activation [36,
37]. Activation of T lymphocytes, in addition, requires sustained
physical interaction of the TCR with a major histocompatibility
complex (MHC)-presented peptide Ag. Such interaction leads to
activation of the Src family protein tyrosine kinase (PTK) Lck [4]
and then recruitment of ZAP70 and subsequent recruitment of the
adaptor proteins LAT, SLP76, and VAV. LAT then recruits PLCyl
[38, 39], which catalyzes IP3 [4]. In addition to DAG, PKC6
activation also seems to require phosphorylation of threonine 538
(T538) in its activation loop [7, 40]. A recent study indicates that
GLK is the upstream kinase responsible for T538 phosphorylation
[41]. However, productive T cell activation depends on an
additional signal that can be provided by several costimulatory
receptors. The major costimulatory signal for T cell activation
is provided by interaction of the T cell surface molecule CD28
with its CD80/CD86 (B7-1/B7-2) ligands on APCs [42]. The
combination of signals from TCR and CD28 leads to activation
of downstream transcription factor, followed by the activation of
IL-2 gene promoter. In the absence of a CD28 signal, T cells enter
to a stable state of unresponsiveness termed as anergy [43]. The
analysis of PKCO™~ T cells [44] revealed that two transcription
factors, i.e., nuclear factor kB (NF-kB) and activator protein-1
(AP-1) are targets of PKCO in TCR/CD28- costimulated T cells.
The PKCB-mediated activation of these two transcription factors
requires the integration of signals generated by the TCR and
CD28. Later analysis of PKCO/ mice revealed, however, that
Ca?* signals and, consequently, NFAT activation, are also impaired
in PKCO™ T cells [45, 46]. Consistent with the important role of
PKCH in IL-2 promoter activation, the mature T cells of PKCH™~
mice display a severe defect in TCR/CD28-induced proliferation
and IL-2 secretion, defects that can largely be rescued by the
addition of exogenous IL-2 [44, 46].

Transcription factor NF-kB is activated upon TCR crosslinking,
and is critical for T cell survival and activation [43, 44]. In
unstimulated T cells, NF-«kB is sequestered in the cytoplasm by
IkB. T cell activation results in phosphorylation and degradation
of IkB, leading to translocation of NF-kB to the nucleus [47].
Phosphorylation of IkB is mediated by IkB kinase (IKK) complex,
which contains two catalytic subunits, IKKa and IKKf, and one
regulatory subunit, IKKy. Previous studies in several T cell lines
had shown that PKCB8 is essential for activation of NF-kB upon
TCR-mediated stimulation [45-47]. In agreement with these
studies, primary PKCO” T cells displayed defects in NF-xB
activation upon TCR stimulation [6, 48]. PKCO” T cells failed
to activate IKK complex or degrade IkB [48]. Degradation of
IkB releases NF-xB to the nucleus, where it participates in the
activation of target genes essential for T cell activation [49-51].

Previous in vitro studies using Jurkat cells have implicated JNK
in linking PKCO to AP1 [52]. However, JNK activation is normal

in PKCO” T cells [44], suggesting that an alternative pathway
may be involved in PKCBO-regulated AP1 activation. Although the
exact mechanism responsible for PKC6-mediated activation of
AP-1 is still unclear, several studies have provided some insight
into this process. Other Ras and MAP kinases like ERK and P38
are involved in PKCO-mediated AP-1 activation [52, 53]. Li and
colleague isolated a PKC6-interacting upstream MAP kinase,
originally termed Ste20/SPS1-related proline and alanine-rich
kinase (SPAK), and demonstrated that SPAK selectively interacts
with PKCO and participates in PKC6O-mediated activation of AP-1,
but not NF-«B [54].

Several studies have shown that PKCO enhances the activation of
NFAT by stimulating Ca?* influx; TCR-induced Ca*" influx, and
NFAT activation is defective in T cells from PKCO™ mice [46, 55].
Although PKCH regulates Ca?* signals via stimulation of PLCyl,
it is not known how PKCH stimulates PLCyl. The Tek kinase
family member Itk may be the missing link. Itk-deficient T cells
display defective Ca** influx and PLCy]1 activation [56], whereas
over expression of Itk leads to stimulation of PLCy1 activity [57].
Therefore, it is possible that PKCO regulates PLCy1 activation via
Itk.
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Figure 1: Schematic illustration of PKC6-regulated signaling
pathways in T cell.

Altogether, PKCO-mediated TCR signaling regulates multiple
signaling pathways including NF-xB, AP-1, and NFAT that are
all critical for T cell activation. Inhibition of PKCS is therefore
expected to prevent T cell activation by blocking these pathways.

PKC0 and cancer

While PKC6 is not a bona fide oncogene product, it can function
as a modulator of signaling pathways in cancer cells and thereby
modulate tumor progression and metastasis formation. For
example, PKCO was found to promote c-Rel-driven mammary
tumorigenesis in mice by repressing estrogen receptor o (ERa)
synthesis [58]. In addition, PKC6O was found to up regulate the
expression of Fra-1, which is implicated in oncogenesis, in ER-
negative invasive breast cancer cell lines [59].

High expression levels of PKCO were observed in a majority of
gastrointestinal stromal tumors (GIST) tested [60], and although
the role of PKCO in GIST cells has not been thoroughly studied, it
was suggested to play a role in regulating aberrant c-Kit-dependent
signaling pathways that characterize a majority of GIST [60].
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The availability of the cBioPortal for Cancer Genomics (http://
www.cbioportal.org), which contains data for 17,584 tumor samples
from 69 cancer studies, enables analysis potential alterations in the
PKC6 gene, PRKCQ, in different human cancers. A cross-cancer
alteration summary revealed a variety of genetic alterations for
PRKCQ, predominantly mutations, but also amplifications and
deletions in cancer cells from a variety of histological origins
[61, 62]. However, information on the relationship between the
genetic changes in PRKCQ and the tumorigenicity and metastatic
potential of the individual cancers does not exist.

Key unresolved issues in PKCO function

Studies indicate relatively normal responsiveness of PKCO™~
cells to infectious agents as well as high affinity antigenic
stimulation (e.g., OVA) in vivo [63]. However, PKCO"~ T cell
alloreactivity and GVHD- inducing ability is severely impaired,
likely due to reduced proliferation and survival in recipient mice
[63]. This fundamental difference in the requirement of PKCO in
various settings is a key unanswered question, and is central for
understanding how detrimental and beneficial functions of T cells
in BMT can be separated. The specific inability of PKCO™ T cells
to induce GVHD can be due to several mutually non-exclusive
reasons. First, the conditioning regimen used for BMT may play
an important role. Thus, lethal irradiation prior to BMT severely
depletes recipient APC required for donor T cell activation. It is
possible that reduction in APC impacts PKCO™ T cell responses
more severely than WT T cells. Interestingly, allograft survival in
heart transplantation models showed a relatively small requirement
for PKCH in transplant rejection [64, 65], likely due to presence of
compensatory functions of PKCa [65]. Therefore, it is possible that
impaired alloreactivity in the absence of PKC0 is more pronounced
in the BMT setting. Second, it is possible that defects in CD4 and
CDS8 T cell migration [66] contribute to lack of GVHD induction
in the absence of PKCH. Thus, impaired migration of PKCO/ T
cells to GVHD target organs such as the gut, lungs, and skin may
be responsible for reduced GVHD. Third, the function of PKC6
in alloreactivity may not be limited to effector T cell responses.
Previous studies investigating a role for PKCO in Tregs suggest
that PKCO function in Treg may also be important in alloreactivity
[35]. While PKCH localizes to the immune synapse (IS) in effector
T cell, PKCBO is sequestered in a distal complex away from the
IS in Treg [35]. As such, PKCH is responsible for mediating a
negative effect on the suppressive function of Treg. Consequently,
PKC6 inhibition enhances Treg function leading to protection from
inflammatory colitis in mice [35]. While PKCB inhibition leads to
enhance Treg function, PKC6 absence does not have the same effect
[67]. The underlying reason for this is not completely clear [68].
The easiest albeit simplistic way to understand why PKC0 absence
does not impact anti-infection and anti-tumor responses is to
consider a role for functionally redundant pathways. As mentioned
above, PKC0 is involved in regulating activation of NF- kB, AP-
1, and NF-AT. Studies by Marsland and colleagues have shown
that microbial stimulation through pattern recognition receptors
(PRR) can induce NF-«xB activation in PKCO7 T cells [69-71].
Thus, PRR may play a key functionally redundant role with PKC8
during infection with microbial agents. In contrast, why anti-tumor
responses are only slightly reduced in the absence of PKCH is
more difficult to understand. BMT is primarily used for leukemia
treatment. Leukemic cells and B lymphocytes have naturally high
expression of MHC and co-stimulatory molecules, reflecting the
natural function of these lineages in antigen presentation. In the

above-mentioned study [63], A20 B cell lymphoma cells were
used as tumor targets. Whether PKCO™~ T cells are specifically
(or only) able to eradicate leukemic tumors can be directly tested
by determining PKCH requirement in eradication of non-leukemic
tumors. Mechanistically, one possibility is that functionally
redundant pathways are strongly activated in PKCO™ T cells
by A20 and potentially other leukemic tumors. Furthermore,
leukemic tumors may represent better targets for PKCO™ T cells
than epithelial cells targeted during GVHD. Regardless of precise
mechanisms, it is likely that both responses to infectious agents
and leukemic tumors are maintained in the absence of PKCH
through functionally redundant pathways. A recent study identified
a novel role for PKCH as a transcriptional co-activator capable
of interacting with promoters of several immune function genes
[72]. How this function impacts alloreactivity and other known
functions for PKCO remains to be determined.

Conclusions and future perspectives

Identification and characterization of the molecular mechanism
by which PKCO associates with CD28 and colocalizes with it
at the cSMAC has provided important information relevant to
the mechanism by which CD28 and PKCH contribute to signal
transduction inTCR/CD28-engaged T cells. These findings also
raise new questions relevant to the mechanism of interaction of
CD28 and PKCB0 and their specific role in the induction of distinct
T cell-mediated immune responses. One obvious question relates
to the mechanism by which PKCH is sequestered away from the
IS of activated Treg cells. It would be interesting to determine
whether a CD28-Lck-PKCB tri-partite complex [33] occurs in Treg
cells, and determine the mechanism that enables PKCO recruitment
away from the Treg-APC contact area. A plausible explanation for
this process is that CTLA-4 competes with CD28 in recruitment
to the cSSMAC [73]. In addition, it is not known whether PKC0 is
involved in a second signal delivery during the costimulation of yo
T cells [74].

Despite the extensive amount of studies on the biology of PKCO
in mouse T cells, very little is known about its regulation and
function in human T cells. This is a substantial gap that would need
to be filled if PKCH is destined to fulfill its promise as a clinically
relevant drug target [75]. As discussed earlier, the dependence of
T cell-mediated deleterious autoimmune/inflammatory responses,
including GVHD, on PKC6 make it an attractive clinical drug target
with potentially advantage over global toxic immunosuppressive
drugs such as calcineurin inhibitors (e.g., cyclosporineA). Indeed,
there has been considerable interest among pharmaceutical
companies in developing small molecules elective PKCBO catalytic
activity inhibitors [76]. Nevertheless, small molecule inhibitors of
protein kinases often have toxic side effects because of their lack of
absolute specificity, which reflects the relatively high conservation
of catalytic domains within the protein kinase family, and even
more so within the PKC family. Furthermore, since catalytic kinase
inhibitors in current clinical use are ATP competitors, they need
to be used at relatively high and potentially toxic concentrations
to effectively compete with ATP. Thus, there has recently been
considerable interest and progress in developing allosteric kinase
inhibitors, which bind to sites other than the catalytic site in kinases
and, thus, are likely to be much more selective and less toxic [77].
A study demonstrates a new potential approach for attenuating
PKC6-dependent functions utilizing allosteric compounds based
on the critical PR motif in the V3 domain of PKC0 that will block
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its Lck- mediated association with CD28 and recruitment to the IS
[33], which is obligatory for its downstream signaling functions.
This new approach could serve as a basis for the development of
new therapeutic agents that would selectively suppress undesired
T cell-mediated inflammation and autoimmunity or prevent graft
rejection, while preserving desired immunity, such as anti viral and
anti tumor responses.
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