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Abstract: Protein kinase C (PKC) plays an essential role during many biological processes including
development from early embryonic stages until the terminal differentiation of specialized cells. This
review summarizes the current knowledge about the involvement of PKC in molecular processes
during the differentiation of stem/precursor cells into tissue cells with a particular focus on os-
teogenic, adipogenic, chondrogenic and neuronal differentiation by using a comprehensive approach.
Interestingly, studies examining the overall role of PKC, or one of its three isoform groups (classical,
novel and atypical PKCs), often showed controversial results. A discrete observation of distinct
isoforms demonstrated that the impact on differentiation differs highly between the isoforms, and
that during a certain process, the influence of only some isoforms is crucial, while others are less
important. In particular, PKCβ inhibits, and PKCδ strongly supports osteogenesis, whereas it is
the other way around for adipogenesis. PKCε is another isoform that overwhelmingly supports
adipogenic differentiation. In addition, PKCα plays an important role in chondrogenesis, while
neuronal differentiation has been positively associated with numerous isoforms including classical,
novel and atypical PKCs. In a cellular context, various upstream mediators, like the canonical and
non-canonical Wnt pathways, endogenously control PKC activity and thus, their activity interferes
with the influence of PKC on differentiation. Downstream of PKC, several proteins and pathways
build the molecular bridge between the enzyme and the control of differentiation, of which only a few
have been well characterized so far. In this context, PKC also cooperates with other kinases like Akt
or protein kinase A (PKA). Furthermore, PKC is capable of directly phosphorylating transcription
factors with pivotal function for a certain developmental process. Ultimately, profound knowledge
about the role of distinct PKC isoforms and the involved signaling pathways during differentiation
constitutes a promising tool to improve the use of stem cells in regenerative therapies by precisely
manipulating the activity of PKC or downstream effectors.

Keywords: stem cells; precursor cells; differentiation; development; protein kinase C; osteogenic
differentiation; adipogenic differentiation; chondrogenic differentiation; neuronal differentiation

1. Introduction

Protein kinase C (PKC) is an enzyme that is involved in many biological processes.
Since PKC was first described in 1977 [1], much research has been conducted in order
to unravel the physiological and pathological implications of the kinase. Developmental
processes were one major field of interest, and today, it has been established that PKC plays
an essential role during development from early embryonic stages until the formation of
adult tissues [2,3]. Hence, it stands to reason that, on a cellular level, the kinase affects the
differentiation of stem cells into specialized tissue cells, which also applies for in vitro cul-
tures. However, its function in these processes is very complex and varies highly between
different PKC isoforms. Moreover, plenty of cellular targets are affected, which makes it
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difficult to determine the contribution of distinct downstream pathways [4]. In recent years,
stem cells have gained increasing attention as promising tools for regenerative therapies [5].
Thus, a solid understanding of the molecular mechanisms during differentiation would
certainly help to provide the best possible preconditions for their safe and directed clinical
use. This review comprehensively summarizes the current knowledge and latest research
on how PKC is involved in the differentiation of tissue cells.

PKC represents a family of serine/threonine kinases, which in humans consists of ten
different isoforms that can be distinguished into classical isoforms (α, β1, β2, γ; note: β1
and β2 originate from the same gene by alternative splicing and both isoforms are often
considered together), novel isoforms (δ, ε, η, θ) and atypical isoforms (ζ, ι) with different
activation mechanisms for each of the groups [4,6]. The activation of classical isoforms
depends on diacylglycerol (DAG) and phospholipids—especially phosphatidylserine—in
the plasma membrane, as well as intracellular Ca2+ ions. By contrast, novel isoforms only
require DAG and phospholipids, while atypical isoforms are regulated by phospholipids
and protein–protein interactions [4,7,8]. The most prominent activation mechanism—at
least for the classical and novel isoforms—involves the activation of phospholipase C (PLC)
by G protein-coupled receptors (GPCRs) with a Gq protein or by receptor tyrosine kinases
(RTKs). These in turn raise the concentrations of DAG in the plasma membrane and,
via the production of inositol 1,4,5-trisphosphate (IP3), Ca2+ ions in the cytoplasm [9–11].
Moreover, an important prerequisite for PKC activation is the abundance of three distinct
phosphorylations at the amino acid residues T500, T641 and S660 (corresponding to the
positions in PKCβ2; positions slightly vary between the isoforms), which are mediated by
the kinase 3-phosphoinositide-dependent protein kinase-1 (PDK1) and by autophosphory-
lation [12–14]. Figure 1 schematically illustrates the molecular mechanisms that regulate the
activity of the different PKC isoform classes as well as their principial implications during
the differentiation of tissue cells, which are presented in detail in the following chapters.
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The reason for the different activation requirements is based on the structural diver-
sities between the isoform groups, which are depicted in Figure 2. The basic structure
of all isoforms consists of a regulatory N-terminal domain, which is responsible for in-
teraction with cofactors, and a catalytic C-terminal domain. The regulatory N-terminal
domain of classical PKCs contains two different C1 domains for DAG binding and a C2
domain, which binds Ca2+ ions. By contrast, novel and atypical isoforms partially lack
these domains or only include variants without the ability for cofactor binding. Instead,
atypical PKCs contain a Phox and Bem1 (PB1) domain, which facilitates interactions with
other PB1 domain-containing proteins that, in turn, are involved in various biological
pathways. For example, PKCζ has been shown to interact with the protein p62, which is
known for binding ubiquitinated proteins scheduled to undergo autophagy [15–18]. Before
the binding of the corresponding second messengers, PKC is kept in an inactive state by an
autoinhibitory pseudosubstrate, which is part of the regulatory domain of all isoforms and
blocks the substrate binding site until activation [19,20].
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2. Regulation of Biological Processes by PKC

Many substrates are phosphorylated by PKC with several overlaps in the substrate
specificity between different isoforms [4]. Hence, the role of PKC in a certain biological
process can be very diverse and ambiguous. A striking example is the regulation of cell
cycle by PKC. Usually, PKC is positively associated with cell division and especially with
the proliferation of tumor cells [21–23], while pharmacological inhibition of PKC has been
reported to attenuate the cell cycle in several studies [24–26]. However, an increasing
number of publications have reported a negative impact of PKC on cell proliferation,
which suggests that the kinase might play an important role as tumor suppressor under
some circumstances [27–30]. Observation of only selected isoforms showed that especially
classical PKCs were contrarily associated with cell proliferation, since studies reported both
positive [31,32] and negative [33] impacts on the cell cycle. This might be particularly due
to PKCα, which either supports [34–36] or inhibits [37,38] proliferation, whereas PKCβ1/2
and PKCγ mainly promote cell division [31,32,39]. The reason for this can be found in
the wide range of proteins that interact with PKCα, which includes cell cycle proteins like
cyclin D1 as well as cell cycle inhibitors like p53, p21 and p27 [40–43]. In addition, PKCδ

and atypical PKCs are overwhelmingly positively associated with cell proliferation [44–48].
Moreover, PKC is involved in apoptotic processes as the kinase can be cleaved by caspases
and, vice versa, regulate apoptosis itself [49–51], which further affects the viability and
growth rates of cells.

Another crucial aspect regulated by PKC is cellular energy metabolism. For example,
Heathcote et al. showed that PKC can phosphorylate the enzyme AMP-activated protein
kinase (AMPK), which is usually activated by cellular energy scarcity and mainly stimulates
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catabolic processes resulting in higher ATP levels. The described phosphorylation, which
is supposed to be primarily exerted by classical isoforms, occurs at Ser487 of the catalytic
subunit isoform α1 of AMPK and leads to a reduction in its activity [52]. Thus, (classical)
PKC isoforms might also indirectly affect metabolic downstream processes. Indeed, studies
have already shown that PKC regulates glycolysis and autophagy, which are both processes
that are affected by AMPK [53–55]. Moreover, several PKC isoforms from all three groups
were shown to regulate the energy metabolism of mitochondria, which ultimately affects
their ability to produce ATP [56–59]. Again, the impact of the kinase highly differs between
the isoforms even in the same group as—for example—PKCδ has been reported to support
mitochondrial function, whereas PKCε has been shown to act contrarily [56,57].

3. Impact of PKC on General Stem Cell Properties

During development, specialized tissue cells emerge from different types of stem
cells, which are characterized by their differentiation potential as well as their ability to
self-renew. Depending on the number of possible cell types that can arise, stem cells
are usually classified to be either totipotent (zygote and cells of early blastomere stages),
pluripotent (embryonic stem cells and induced pluripotent stem cells) or multipotent
(e.g., mesenchymal stem cells, MSCs) [60,61]. In addition, progenitor cells, which are
already determined to develop into a certain cell type, are categorized as unipotent [62].
MSCs represent a widely used tool in stem cell research. A huge advantage, besides their
multipotency, is that they are present not only in developing but also in adult tissues like in
the bone marrow (bone marrow-derived mesenchymal stem cells, BMMSCs) or adipose
tissue (adipose-derived stem cells, ADSCs), which makes them relatively easy to acquire.
After isolation, established protocols allow for expansion in vitro, while retaining their
multipotency for several passages [61,63]. Typically, MSCs possess the ability of so-called
trilineage differentiation into either osteoblasts, adipocytes or chondrocytes [64]. However,
some types of MSCs can also trans-differentiate in vitro into several other cells like neurons
or myocytes [61]. In some cases, even progenitor cells that are already pre-differentiated
into a certain direction can be nudged towards another differentiation pathway in vitro
by appropriate stimuli [65,66]. Because of their properties, stem and—at least partially—
progenitor cells represent a very promising tool for use in regenerative therapies [67].

According to the examples of cell cycle and metabolic regulation, a similarly complex
role of PKC for the characteristics of stem cells can be assumed. For instance, a study by
Feng et al. suggested that PKCδ in particular might be important for stem cells to acquire
a mesenchymal phenotype during early embryonic development [68]. In addition, the
novel isoforms PKCε and PKCθ might be involved in gaining mesenchymal properties,
as their activity has been associated with the epithelial–mesenchymal transition of cells—
a mechanism which is mainly observed during tumorigenesis, but probably possesses
similarities with the molecular mechanisms during the fate decision of stem cells [69,70].
Moreover, energy metabolism, which is highly regulated by PKC (see above), influences the
pluripotency of stem cells. These preferably rely on glycolysis while retaining an undiffer-
entiated state, whereas increased mitochondrial activity has been associated with cellular
differentiation and the loss of pluripotency [71,72]. Another important property of stem
cells is their ability to migrate to distinct sites where they are required [73]. Experiments
showed that PKCε supports the migration of MSCs [74] and the isoforms PKCα and PKCδ

have been associated with MSC migration after induction by interleukin-1β in a study by
Lin et al. [75]. These numerous examples show that especially novel PKCs might possess
important roles for the general properties of stem cells, which are required irrespective of
their functions as specialized tissue cells later. However, the role of distinct PKC isoforms
changes regarding differentiation into specific cell types, which will be discussed in the
following chapters containing the essential results from studies carried out with various
stem and precursor cells.
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4. Role of PKC During Osteogenic Differentiation
4.1. General Influence of PKC on Osteogenesis

While, to date, not a huge number of studies have investigated the distinct roles of
PKC during the differentiation of stem and precursor cells, it is though best explored for
the process of osteogenesis. However, as with its involvement in proliferation, the results
of different studies are partially inconsistent. This is not surprising since proliferation and
(osteogenic) differentiation are usually considered as consecutive, but mutually exclusive
processes [76,77].

Another similarity to cell cycle regulation is the observation that most published data
assume an overall supportive role of PKC for osteogenesis [78–83]. Hence, the activity of the
kinase appears to be crucial for the whole developmental process of bone formation from
residing stem cells to a bulk of differentiated, matrix-producing osteoblasts. Moreover, PKC-
dependent stimulation of stem cell proliferation might even be a prerequisite for subsequent
osteogenesis. Indeed, this assumption is in line with studies showing that several pathways
that support stem cell proliferation also enhance osteogenic differentiation of MSCs [84–87].
Presumably, osteogenesis can only start from a sufficient number of stem/precursor cells,
which might only be achieved by an adequate proliferation rate priorly.

In contrast, Jeong et al. showed the opposite in experiments with murine C2C12 cells,
which represent a myoblast cell line that is capable of trans-differentiating into osteoblasts
in vitro following stimulation with bone morphogenetic protein 2 (BMP2). In this model,
PKC was shown to inhibit osteogenic differentiation by stabilizing the transcription factor
Msh homeobox 2 (Msx2), which in turn hampers osteogenesis. Moreover, they found
interactions between Msx2 and several PKC isoforms from different classes, which suggests
a rather general inhibitory influence of PKC at least in these cells [66]. Admittedly, it is
questionable whether results from trans-differentiating myoblasts can sufficiently depict
the molecular mechanisms that occur during the osteogenesis of stem cells that naturally
give rise to osteoblasts, but it still shows that PKC does not possess a ubiquitously definite
role in this process.

These controversial results presume that the role of PKC in bone formation depends
on the prevalence of other biological pathways in the cell, which vary between different
cell types and might affect intracellular downstream targets of the kinase. The ambiguous
role of PKC in osteogenesis is even better displayed in a single study with human BMMSCs
that found an increased expression of the osteoblast marker osteocalcin, but a reduced
expression of BMP2, after PKC inhibition [88].

4.2. Impact of Particular PKC Isoforms on Osteogenesis

However, the ambiguous involvement of PKC during osteogenesis becomes more
enlightening when distinct isoforms or classes of the enzyme are investigated separately.
In particular, in vitro experiments have mostly reported that specific inhibition of classical
PKCs stimulates osteogenic differentiation [66,89–91], even more consistently when only
regarding the isoforms PKCβ1/2 [91,92]. Nevertheless, PKCα has been connected with the
osteogenesis of cultured cells partially positively [91,93,94] and partially negatively [36,90].
In addition, female mice with a homozygous deletion of the gene for PKCα displayed
excessive bone formation [90].

Interestingly, the new isoform PKCδ has been concordantly shown to support os-
teogenic differentiation of stem/progenitor cells [89,91,95–99]. Additionally, mice with
a homozygous PKCδ knockout exhibited deficiencies in embryonic osteogenesis [99]. In
addition, the atypical isoform PKCζ has a positive role during the osteogenic differentia-
tion of murine preosteoblasts [100]. It is remarkable that PKCβ and PKCδ have opposing
roles for osteogenic differentiation, but both stimulate cell proliferation. This leads to the
assumption that highly specific and time-resolved regulation of the different PKC isoforms
is of great importance for proper bone formation. An overview of published studies that
investigated the role of PKC or distinct isoforms during the osteogenic differentiation of
stem/precursor cells with the principal outcomes can be found in Table 1.
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Table 1. Regulation of the osteogenic differentiation of stem/precursor cells by PKC.

Cells Isoforms Impact on Osteogenic Differentiation Ref.

ADSCs (human) General + WNT5A induced PKC activity as well as osteogenic markers
and mineralization [78]

ADSCs (human) General + PKC overactivation supported differentiation unless cells
were pretreated with a PKC inhibitor [83]

BMMSCs (human) General + N-terminal amelogenin peptide induced both PKC activity
and osteogenic differentiation [79]

ADSCs (mouse) General + Overexpression of miR-26a-5p inhibited both osteogenic
differentiation and phosphorylation of PKC [80]

BMMSCs (mouse) General +
Inhibition of cystathionine-β-synthase inhibited both the
osteogenic differentiation and expression of
phosphorylated PKC

[81]

Bone marrow stroma cells
M2-10B4 (mouse) General + Osteogenic markers were inhibited by PKC inhibitors [82]

Myoblasts C2C12 (mouse)
General, − Inhibition of classical PKCs and general PKC inhibition

induced osteogenic markers, while PKC overactivation
inhibited osteogenesis

[66]
classical PKCs −

BMMSCs (human) General +/− Inhibition of PKC inhibited osteocalcin expression but
increased BMP2 expression [88]

DFCs (human) Classical
PKCs −

Classical PKCs were downregulated during osteogenic
differentiation; inhibition of classical PKCs
stimulated mineralization

[101]

DFCs (human) Classical
PKCs −

Inhibition of classical PKCs stimulated mineralization,
which was impaired by treating cells with the protein
sclerostin; expression of sclerostin was downregulated after
inhibition of classical PKCs

[102]

BMMSCs (human)
Classical
PKCs, − Inhibition of classical PKCs stimulated osteogenic markers

and mineralization; inhibition of PKCδ hampered activity of
alkaline phosphatase

[89]
PKCδ +

BMMSCs (human and mouse) PKCα +
Overexpression of PKCα induced osteogenic markers
(human and murine BMMSCs) and mineralization
(murine BMMSCs)

[93]

Embryonic fibroblasts
C3H10T1/2 (mouse) PKCα + Inhibition of PKCα hampered osteogenic markers

and mineralization [94]

Osteogenic precursor cells
MC3T3-E1 (mouse) PKCα − Downregulation of PKCα supported

osteogenic differentiation [90]

BMMSCs (human)
PKCα, +/− Co-cultivation of BMMSCs and myeloma cells inhibited both

mineralization and expression of phosphorylated PKCα und
PKCδ, but increased expression of phosphorylated PKCβ1;
inhibition of classical PKCssupported mineralization

[91]PKCβ1, −
PKCδ +

Periodontal ligament stem
cells (human) PKCβ2 − Decreased expression of phosphorylated PKCβ2 was

associated with increased expression of osteogenic markers [92]

ADSCs (human) PKCδ + Inhibition of PKCδ hampered osteogenic markers [95]

BMMSCs (human) PKCδ + Inhibition of PKCδ hampered Jagged-1-induced
osteogenic differentiation [96]
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Table 1. Cont.

Cells Isoforms Impact on Osteogenic Differentiation Ref.

BMMSCs (human) PKCδ + PKCδ was induced during osteogenic differentiation;
inhibition of PKCδ hampered osteogenesis [97]

ADSCs (mouse) PKCδ +
Oncostatin M stimulated both osteogenic differentiation and
activity of PKCδ; downregulation of PKCδ

inhibited osteogenesis
[98]

Bone marrow stroma cells
ST2 (mouse) PKCδ + Downregulation of PKCδ inhibited WNT3A-induced

osteogenic differentiation [99]

Osteogenic precursor cells
MC3T3-E1 (mouse)

PKCη, + Expression of PKCη was associated with expression of
osteogenic markers; expression of PKCθ was downregulated
following osteogenic induction

[103]
PKCθ −

Osteogenic precursor cells
MC3T3-E1 (mouse) PKCζ + PKCζ was activated after osteogenic induction and

supported osteogenesis by phosphorylating vimentin [100]

Note: ‘+’ indicates a supportive role, while ‘−’ indicates an inhibiting role of the corresponding PKC isoform(s)
for osteogenic differentiation.

4.3. Downstream Targets Mediating the Influence of PKC on Osteogenesis

While many studies provide evidence that PKC influences the expression of estab-
lished osteogenic markers and the mineralization capability of differentiated cells, less
is known about the direct molecular targets that build the molecular bridge between the
kinase and successful osteogenesis. In addition to the already mentioned interactions
with the transcription factor Msx2 [66], experiments by Kim et al. suggested that PKCδ

phosphorylates Runx2, an important transcription factor for osteogenic differentiation,
which might be a central reason why this isoform supports bone formation [104]. Beyond
this, cell culture experiments have provided evidence that PKC interacts with the canonical
Wnt pathway and that it affects the stability of the key transcription factor of this pathway,
namely β-Catenin [105–107]. Furthermore, it has been shown that the kinase, especially
PKCα, is able to phosphorylate β-Catenin at N-terminal serine residues, which leads to
an enhanced depletion of the transcription factor [108], and that PKCε phosphorylates
central amino acids of β-Catenin, which, in contrast, stabilizes the protein [106]. In addition
to providing more striking examples that different isoforms partially have completely
different functions, these studies provide distinct molecular mechanisms of how PKC
impacts osteogenesis. However, there are still open questions regarding how exactly the
canonical Wnt pathway affects bone formation afterwards and it must be kept in mind that
this pathway is also controlled by many other factors that need to be considered and might
themselves interact with PKC.

A third example of PKC-affected downstream targets, which in turn regulate osteogen-
esis, is the nuclear factor “kappa-light-chain-enhancer” of activated B cells (NF-κB) pathway.
For example, in vitro experiments have shown that the two kinases protein kinase A (PKA)
and PKC support the translocation of the transcription factor NF-κB from the cytosol into
the nucleus and its binding to DNA [109]. Moreover, PKC isoforms from different classes
were shown to regulate the activity of IκB kinase (IKK), which is an important upstream
modulator of the NF-κB pathway [110,111]. The activated transcription factor NF-κB is
primarily reported to inhibit the osteogenic differentiation of several stem/precursor cells
of different origins [112–115].

These distinct molecular mechanisms between PKC and the control of osteogenesis
have also been investigated in dental follicle cells (DFCs), which are ectomesenchymal
precursor/stem cells with a broad differentiation potential [116,117]. Experiments have
shown that an inhibition of classical PKC isoforms strongly supports the osteogenic dif-
ferentiation of these cells by regulating the activity of the kinase Akt and subsequently
affecting—at least partly via Akt—both canonical Wnt signaling and the NF-κB pathway.
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To be more concise, classical PKC inhibition enhanced Akt activity as well as nuclear
expression of β-Catenin, while downregulating the expression of NF-κB and related pro-
teins in osteogenically differentiating DFCs [101]. Beyond this, both nuclear β-Catenin
and diminished NF-κB activity have been shown to support the osteogenic differentiation
of DFCs [101,118,119], which presumes that those pathways contribute to the effect that
classical PKCs (and Akt) exert on bone formation. Interestingly, the positive effect of
PKCζ on osteogenic differentiation presumably also involves the activation of Akt [100]. In
addition, experiments with DFCs have shown that the inhibition of classical PKCs down-
regulated the expression of sclerostin, which is predominantly known to impair osteogenic
differentiation [102].

4.4. Endogenous Regulation of PKC During Osteogenesis

These observations lead to the assumption that classical PKC isoforms, on the one
hand, and PKCδ, on the other hand, might serve as master regulators for osteogenesis with
the former having a negative and the latter possessing a positive impact. In this context, it is
further important how those isoforms themselves are endogenously regulated. Numerous
pathways have been found to influence their activity. For instance, the osteo-promoting
PKCδ can be activated by Wnt3a, which is known as an inducer of the canonical Wnt
pathway [99,120], or by the parathyroid hormone (PTH) [95,121,122]. Interestingly, while
the Wnt3a-induced mechanism depends on PLC activation, the pathway via PTH can
either involve PLC or occur independently of it, although the latter is less understood to
date [99,122]. However, PTH is also capable of activating classical PKC isoforms [123,124],
which gives PTH an ambiguous role in osteogenic differentiation. Experiments with
single cells have provided evidence that PTH administration can alter cellular calcium
levels in different manners depending on the activity of other signaling proteins, which
ultimately lead to completely different effects on osteogenic differentiation [125]. It is
certainly conceivable that these different calcium responses might exert their contrary
impacts on osteogenesis via the activation of different PKC isoforms. Another protein with
an ambiguous role in PKC activation is Wnt5a, a mediator of non-canonical Wnt signaling,
which is mostly reported to stimulate the enzyme in general but has been shown to inhibit
classical PKC isoforms in experiments with DFCs. However, different in vitro studies agree
that Wnt5a has a positive impact on osteogenic differentiation [78,101,126,127]. Moreover,
experiments with endothelial progenitor cells have provided evidence that Wnt5a activates
the isoform PKCδ [128], assuming that such an activation mechanism might also play a
role during the differentiation of stem cells. Thus, Wnt5a probably supports osteogenesis
by modulating the two antagonizing PKC axes contrarily. Figure 3 schematically illustrates
those two axes, with either the osteo-inhibiting classical PKCs or the osteo-promoting PKCδ

as key players, including the most relevant signaling pathways involved.

4.5. Impact of PKC on Bone Resorption

Notably, PKC not only affects osteogenesis, but also the contrary process bone re-
sorption. General inhibition of PKC has been reported to disturb the receptor activator of
nuclear factor-kappa B ligand (RANKL)-induced activity of osteoclasts, which suggests that
PKC is necessary for the function of these cells [129,130]. In particular, the isoforms PKCβ2
and PKCδ as well as atypical isoforms were shown to be important for the differentiation
and function of osteoclasts [131–133]. Since induction of osteolysis by RANKL includes
activation of NF-κB [134], which hampers osteogenic differentiation (see above), the role of
classical PKCs in bone metabolism appears to be predominantly catabolic.
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support osteogenesis are illustrated in light green, whereas components that inhibit it are shown in
dark red. Because of its ambiguous role in osteogenic differentiation, PTH is depicted in yellow. For
further explanations see text.

5. Role of PKC During Adipogenic Differentiation
5.1. General Influence of PKC or Certain Isoforms During Adipogenesis

The impact of PKC on adipogenic differentiation is similarly complex, like its influence
on osteogenesis. Interestingly, while these two processes are often regarded to be regulated
contrarily [83,91,97], they can be induced in vitro—at least partly—by the same substances
like, for example, insulin, insulin-like growth factor 1 (IGF-1) or insulin-like growth factor
2 (IGF-2), although higher concentrations of these substances are usually applied for
adipogenic induction [135–139].

Studies that evaluated the general influence of PKC on adipogenesis have found
inconsistent results [83,105,140–144], which assumes that different isoforms again have
different impacts. Notably, investigation of classical isoforms also led to contradictory
results [141,145]. In particular, PKCβ and PKCγ have been reported to promote adipogene-
sis [91,146], while PKCα rather hampers it [91,147,148]. Moreover, PKCδ—and especially
particular splicing variants—were shown to be a negative regulator of adipogenesis in
a number of studies [91,97,141,147,149], whereas another novel isoform, PKCε, supports
it [150,151]. A very interesting observation is the overwhelming consensus about the
role of PKCβ as an osteo-inhibiting and adipo-supporting enzyme, and that of PKCδ as
osteo-supporting and adipo-inhibiting. Thus, balance between these two isoforms might
substantially decide the fate of differentiating stem cells towards either adipogenesis or
osteogenesis. At least in the case of PKCβ, this significance is likely limited to the earlier
stages of differentiation, as McGowan et al. reported that expression of this isoform was
no longer detectable in differentiated adipocytes in vitro. The same study found that, in
contrast, the novel isoform PKCθ might play a pivotal role during late adipogenesis as
its expression was highly induced in this period [148]. Ultimately, Table 2 provides an
overview of the published studies that investigated the role of PKC or distinct isoforms
during the adipogenic differentiation of different stem and precursor cells.
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Table 2. Regulation of the adipogenic differentiation of stem/precursor cells by PKC.

Cells Isoforms Impact on Adipogenic Differentiation Ref.

BMMSCs (human)
General, + PKC activity was induced during adipogenic differentiation;

general PKC inhibition and specific inhibition of PKCε

hampered adipogenic markers
[140]

PKCε +

Embryonic fibroblasts
3T3-L1 (mouse)

General, + General PKC inhibition and specific inhibition of classical
PKCs hampered adipogenic differentiation; inhibition of
PKCδ supported adipogenesis

[141]classical PKCs, +

PKCδ −

Embryonic fibroblasts
3T3-L1 (mouse) General + PKC inhibition hampered adipogenic differentiation [105]

Adipogenic precursor cells
Ob1771 (mouse) General +

PKC overactivation supported adipogenesis when cells were
simultaneously treated with substances that enhance
cAMP concentration

[142]

ADSCs (human) General − PKC overactivation inhibited adipogenic differentiation
unless cells were pretreated with a PKC inhibitor [83]

Embryonic fibroblasts
3T3-L1 (mouse) General − PKC inhibition supported adipogenic differentiation [143]

Adipogenic precursor
cells (rat) General − PKC inhibition supported adipogenic differentiation [144]

Embryonic fibroblasts
3T3-F442A (mouse)

PKCα, −
Expression of PKCα und PKCδ were reduced during
adipogenic differentiation; downregulation of PKCγ and
PKCε inhibited adipogenesis

[147]
PKCδ, −

PKCγ, +

PKCε +

Embryonic fibroblasts
3T3-L1 (mouse)

PKCα − Expression of PKCα was downregulated during
adipogenesis; expression of PKCβ was temporarily induced
during differentiation, but declined at later periods; PKCθ

was detected only in differentiated adipocytes

[148]PKCβ +/−

PKCθ +

Embryonic fibroblasts
3T3-L1 (mouse) PKCα − Phosphorylation of PKCα was associated with inhibition of

adipogenesis after treatment with evodiamine [145]

BMMSCs (human)

PKCα, +/− Co-cultivation of BMMSCs and myeloma cells supported
adipogenesis and enhanced the expression of
phosphorylated PKCβ1 while inhibiting the expression of
phosphorylated PKCα und PKCδ; the inhibition of classical
PKCs hampered adipogenic differentiation

[91]PKCβ1, +

PKCδ −

ADSCs (human) PKCβ +
Activation of PKCβ was associated with induction of
adipogenic differentiation by atypical antipsychotics;
inhibition of PKCβ hampered adipogenesis

[146]

BMMSCs (human) PKCδ − Inhibition of PKCδ induced adipogenic differentiation [97]

Embryonic fibroblasts
3T3-F442A (mouse) PKCε + Adipogenic differentiation stimulated expression of PKCε;

overexpression of PKCε supported adipogenesis [150]
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Table 2. Cont.

Cells Isoforms Impact on Adipogenic Differentiation Ref.

Embryonic fibroblasts
3T3-L1 (mouse) PKCε + Adipogenic differentiation was supported by PKCε

stimulation and inhibited by PKCε downregulation [151]

Adipogenic precursor
cells (rat) PKCζ +

Expression of PKCζ in the cytoplasm was enhanced during
adipogenic differentiation; insulin treatment increased
expression of PKCζ in the cytoplasm, plasma membrane
and nucleus

[152]

Fetal brown adipocytes (rat) PKCζ + Activation of PKCζ was associated with IGF-1-induced
adipogenic differentiation [135]

Note: ‘+’ indicates a supportive role, while ‘−‘ indicates an inhibiting role of the corresponding PKC isoform(s)
for adipogenic differentiation.

5.2. Endogenous Regulation of PKC During Adipogenesis

It is further interesting how PKC is endogenously regulated in cells during adipogene-
sis. For example, the canonical Wnt pathway and its effector protein β-catenin, which are
regulated by PKC, are negatively associated with adipogenic differentiation of cultured
preadipocytes [105]. In contrast, Keats et al. described that non-canonical Wnt signal-
ing, induced by high glucose levels in this study, stimulates PKC and subsequently the
adipogenic differentiation of BMMSCs [140]. This is surprising since the non-canonical
Wnt pathway has also been reported to support bone formation (see above). However,
the involved ligands differ in these two cases as osteogenesis was supported by Wnt5a,
whereas adipogenesis was stimulated by Wnt11 [78,140]. Hence, although not conspicuous
at first glance, the non-canonical Wnt pathway might have completely diverse effects on
stem cell differentiation depending on its ligands—a pattern like the isoform-dependence
of PKC.

5.3. Downstream Targets Mediating the Influence of PKC on Adipogenesis

A small number of studies further investigated the downstream mechanisms of PKC
during adipogenic differentiation. For example, the pro-adipogenic effect of PKCε might
arise from direct interactions with the transcription factor CCAAT/enhancer-binding
protein β (C/EBPβ), which plays a crucial role during early adipogenesis, as these two
proteins were found to be colocalized after adipogenic induction of mouse embryonic
fibroblasts [150,153]. Moreover, experiments with preadipocytes by Gaillard et al. assumed
that PKC might synergize together with PKA to enhance adipogenic differentiation [142],
which shows that the effect of PKC activation on adipogenesis also depends on the activity
of other cellular pathways.

6. Role of PKC During Chondrogenic Differentiation
6.1. General Influence of PKC or Certain Isoforms During Chondrogenesis

It is not surprising that studies on the general influence of PKC are also contradic-
tory in terms of chondrogenic differentiation. For example, inhibition of the enzyme
supported chondrogenesis in a study by Kulyk and Reichert, while hampering this pro-
cess in experiments by Choi et al. Notably, both studies were carried out with cells from
mesenchymal-derived tissues of chicken embryos [154,155]. A possible explanation for
the controversial results was provided by experiments with human BMMSCs, in which
cells were either cultured under high-glucose or low-glucose conditions. While the cells in
high-glucose medium possessed a lower differentiation potential and a higher amount of
phosphorylated PKC, it was the other way around under low-glucose conditions. Interest-
ingly, chondrogenic potential could be increased by either inhibiting PKC in high-glucose
BMMSCs or by stimulating the enzyme in low-glucose cells [156]. Thus, chondrogenic
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differentiation might proceed optimally with a moderate level of PKC activation where
activity that is either too high or too low is counterproductive. It was further shown that
general PKC inhibition blocked the proliferation of chondrogenic precursor cells [155].
However, proliferation plays a crucial role during cartilage formation and even in the
development of many bones that arise from cartilage as a precursor in the process of endo-
chondral ossification [157]. Hence, this strengthens the hypothesis that a certain minimum
activity of PKC is certainly required for chondrogenesis.

Isoform-specific evaluation showed that PKCα, PKCγ and PKCε were upregulated
during chondrogenic differentiation of mesenchymal chicken cells and that PKCα in partic-
ular actively supports it [155,158–160]. Moreover, atypical PKCs have been shown to be
constitutively expressed during chondrogenic differentiation [155], but it remains unclear
if they essentially participate in this process. The regulation pattern of the isoforms does
not stand in contrast to the pattern during osteogenic differentiation, although the latter
might be especially dependent on the additional activation of PKCδ (see above). Therefore,
during endochondral ossification, the activation of PKCδ might serve as a switch after
chondrogenesis to initiate subsequent bone formation. However, basal PKCδ activity is
possibly also a prerequisite for chondrogenesis as downregulation of this enzyme reduced
cartilage formation in a study with mesenchymal cells from chicken [161].

6.2. Endogenous Regulation of PKC During Chondrogenesis

Upstream, several extracellular proteins have been described that regulate the chon-
drogenic differentiation of cells via PKC-involving pathways. Only some of them will be
mentioned here, with a focus on those that were already discussed for their role during
osteogenic and/or adipogenic differentiation. Interestingly, while IGF-1 and Wnt5a both
stimulate the chondrogenic differentiation of mesenchymal cells from chicken embryos
via PKCα activation [162,163], PTH was found to inhibit the terminal differentiation of
adult human and embryonic chicken chondrocytes [164,165]. Reverting to the example of
endochondral bone formation, it thus might be pivotal to suppress PTH signaling at least
in the earlier phases, while continuous activity of both IGF-1 and Wnt5a keeps the process
running. Moreover, intracellular signals might also modulate chondrogenic differentiation.
For example, Lim et al. showed that the pharmacological disruption of the actin cytoskele-
ton supports the chondrogenic differentiation of mesenchymal cells from chicken embryos
via PKCα activation [160].

6.3. Downstream Targets Mediating the Influence of PKC on Chondrogenesis

Another interesting aspect is how PKC ultimately controls chondrogenic differentia-
tion in the cell. Previous research was especially focused on the mitogen-activated protein
kinase (MAPK) family, which plays a central role in cartilage formation [166]. More pre-
cisely, the supporting effects of PKC on chondrogenesis are considered to be exerted—at
least partly—via the regulation of Erk1, a member of the MAPK family, which disturbs
the differentiation process of cultured mesenchymal cells from chicken embryos [158,167].
Moreover, a study by Yoon et al. with rabbit chondrocytes even suggests that Erk inhibition
is pivotal to obtain and maintain a chondrogenic phenotype including typical characteristics
like enhanced collagen II expression [168]. By contrast, another MAPK protein, namely the
kinase p38, supports chondrogenic differentiation of embryonic chicken cells and its activity
is probably also affected by PKC. However, while the published studies generally agree on
the chondro-supportive effect of p38, it is controversial regarding the possible involvement
of PKC, which has been described in different studies to either stimulate p38, have no effect
on its activation or even inhibit it under certain circumstances [158,165,169,170].

7. Role of PKC During Differentiation into Other Tissue Cells
7.1. Role of PKC During Neuronal Differentiation

Interestingly, various stem cells derived from non-neural origins like MSCs have been
demonstrated to be able to trans-differentiate into neuron-like cells in vitro under certain
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culture conditions and it appears very likely that PKC might be of great significance in these
processes too. For example, a study with human dental pulp stem cells provided evidence
that stimulation by 12-O-tetradecanoylphorbol 13-acetate, which mimics DAG and thus
activates classical and novel PKCs [171], together with the simultaneous stimulation of
cellular cAMP levels, constitute pivotal factors that induce the cells to differentiate towards
neurons—although admittedly, additional (pre-)treatment with growth factors is further
required [172]. In contrast, classical and novel PKCs have been negatively associated
with the neuronal trans-differentiation of MSCs from human umbilical cords [173], which
hints again at the relevance of other cellular pathways that might interact with PKC and
modulate its impact on differentiation. Isotype-specific investigations have predominantly
revealed a positive impact of novel isoforms. In particular, the expression of PKCδ has been
shown to rise significantly during rat brain development [174] and the expression of PKCε

increases after neuronal induction of human BMMSCs [175]. Moreover, the expression
of PKCη was induced during neuronal trans-differentiation of ADSCs [176]. In addition,
experiments with other progenitor cells have shown that the classical isoforms PKCα

and PKCγ, as well as the two atypical isoforms, are positively associated with neuronal
differentiation [177–179]. Thus, stimulating these isoforms might be beneficial in attempts
to trans-differentiate non-neural stem cells into neuron-like cells. However, it remains
elusive how PKC or certain isoforms ultimately control neurogenesis and whether the
importance of the different isoforms depends on the origin of the stem cell.

7.2. Role of PKC During Differentiation into Keratinocytes and Cardiomyocytes

In addition, the role of PKC has already been investigated during the differentiation
of several more tissue cells, although usually restricted to only a few distinct isoforms.
For example, PKCα und PKCη were shown to support the terminal differentiation of
isolated keratinocytes, which is accompanied by a proliferation stop [180–182]. Notably,
these studies presume that PKCα exerts its influence on keratinogenesis primarily via the
regulation of cell cycle-associated proteins like p21 and p53, resulting in cell cycle arrest,
which might trigger the terminal differentiation of keratinocytes [180,181].

As another example, the novel isoforms PKCδ and PKCε have been implicated in
improving the cardiomyogenic differentiation of MSCs [183,184]. Notably, pharmacological
PKC stimulation with phorbol myristate acetate, which is another substance that mimics
DAG and thus activates classical and novel PKCs [185], has already successfully been
used to differentiate MSCs into functional cardiomyocytes and, moreover, such cells have
exhibited promising therapeutic potential after transplantation into an infarcted heart in a
rat model [186,187].

8. Conclusions and Outlook

The numerous examples have shown that PKC possesses a central role during the
differentiation of stem and precursor cells into various specialized tissue cells, while its
influence highly depends on the observed isoform. Table 3 provides a summarizing
overview of the principal effect of each isoform on the differentiation into osteoblasts,
adipocytes, chondrocytes or neurons.

The central role of PKC makes the enzyme a promising target to improve regen-
erative therapies, where stem cells are used to restore damaged tissue. However, the
impact of PKC on the differentiation of stem cells into specialized tissue cells is—at least
partially—inconsistent. In some cases, even the same isoform might impact a certain pro-
cess differently depending on several conditions like the activity of other cellular pathways,
which is best exemplified by the role of PKCα during osteogenesis. This would presumably
also apply when attempting to treat patients in regenerative therapies by targeting PKC.
Given the assumption that the cellular activity of many biological pathways varies between
different patients, this would highly affect the therapy outcome. However, there is also
a certain consensus in published studies regarding the role of at least some isoforms in a
certain process like the overall positive impact of PKCδ on osteogenic differentiation or that
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of PKCβ on adipogenesis. Because of their decisive role in the corresponding differentiation
pathways, it is probably best to focus on these isoforms for therapeutic approaches.

Table 3. Summary of the role of distinct PKC isoforms during multilineage differentiation of
stem/precursor cells.

Group Isoform
Impact on. . .

Osteogenic
Differentiation

Adipogenic
Differentiation

Chondrogenic
Differentiation

Neuronal
Differentiation

Classical PKCs
α +/− − + + +
β − + + ? ?
γ ? + + +

Novel PKCs

δ + + − − + +
ε + + + ?
η + ? ? +
θ − + ? +

Atypical PKCs ζ + + ? +
ι ? ? ? +

Note: ‘+’ indicates a (highly for double +) supportive role, ‘−’ indicates a (highly for double −) inhibiting role,
‘?’ indicates that no distinctive role could be allocated to date.

Another factor that must be kept in mind when manipulating PKC for regenerative
purposes in humans is that the enzyme not only affects differentiation but also other
important biological processes like proliferation and apoptosis. Consequently, possible
side effects need to be strictly considered to prevent undesired events like uncontrollable
cell division, which might ultimately lead to cancer. Thus, a focus on only one isoform
would certainly help not only to achieve consistent desired results but would also reduce
possible side effects. However, pharmaceutical agents targeting PKC like phorbol esters
bear the restriction that they usually affect more than only one isoform. Instead, the rapidly
emerging gene editing techniques might be a promising tool for regenerative therapies in
the future with the ability to accurately up- or downregulate expression of a certain isoform.

Moreover, endogenous control of PKC activity, especially under varying conditions, as
well as downstream targets mediating its influence on the differentiation of stem/precursor
cells into functional tissue cells are still poorly evaluated. Understanding how, for example,
PKCδ supports osteogenesis will not only provide further insights into the regulatory
mechanisms but also reveal new targets, whose manipulation would probably enable even
more precise control of the differentiation process.
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ADSCs adipose-derived stem cells
AMPK AMP-activated protein kinase
BMMSCs bone marrow-derived mesenchymal stem cells
BMP2 bone morphogenetic protein 2
C/EBPβ CCAAT/enhancer-binding protein β
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DAG diacylglycerol
DFCs dental follicle cells
GPCRs G protein-coupled receptors
IGF-1 insulin-like growth factor 1
IGF-2 insulin-like growth factor 2
IKK IκB kinase
IP3 inositol 1,4,5-trisphosphate
MAPK mitogen-activated protein kinase
MSCs mesenchymal stem cells
Msx2 Msh homeobox 2
NF-κB nuclear factor “kappa-light-chain-enhancer” of activated B cells
PB1 Phox and Bem1
PDK1 3-phosphoinositide-dependent protein kinase-1
PKA protein kinase A
PKC protein kinase C
PLC phospholipase C
PTH parathyroid hormone
RANKL receptor activator of nuclear factor kappa B ligand
RTKs receptor tyrosine kinases
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71. Varum, S.; Momcilović, O.; Castro, C.; Ben-Yehudah, A.; Ramalho-Santos, J.; Navara, C.S. Enhancement of human embryonic
stem cell pluripotency through inhibition of the mitochondrial respiratory chain. Stem Cell Res. 2009, 3, 142–156. [CrossRef]
[PubMed]

72. Cho, Y.M.; Kwon, S.; Pak, Y.K.; Seol, H.W.; Choi, Y.M.; Park, D.J.; Park, K.S.; Lee, H.K. Dynamic changes in mitochondrial
biogenesis and antioxidant enzymes during the spontaneous differentiation of human embryonic stem cells. Biochem. Biophys.
Res. Commun. 2006, 348, 1472–1478. [CrossRef] [PubMed]

73. Fu, X.; Liu, G.; Halim, A.; Ju, Y.; Luo, Q.; Song, A.G. Mesenchymal Stem Cell Migration and Tissue Repair. Cells 2019, 8, 784.
[CrossRef] [PubMed]

74. He, H.; Zhao, Z.-H.; Han, F.-S.; Wang, X.-F.; Zeng, Y.-J. Activation of protein kinase C ε enhanced movement ability and paracrine
function of rat bone marrow mesenchymal stem cells partly at least independent of SDF-1/CXCR4 axis and PI3K/AKT pathway.
Int. J. Clin. Exp. Med. 2015, 8, 188–202.

75. Lin, C.-Y.; Zu, C.-H.; Yang, C.-C.; Tsai, P.-J.; Shyu, J.-F.; Chen, C.-P.; Weng, Z.-C.; Chen, T.-H.; Wang, H.-S. IL-1β-Induced
Mesenchymal Stem Cell Migration Involves MLCK Activation via PKC Signaling. Cell Transplant. 2015, 24, 2011–2028. [CrossRef]

76. Siddhanti, S.R.; Quarles, L.D. Molecular to pharmacologic control of osteoblast proliferation and differentiation. J. Cell. Biochem.
1994, 55, 310–320. [CrossRef]

77. Filipak, M.; Estervig, D.N.; Tzen, C.Y.; Minoo, P.; Hoerl, B.J.; Maercklein, P.B.; Zschunke, M.A.; Edens, M.; Scott, R.E. Integrated
control of proliferation and differentiation of mesenchymal stem cells. Environ. Health Perspect. 1989, 80, 117–125. [CrossRef]

78. Santos, A.; Bakker, A.D.; de Blieck-Hogervorst, J.M.A.; Klein-Nulend, J. WNT5A induces osteogenic differentiation of human
adipose stem cells via rho-associated kinase ROCK. Cytotherapy 2010, 12, 924–932. [CrossRef]

79. Olivares-Navarrete, R.; Vesper, K.; Hyzy, S.L.; Almaguer-Flores, A.; Boyan, B.D.; Schwartz, Z. Role of the N-terminal peptide of
amelogenin on osteoblastic differentiation of human mesenchymal stem cells. Eur. Cells Mater. 2014, 28, 1–10. [CrossRef]

80. Li, S.; Hu, C.; Li, J.; Liu, L.; Jing, W.; Tang, W.; Tian, W.; Long, J. Effect of miR-26a-5p on the Wnt/Ca2+ Pathway and Osteogenic
Differentiation of Mouse Adipose-Derived Mesenchymal Stem Cells. Calcif. Tissue Int. 2016, 99, 174–186. [CrossRef]

81. Liu, Y.; Yang, R.; Liu, X.; Zhou, Y.; Qu, C.; Kikuiri, T.; Wang, S.; Zandi, E.; Du, J.; Ambudkar, I.S.; et al. Hydrogen sulfide maintains
mesenchymal stem cell function and bone homeostasis via regulation of Ca2+ channel sulfhydration. Cell Stem Cell 2014, 15, 66–78.
[CrossRef] [PubMed]

82. Richardson, J.A.; Amantea, C.M.; Kianmahd, B.; Tetradis, S.; Lieberman, J.R.; Hahn, T.J.; Parhami, F. Oxysterol-induced osteoblastic
differentiation of pluripotent mesenchymal cells is mediated through a PKC- and PKA-dependent pathway. J. Cell. Biochem. 2007,
100, 1131–1145. [CrossRef] [PubMed]

83. Song, J.K.; Lee, C.H.; Hwang, S.-M.; Joo, B.S.; Lee, S.Y.; Jung, J.S. Effect of phorbol 12-myristate 13-acetate on the differentiation of
adipose-derived stromal cells from different subcutaneous adipose tissue depots. Korean J. Physiol. Pharmacol. 2014, 18, 289–296.
[CrossRef] [PubMed]

84. Ogura, H.; Nakamura, T.; Ishii, T.; Saito, A.; Onodera, S.; Yamaguchi, A.; Nishii, Y.; Azuma, T. Mechanical stress-induced FGF-2
promotes proliferation and consequently induces osteoblast differentiation in mesenchymal stem cells. Biochem. Biophys. Res.
Commun. 2023, 684, 149145. [CrossRef]

85. Xia, S.-L.; Ma, Z.-Y.; Wang, B.; Gao, F.; Guo, S.-Y.; Chen, X.-H. Icariin promotes the proliferation and osteogenic differentiation of
bone-derived mesenchymal stem cells in patients with osteoporosis and T2DM by upregulating GLI-1. J. Orthop. Surg. Res. 2023,
18, 500. [CrossRef]

86. He, X.; Wang, H.; Jin, T.; Xu, Y.; Mei, L.; Yang, J. TLR4 Activation Promotes Bone Marrow MSC Proliferation and Osteogenic
Differentiation via Wnt3a and Wnt5a Signaling. PLoS ONE 2016, 11, e0149876. [CrossRef]

87. Chen, G.; Huang, G.; Lin, H.; Wu, X.; Tan, X.; Chen, Z. MicroRNA-425-5p modulates osteoporosis by targeting annexin A2.
Immun. Ageing 2021, 18, 45. [CrossRef]

88. Lotz, E.M.; Berger, M.B.; Boyan, B.D.; Schwartz, Z. Regulation of mesenchymal stem cell differentiation on microstructured
titanium surfaces by semaphorin 3A. Bone 2020, 134, 115260. [CrossRef]

89. Liu, J.; Someren, E.; Mentink, A.; Licht, R.; Dechering, K.; van Blitterswijk, C.; de Boer, J. The effect of PKC activation and
inhibition on osteogenic differentiation of human mesenchymal stem cells. J. Tissue Eng. Regen. Med. 2010, 4, 329–339. [CrossRef]

90. Nakura, A.; Higuchi, C.; Yoshida, K.; Yoshikawa, H. PKCα suppresses osteoblastic differentiation. Bone 2011, 48, 476–484.
[CrossRef]

91. Liu, Z.; Liu, H.; He, J.; Lin, P.; Tong, Q.; Yang, J. Myeloma cells shift osteoblastogenesis to adipogenesis by inhibiting the ubiquitin
ligase MURF1 in mesenchymal stem cells. Sci. Signal. 2020, 13, eaay8203. [CrossRef] [PubMed]

92. Wang, Z.; Wang, X.; Zhang, L.; Wang, B.; Xu, B.; Zhang, J. GLP-1 inhibits PKCβ2 phosphorylation to improve the osteogenic
differentiation potential of hPDLSCs in the AGE microenvironment. J. Diabetes Complicat. 2020, 34, 107495. [CrossRef] [PubMed]

93. Hua, W.-K.; Shiau, Y.-H.; Lee, O.K.; Lin, W.-J. Elevation of protein kinase Cα stimulates osteogenic differentiation of mesenchymal
stem cells through the TAT-mediated protein transduction system. Biochem. Cell Biol. 2013, 91, 443–448. [CrossRef] [PubMed]

94. Miraoui, H.; Oudina, K.; Petite, H.; Tanimoto, Y.; Moriyama, K.; Marie, P.J. Fibroblast growth factor receptor 2 promotes osteogenic
differentiation in mesenchymal cells via ERK1/2 and protein kinase C signaling. J. Biol. Chem. 2009, 284, 4897–4904. [CrossRef]

95. Kuo, S.-W.; Rimando, M.G.; Liu, Y.-S.; Lee, O.K. Intermittent Administration of Parathyroid Hormone 1-34 Enhances Osteogenesis
of Human Mesenchymal Stem Cells by Regulating Protein Kinase Cδ. Int. J. Mol. Sci. 2017, 18, 2221. [CrossRef]

https://doi.org/10.1016/j.scr.2009.07.002
https://www.ncbi.nlm.nih.gov/pubmed/19716358
https://doi.org/10.1016/j.bbrc.2006.08.020
https://www.ncbi.nlm.nih.gov/pubmed/16920071
https://doi.org/10.3390/cells8080784
https://www.ncbi.nlm.nih.gov/pubmed/31357692
https://doi.org/10.3727/096368914X685258
https://doi.org/10.1002/jcb.240550307
https://doi.org/10.1289/ehp.8980117
https://doi.org/10.3109/14653241003774011
https://doi.org/10.22203/eCM.v028a01
https://doi.org/10.1007/s00223-016-0137-3
https://doi.org/10.1016/j.stem.2014.03.005
https://www.ncbi.nlm.nih.gov/pubmed/24726192
https://doi.org/10.1002/jcb.21112
https://www.ncbi.nlm.nih.gov/pubmed/17031848
https://doi.org/10.4196/kjpp.2014.18.4.289
https://www.ncbi.nlm.nih.gov/pubmed/25177160
https://doi.org/10.1016/j.bbrc.2023.149145
https://doi.org/10.1186/s13018-023-03998-w
https://doi.org/10.1371/journal.pone.0149876
https://doi.org/10.1186/s12979-021-00256-7
https://doi.org/10.1016/j.bone.2020.115260
https://doi.org/10.1002/term.242
https://doi.org/10.1016/j.bone.2010.09.238
https://doi.org/10.1126/scisignal.aay8203
https://www.ncbi.nlm.nih.gov/pubmed/32457115
https://doi.org/10.1016/j.jdiacomp.2019.107495
https://www.ncbi.nlm.nih.gov/pubmed/31785994
https://doi.org/10.1139/bcb-2013-0035
https://www.ncbi.nlm.nih.gov/pubmed/24219286
https://doi.org/10.1074/jbc.M805432200
https://doi.org/10.3390/ijms18102221


Biomedicines 2024, 12, 2735 19 of 22

96. Zhu, F.; Sweetwyne, M.T.; Hankenson, K.D. PKCδ is required for Jagged-1 induction of human mesenchymal stem cell osteogenic
differentiation. Stem Cells 2013, 31, 1181–1192. [CrossRef]

97. Lee, S.; Cho, H.-Y.; Bui, H.T.T.; Kang, D. The osteogenic or adipogenic lineage commitment of human mesenchymal stem cells is
determined by protein kinase C delta. BMC Cell Biol. 2014, 15, 42. [CrossRef]

98. Smyth, D.C.; Takenaka, S.; Yeung, C.; Richards, C.D. Oncostatin M regulates osteogenic differentiation of murine adipose-derived
mesenchymal progenitor cells through a PKCdelta-dependent mechanism. Cell Tissue Res. 2015, 360, 309–319. [CrossRef]

99. Tu, X.; Joeng, K.S.; Nakayama, K.I.; Nakayama, K.; Rajagopal, J.; Carroll, T.J.; McMahon, A.P.; Long, F. Noncanonical Wnt
signaling through G protein-linked PKCδ activation promotes bone formation. Dev. Cell 2007, 12, 113–127. [CrossRef]

100. Xi, G.; Shen, X.; Rosen, C.J.; Clemmons, D.R. IRS-1 Functions as a Molecular Scaffold to Coordinate IGF-I/IGFBP-2 Signaling
During Osteoblast Differentiation. J. Bone Miner. Res. 2016, 31, 1300–1314. [CrossRef]

101. Pieles, O.; Reichert, T.E.; Morsczeck, C. Classical isoforms of protein kinase C (PKC) and Akt regulate the osteogenic differentiation
of human dental follicle cells via both β-catenin and NF-κB. Stem Cell Res. Ther. 2021, 12, 242. [CrossRef] [PubMed]

102. De Pellegrin, M.; Reck, A.; Morsczeck, C. Sclerostin inhibits Protein kinase C inhibitor GÖ6976 induced osteogenic differentiation
of dental follicle cells. Tissue Cell 2024, 90, 102522. [CrossRef] [PubMed]

103. Lampasso, J.; Chen, W.; Marzec, N. The expression profile of PKC isoforms during MC3T3-E1 differentiation. Int. J. Mol. Med.
2006, 17, 1125–1131. [CrossRef] [PubMed]

104. Kim, B.-G.; Kim, H.-J.; Park, H.-J.; Kim, Y.-J.; Yoon, W.-J.; Lee, S.-J.; Ryoo, H.-M.; Cho, J.-Y. Runx2 phosphorylation induced by
fibroblast growth factor-2/protein kinase C pathways. Proteomics 2006, 6, 1166–1174. [CrossRef] [PubMed]

105. Cho, M.; Park, S.; Gwak, J.; Kim, D.-E.; Yea, S.S.; Shin, J.-G.; Oh, S. Bisindoylmaleimide I suppresses adipocyte differentiation
through stabilization of intracellular β-catenin protein. Biochem. Biophys. Res. Commun. 2008, 367, 195–200. [CrossRef]

106. Duong, M.; Yu, X.; Teng, B.; Schroder, P.; Haller, H.; Eschenburg, S.; Schiffer, M. Protein kinase C ϵ stabilizes β-catenin and
regulates its subcellular localization in podocytes. J. Biol. Chem. 2017, 292, 12100–12110. [CrossRef]

107. Choi, S.-W.; Song, J.-K.; Yim, Y.-S.; Yun, H.-G.; Chun, K.-H. Glucose deprivation triggers protein kinase C-dependent β-catenin
proteasomal degradation. J. Biol. Chem. 2015, 290, 9863–9873. [CrossRef]

108. Gwak, J.; Cho, M.; Gong, S.-J.; Won, J.; Kim, D.-E.; Kim, E.-Y.; Lee, S.S.; Kim, M.; Kim, T.K.; Shin, J.-G.; et al. Protein-kinase-
C-mediated β-catenin phosphorylation negatively regulates the Wnt/β-catenin pathway. J. Cell Sci. 2006, 119, 4702–4709.
[CrossRef]

109. Shirakawa, F.; Mizel, S.B. In vitro activation and nuclear translocation of NF-κB catalyzed by cyclic AMP-dependent protein
kinase and protein kinase C. Mol. Cell. Biol. 1989, 9, 2424–2430. [CrossRef]

110. Lallena, M.J.; Diaz-Meco, M.T.; Bren, G.; Payá, C.V.; Moscat, J. Activation of IκB kinase β by protein kinase C isoforms. Mol. Cell.
Biol. 1999, 19, 2180–2188. [CrossRef]

111. Basson, M.D.; Zeng, B.; Downey, C.; Sirivelu, M.P.; Tepe, J.J. Increased extracellular pressure stimulates tumor proliferation by a
mechanosensitive calcium channel and PKC-β. Mol. Oncol. 2015, 9, 513–526. [CrossRef] [PubMed]

112. Xue, N.; Qi, L.; Zhang, G.; Zhang, Y. miRNA-125b Regulates Osteogenic Differentiation of Periodontal Ligament Cells Through
NKIRAS2/NF-κB Pathway. Cell. Physiol. Biochem. 2018, 48, 1771–1781. [CrossRef] [PubMed]

113. Tang, Y.; Zhang, X.; Ge, W.; Zhou, Y. Knockdown of LAP2α inhibits osteogenic differentiation of human adipose-derived stem
cells by activating NF-κB. Stem Cell Res. Ther. 2020, 11, 263. [CrossRef] [PubMed]

114. Ning, T.; Guo, H.; Ma, M.; Zha, Z. BRD4 facilitates osteogenic differentiation of human bone marrow mesenchymal stem cells
through WNT4/NF-κB pathway. J. Orthop. Surg. Res. 2023, 18, 876. [CrossRef] [PubMed]

115. Li, M.; Wang, Y.; Xue, J.; Xu, Q.; Zhang, Y.; Liu, J.; Xu, H.; Guan, Z.; Bian, C.; Zhang, G.; et al. Baicalin can enhance
odonto/osteogenic differentiation of inflammatory dental pulp stem cells by inhibiting the NF-κB and β-catenin/Wnt sig-
naling pathways. Mol. Biol. Rep. 2023, 50, 4435–4446. [CrossRef]

116. Morsczeck, C.; Götz, W.; Schierholz, J.; Zeilhofer, F.; Kühn, U.; Möhl, C.; Sippel, C.; Hoffmann, K.H. Isolation of precursor cells
(PCs) from human dental follicle of wisdom teeth. Matrix Biol. 2005, 24, 155–165. [CrossRef]

117. Pan, K.; Sun, Q.; Zhang, J.; Ge, S.; Li, S.; Zhao, Y.; Yang, P. Multilineage differentiation of dental follicle cells and the roles of
Runx2 over-expression in enhancing osteoblast/cementoblast-related gene expression in dental follicle cells. Cell Prolif. 2010, 43,
219–228. [CrossRef]

118. Viale-Bouroncle, S.; Klingelhöffer, C.; Ettl, T.; Reichert, T.E.; Morsczeck, C. A protein kinase A (PKA)/β-catenin pathway sustains
the BMP2/DLX3-induced osteogenic differentiation in dental follicle cells (DFCs). Cell. Signal. 2015, 27, 598–605. [CrossRef]

119. Du, Y.; Ling, J.; Wei, X.; Ning, Y.; Xie, N.; Gu, H.; Yang, F. Wnt/β-catenin signaling participates in cementoblast/osteoblast
differentiation of dental follicle cells. Connect. Tissue Res. 2012, 53, 390–397. [CrossRef]

120. MacDonald, B.T.; Tamai, K.; He, X. Wnt/β-catenin signaling: Components, mechanisms, and diseases. Dev. Cell 2009, 17, 9–26.
[CrossRef]

121. Jouishomme, H.; Whitfield, J.F.; Chakravarthy, B.; Durkin, J.P.; Gagnon, L.; Isaacs, R.J.; MacLean, S.; Neugebauer, W.; Willick,
G.; Rixon, R.H. The protein kinase-C activation domain of the parathyroid hormone. Endocrinology 1992, 130, 53–60. [CrossRef]
[PubMed]

122. Yang, D.; Guo, J.; Divieti, P.; Bringhurst, F.R. Parathyroid hormone activates PKC-δ and regulates osteoblastic differentiation via a
PLC-independent pathway. Bone 2006, 38, 485–496. [CrossRef] [PubMed]

https://doi.org/10.1002/stem.1353
https://doi.org/10.1186/s12860-014-0042-4
https://doi.org/10.1007/s00441-014-2099-y
https://doi.org/10.1016/j.devcel.2006.11.003
https://doi.org/10.1002/jbmr.2791
https://doi.org/10.1186/s13287-021-02313-w
https://www.ncbi.nlm.nih.gov/pubmed/33853677
https://doi.org/10.1016/j.tice.2024.102522
https://www.ncbi.nlm.nih.gov/pubmed/39173455
https://doi.org/10.3892/ijmm.17.6.1125
https://www.ncbi.nlm.nih.gov/pubmed/16685425
https://doi.org/10.1002/pmic.200500289
https://www.ncbi.nlm.nih.gov/pubmed/16421932
https://doi.org/10.1016/j.bbrc.2007.12.147
https://doi.org/10.1074/jbc.M117.775700
https://doi.org/10.1074/jbc.M114.606756
https://doi.org/10.1242/jcs.03256
https://doi.org/10.1128/mcb.9.6.2424-2430.1989
https://doi.org/10.1128/MCB.19.3.2180
https://doi.org/10.1016/j.molonc.2014.10.008
https://www.ncbi.nlm.nih.gov/pubmed/25454347
https://doi.org/10.1159/000492350
https://www.ncbi.nlm.nih.gov/pubmed/30078007
https://doi.org/10.1186/s13287-020-01774-9
https://www.ncbi.nlm.nih.gov/pubmed/32611381
https://doi.org/10.1186/s13018-023-04335-x
https://www.ncbi.nlm.nih.gov/pubmed/37980502
https://doi.org/10.1007/s11033-023-08398-1
https://doi.org/10.1016/j.matbio.2004.12.004
https://doi.org/10.1111/j.1365-2184.2010.00670.x
https://doi.org/10.1016/j.cellsig.2014.12.008
https://doi.org/10.3109/03008207.2012.668980
https://doi.org/10.1016/j.devcel.2009.06.016
https://doi.org/10.1210/endo.130.1.1727720
https://www.ncbi.nlm.nih.gov/pubmed/1727720
https://doi.org/10.1016/j.bone.2005.10.009
https://www.ncbi.nlm.nih.gov/pubmed/16325485


Biomedicines 2024, 12, 2735 20 of 22

123. McCarty, M.F. Elevated sympathetic activity may promote insulin resistance syndrome by activating alpha-1 adrenergic receptors
on adipocytes. Med. Hypotheses 2004, 62, 830–838. [CrossRef] [PubMed]

124. Dossing, D.; Radeff, J.; Sanders, J.; Lee, S.-K.; Hsieh, M.-R.; Stern, P. Parathyroid hormone stimulates translocation of protein
kinase C isozymes in UMR-106 osteoblastic osteosarcoma cells. Bone 2001, 29, 223–230. [CrossRef]

125. Kulebyakin, K.; Tyurin-Kuzmin, P.; Sozaeva, L.; Voloshin, N.; Nikolaev, M.; Chechekhin, V.; Vigovskiy, M.; Sysoeva, V.; Korchagina,
E.; Naida, D.; et al. Dynamic Balance between PTH1R-Dependent Signal Cascades Determines Its Pro- or Anti-Osteogenic Effects
on MSC. Cells 2022, 11, 3519. [CrossRef]

126. Kohn, A.D.; Moon, R.T. Wnt and calcium signaling: β-Catenin-independent pathways. Cell Calcium 2005, 38, 439–446. [CrossRef]
127. Keller, K.C.; Ding, H.; Tieu, R.; Sparks, N.R.L.; Ehnes, D.D.; zur Nieden, N.I. Wnt5a Supports Osteogenic Lineage Decisions in

Embryonic Stem Cells. Stem Cells Dev. 2016, 25, 1020–1032. [CrossRef]
128. Koyanagi, M.; Iwasaki, M.; Haendeler, J.; Leitges, M.; Zeiher, A.M.; Dimmeler, S. Wnt5a increases cardiac gene expressions of

cultured human circulating progenitor cells via a PKC delta activation. PLoS ONE 2009, 4, e5765. [CrossRef]
129. Yao, J.; Li, J.; Zhou, L.; Cheng, J.; Chim, S.M.; Zhang, G.; Quinn, J.M.W.; Tickner, J.; Zhao, J.; Xu, J. Protein kinase C inhibitor,

GF109203X attenuates osteoclastogenesis, bone resorption and RANKL-induced NF-κB and NFAT activity. J. Cell. Physiol. 2015,
230, 1235–1242. [CrossRef]

130. Pang, C.; Wen, L.; Qin, H.; Zhu, B.; Lu, X.; Luo, S. Sotrastaurin, a PKC inhibitor, attenuates RANKL-induced bone resorption and
attenuates osteochondral pathologies associated with the development of OA. J. Cell. Mol. Med. 2020, 24, 8452–8465. [CrossRef]

131. Lee, S.; Kwak, H.; Chung, W.; Cheong, H.; Kim, H.-H.; Lee, Z. Participation of protein kinase c β in osteoclast differentiation and
function. Bone 2003, 32, 217–227. [CrossRef] [PubMed]

132. Kim, M.Y.; Lee, K.; Shin, H.-I.; Jeong, D. Specific targeting of PKCδ suppresses osteoclast differentiation by accelerating proteolysis
of membrane-bound macrophage colony-stimulating factor receptor. Sci. Rep. 2019, 9, 7044. [CrossRef] [PubMed]

133. Durán, A.; Serrano, M.; Leitges, M.; Flores, J.M.; Picard, S.; Brown, J.P.; Moscat, J.; Diaz-Meco, M.T. The Atypical PKC-Interacting
Protein p62 Is an Important Mediator of RANK-Activated Osteoclastogenesis. Dev. Cell 2004, 6, 303–309. [CrossRef] [PubMed]

134. Wada, T.; Nakashima, T.; Hiroshi, N.; Penninger, J.M. RANKL-RANK signaling in osteoclastogenesis and bone disease. Trends
Mol. Med. 2006, 12, 17–25. [CrossRef] [PubMed]

135. Valverde, A.M.; Lorenzo, M.; Navarro, P.; Benito, M. Phosphatidylinositol 3-kinase is a requirement for insulin-like growth factor
I-induced differentiation, but not for mitogenesis, in fetal brown adipocytes. Mol. Endocrinol. 1997, 11, 595–607. [CrossRef]

136. Zhang, K.; Wang, F.; Huang, J.; Lou, Y.; Xie, J.; Li, H.; Cao, D.; Huang, X. Insulin-like growth factor 2 promotes the adipogenesis of
hemangioma-derived stem cells. Exp. Ther. Med. 2019, 17, 1663–1669. [CrossRef]

137. Zhang, X.-X.; Wang, Y.-M.; Su, Y.-D.; Zuo, F.; Wu, B.; Nian, X. MiR-26a regulated adipogenic differentiation of ADSCs induced by
insulin through CDK5/FOXC2 pathway. Mol. Cell. Biochem. 2021, 476, 1705–1716. [CrossRef]

138. Morsczeck, C.; Moehl, C.; Götz, W.; Heredia, A.; Schäffer, T.E.; Eckstein, N.; Sippel, C.; Hoffmann, K.H. In vitro differentiation of
human dental follicle cells with dexamethasone and insulin. Cell Biol. Int. 2005, 29, 567–575. [CrossRef]

139. Saugspier, M.; Felthaus, O.; Viale-Bouroncle, S.; Driemel, O.; Reichert, T.E.; Schmalz, G.; Morsczeck, C. The differentiation and
gene expression profile of human dental follicle cells. Stem Cells Dev. 2010, 19, 707–717. [CrossRef]

140. Keats, E.C.; Dominguez, J.M.; Grant, M.B.; Khan, Z.A. Switch from canonical to noncanonical Wnt signaling mediates high
glucose-induced adipogenesis. Stem Cells 2014, 32, 1649–1660. [CrossRef]

141. Zhou, Y.; Wang, D.; Li, F.; Shi, J.; Song, J. Different roles of protein kinase C-βI and -δ in the regulation of adipocyte differentiation.
Int. J. Biochem. Cell Biol. 2006, 38, 2151–2163. [CrossRef] [PubMed]

142. Gaillard, D.; Négrel, R.; Lagarde, M.; Ailhaud, G. Requirement and role of arachidonic acid in the differentiation of pre-adipose
cells. Biochem. J. 1989, 257, 389–397. [CrossRef] [PubMed]

143. Artemenko, Y.; Gagnon, A.; Aubin, D.; Sorisky, A. Anti-adipogenic effect of PDGF is reversed by PKC inhibition. J. Cell. Physiol.
2005, 204, 646–653. [CrossRef] [PubMed]

144. Shinohara, O.; Murata, Y.; Shimizu, M. Endothelin-1 suppression of rat adipocyte precursor cell differentiation in serum-free
culture. Endocrinology 1992, 130, 2031–2036. [CrossRef]

145. Wang, T.; Wang, Y.; Yamashita, H. Evodiamine inhibits adipogenesis via the EGFR-PKCα-ERK signaling pathway. FEBS Lett.
2009, 583, 3655–3659. [CrossRef]

146. Pavan, C.; Vindigni, V.; Michelotto, L.; Rimessi, A.; Abatangelo, G.; Cortivo, R.; Pinton, P.; Zavan, B. Weight gain related to
treatment with atypical antipsychotics is due to activation of PKC-β. Pharmacogenom. J. 2010, 10, 408–417. [CrossRef]

147. Fleming, I.; MacKenzie, S.J.; Vernon, R.G.; Anderson, N.G.; Houslay, M.D.; Kilgour, E. Protein kinase C isoforms play differential
roles in the regulation of adipocyte differentiation. Biochem. J. 1998, 333 Pt 3, 719–727. [CrossRef]

148. McGowan, K.; DeVente, J.; Carey, J.O.; Ways, D.K.; Pekala, P.H. Protein kinase C isoform expression during the differentiation of
3T3-L1 preadipocytes: Loss of protein kinase C-α isoform correlates with loss of phorbol 12-myristate 13-acetate activation of
nuclear factor κB and acquisition of the adipocyte phenotype. J. Cell. Physiol. 1996, 167, 113–120. [CrossRef]

149. Carter, G.; Apostolatos, A.; Patel, R.; Mathur, A.; Cooper, D.; Murr, M.; Patel, N.A. Dysregulated Alternative Splicing Pattern
of PKCδ during Differentiation of Human Preadipocytes Represents Distinct Differences between Lean and Obese Adipocytes.
ISRN Obes. 2013, 2013, 161345. [CrossRef]

150. Webb, P.R.; Doyle, C.; Anderson, N.G. Protein kinase C-epsilon promotes adipogenic commitment and is essential for terminal
differentiation of 3T3-F442A preadipocytes. Cell. Mol. Life Sci. 2003, 60, 1504–1512. [CrossRef]

https://doi.org/10.1016/j.mehy.2003.11.007
https://www.ncbi.nlm.nih.gov/pubmed/15082116
https://doi.org/10.1016/S8756-3282(01)00507-5
https://doi.org/10.3390/cells11213519
https://doi.org/10.1016/j.ceca.2005.06.022
https://doi.org/10.1089/scd.2015.0367
https://doi.org/10.1371/journal.pone.0005765
https://doi.org/10.1002/jcp.24858
https://doi.org/10.1111/jcmm.15404
https://doi.org/10.1016/S8756-3282(02)00976-6
https://www.ncbi.nlm.nih.gov/pubmed/12667549
https://doi.org/10.1038/s41598-019-43501-2
https://www.ncbi.nlm.nih.gov/pubmed/31065073
https://doi.org/10.1016/S1534-5807(03)00403-9
https://www.ncbi.nlm.nih.gov/pubmed/14960283
https://doi.org/10.1016/j.molmed.2005.11.007
https://www.ncbi.nlm.nih.gov/pubmed/16356770
https://doi.org/10.1210/mend.11.5.9924
https://doi.org/10.3892/etm.2018.7132
https://doi.org/10.1007/s11010-020-04033-w
https://doi.org/10.1016/j.cellbi.2005.03.020
https://doi.org/10.1089/scd.2010.0027
https://doi.org/10.1002/stem.1659
https://doi.org/10.1016/j.biocel.2006.06.009
https://www.ncbi.nlm.nih.gov/pubmed/16950644
https://doi.org/10.1042/bj2570389
https://www.ncbi.nlm.nih.gov/pubmed/2539084
https://doi.org/10.1002/jcp.20314
https://www.ncbi.nlm.nih.gov/pubmed/15754337
https://doi.org/10.1210/endo.130.4.1312437
https://doi.org/10.1016/j.febslet.2009.10.046
https://doi.org/10.1038/tpj.2009.67
https://doi.org/10.1042/bj3330719
https://doi.org/10.1002/(SICI)1097-4652(199604)167:1%3C113::AID-JCP13%3E3.0.CO;2-C
https://doi.org/10.1155/2013/161345
https://doi.org/10.1007/s00018-003-2337-z


Biomedicines 2024, 12, 2735 21 of 22

151. Yu, Y.-H.; Liao, P.-R.; Guo, C.-J.; Chen, C.-H.; Mochly-Rosen, D.; Chuang, L.-M. PKC-ALDH2 Pathway Plays a Novel Role in
Adipocyte Differentiation. PLoS ONE 2016, 11, e0161993. [CrossRef] [PubMed]

152. Lacasa, D.; Agli, B.; Giudicelli, Y. ζPKC in rat preadipocytes: Modulation by insulin and serum mitogenic factors and possible
role in adipogenesis. Biochem. Biophys. Res. Commun. 1995, 217, 123–130. [CrossRef] [PubMed]

153. Guo, L.; Li, X.; Tang, Q.-Q. Transcriptional regulation of adipocyte differentiation: A central role for CCAAT/enhancer-binding
protein (C/EBP) β. J. Biol. Chem. 2015, 290, 755–761. [CrossRef] [PubMed]

154. Kulyk, W.M.; Reichert, C. Staurosporine, a protein kinase inhibitor, stimulates cartilage differentiation by embryonic facial
mesenchyme. J. Craniofac. Genet. Dev. Biol. 1992, 12, 90–97.

155. Choi, B.; Chun, J.S.; Lee, Y.S.; Sonn, J.K.; Kang, S.S. Expression of protein kinase C isozymes that are required for chondrogenesis
of chick limb bud mesenchymal cells. Biochem. Biophys. Res. Commun. 1995, 216, 1034–1040. [CrossRef]

156. Tsai, T.-L.; Manner, P.A.; Li, W.-J. Regulation of mesenchymal stem cell chondrogenesis by glucose through protein kinase
C/transforming growth factor signaling. Osteoarthr. Cartil. 2013, 21, 368–376. [CrossRef]

157. Long, F.; Ornitz, D.M. Development of the endochondral skeleton. Cold Spring Harb. Perspect. Biol. 2013, 5, a008334. [CrossRef]
158. Yoon, Y.M.; Oh, C.D.; Kim, D.Y.; Lee, Y.S.; Park, J.W.; Huh, T.L.; Kang, S.S.; Chun, J.S. Epidermal growth factor negatively

regulates chondrogenesis of mesenchymal cells by modulating the protein kinase C-α, Erk-1, and p38 MAPK signaling pathways.
J. Biol. Chem. 2000, 275, 12353–12359. [CrossRef]

159. Yang, M.S.; Chang, S.H.; Sonn, J.K.; Lee, Y.S.; Kang, S.S.; Park, T.K.; Chun, J.S. Regulation of chondrogenic differentiation of
mesenchymes by protein kinase Cα. Mol. Cells 1998, 8, 266–271. [CrossRef]

160. Lim, Y.B.; Kang, S.S.; Park, T.K.; Lee, Y.S.; Chun, J.S.; Sonn, J.K. Disruption of actin cytoskeleton induces chondrogenesis of
mesenchymal cells by activating protein kinase C-α signaling. Biochem. Biophys. Res. Commun. 2000, 273, 609–613. [CrossRef]

161. Matta, C.; Juhász, T.; Szíjgyártó, Z.; Kolozsvári, B.; Somogyi, C.; Nagy, G.; Gergely, P.; Zákány, R. PKCδ is a positive regulator of
chondrogenesis in chicken high density micromass cell cultures. Biochimie 2011, 93, 149–159. [CrossRef] [PubMed]

162. Oh, C.-D.; Chun, J.-S. Signaling mechanisms leading to the regulation of differentiation and apoptosis of articular chondrocytes
by insulin-like growth factor-1. J. Biol. Chem. 2003, 278, 36563–36571. [CrossRef] [PubMed]

163. Jin, E.-J.; Park, J.-H.; Lee, S.-Y.; Chun, J.-S.; Bang, O.-S.; Kang, S.-S. Wnt-5a is involved in TGF-β3-stimulated chondrogenic
differentiation of chick wing bud mesenchymal cells. Int. J. Biochem. Cell Biol. 2006, 38, 183–195. [CrossRef] [PubMed]

164. Chang, J.-K.; Chang, L.-H.; Hung, S.-H.; Wu, S.-C.; Lee, H.-Y.; Lin, Y.-S.; Chen, C.-H.; Fu, Y.-C.; Wang, G.-J.; Ho, M.-L. Parathyroid
hormone 1-34 inhibits terminal differentiation of human articular chondrocytes and osteoarthritis progression in rats. Arthritis
Rheum. 2009, 60, 3049–3060. [CrossRef]

165. Zhen, X.; Wei, L.; Wu, Q.; Zhang, Y.; Chen, Q. Mitogen-activated protein kinase p38 mediates regulation of chondrocyte
differentiation by parathyroid hormone. J. Biol. Chem. 2001, 276, 4879–4885. [CrossRef]

166. Zhang, Y.; Pizzute, T.; Pei, M. A review of crosstalk between MAPK and Wnt signals and its impact on cartilage regeneration. Cell
Tissue Res. 2014, 358, 633–649. [CrossRef]

167. Chang, S.H.; Oh, C.D.; Yang, M.S.; Kang, S.S.; Lee, Y.S.; Sonn, J.K.; Chun, J.S. Protein kinase C regulates chondrogenesis of
mesenchymes via mitogen-activated protein kinase signaling. J. Biol. Chem. 1998, 273, 19213–19219. [CrossRef]

168. Yoon, Y.-M.; Kim, S.-J.; Oh, C.-D.; Ju, J.-W.; Song, W.K.; Yoo, Y.J.; Huh, T.-L.; Chun, J.-S. Maintenance of differentiated phenotype
of articular chondrocytes by protein kinase C and extracellular signal-regulated protein kinase. J. Biol. Chem. 2002, 277, 8412–8420.
[CrossRef]

169. Oh, C.D.; Chang, S.H.; Yoon, Y.M.; Lee, S.J.; Lee, Y.S.; Kang, S.S.; Chun, J.S. Opposing role of mitogen-activated protein kinase
subtypes, erk-1/2 and p38, in the regulation of chondrogenesis of mesenchymes. J. Biol. Chem. 2000, 275, 5613–5619. [CrossRef]

170. Lim, Y.-B.; Kang, S.-S.; An, W.G.; Lee, Y.-S.; Chun, J.-S.; Sonn, J.K. Chondrogenesis induced by actin cytoskeleton disruption is
regulated via protein kinase C-dependent p38 mitogen-activated protein kinase signaling. J. Cell. Biochem. 2003, 88, 713–718.
[CrossRef]

171. Castagna, M.; Takai, Y.; Kaibuchi, K.; Sano, K.; Kikkawa, U.; Nishizuka, Y. Direct activation of calcium-activated, phospholipid-
dependent protein kinase by tumor-promoting phorbol esters. J. Biol. Chem. 1982, 257, 7847–7851. [CrossRef] [PubMed]

172. Király, M.; Porcsalmy, B.; Pataki, A.; Kádár, K.; Jelitai, M.; Molnár, B.; Hermann, P.; Gera, I.; Grimm, W.-D.; Ganss, B.; et al.
Simultaneous PKC and cAMP activation induces differentiation of human dental pulp stem cells into functionally active neurons.
Neurochem. Int. 2009, 55, 323–332. [CrossRef] [PubMed]

173. Lim, H.-S.; Joe, Y.A. A ROCK Inhibitor Blocks the Inhibitory Effect of Chondroitin Sulfate Proteoglycan on Morphological
Changes of Mesenchymal Stromal/Stem Cells into Neuron-Like Cells. Biomol. Ther. 2013, 21, 447–453. [CrossRef] [PubMed]

174. Garcia-Navarro, S.; Marantz, Y.; Eyal, R.; Kalina, M.; Disatnik, M.H.; Mochly-Rosen, D.; Ben-Menahem, D.; Reiss, N.; Naor, Z.
Developmental expression of protein kinase C subspecies in rat brain-pituitary axis. Mol. Cell. Endocrinol. 1994, 103, 133–138.
[CrossRef]

175. Tzeng, H.-H.; Hsu, C.-H.; Chung, T.-H.; Lee, W.-C.; Lin, C.-H.; Wang, W.-C.; Hsiao, C.-Y.; Leu, Y.-W.; Wang, T.-H. Cell Signaling
and Differential Protein Expression in Neuronal Differentiation of Bone Marrow Mesenchymal Stem Cells with Hypermethylated
Salvador/Warts/Hippo (SWH) Pathway Genes. PLoS ONE 2015, 10, e0145542. [CrossRef]

176. Mardani, M.; Tiraihi, T.; Bathaie, S.Z.; Mirnajafi-Zadeh, J. Comparison of the proteome patterns of adipose-derived stem cells
with those treated with selegiline using a two dimensional gel electrophoresis analysis. Biotech. Histochem. 2020, 95, 176–185.
[CrossRef]

https://doi.org/10.1371/journal.pone.0161993
https://www.ncbi.nlm.nih.gov/pubmed/27575855
https://doi.org/10.1006/bbrc.1995.2753
https://www.ncbi.nlm.nih.gov/pubmed/8526899
https://doi.org/10.1074/jbc.R114.619957
https://www.ncbi.nlm.nih.gov/pubmed/25451943
https://doi.org/10.1006/bbrc.1995.2724
https://doi.org/10.1016/j.joca.2012.11.001
https://doi.org/10.1101/cshperspect.a008334
https://doi.org/10.1074/jbc.275.16.12353
https://doi.org/10.1016/S1016-8478(23)13423-6
https://doi.org/10.1006/bbrc.2000.2987
https://doi.org/10.1016/j.biochi.2010.09.005
https://www.ncbi.nlm.nih.gov/pubmed/20850497
https://doi.org/10.1074/jbc.M304857200
https://www.ncbi.nlm.nih.gov/pubmed/12853454
https://doi.org/10.1016/j.biocel.2005.08.013
https://www.ncbi.nlm.nih.gov/pubmed/16183324
https://doi.org/10.1002/art.24843
https://doi.org/10.1074/jbc.M004990200
https://doi.org/10.1007/s00441-014-2010-x
https://doi.org/10.1074/jbc.273.30.19213
https://doi.org/10.1074/jbc.M110608200
https://doi.org/10.1074/jbc.275.8.5613
https://doi.org/10.1002/jcb.10389
https://doi.org/10.1016/S0021-9258(18)34459-4
https://www.ncbi.nlm.nih.gov/pubmed/7085651
https://doi.org/10.1016/j.neuint.2009.03.017
https://www.ncbi.nlm.nih.gov/pubmed/19576521
https://doi.org/10.4062/biomolther.2013.041
https://www.ncbi.nlm.nih.gov/pubmed/24404335
https://doi.org/10.1016/0303-7207(94)90080-9
https://doi.org/10.1371/journal.pone.0145542
https://doi.org/10.1080/10520295.2019.1656345


Biomedicines 2024, 12, 2735 22 of 22

177. Tsao, H.-K.; Chiu, P.-H.; Sun, S.H. PKC-dependent ERK phosphorylation is essential for P2X7 receptor-mediated neuronal
differentiation of neural progenitor cells. Cell Death Dis. 2013, 4, e751. [CrossRef]

178. Doonachar, A.; Schoenfeld, A.R. Expression of PKC iota affects neuronal differentiation of PC12 cells at least partly independent
of kinase function. CellBio 2014, 3, 1–13. [CrossRef]

179. Wooten, M.W.; Zhou, G.; Seibenhener, M.L.; Coleman, E.S. A role for zeta protein kinase C in nerve growth factor-induced
differentiation of PC12 cells. Cell Growth Differ. 1994, 5, 395–403.

180. Palazzo, E.; Kellett, M.D.; Cataisson, C.; Bible, P.W.; Bhattacharya, S.; Sun, H.-W.; Gormley, A.C.; Yuspa, S.H.; Morasso, M.I. A
novel DLX3-PKC integrated signaling network drives keratinocyte differentiation. Cell Death Differ. 2017, 24, 717–730. [CrossRef]

181. Jerome-Morais, A.; Rahn, H.R.; Tibudan, S.S.; Denning, M.F. Role for protein kinase C-α in keratinocyte growth arrest. J. Investig.
Dermatol. 2009, 129, 2365–2375. [CrossRef] [PubMed]

182. Kashiwagi, M.; Ohba, M.; Chida, K.; Kuroki, T. Protein kinase C eta (PKC eta): Its involvement in keratinocyte differentiation. J.
Biochem. 2002, 132, 853–857. [CrossRef] [PubMed]

183. Park, E.; Patel, A.N. PKC-delta induces cardiomyogenic gene expression in human adipose-derived stem cells. Biochem. Biophys.
Res. Commun. 2010, 393, 582–586. [CrossRef] [PubMed]

184. He, H.; Zhao, Z.-H.; Han, F.-S.; Liu, X.-H.; Wang, R.; Zeng, Y.-J. Overexpression of protein kinase C ε improves retention and
survival of transplanted mesenchymal stem cells in rat acute myocardial infarction. Cell Death Dis. 2016, 7, e2056. [CrossRef]
[PubMed]

185. Rondeau, E.; Guidet, B.; Lacave, R.; Bens, M.; Sraer, J.; Nagamine, Y.; Ardaillou, R.; Sraer, J.D. Nordihydroguaiaretic acid inhibits
urokinase synthesis by phorbol myristate acetate-stimulated LLC-PK1 cells. Biochim. Biophys. Acta (BBA) Mol. Cell Res. 1990, 1055,
165–172. [CrossRef]

186. Song, H.; Hwang, H.J.; Chang, W.; Song, B.-W.; Cha, M.-J.; Kim, I.-K.; Lim, S.; Choi, E.J.; Ham, O.; Lee, C.Y.; et al. Cardiomyocytes
from phorbol myristate acetate-activated mesenchymal stem cells restore electromechanical function in infarcted rat hearts. Proc.
Natl. Acad. Sci. USA 2011, 108, 296–301. [CrossRef]

187. Chang, W.; Lim, S.; Song, B.-W.; Lee, C.Y.; Park, M.-S.; Chung, Y.-A.; Yoon, C.; Lee, S.-Y.; Ham, O.; Park, J.-H.; et al. Phorbol
myristate acetate differentiates human adipose-derived mesenchymal stem cells into functional cardiogenic cells. Biochem. Biophys.
Res. Commun. 2012, 424, 740–746. [CrossRef]

188. Pieles, O.P. Molekulare Untersuchung des Einflusses der Proteinkinase C auf die Osteogene Differenzierung von Dentalen
Follikelzellen. Ph.D. Thesis, University of Regensburg, Regensburg, Germany, 2023. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/cddis.2013.274
https://doi.org/10.4236/cellbio.2014.31001
https://doi.org/10.1038/cdd.2017.5
https://doi.org/10.1038/jid.2009.74
https://www.ncbi.nlm.nih.gov/pubmed/19340015
https://doi.org/10.1093/oxfordjournals.jbchem.a003297
https://www.ncbi.nlm.nih.gov/pubmed/12473186
https://doi.org/10.1016/j.bbrc.2010.02.018
https://www.ncbi.nlm.nih.gov/pubmed/20152816
https://doi.org/10.1038/cddis.2015.417
https://www.ncbi.nlm.nih.gov/pubmed/26775707
https://doi.org/10.1016/0167-4889(90)90117-V
https://doi.org/10.1073/pnas.1015873107
https://doi.org/10.1016/j.bbrc.2012.07.022
https://doi.org/10.5283/epub.54118

	Introduction 
	Regulation of Biological Processes by PKC 
	Impact of PKC on General Stem Cell Properties 
	Role of PKC During Osteogenic Differentiation 
	General Influence of PKC on Osteogenesis 
	Impact of Particular PKC Isoforms on Osteogenesis 
	Downstream Targets Mediating the Influence of PKC on Osteogenesis 
	Endogenous Regulation of PKC During Osteogenesis 
	Impact of PKC on Bone Resorption 

	Role of PKC During Adipogenic Differentiation 
	General Influence of PKC or Certain Isoforms During Adipogenesis 
	Endogenous Regulation of PKC During Adipogenesis 
	Downstream Targets Mediating the Influence of PKC on Adipogenesis 

	Role of PKC During Chondrogenic Differentiation 
	General Influence of PKC or Certain Isoforms During Chondrogenesis 
	Endogenous Regulation of PKC During Chondrogenesis 
	Downstream Targets Mediating the Influence of PKC on Chondrogenesis 

	Role of PKC During Differentiation into Other Tissue Cells 
	Role of PKC During Neuronal Differentiation 
	Role of PKC During Differentiation into Keratinocytes and Cardiomyocytes 

	Conclusions and Outlook 
	References

