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We recently reported on a new 
wrinkle of complexity in how 

eukaryotic genes are regulated by pro-
viding evidence for a hitherto unknown 
nuclear function of the signaling kinase, 
Protein Kinase C-theta (PKC-θ). This 
chromatin-anchored complex positively 
regulates inducible immune genes and 
negatively regulates target miRNA 
genes. These data challenge the tradi-
tional view of mammalian signaling 
kinases and provides new avenues for 
therapeutic drug design.

Complex programs of transcriptional 
regulation orchestrate the carefully coor-
dinated expression of many eukaryotic 
genes, whose functions are required in 
different tissues and at particular times 
during development and in mature 
eukaryotic organisms. The molecular 
mechanisms that mediate such precise 
and intricate control over the expression 
of eukaryotic genes have been extensively 
studied; however, the extent to which 
dynamic changes in chromatin structure 
contribute to this process remains poorly 
understood. We recently reported on a 
new wrinkle of complexity in how eukary-
otic genes are regulated in order to achieve 
specific outcomes in a specific cell type or 
biological context. Our recent work dem-
onstrates that the signaling kinase PKC-θ 
plays perhaps equally significant biologi-
cal roles when docked in lipid rafts in 
the plasma membrane and when tethered 
to chromatin in the nucleus of human  
T cells.1 PKC-θ forms a chromatin-
anchored complex and acts as an indirect 
activator of downstream transcription fac-
tors in transcriptionally activated human 
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T cells. Notably, the active multi-subunit 
complex includes RNA polymerase II  
(RNAP II), histone kinase MSK-1, 
demethylase LSD1 and the adaptor mole-
cule 14-3-3ζ. Furthermore, this complex is 
enriched in regulatory and 5'-transcribed 
regions of inducible immune response 
genes in activated but not resting human 
T cells, and in the promoter regions, 
but not in transcribed regions, of tar-
get microRNA (miRNA) genes. Because 
PKC-θ negatively regulates target miRNA 
genes identified to date, the latter function 
is novel and was entirely unanticipated. 
These data challenge the traditional view 
of mammalian signal transduction protein 
kinases and demands a re-examination of 
the scope of their intracellular function.

PKC-θ was traditionally thought to 
function exclusively in the cytoplasm; 
however, our observation that PKC-θ also 
plays a role in the nucleus and associates 
with chromatin is not without precedent. 
For example, it is now recognized that 
actin and myosin, previously thought of as 
cytoplasmic cytoskeletal proteins involved 
primarily in cell structure and motility, 
cooperate with all three RNA polymerases 
to regulate transcription of target genes 
in the nucleus.2-4 Similarly, in plants the 
metabolic enzyme nuclear hexokinase1 
forms a glucose signaling complex that 
directly regulates transcription of target 
genes.5 Gomez-Ospina et al. showed that 
a calcium channel can act as both an ion 
pore and function as a transcription fac-
tor.6 Another well-known example of a 
protein kinase with dual roles in two dif-
ferent subcellular compartments is the 
yeast stress-induced MAP kinase Hog1, 
which is the homolog of mammalian 
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Furthermore, dysregulation of PKC-θ has 
been implicated in pathologies such as 
tumorigenesis.27-29 Indeed, our genome-
wide analysis in conjunction with our 
functional studies support these findings, 
as PKC-θ appears to be coupled to pro-
cesses that regulate epithelial to mesen-
chymal transition that is a key feature of 
tumor progression.1

To understand the duplicity of PKC-θ 
and the downstream events that it regu-
lates, future studies must address many 
unanswered questions: how does PKC-θ 
enter the nucleus? How are the cytoplasmic 
and nuclear functions of PKC-θ integrated 
to efficiently drive an appropriate physi-
ological response? Does chromatin-associ-
ated PKC-θ have distinct binding partners 
in different cell types? Does chromatin-
associated PKC-θ exist and regulate gene 
expression programs in multiple T-cell 
subsets? When and how is the phosphory-
lation/active state of components of this 
nuclear complex regulated? Does PKC-θ 
recruit other histone modifying complexes 

PKC-θ selectively migrates to the cen-
tral supramolecular activation complex 
region of the immunological synapse 
at the plasma membrane via lipid rafts 
in activated T cells.12,18,19 Here, PKC-θ 
interacts with other signaling molecules 
(Fig. 1) to induce a cascade of events in 
antigen-stimulated T cells, including 
activation of transcription factors such as 
NFκB and AP-1.11 For the first time, we 
have shown that in addition to the PKC-θ 
complex that assembles on lipid rafts, a 
second signaling complex forms that is 
tethered to critical transcriptional tar-
gets on chromatin (Fig. 1). Importantly, 
PKC-mediated phosphoinositide signal-
ing appears to be intact and responsive 
to both the plasma membrane-associated 
and chromatin-associated PKC-θ com-
plexes.20-22 Not only is PKC-θ signaling 
necessary for T-cell activation and IL-2 
expression, but this kinase also plays a 
pivotal part in T-cell-mediated immune 
disorders that are characterized by Th1/
Th2 CD4+ T-cell-mediated responses.23-26 

p38α. Upon activation, such signal trans-
duction kinases interact directly with spe-
cific target genes in the nucleus.7-9 In the 
case of Hog1, this process is critical for the 
response to osmotic stress and is tightly 
regulated; similar to PKC-θ, activated 
Hog1 associates with the promoter as well 
as downstream transcribed regions of its 
target genes.7,9,10

Upon stimulation of the TCR and 
CD28 co-receptor, activation of a signal-
ing scheme involving PKC-θ is among the 
complex series of molecular events initi-
ated.11,12 PKC-θ is a member of the Ca2+-
independent novel PKC (nPKC) subfamily 
(which also includes PKC-δ, ε and η) and 
is primarily expressed in T lymphocytes, 
muscle cells and platelets,13-15 although a 
smaller isoform, PKCθII, is specifically 
expressed in the testis.16 Conversely, the 
conventional PKCs (cPKCs; α, β and 
γ) are activated by Ca2+ and the second 
messenger diacylglycerol (DAG), whilst 
the atypical PKCs (aPKCs; ζ and λ) are 
not activated by either Ca2+ or DAG.17 

Figure 1. Following activation of T cells, two distinct PKC-θ signaling complexes are initiated, either at the plasma membrane or in the nucleus. The 
complex at the immunological synapse is formed rapidly within minutes by the transient association of numerous signaling molecules, such as those 
depicted in this figure, using the lipid rafts as an anchoring platform. In contrast, an independent nuclear PKC-θ signaling complex associated with the 
active transcription apparatus is formed at gene-specific loci using chromatin as the docking platform. Here, it is proposed that this nuclear signaling 
complex is formed by the association of distinct proteins, compared to that at the plasma membrane. Different stimuli contribute to the formation of 
each of these signaling complexes, possibly attributing to the more delayed nuclear PKC-θ assembly kinetics that can be detected by ChIP up to  
24 h post-stimulation.
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above, Hog1 in yeast and PKC-θ in human  
T cells distribute in both promoter and 
transcribed regions of their respective tar-
get genes. The significance of this obser-
vation is currently under investigation. It 
is plausible that PKC-θ enters the tran-
scribed region by “piggybacking” with 
RNAP II or chromatin regulators,42 thus 
modulating chromatin structure during 
transcription. Although both RNAP II 
and PKC-θ appear to be essential for effi-
cient transcription of inducible genes in 
activated T cells, the exact role of PKC-θ 
during transcription elongation remains 
unclear. Chow and Davis proposed that 
association of protein kinases with the 
coding region could enhance mRNA pro-
duction.31 We suggest that such a complex 
system of gene activation could also ensure 
a more tightly controlled transcriptional 
response and that the transcribed region 
of inducible genes is an important hub 
for transcriptional activity in activated T 
cells.

Another important and unanticipated 
finding is that PKC-θ not only teth-
ers to and positively regulates inducible 
immune response genes, but that it also 
negatively regulates miRNAs crucial for 
cytokine repression in activated T cells. 
Strikingly, PKC-θ preferentially interacts 
with the promoters of a subset of miRNA 
genes, while it preferentially interacts with 
the 5'-transcribed regions of its target 
immune response genes. The stable assem-
bly of PKC-θ in miRNA gene promoters 
might promote formation of a repressive 
complex, functionally distinct from the 
chromatin-associated PKC-θ complex 
enriched in the 5'-transcribed regions of 
actively-transcribing immune response 
genes. Alternatively, we speculate that this 
differential distribution of PKC-θ is medi-
ated by sequence-specific transcription 
factors bound to cognate sites in a spe-
cific cohort of gene promoters. Repressor 
proteins may block the entry of PKC-θ 
into the transcribed region of miRNA 
genes or activating complexes essen-
tial for this elongation process are not 
recruited. Future studies will be needed 
to determine whether chromatin-tethered 
enzymes tend to repress miRNA genes in 
other cell types, or if this phenomenon is 
only observed in activated T cells. It will 
also be interesting to determine whether 

(and other signaling kinases yet to be iden-
tified with dual roles in the cytoplasm and 
nucleus) could promote changes in chro-
matin structure and/or directly modulate 
gene expression. PKC-θ could be recruited 
to regulatory regions of inducible genes 
initially by specific transcription factors 
or by specific histone PTMs in activated 
T cells.34 PKC-θ might also function as a 
structural adaptor that recruits transcrip-
tional machinery or chromatin remod-
eling complexes to specific promoters. 
Alternatively, PKC-θ could phosphory-
late and activate transcription regulatory 
proteins in transcription complexes. Our 
data does not support a role for PKC-θ in 
phosphorylating histones in vivo (at least 
for serine-10 on histone H3), even though 
it has been reported that PKC-θ phos-
phorylates histones in vitro.35-37 However, 
the latter studies did not examine endog-
enous histone phosphorylation on specific 
genes. Metzger et al. have shown that 
PKC-β has the ability to phosphorylate 
H3T6 and thereby blocking the H3K4 
demethylation activities of LSD1 and 
JMJC domain-containing demethylases, 
such as JARID1B in vitro.32 It remains to 
be determined whether PKC-θ may also 
phosphorylate T6 on histone H3 or other 
histone motifs in vivo.

We have shown that PKC is catalyti-
cally active in the nucleus, and that the 
catalytic core of PKC-θ appears to be 
essential for its association with chromatin 
and formation of the chromatin-tethered 
complex. These findings are based on the 
PKC-θ kinase-dead mutant being unable 
to associate with inducible gene promoters 
and, importantly, these findings cannot be 
attributed to lack of mutant nuclear local-
ization.1 Thus, our results suggest that the 
region encompassing the KR mutation 
within the PKC-θ catalytic core may be 
crucial for tethering this kinase to chroma-
tin. Similarly, the catalytic activity of yeast 
Hog1 is required for its association with 
gene promoters and the activated form of 
the kinase recruits RNAP II and engages 
with gene promoters via the transcription 
factor, Hot1p.38,39 Generally, PKC pro-
teins are regulated by their phosphoryla-
tion status and specific cofactors, while 
their enzymatic activation is regulated by 
redistribution of the enzyme in different 
cellular compartments.40,41 As mentioned 

or chromatin remodeling enzyme com-
plexes such as SWI/SNF to target genes, 
as previously demonstrated for p38α.30 
What role do protein phosphatases play 
in modulating the downstream effects of 
plasma membrane-chromatin-associated 
PKC-θ complexes, a fundamental ques-
tion raised previously.31 Future studies 
will also address whether other PKC fam-
ily members form chromatin-associated 
complexes. Consistent with this possibil-
ity, a recent study showed that PKC-β

1
  

associates with chromatin and has a 
functional interaction with demethylase 
LSD1.32 Thus, it is possible that a plethora 
of signaling kinases perform roles similar 
to that of chromatin-associated PKC-θ in 
different cell types or different biological 
contexts.

It seems reasonable to suggest that pro-
tein kinases translocate into the nucleus 
and bind directly to chromatin, and that 
cells exploit this mechanism to enhance an 
efficient response to external stimuli and 
environmental challenges. However, the 
exact function and mechanism by which 
signaling kinases are recruited to active 
genes remains elusive. Pokholok et al. pre-
sented several models to explain how this 
may occur, and how chromatin-associated 
signaling kinases might generate variable 
occupancy patterns at specific gene subsets 
in different cells or in response to differ-
ent cell stressors.8 One novel aspect of the 
chromatin-associated PKC-θ complex is 
its putative ability to modulate chromatin 
structure via the chromatin-remodeling 
activities of histone kinase MSK-1 and 
demethylase LSD1.

Three main mechanisms of chroma-
tin remodeling have been proposed: (1) 
ATP-dependent chromatin remodeling 
driven by the energy of ATP hydrolysis; 
(2) enzymatically-introduced post-trans-
lational modifications (PTMs) of nucleo-
somal histones and (3) incorporation, 
depletion or exchange of histone vari-
ants.33 These highly inter-dependent 
mechanisms modify chromatin either 
transiently or on a more long-term, stable 
and heritable manner. We hypothesize 
that chromatin-associated PKC-θ is an 
example of an additional layer of regula-
tion in the complex multilayered hierarchy 
of gene regulatory processes in eukaryotic 
cells. Here, chromatin-tethered PKC-θ  
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other PKC isoforms repress expression of 
target miRNAs genes in a similar manner. 
The ability of chromatin-tethered PKC-θ 
to positively and negatively regulate tran-
scription could be a critical mechanism by 
which to fine-tune gene expression in acti-
vated T cells.

One of the most exciting challenges in 
the field of eukaryotic transcription is the 
identification and characterization of the 
vast number of transcription regulatory 
protein complexes and their associated 
functions. By exploring the precise roles of 
nuclear PKC-θ, we provide novel insights 
into the molecular mechanisms that elicit 
specific and distinct transcriptional pro-
grams in activated T cells. Ultimately, 
these data could lead to novel or improved 
therapeutic strategies for T-cell-mediated 
disease processes. Moreover, our genome-
wide analysis identified many novel 
PKC-θ target genes that might be impli-
cated in Th1 cell development, differenti-
ation, apoptosis and proliferation. Future 
studies will improve our understanding of 
how nuclear and cytoplasmic regulatory 
mechanisms are integrated to synergisti-
cally and precisely activate complex tran-
scriptional programs in activated human 
T cells or other cell types.
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