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ABSTRACT
In previous studies, we have reported that phospholipase C (PLC)-β1 plays a 

crucial role in myogenic differentiation and we determined the importance of its 
catalytic activity for the initiation of this process. Here we define the effectors that take 
part to its signaling pathway. We show that the Inositol Polyphosphate Multikinase 
(IPMK) is able to promote myogenic differentiation since its overexpression determines 
the up-regulation of several myogenic markers. Moreover, we demonstrate that IPMK 
activates the same cyclin D3 promoter region targeted by PLC-β1 and that IPMK-
induced promoter activation relies upon c-jun binding to the promoter, as we have 
shown previously for PLC-β1. Furthermore, our data shows that IPMK overexpression 
causes an increase in β-catenin translocation and accumulation to the nuclei of 
differentiating myoblasts resulting in higher MyoD activation. Finally, we describe that  
PLC-β1 overexpression determines too an increase in β-catenin translocation and 
that PLC-β1, IPMK and β-catenin are mediators of the same signaling pathway since 
their overexpression results in cyclin D3 and myosin heavy chain (MYH) induction.

INTRODUCTION

Myogenic differentiation is a well-defined and highly 
ordered process that involves several distinct and complex 
events: myoblasts proliferation, cell-cycle withdrawal, 
cell migration, alignment and fusion into multinucleated 
myotubes [1]. The regulation of these processes requires 
the activation of several transcription factors belonging 
to two main families: the MRFs (Myogenic Regulatory 
Factors) and MEF2 (Myocyte Enhancer Factor-2) family 
[2]. In particular, the MRFs comprise Myf5, MyoD, 
myogenin and MRF4; they can regulate each other’s 
expression and interact with the MEF2 transcription factors 
to induce the transcription of muscle-specific genes [3]. 
The expression of MRFs can drive both myogenic and non-
myogenic cell lines into myogenic differentiation [4, 5]. 
Myf5 and MyoD are expressed early in cell committed to 

differentiation while myogenin and MRF4 are expressed 
when cells enter terminal differentiation [6–8].

The fate of the myoblast that is whether it should 
continue to proliferate or start differentiating, is the result 
of the balance between positive and negative cell-cycle 
regulators. Eventually, the activation of differentiation 
process leads to the expression of late differentiation 
markers such as troponin, tropomyosin and myosin heavy 
and light chains that are among the downstream targets of 
MRFs and MEF2 family.

In previous studies, we investigated the role 
of phospholipase C(PLC)-β1-dependent signaling in 
myogenic differentiation using C2C12 murine myoblasts. 
C2C12 cells can differentiate into myotubes, under low 
serum conditions and represent a well-established and 
reproducible model of myogenesis used for studying many 
muscle-specific genes and proteins [9].
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PLC-β1 belongs to the family of PLCs that 
comprises 13 enzymes, divided into six classes based on 
their different domain composition. PLC-β1 catalyzes 
the hydrolysis of the signaling lipid phosphatidylinositol 
4,5-bisphosphate (PI(4,5P)2) generating two important 
second messengers: inositol 1,4,5,-trisphosphate (IP3) 
and diacylglycerol (DAG), which in turn regulate several 
cellular processes [10]. PLC-β1 presents two splicing 
variants: β1a and β1b that differ in their C-terminal region. 
The two variants show different cellular distribution: 
while PLC-β1a is located specially in the cytosol, PLC-
β1b is mainly distributed to the nucleus [11].

We have previously demonstrated that during 
C2C12 myoblast differentiation PLC-β1 expression is 
highly induced and that its catalytic activity is essential 
for the onset of the differentiation program. Moreover, 
the activation of PLC-β1-dependent pathway determines 
the up-regulation of cyclin D3 promoter activity leading 
to an increase in cyclin D3 expression during myogenic 
differentiation.  In a following study, we identified the 
cyclin D3 promoter region specifically targeted by PLC-β1 
signaling activity, and we described the transcription factor 
c-jun as the mediator for promoter activation [12–15].

In this study, we wanted to understand better 
the pathway induced by PLC-β1 during myogenic 
differentiation. We hypothesized that the second messenger 
IP3 generated by PLC-β1 activity could be the substrate of 
Inositol Polyphosphate Multikinase (IPMK) leading to the 
production of higher phosphorylated inositol species. 

IPMK is a multifunctional enzyme that shows 
both IP3- and IP4-kinase, and PI3-kinase activity. It is 
essential for the production of IP4 (both Ins(1,3,4,5)P4 and 
Ins(1,4,5,6)P4) and IP5 [16,17]. IPMK is crucial for the 
production of higher phosphorylated inositol species, since 
it is the only enzyme capable to produce Ins(1,4,5,6)P4 
and IP5. Therefore IPMK depletion results in the nearly 
complete elimination of intracellular IP6 and IP7 [17]. 
IPMK can also act as a PI3-kinase phosphorylating PIP2 
at the 3, position in order to produce PIP3 [18]. Moreover, 
it shows catalytic-independent activities as it can bind and 
stabilize the mTOR (mammalian Target of Rapamicin) 
complex [19] as well as function as a transcriptional co-
activator for serum response factor [19], CREB (cAMP 
response element)-binding protein [20] and p53 [21,22].

Since it was described in a different model that 
IP5 produced by IPMK could induce the Wnt/β-catenin 
pathway, we hypothesized that β-catenin could be a 
mediator of PLC-β1 pathway in myogenic differentiation 
[23]. The activation of Wnt/β-catenin pathway leads to 
the accumulation of β-catenin and its translocation to the 
nucleus where it induces downstream gene expression. 
When the pathway is not activated, β-catenin is bound 
to axin, adenomatous polyposis coli (APC), glycogen 
synthase kinase (GSK) 3β and casein kinase 1 that induce 
β-catenin proteasomal degradation [24]. Βeta-catenin 
target genes are involved in several cellular processes, such 

as proliferation, differentiation, survival and angiogenesis, 
as well as cancer initiation and progression [25].

Our results show that IPMK promotes myogenic 
differentiation of C2C12 cells. Moreover, IPMK is 
involved in PLC-β1-dependent signaling since it activates 
the same cyclin D3 promoter region targeted by PLC-β1, 
and we show that the promoter activation depends 
upon c-jun binding. Furthermore, we investigated the 
involvement of β-catenin in myogenic differentiation 
and we present its nuclear translocation in response to 
IPMK overexpression. Taken together our data is useful 
to define better the PLC-β1-dependent signaling pathway 
in myogenic differentiation.

RESULTS

IPMK overexpression promotes myogenic 
differentiation

Since we demonstrated that PLC-β1-depedent 
signaling is involved in myogenic differentiation, 
we wanted to understand further how this process 
is accomplished [13]. PLC-β1 activation yields to 
diacylglycerol (DAG) and inositol (1,4,5)- trisphosphate 
(IP3) production, therefore we hypothesized that IP3 could 
be the substrate of Inositol Polyphosphate Multikinase 
(IPMK) generating higher phosphorylated inositol species. 

First, we evaluated IPMK expression during the 
differentiation of C2C12 cells. Since we have not found 
a good commercial antibody for IPMK, we tested its 
expression in real-time PCR. Figure 1A shows IMPK 
expression in growing (GM) and differentiating cells, 
respectively 24 h, 48 h and 72 h after medium switch 
(DM). It is clear that IPMK expression did not vary during 
myogenic differentiation.

Then, we overexpressed IPMK in C2C12 cells, 
we induced the differentiation and we tested at different 
time points the expression of genes involved in the 
differentiation process, namely: myogenin, cyclin D3, 
and cyclin D1. Samples were collected following the 
incubation in growth medium (GM) and 24 h, and 
48 h after differentiation induction (DM). As shown in 
Figure 1B IPMK overexpression determined an increase 
in the expression of myogenin and cyclin D3 even before 
the switch from growth medium (GM) to differentiation 
medium (DM). It caused also a marked decrease in cyclin 
D1 expression (Figure 1C), strongly supporting a role for 
IPMK in myogenic differentiation.

Moreover, we tested if the changes that we observed at 
the transcriptional level corresponded to changes in protein 
expression. Therefore, we evaluated myogenin, cyclin D3 
and, myosin heavy chain (MYH) expression in whole cell 
lysates of C2C12 cells overexpressing DDK-tagged IPMK, 
kept in GM and 24, and 48 hours after DM administration. 
As displayed in Figure 1D, cells overexpressing IPMK 
showed higher levels of differentiation markers.
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The above data strongly suggest that IPMK plays 
a role in promoting the differentiation of C2C12 skeletal 
muscle cells.

Effects of IPMK on cyclin D3 promoter 
activation

In a previous study, we have demonstrated that PLC-
β1-dependent signaling determined cyclin D3 promoter 
activation during muscle differentiation and it targeted 
a specific promoter region, i.e. the region spanning 
from -446 to -190 bp, containing the binding site for the 
transcription factor c-jun [12]. 

In order to further assess IPMK involvement in 
myogenic differentiation, we investigated the ability of 
IPMK to activate the same cyclin D3 promoter region 
targeted by PLC-β1. Briefly, C2C12 cells were transfected 
with pD3-957 reporter vector, coding for the human 
growth hormone (hGH) under control of the −957 to +1 
cyclin D3 promoter fragment and with an empty vector 

(mock) or a vector coding for IPMK. HGH production 
was evaluated 24 h after differentiation induction. Notably, 
Figure 2 shows that transient overexpression of IPMK 
caused an increase in hGH production due to higher cyclin 
D3 promoter activity and the activity was even higher 
when GM was replaced with DM.

Moreover, we performed the reporter gene assay 
using a pD3-957 vector in which c-jun binding site has 
been mutated (pD3-957mut). As described in [13], PLC-
β1-dependent cyclin D3 promoter activation requires 
c-jun binding. In order to understand if IPMK takes part 
to the same pathway induced by PLC-β1 during muscle 
differentiation, we tested IPMK ability to activate the 
mutated cyclin D3 promoter. We co-transfected C2C12 
cells with an empty vector (mock) or with IPMK coding 
vector and with wild type (pD3-957) or mutated pD3-957 
(pD3-957mut) vector. Then we compared hGH production 
24 h after the differentiation induction. Figure 2 shows 
that IPMK overexpression could no longer activate the 
mutated promoter even after DM administration, while 

Figure 1: IPMK overexpression promotes myogenic differentiation. (A): IPMK expression was evaluated by real-time PCR in 
C2C12 cells in growing medium (GM) and after 24, 48 and 72 h culture in differentiation medium (respectively 24 DM, 48 DM, 72 DM). 
(B), (C) and (D): IPMK was overexpressed in C2C12 cells and the expression of myogenic markers was evaluated in growing cells (GM), 
24 h, and 48 h after switching to differentiation medium (24 DM and 48 DM). The expression of IPMK, myogenin, cyclin D3 (panel B) 
and cyclin D1 (panel C) was evaluated by real –time PCR. Data are from three independent experiments, *p < 0.05 vs corresponding ctrl 
sample. The expression of myosin heavy chain (MYH), cyclin D3, myogenin, and DDK-tagged IPMK was evaluated by Western blot using 
tubulin as loading control (panel D). Data are from three independent sets of experiments.



Oncotarget84121www.impactjournals.com/oncotarget

cells transfected with native pD3-957 vector showed the 
expected hGH production. Therefore, these data underline 
that IPMK takes part to PLC-β1-dependent pathway, as it 
requires the same transcription factor, i.e. c-jun, in order 
to activate cyclin D3 promoter.

IPMK promotes nuclear β-catenin translocation 
during myogenic differentiation

It has been described that canonical Wnt signaling 
is involved in myoblast differentiation. Wnt signaling 
induces β-catenin shuttling from the cytoplasm to the 
nucleus, but it is still unknown the mechanisms that lead 
to β-catenin activation [26]. It was also demonstrated 
that inositol pentakisphosphate (IP5) can stimulate casein 
kinase2 (CK2) activity promoting nuclear β-catenin 
accumulation [27]. Therefore, we explored whether 
IPMK could be in involved in regulating β-catenin 
accumulation in the nuclear compartment during 
myogenic differentiation. We overexpressed DDK-tagged 
IPMK in C2C12 cells and we probed the nuclear lysates 
of growing and differentiating cells, 48 h after switching 
to DM. Firstly, these results indicated that during 
myogenic differentiation nuclear β-catenin accumulation 
is increased. Moreover, nuclear extracts of samples 
that overexpressed IPMK presented a marked raise in 
β-catenin as well as in MyoD, a well-known myogenic 
marker, accumulation compared to controls (Figure 3A). 
IPMK overexpression was checked in whole cell lysates 
in growing (GM) and differentiating (48 DM) samples 
(Figure 3B).

Therefore, IPMK overexpression induces 
β-catenin accumulation to the nuclear compartment 
and it promotes myogenic differentiation, as shown 
by MyoD increase, a fundamental event in the 
differentiation process.

Defining PLC-β1 signaling in myogenic 
differentiation: IPMK, β-catenin and cyclin D3 

Since we demonstrated that β-catenin is a 
downstream effector of IPMK activity, we wanted to 
investigate the effect of PLC-β1 overexpression on 
β-catenin nuclear accumulation.

We transfected C2C12 cells with a vector coding 
for PLC-β1 and we induced the differentiation, then we 
tested nuclear extracts for β-catenin expression. As shown 
in Figure 4A PLC-β1 overexpression determined higher 
β-catenin nuclear accumulation as compared to mock-
transfected sample. Hence, as we showed for IPMK also 
PLC-β1 overexpression induced β-catenin accumulation to 
the nuclear compartment. 

Moreover, we investigated the effect of β-catenin 
overexpression on cyclin D3 in order to define the 
factors involved in PLC-β1 pathway during myogenesis. 
We overexpressed β-catenin in C2C12 myoblasts and 
we tested the nuclear extracts for cyclin D3 expression 
48 h after inducing the differentiation. Figure 4B shows 
that β-catenin overexpression determines cyclin D3 
accumulation both in growing and in differentiating cells.  

Furthermore, we investigated the effect of the 
overexpression of PLC-β1, β-catenin and IPMK on 
myogenic differentiation. Cells were transfected with the 
vectors coding for the proteins cited above and whole 
cell lysates were tested for myosin heavy chain (MYH) 
expression 48 h after the induction of differentiation. 
Figure 4C displays that the overexpression of all these 
proteins determined an increase in myosin heavy chain 
expression as compared to the mock-transfected sample, 
confirming that they are all involved in promoting 
myogenic differentiation.

Finally, in order to determine whether the effect 
of IPMK overexpression was due to its catalytic activity, 

Figure 2: Effects of IPMK on cyclin D3 promoter activation. C2C12 cells were co-transfected with an empty vector (mock) 
or a vector coding for IPMK (IPMK) and either with a reporter vector coding for human growth hormone (hGH) under control of a 
fragment of cyclin D3 promoter (pD3-957) or with the same vector bearing a mutation in c-jun consensus sequence in the promoter region  
(pD3-957 mut). hGH production was evaluated in growing cells (GM) and 24 h after the induction of differentiation (DM). Data are from 
three independent experiments, *p < 0.05 vs corresponding mock sample and °p < 0.05 vs corresponding pD3-957 sample.
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Figure 4: Effects of PLC-β1, β-catenin and IPMK overexpression on myogenic differentiation. C2C12 cells were 
transfected with and empty vector (Mock) or a vector coding for PLC-β1 (ov-β1, panel A and C) or for β-catenin (ovβcat, panel B and C) or  
DDK-tagged IPMK (ovIMPK, panel C). After 48 h of differentiation, growing cells (GM) and differentiating cells (48 DM) were harvested. 
Nuclear extracts were tested for β-catenin (panel A) and cyclin D3 (panel B) expression and histone was used as loading control. Whole 
cell lysate (panel C) were tested for myosin heavy chain expression (MYH) and tubulin was used as loading control. Data are from three 
independent experiments.

Figure 3: IPMK promotes β-catenin nuclear accumulation. C2C12 cell were transfected with an empty vector (Ctrl) or DDK-
tagged IPMK vector (ovIpmk). Cells were grown in growing medium (GM) or in differentiation medium (48 DM) for 48 h and (A) nuclear 
extracts were tested for β-catenin and Myo-D expression. Histone was used as loading control. (B) IPMK expression was tested on whole 
cell lysate from the same samples. Data are from three independent experiments.
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we overexpressed the following IPMK mutants: a kinase 
dead mutant (IPMK SA), an inositol-binding site mutant 
(IPMK KA) and a double mutant (IPMK KA/SA). 24 
hours after transfection growth medium was replaced with 
differentiation medium and we evaluated the expression of 
myogenic markers 24 h and 72 h after switching the medium.

24 h after the induction of differentiation, we 
compared by real-time PCR the expression of myogenin 
and cyclin D3 between cells transfected with an empty 
vector and with vectors coding for wild type IPMK and for 
IPMK mutants. Figure 5A shows that the overexpression 
of IPMK mutants does not determine a variation in 
myogenic markers expression compared to the mock- 
transfected control sample. 72 hours after switching to 
differentiation medium, we checked myosin heavy chain, 
β-catenin and cyclin D3 expression on whole cell lysates 
of transfected cells. Figure 5B shows that while the 
overexpression of wild type IPMK (ovIPMK) determines 
an increase in markers expression, the expression of the 
three mutants (ovSA, ovKA, ovKA/SA) does not induce 
myogenic markers.

DISCUSSION

Skeletal muscle differentiation is an extremely 
complicated and highly regulated process that involves 
cellular interactions and extracellular signaling molecules, 
including Wnts, Sonic hedgehog (Shh), and bone 
morphogenetic proteins (BMPs), which are secreted from 
the surrounding environment. These signaling proteins 
induce transcription factor networks that cause several cell 
events resulting in cell differentiation [28, 29].

In previous studies, we have described the relevance 
of PLC-β1-dependent signaling pathway in myogenic 
differentiation since not only PLC-β1 expression increases 
during differentiation [14] but its overexpression is able 

to induce the differentiation process. Moreover, PLC-β1 
silencing results in the inhibition of the onset of the 
differentiation program [12]. Muscle cells differentiation 
is characterized by the induction of myogenic markers 
and by the increase of cyclin D3 expression due to 
transcriptional activation of its promoter. We demonstrated 
that PLC-β1-dependent signaling pathway can activate 
cyclin D3 promoter during the differentiation of 
myoblasts to myotubes, indicating that PLC-β1 is an 
important regulator of cyclin D3 gene expression [12, 
14, 30]. In this study, we aimed to elucidate further 
PLC-β1 signaling pathway and its downstream targets in 
myogenic differentiation. The data we presented indicate 
that IPMK and β-catenin are both involved in determining 
the induction of myogenin, cyclin D3 and myosin heavy 
chain (MYH) during the differentiation process. 

Despite the importance of higher phosphorylated 
inositol species for several cellular functions, IPMK 
physiologic and pathologic regulations are still largely 
unexplored. Recently, a group has reported that IPMK 
expression is profoundly reduced in Huntington’s 
disease. They showed that IPMK depletion causes 
neural dysfunction, and restoration of IPMK delays the 
progression of behavioral abnormalities and rescues striatal 
pathology [31]. Until now, studies about the role of IPMK 
in skeletal muscle differentiation or muscular diseases were 
lacking. This prompted us to explore IPMK involvement 
in myogenic differentiation. Since we showed that PLC-β1 
catalytic activity is required for myogenic differentiation 
[13], we hypothesized that the second messenger IP3, 
produced by PLC-β1, could be the substrate of IPMK 
to generate higher phosphorylated inositol species that 
could be required for the differentiation process. Firstly, 
we investigated whether IPMK expression showed any 
changes during C2C12 differentiation. However, IPMK 
expression did not show any relevant variation. Since 

Figure 5: Effects of IPMK mutants’ overexpression on myogenic differentiation. C2C12 cell were transfected with an empty 
vector (Mock) or vectors coding for wild type IPMK (ovIpmk), IPMK kinase-dead mutant (ovSA), IPMK mutated in the inositol-binding 
site (ovKA) or IPMK double mutant (ovKA/SA). 24 h after transfection growth medium was switched to differentiation medium (DM). (A) 
24 h after changing the medium to DM, IPMK, myogenin and cyclin D3 expression was evaluated by real –time PCR. Data are from three 
independent experiments, *p < 0.05 vs mock sample. (B) 72 h after changing the medium to DM, whole cell lysates were tested for myosin 
heavy chain, β-catenin and cyclin D3 expression. Tubulin was used as loading control. 
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IPMK silencing resulted in cell death, probably due to 
inositol pentakisphosphate (IP5) depletion, we decided to 
evaluate the effects of its overexpression on several genes 
involved in myogenic differentiation. Our data showed 
that IPMK overexpression promoted the differentiation of 
C2C12 skeletal muscle cells as it elicited the induction of 
myogenin, cyclin D3 and myosin heavy chain. 

In previous studies, we have shown that PLC-β1 is 
able to induce the differentiation of C2C12 myoblasts by 
targeting a specific region of the cyclin D3 promoter and 
that PLC-β1 is a key regulator of cyclin D3 transcription 
[12]. Our data showed that the increase in cyclin D3 
expression is actually due to the activation of the 
transcription factor c-jun, a member of AP-1 transcription 
complex, through PLC-β1-dependent signaling pathway 
[13]. In this work, we show that IPMK is also involved 
in the regulation of cyclin D3 expression. In order to 
identify the transcription factor activated by IPMK, we 
mutated c-jun binding site in a specific cyclin D3 promoter 
region that presents the binding sites for several other 
transcription factors. The failure of IPMK overexpression 
to activate the mutated promoter confirms the crucial 
role of c-jun in IPMK-dependent promoter activation. 
Therefore, IPMK overexpression determines an increase 
in cyclin D3 promoter activation by targeting the same 
transcription factor activated by PLC-β1 overexpression, 
i.e. c-jun, suggesting that the two enzymes take part to the 
same signaling pathway. 

It has been demonstrated that inositol 
1,3,4,5-tetrakisphosphate (IP4), inositol pentakisphosphate 
(IP5) and inositol hexakisphosphate (IP6) can stimulate 
casein kinase 2 (CK2) activity which in turn suppresses 
β-catenin degradation and binding to adenomatous 
polyposis coli (APC) promoting β-catenin accumulation 
to the nuclear compartment [23, 32–34]. Once in the 
nucleus β-catenin recruits cofactors of the TCF/LEF 
family and induces the transcription of its target genes 
[35]. Consequently, inositol polyphosphates can positively 
regulate the Wnt/ β-catenin pathway. Wnt signaling 
pathway plays an important role in muscle development 
and regeneration as it is involved in the switching from 
cell proliferation to myogenic differentiation in mouse 
myoblasts [26, 36].Therefore, we decided to analyze the 
expression of the main component of the canonical Wnt 
signaling pathway, i.e. β-catenin, in response to IPMK 
overexpression. Beta-catenin plays an important role 
in a wide variety of cellular processes, including stem 
cell proliferation and tissue regeneration, as well as in 
cancer progression [37]. We demonstrated that IPMK 
overexpression is able to induce β-catenin accumulation 
to the nuclear compartment, which is a fundamental event 
in myogenic differentiation progression. Moreover, it has 
been proven that c-jun is one of β-catenin target genes 
since its promoter is activated by β-catenin overexpression 
[38], supporting the hypothesis that β-catenin might act 
downstream IPMK in order to activate cyclin D3 promoter.

Furthermore, in order to determine whether 
PLC-β1, IPMK, β- catenin and cyclin D3 belong to the 
same signaling pathway activated during myogenic 
differentiation, we performed a series of overexpression 
experiments. We showed that PLC-β1 overexpression 
induces β-catenin accumulation in the nucleus and in turn, 
β-catenin overexpression determines an increase in cyclin 
D3 but it does not affect PLC-β1 expression. Moreover, 
both PLC-β1 and IPMK overexpression causes β-catenin 
accumulation, as shown in Figure 4C. Additionally, 
the expression levels of myosin heavy chain increased 
considerably following to the overexpression of PLC-β1, 
β-catenin or IPMK.

Finally, Xu et al. demonstrated that IPMK is able 
to induce the transcription of several genes independently 
of its inositol phosphate and lipid kinase activities. In 
particular, they showed that IPMK can induce several 
immediate early genes in neural activation [20], and can 
stimulate p53-dependent transcription in stress responses 
by binding to p53 and enhancing its acetylation by p300 
acetyltransferase [21]. Therefore, we tested whether IPMK 
catalytic activity was required for myogenic markers 
induction. The overexpression of three IPMK mutants, 
respectively a kinase dead-mutant, an inositol binding site-
mutant and a double mutant, failed to induce myogenic 
markers expression demonstrating that IPMK lipid kinase 
activity is required for myoblasts differentiation.

Taken together our data identify new mediators 
of PLC-β1- dependent signaling pathway in myogenic 
differentiation. The model we propose suggests that 
following to PLC-β1 accumulation PIP2 is hydrolyzed 
producing IP3, which is sequentially phosphorylated by 
IPMK leading to the formation of higher phosphorylated 
inositol species, like IP4, IP5 and IP6. IP5 accumulation 
determines β-catenin translocation to the nucleus where it 
activates c-jun, which in turn activates cyclin D3 promoter. 
Although further studies are required to elucidate all the 
molecular mechanisms underlying PLC-β1 signaling in 
myogenic differentiation, it is striking to state that these 
results identify a series of events related to a common 
pathway that lead to the same target activation, that is 
cyclin D3 promoter.

MATERIALS AND METHODS

Cell culture, differentiation and transfection

Murine myoblast C2C12 cells (American Type 
Culture Collection, Manassas, VA) were cultured at sub-
confluent density in growth medium (GM) consisting of 
high glucose DMEM (Sigma–Aldrich, St. Louis, MO) 
supplemented with 10% fetal bovine serum (Sigma-
Aldrich) and antibiotics (100 U/ml penicillin, 100 mg/ml 
streptomycin, Sigma–Aldrich). To induce differentiation, 
confluent C2C12 cells were cultured in differentiation 
medium (DM) consisting of DMEM supplemented with 
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2% horse serum (Sigma-Aldrich) and antibiotics, for 24, 
48 or 72 h as reported in the Figures.

For protein expression analysis and reporter gene 
assays, C2C12 cells were transfected using Lipofectamine 
2000 from Life Technologies, following manufacturer’s 
instructions. One day before transfection 1,5 × 105 
cells per well were seeded in 6-well plates or 1,5 × 106 
cells in T25 flasks, 24 h post-transfection the medium 
was replaced either with growing medium (GM) or 
differentiation medium (DM), and the cells were kept in 
this medium for the time described in the Figures.

Expression vectors

The vector coding for Myc-DDK- tagged mouse 
IPMK (TrueORF clone, MR206205) was purchased from 
OriGene (Rockville, MD).

The pD3-957 plasmid containing the human growth 
hormone (hGH) reporter gene under the control of 
cyclin D3 promoter region spanning from−957 bp to the 
transcription start site was generated as described in [39]. 
The c-jun mutated vector (pD3-957mut) was obtained by 
sited-directed mutagenesis in pD3-957 promoter fragment 
as reported in [13].

For PLC-β1 expression experiments, PLC-β1a 
was cloned in pcDNA/2.1 vector (LifeTechnologies, 
Carlsbad, CA). 

pcDNA3.1/nV5-DEST-β-catenin expression vector 
was purchased from Addgene (Cambridge, MA), kindly 
provided by Valeri Vasioukhin, Fred Hutchinson Cancer 
Research Center, Seattle.

pCMV vectors coding for human wild type IPMK, 
IPMK kinase-dead mutant (IPMK SA), IPMK mutated in 
the inositol-binding site (IPMK KA) and IPMK double 
mutant (IPMK KA/SA) were designed as described in [40].

Reporter gene assay

For each sample 1,5 × 105 C2C12 cells were  
co-transfected using Lipofectamine 2000, as described 
above, with 1 μg of expression vector and 1 μg of reporter 
vector. We used empty pcDNA 2.1 (Mock) and TrueORF- 
Ipmk as expression vectors. pD3-957 or its c-jun-mutated 
construct (pD3-957mut) were used as reporter vectors. 
24 h after transfection medium was replaced either with 
growth medium (GM) or differentiation medium (DM). 
The promoter activity was evaluated 24 h after the medium 
switch by measuring hGH concentration in cell medium 
by using hGH ELISA kit (Roche, Indianapolis, IN).

RNA extraction, retrotranscription and real-time 
PCR

Total RNA was extracted form growing or 
differentiating C2C12 cells at different time points, using 
RNeasy mini kit (Qiagen, Hilden, Germany). RNA was 

quantified using a Nanodrop and cDNAwas synthesized 
starting from 2 μg of total RNA using 200 U of M-MLV 
retro-transcriptase (Promega, Madison,WI), 0.5 μg of 
oligo-dT primers, 25 U ribonuclease inhibitor, 10 mM of 
each dNTP. The reactions were incubated for 1 h at 42°C. 

Gene expression was determined by using a TaqMan 
based real-time PCR method. We used the following 
validated assays: Ipmk Mm01148668_m1, myogenin 
Mm00446194_m1, cyclin D3 Mm01273583_m1, cyclin 
D1 Mm00432359_m1 (Applied Biosystems, Foster City, 
CA). GAPDH was used as the reference housekeeping 
gene (assay no. Mm99999915_g1, Applied Biosystems). 
Quantitative RT-PCR reactions were performed using 
TaqMan PCR universal master mix using the ABI PRISM 
7300 real-time PCR machine (Applied Biosystems). 
Samples were analyzed in triplicate. Gene expression 
was analyzed using relative quantification and the ΔΔCt 
method. The results of different sets of experiments were 
statistically analyzed by GraphPad Prism version 3.02.

Protein extraction and western blot analysis

Whole cell lysate were obtained by lysing the cells 
in M-PER extraction reagent (Thermo Fisher Scientific) 
supplemented with Halt protease inhibitor cocktail 
(Thermo Scientific).

For nuclear purification 2,5 × 106 cells were 
suspended in 250 µl of swelling buffer [10mM Tris-HCl 
(pH 7.4), 1% Nonidet P-40, 10mM β-mercaptoethanol, 
0.5mM phenylmethylsulfonyl fluoride] supplemented 
with Halt protease inhibitor cocktail and kept on ice for  
5 minutes. Then 250 µl of ice-cold water were added. 
After 3 min, cells were sheared by eight passages through 
a 23-gauge hypodermic needle. Nuclei were recovered by 
centrifugation at 400 g at 4°C for 6 min and washed once 
in 400 µl of washing buffer [10mM Tris-HCl (pH 7.4)  
and 2 mM MgCl2, plus protease inhibitors as describe 
above]. The purity of the isolated nuclei was determined 
by western blotting using an anti-β-tubulin antibody. 
Protein concentrations were determined by the method of 
Bradford.

For western blot analysis, 50 µg of proteins from 
whole-cell extracts or 20 µg from nuclear extracts were 
separated on 4–12% polyacrylamide-0.1% SDS gels (Life 
Technologies). Proteins were transferred to nitrocellulose 
membranes and proved with specific antibodies, detected 
with horseradish peroxidase-conjugated secondary 
antibody. The immunoreactive bands were visualized 
using an ECL enhanced chemiluminescence system 
(Thermo Scientific) and visualized in a Kodak digital 
image station 2000R. The expression of specific proteins 
was analyzed by using the following antibodies: anti-
MYH monoclonal antibody (sc-376157), anti-myogenin 
monoclonal antibody (sc-12732), anti-MyoD monoclonal 
antibody (sc-377460) and anti-PLC-β1 (sc-9050) 
antibody were purchased from Santa Cruz Biotechnology 
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(Santa Cruz, CA); monoclonal Cyclin D3 (#2936), anti-β-
catenin antibody (#9587) and anti-Histone H2A.X antibody 
(#2595) from Cell Signaling Technology, Inc., (Danvers, 
MA). Anti-Flag M5 monoclonal antibody (F1804) used 
for detecting DKK-tag and anti-βtubulin antibody (T7816) 
were purchased from Sigma-Aldrich (MO, USA). 

Statistical analysis and image analysis

Real-time PCR results of myogenic markers 
expression and ELISA results of cyclin D3 promoter 
activation are reported as the mean ± SD of three 
independent sets of experiments. Data were analyzed 
using two-way ANOVA with Tukey’s tests for multiple 
comparisons. P values < 0.05 were considered statistically 
significant. All analyses were performed with GraphPad 
Prism version 3.02 for Windows. 

Images were quantified with ImageJ software. Data 
are from at least three independent experiments.

ACKNOWLEDGMENTS AND FUNDING

This work was supported by a grant from Intesa 
S.Paolo to L.C. and Funds for Basic Oriented Research  
(RFO) of the University of Bologna to I.F. and L.M. 

CONFLICTS OF INTEREST

None.

REFERENCES

1. Lassar AB, Skapek SX, Novitch B. Regulatory mechanisms 
that coordinate skeletal muscle differentiation and cell cycle 
withdrawal. Curr Opin Cell Biol. 1994; 6:788–94. 

2. Carvajal JJ, Rigby PWJ. Regulation of gene expression 
in vertebrate skeletal muscle. Exp Cell Res. 2010; 316:  
3014–8. doi: 10.1016/j. yexcr.2010.07.005.

3. Molkentin JD, Black BL, Martin JF, Olson EN. Cooperative 
activation of muscle gene expression by MEF2 and 
myogenic bHLH proteins. Cell. 1995; 83:1125–36. 

4. Braun T, Buschhausen-Denker G, Bober E, Tannich E, 
Arnold HH. A novel human muscle factor related to but 
distinct from MyoD1 induces myogenic conversion in 
10T1/2 fibroblasts. Embo J. 1989; 8:701–9. 

5. Weintraub H, Davis R, Tapscott S, Thayer M, Krause M, 
Benezra R, Blackwell TK, Turner D, Rupp R, Hollenberg S, 
et al. The myoD gene family: nodal point during 
specification of the muscle cell lineage. Science.1991; 
251:761–6.

6. Bergstrom DA, Penn BH, Strand A, Perry RL, Rudnicki 
MA, Tapscott SJ. Promoter-specific regulation of MyoD 
binding and signal transduction cooperate to pattern gene 
expression. Mol Cell. 2002; 9:587–600.

7. Falkenburger BH, Jensen JB, Hille B. Kinetics of PIP2 
metabolism and KCNQ2/3 channel regulation studied 
with a voltage-sensitive phosphatase in living cells. J Gen 
Physiol. 2010; 135:99–114. doi: 10.1085/jgp.200910345.

8. Berti F, Nogueira JM, Wöhrle S, Sobreira DR, Hawrot K, 
Dietrich S. Time course and side-by-side analysis of 
mesodermal, pre-myogenic, myogenic and differentiated 
cell markers in the chicken model for skeletal muscle 
formation. J Anat. 2015; 227:361–82. doi: 10.1111/
joa.12353.

9. Yaffe D, Saxel O. A myogenic cell line with altered serum 
requirements for differentiation. Differentiation. 1977; 
7:159–66.

10. Rhee SG. Regulation of phosphoinositide-specific 
phospholipase C. Annu Rev Biochem. 2001; 70:281–312. 

11. Faenza I, Matteucci A, Manzoli L, Billi AM, Aluigi M, 
Peruzzi D, Vitale M, Castorina S, Suh PG, Cocco L. A role 
for nuclear phospholipase Cbeta 1 in cell cycle control. 
J Biol Chem. 2000; 275:30520–4. doi: 10.1074/jbc.
M004630200.

12. Faenza I, Ramazzotti G, Bavelloni A, Fiume R, Gaboardi GC, 
Follo MY, Gilmour RS, Martelli AM, Ravid K, Cocco L. 
Inositide-dependent phospholipase C signaling mimics 
insulin in skeletal muscle differentiation by affecting specific 
regions of the cyclin D3 promoter. Endocrinology. 2007; 
148:1108–17. doi: 10.1210/en.2006–1003.

13. Ramazzotti G, Faenza I, Gaboardi GC, Piazzi M, 
Bavelloni A, Fiume R, Manzoli L, Martelli AM, Cocco L. 
Catalytic activity of nuclear PLC-beta(1) is required 
for its signalling function during C2C12 differentiation. 
Cell Signal. 2008; 20:2013–21. doi: 10.1016/j. 
cellsig.2008.07.009.

14. Faenza I, Bavelloni A, Fiume R, Lattanzi G, Maraldi NM, 
Gilmour RS, Martelli AM, Suh PG, Billi AM, Cocco L. Up-
regulation of nuclear PLCbeta1 in myogenic differentiation. 
J Cell Physiol. 2003; 195: 446–52.

15. Cocco L, Manzoli L, Faenza I, Ramazzotti G, Yang YR, 
McCubrey JA, Suh P-G, Follo MY. Modulation of nuclear 
PI-PLCbeta1 during cell differentiation. Adv Biol Regul. 
2016; 60:1–5. doi: 10.1016/j. jbior.2015.10.008.

16. Saiardi A, Erdjument-Bromage H, Snowman AM, 
Tempst P, Snyder SH. Synthesis of diphosphoinositol 
pentakisphosphate by a newly identified family of higher 
inositol polyphosphate kinases. Curr Biol. 1999; 9:1323–6.

17. Frederick JP, Mattiske D, Wofford JA, Megosh LC, 
Drake LY, Chiou ST, Hogan BL, York JD. An essential role 
for an inositol polyphosphate multikinase, Ipk2, in mouse 
embryogenesis and second messenger production. Proc Natl 
Acad Sci USA. 2005; 102:8454–9.

18. Resnick AC, Snowman AM, Kang BN, Hurt KJ, Snyder SH, 
Saiardi A. Inositol polyphosphate multikinase is a nuclear 
PI3-kinase with transcriptional regulatory activity. Proc 
Natl Acad Sci USA. 2005; 102:12783–8. 



Oncotarget84127www.impactjournals.com/oncotarget

19. Kim S, Kim SF, Maag D, Maxwell MJ, Resnick AC, 
Juluri KR, Chakraborty A, Koldobskiy MA, Cha SH, 
Barrow R, Snowman AM, Snyder SH. Amino acid 
signaling to mTOR mediated by inositol polyphosphate 
multikinase. Cell Metab. 2011; 13:215–21. doi: 10.1016/j.
cmet.2011.01.007.

20. Xu R, Paul BD, Smith DR, Tyagi R, Rao F, Khan AB, 
Blech DJ, Vandiver MS, Harraz MM, Guha P, Ahmed I, 
Sen N, Gallagher M, et al. Inositol polyphosphate 
multikinase is a transcriptional coactivator required for 
immediate early gene induction. Proc Natl Acad Sci USA. 
2013; 110:16181–6. doi: 10.1073/pnas.1315551110.

21. Xu R, Sen N, Paul BD, Snowman AM, Rao F, Vandiver MS, 
Xu J, Snyder SH. Inositol polyphosphate multikinase is a 
coactivator of p53-mediated transcription and cell death. Sci 
Signal. 2013; 6: ra22. doi: 10.1126/scisignal.2003405.

22. Kim E, Beon J, Lee S, Park J, Kim S. IPMK: A versatile 
regulator of nuclear signaling events. Adv Biol Regul. 2015; 
doi: 10.1016/j. jbior.2015.11.005.

23. Gao Y, Wang H. Inositol pentakisphosphate mediates Wnt/
beta-catenin signaling. J Biol Chem. 2007; 282:26490–502. 
doi: 10.1074/jbc. M702106200.

24. Komiya Y, Habas R. Wnt signal transduction pathways. 
Organogenesis. 2008; 4:68–75. 

25. Herbst A, Jurinovic V, Krebs S, Thieme SE, Blum H, 
Göke B, Kolligs FT. Comprehensive analysis of β-catenin 
target genes in colorectal carcinoma cell lines with 
deregulated Wnt/β-catenin signaling. BMC Genomics. 
2014; 15:74. doi: 10.1186/1471–2164–15–74.

26. Tanaka S, Terada K, Nohno T. Canonical Wnt signaling is 
involved in switching from cell proliferation to myogenic 
differentiation of mouse myoblast cells. J Mol Signal. 2011; 
6:12. doi: 1750–2187–6–12 [pii]\r10.1186/1750–2187–6–12.

27. Gao Y, Wang HY. Inositol pentakisphosphate mediates 
Wnt/??-catenin signaling. J Biol Chem. 2007; 282:26490–
502. doi: 10.1074/jbc.M702106200.

28. Bailey P, Holowacz T, Lassar AB. The origin of skeletal 
muscle stem cells in the embryo and the adult. Curr 
Opin Cell Biol. 2001; 13:679–89. doi: 10.1016/S0955–
067400271–4.

29. Borycki AG, Emerson CP. Multiple tissue interactions and 
signal transduction pathways control somite myogenesis. 
Current topics in developmental biology. 2000; 165–224. 

30. Ramazzotti G, Faenza I, Gaboardi GC, Piazzi M, 
Bavelloni A, Fiume R, Manzoli L, Martelli AM, Cocco 
L. Catalytic activity of nuclear PLC-??1 is required for 

its signalling function during C2C12 differentiation. 
Cell Signal. 2008; 20:2013–21. doi: 10.1016/j. 
cellsig.2008.07.009.

31. Ahmed I, Sbodio JI, Harraz MM, Tyagi R, Grima JC, 
Albacarys LK, Hubbi ME, Xu R, Kim S, Paul BD, 
Snyder SH. Huntington’s disease: Neural dysfunction linked 
to inositol polyphosphate multikinase. Proc Natl Acad Sci 
USA. 2015; 112:9751–6. doi: 10.1073/pnas.1511810112.

32. Solyakov L, Cain K, Tracey BM, Jukes R, Riley AM, 
Potter BVL, Tobin AB. Regulation of casein kinase-2 
(CK2) activity by inositol phosphates. J Biol Chem. 2004; 
279:43403–10. doi: 10.1074/jbc. M403239200.

33. Song DH, Dominguez I, Mizuno J, Kaut M, Mohr SC, 
Seldin DC. CK2 phosphorylation of the armadillo repeat 
region of beta-catenin potentiates Wnt signaling. J Biol 
Chem. 2003; 278:24018–25. doi: 10.1074/jbc.M212260200.

34. Gao Y, Wang H. Casein kinase 2 Is activated and essential 
for Wnt/beta-catenin signaling. J Biol Chem. 2006; 
281:18394–400. doi: 10.1074/jbc.M601112200.

35. Barker N, Clevers H. Mining the Wnt pathway for cancer 
therapeutics. Nat Rev Drug Discov. 2006; 5:997–1014. doi: 
10.1038/nrd2154.

36. Topol L, Jiang X, Choi H, Garrett-Beal L, Carolan PJ, 
Yang Y. Wnt-5a inhibits the canonical Wnt pathway by 
promoting GSK-3-independent beta-catenin degradation. J 
Cell Biol. 2003; 162:899–908. doi: 10.1083/jcb.200303158.

37. Gough NR. Focus issue: Wnt and β-catenin signaling in 
development and disease. Sci Signal. 2012; 5:eg2. doi: 
10.1126/scisignal.2002806.

38. Mann B, Gelos M, Siedow A, Hanski ML, Gratchev A, 
Ilyas M, Bodmer WF, Moyer MP, Riecken EO, Buhr HJ, 
Hanski C. Target genes of beta-catenin-T cell-factor/
lymphoid-enhancer-factor signaling in human colorectal 
carcinomas. Proc Natl Acad Sci USA. 1999; 96:1603–8. 

39. Wang Z, Sicinski P, Weinberg RA, Zhang Y, Ravid K. 
Characterization of the mouse cyclin D3 gene: exon/
intron organization and promoter activity. Genomics. 1996; 
35:156–63.

40. Kim E, Tyagi R, Lee J-Y, Park J, Kim Y-R, Beon J, Chen 
PY, Cha JY, Snyder SH, Kim S. Inositol polyphosphate 
multikinase is a coactivator for serum response factor-
dependent induction of immediate early genes. Proc 
Natl Acad Sci USA. 2013; 110:19938–43. doi: 10.1073/
pnas.1320171110.


