
was not suppressed by these inhibitors (Figure 1e), indicating
that the modulation of g-secretase activity triggered by DDIA is
not a downstream event of caspase cascades.

Because Bax can regulate apoptotic process in the
upstream of caspase cascades,19 we examined whether g-
secretase activity is regulated by Bax translocation. When
etoposide or camptothecin was added to CHO-C99 cultures
with/without furosemide (a Bax translocation inhibitor, 2 mM),
the marked reductions in g-secretase activity was observed in
both cases (upper panel of Figure 1f).

Then, to determine whether Bcl-2/Bax system is essential
for DDIA-elicited stimulation of g-secretase, CHO-C99 cells
were transiently transfected with Bcl-2 cDNA, which anta-
gonizes Bax function.20 The overexpression of Bcl-2 in
CHO-C99 cells dramatically blocked g-secretase activation
triggered by DDIAs (lower panel of Figure 1f), indicating that
Bcl-2/Bax-dependent death pathway mediates the DDIA-
induced modulation of g-secretase activity.

Although previous reports suggest a close correlation
between cell death and the Ab-mediated pathogenesis of
AD, few studies have demonstrated how cell death can affect
the proteolytic processing of APP. Here, we provide evidence
that DDIA-elicited g-secretase activity is dependent on Bax/
Bcl-2 pathway, but not on caspase cascades. Based on these
results, we propose that cell death pathways including Bax
translocation, triggered by various apoptotic stimuli, critically
facilitate the generation of Ab by activating g-secretase.
Because increased level of Ab acts as another death signal, a
feedback loop between cell death and Ab generation can
result in the progress of cell death process in the sporadic AD
brain. Our results suggest that blockade of apoptosis during
the early pathologic stage presents as a good therapeutic
target for the intervention in the pathogenesis of AD.
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Abrogation of signal-dependent activation of the cdk9/
cyclin T2a complex in human RD rhabdomyosarcoma
cells

Cell Death and Differentiation (2007) 14, 192–195. doi:10.1038/sj.cdd.4402008; published online 14 July 2006

Dear Editor,

During skeletal myogenesis, the transcription factor MyoD
promotes differentiation in myoblasts by its ability to arrest the
cell cycle and activate muscle-specific transcription.1,2 Re-
cently, we showed that the cdk9/cyclin T2a complex plays an
essential role in the MyoD-dependent activation of the

myogenic program, describing a distinction with the cdk1
and cdk2 complexes, which are functionally downregulated
during myotube formation and inhibit muscle-specific tran-
scription when overexpressed.3 The role of cdk9 in modulat-
ing promoter-restricted transcription appears to be dependent
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on the sequence-specific factor recruiting the kinase, and on
cdk9’s ability to associate with different regulatory subunits,
such as cyclin T1 and cyclin T2.4

In vitro, the cdk9/cyclin T2 complex immunoprecipitated
from differentiating myoblasts can efficiently phosphorylate
MyoD.3 To further investigate the relevance of this phosphor-
ylation, we screened a panel of different MyoD point mutants
where the serine of putative cdk target sites – proline-directed
serine (sp sites) – were replaced by a nonphosphorylatable
amino acid (alanine). We found that the purified His-MyoD
mutant carrying the substitution of serine 37 (His-MyoDsp2)
could not be phosphorylated by cdk9 (Figure 1a), indicating
the phosphorylation of this residue as the possible signal
enabling cdk9 to transactivate MyoD. To explore this

possibility, we decided to compare the transcriptional activity
of MyoDsp2 with two other point mutants carrying a mutation
on sp sites targeted by cdk1 and cdk2, serine 5 (MyoDsp1)
and serine 200 (MyoDsp3). During the G1 phase of the cell
cycle, cdk2-dependent phosphorylation at serine 200 plays a
crucial role in modulating MyoD half-life by triggering the
proteosome-dependent degradation pathway.5–7 In late G2,
concomitant phosphorylation at serine 5 and serine 200 by
cdk1 results in the decrease of MyoD activity and stability. In
CH310T1/2 fibroblasts induced to differentiate MyoDwt and
MyoDsp1 were efficiently transactivated by cdk9/cyclin T2a,
whereas the activity of MyoDsp2 was even impaired by the co-
transfection of cdk9/cyclin T2a (Figure 1c). We interpreted this
effect as a result of the formation of a MyoD-cdk9/cyclin T2a

Figure 1 (a) Sequential kinase assay was performed as reported elsewhere.3,8 Briefly, C2C12 and RD cells were induced to differentiate by adding DMEM
supplemented with 2% HS (DM), and collected after 24 h. The extracts were immunoprecipitated with affinity-purified anti-cdk9 and incubated with 1 mg of dialyzed
HisTag-mMyoDwt or HisTag-mMyoDsp2 in kinase reaction buffer. The samples were subjected to autoradiography and the quantitation of incorporated g-32P was
measured by scintillation counting. The indicated relative CPM levels were obtained by normalizing MyoD g-32P incorporation on the densitometric evaluation of the
amount of immunoprecipitated material (see Supplementary Information, C) and the abundance of substrate. (b) Schematic representation of MyoD structural domains
and comparison of amino-acid sequences encompassing serine 37 in different species. (c) 10T1/2 fibroblasts were transfected in DMEM supplemented with 20% FBS
(GM), transferred in DM and harvested after 48 h as described previously.3 The luciferase assay was performed in triplicate and normalized by b-gal assay as described
elsewhere.3 (Amount of DNA transfected: MCK-luc 0.3 mg; MyoDwt, sp1, sp2, sp3, sp(1þ 2), 0.3 mg; cdk9 and cyclin T2a 0.5 mg; b-gal 0.3 mg.) (d) Myogenic conversion
assay was performed as described previously.3 MyoD mutations were tested in their ability to convert fibroblasts either with or without co-transfection of cdk9/cyclin T2a.
The cells were co-transfected with a reporter expressing b-galactosidase (b-gal) fused to a nuclear localization signal and under the control of MLC promoter (MLC-b-
gal), and the extent of myogenic conversion was scored by visualizing cells with more than one b-gal-positive nucleus. Seventy percent confluent 10T1/2 cells were
transfected with the indicated plasmids and induced to differentiate for 48 h. Cells were fixed and stained following the b-gal standard protocol. Multinucleation was
considered as a single cell with more than two b-gal-positive nuclei. (Amount of DNA transfected: MLC-gal 0.5 mg; MyoDsp1, sp2, sp3, sp(1þ 2) 0.5 mg; cdk9, cdk9dn
and cyclin T2a 0.5 mg.) (e) C2C12 polyclones containing integrated MCK-luc were generated as described.16 To evaluate luciferase activity, polyclones were transfected
with MKK6EE, cdk9dn, cdk9 and cyclin T2a in various combinations as reported in the figure, transferred in DM and harvested after 48 h. (Amount of DNA transfected:
MKK6EE, cdk9dn, cycT2a 0.5 mg; b-gal 0.3mg. SB203580 5 mM (SB).) (f) ChIP assay was performed using the anti-cdk9 and anti-cyclin T2,3 together with the anti-
MyoD (Santa Cruz) and anti-P-RNAPolII H14 (Covance) antibodies according to Upstate Biotechnology instructions. PCR conditions were as described previously.14

SB: SB203580 5 mM
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complex that cannot be activated by cdk9 phosphorylation,
thereby behaving as a dominant-negative toward uncom-
plexed MyoD. Transactivation of MyoDsp3 by cdk9/cyclin T2a
was similar to that of MyoDwt and MyoDsp1. Finally, we
analyzed the function of a MyoD mutant carrying both the
mutations in Ser5 and in Ser37 (MyoDsp1þ 2). This construct
behaved in the same way as MyoDsp2, confirming the
possible implication of serine 37 in the transactivation of
MyoD by cdk9/cyclin T2a. The same results were obtained by
using the identical MyoD mutants fused to a Gal4 DNA-
binding domain (Gal4MyoDwt, sp1, sp2 and sp3) with a
Gal4-luciferase construct as a reporter (Supplementary
Information, A). As we described previously, the MyoDNter
does not interact with cdk9,3 but includes serine 37. The fact
that this mutant is not transactivated by cdk9/cyclin T2a
suggests that two regions of MyoD are required for full
activation, the bHLH and serine 37 in the N-terminal
transactivation domain. Interestingly, this finding seems to
be in accordance with cdk9/cyclin T2’s requirement of two
different substrate subdomains, the cdk-phosphorylation site
and the recognition/binding site for the cdk/cyclin complex, as
for efficiently phosphorylating pRb.8 Moreover, in a functional
test of myogenic conversion, cdk9/cyclin T2a was able to
enhance the conversion of fibroblasts into myotubes by
ectopic expression of MyoDsp1 and MyoDsp3, like MyoDwt,
but failed to increase the activity of MyoDsp2 and
MyoDsp(1þ 2), which exhibited, again, a reduced myogenic
potential when coexpressed with cdk9/cyclin T2a (Figure 1d).

These results establish that the enhancement of MyoD
function by cdk9/cyclin T2a requires the presence of serine 37,
a well-conserved residue in the MyoD protein of mammals (see
Figure 1b). The normal basal activity of the MyoD serine 37
mutant (MyoDsp2)5 would appear in conflict with the proposed
essential function of this serine in receiving an activator signal
during muscle differentiation. The complex regulation of MyoD
by a variety of signals and the autoactivatory network of muscle
regulatory factors during myogenic differentiation may, at least
partially, explain these data. Even when deficient in receiving
one of the positive signals, MyoD can still stimulate a basal level
of transcription, which may be enough to activate other
myogenic regulatory factors, which can in turn activate the
myogenic program by a parallel cdk9-independent pathway.
This explanation is supported by the extremely high redun-
dancy of activation of myogenic transcription in cell culture and
in vivomodels.9,10 Moreover, we cannot rule out that fibroblasts
transiently overexpressing MyoD could be deficient for some
muscle-specific proteins or signaling pathways, and ultimately
that enforced expression of MyoD could be able to induce
trans-differentiation, but not completely recapitulate the myo-
genic program. The hypothesis that serine 37 phosphorylation
could be involved in protein–protein interactions might be
suggested by an analogy to the proposed role for MyoD serine
5 in the recruitment of PCAF and HDAC1.11 During the
preparation of this manuscript, Iankova et al12 reported that
PPARg recruits cdk9 complex on specific promoters to activate
transcription and stimulate adipogenesis. In accordance with
our model, they showed that cdk9 phosphorylates the
adipogenic master regulator at serine 112 to transactivate
PPARg-mediated gene expression. Furthermore, cdk9 can
also phosphorylate p53 on serine residues 33, 315 and 392,13

confirming that the kinase complex could recognize signal-
dependent transcription factors as additional substrates be-
sides the CTD of RNApolII.4

As the activity of MyoD is hampered in rhabdomyosarcoma
cells, we decided to investigate the significance of cdk9-
mediated MyoD phosphorylation in the human cell line RD.
For this purpose, we immunoprecipitated endogenous cdk9
complexes from cells induced to differentiate. Surprisingly, in
tumor cells, cdk9 fails to phosphorylate MyoD (Figure 1a),
although RD cells showed even upregulation of both cdk9 and
cyclin T2 when compared to C2C12 myoblasts (Supplemen-
tary Information, B). Evaluation of immunoprecipitated com-
plexes demonstrated that the antibody could recognize
endogenous cdk9 protein, excluding conformational change
of the kinase in cancer cells, and that the amount of
precipitated protein was comparable between C2C12 and
RD cells (Supplementary Information, C, upper panel).
Further characterization showed that the interaction between
cdk9 and cyclin T2 was maintained or even increased, if
compared to normal cells (Supplementary Information, C,
lower panel). The paradoxical increase in the protein levels of
cdk9/cyclin T2 complex in cancer cells resembled those of
some tumor suppressor proteins, such as p53, whose
overexpression often represents a hallmark of gene muta-
tion.14 We explored this possibility by direct sequencing of the
DNA coding sequence of cdk9 and cyclin T2 in RD cells, but
we failed to detect any mutation. As endogenous cdk9 kinase
activity appeared to be blocked, we verified if enforced
expression of cdk9/cyclin T2a could rescue the function of
the complex, but we failed to reach significant values of
transcription activation even in the presence of overexpressed
MyoD (Supplementary Information, D and E).

Our results seem to suggest that a signaling cascade
targeting cdk9 can be inactive in RD cells. Recently, it was
reported that RD cells were defective in the MKK6/p38
pathway.15 Moreover, pharmacological blockade of the p38
pathway reduced the phosphorylation of the CTD of the
RNApolII on muscle-specific regulatory regions,16 at residues
targeted by cdk9 during transcriptional elongation.17 To test
whether the signal propagated by p38 could affect cdk9
activity in muscle cells, we employed two C2C12 polyclones
carrying a chromatin-integrated MyoD-responsive luciferase
reporter controlled, respectively, by the myogenin promoter
(myogenin-luc) and the MCK enhancer (MCK-luc). Over-
expression of the constitutively active form of the MKK6
kinase (MKK6EE) is able to strongly coactivate MyoD,
inducing even endogenous muscle-specific genes,15,16,18

but when co-transfected with the dominant-negative form of
cdk9 (cdk9dn), it failed to do so (Figure 1e and Supplementary
Information, F). Significantly, pharmacological blockade
of p38 using the specific inhibitor SB203580 abrogated
MyoD-dependent transcription, even in the presence of over-
expressed cdk9/cyclin T2a complex (Figure 1e and Supple-
mentary Information, F). These data suggest a functional
relationship between cdk9/cyclin T2a and the p38 pathway.
We recently described that p38 signaling influences MyoD-
mediated cofactor recruitment on the chromatin of muscle-
specific genes,16 and observed that the cdk9/cyclin T2
complex occupies these regions during the differentiation
program.17 To evaluate whether p38 signaling is able to affect
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cdk9/cyclin T2 localization on the chromatin, we analyzed the
presence of cdk9 and cyclin T2 on the MCK enhancer. We
found that even if the binding of cdk9 to the DNA was
unaltered, that of cyclin T2 depended, at least to a significant
degree, on p38 signaling (Figure 1f). These findings suggest
the hypothesis that a perturbation of the p38 pathway may
abrogate the activity of the cdk9/cyclin T2 complex, probably
by affecting the stable recruitment of cyclin T2 at the
chromatin level. Upon MKK6-dependent enzymatic activa-
tion, p38 localizes on muscle–gene regulatory regions
promoting the phosphorylation-dependent recruitment of
SWI/SNF, chromatin remodeling and hyperphosphorylation
of the CTD of RNApolII at these elements.16 At least one out of
these events could be required for the stabilization of cyclin T2
binding to the DNA. Moreover, as both cdk9 and cyclin T2 can
independently associate with MyoD in vitro,3 it is possible that
one or more p38-dependent post-translational modifications
imparted to the components of the MyoD transcriptional
complex could influence the stable recruitment of the cyclin,
even if cdk9 is retained on the chromatin.

At present, we cannot exclude that other mechanisms might
be responsible for cdk9/cyclin T2 activation in muscle cells,
and we believe it will be important to clarify whether the cdk9/
cyclin T2 complex is a direct target of the p38 pathway.
Moreover, further studies are awaited to elucidate the
significance of cdk9-dependent MyoD phosphorylation in
normal and tumor muscle cells in vivo. We acknowledge that
previous studies examined the phosphorylation pattern of
MyoD without finding a major regulatory function for serine
37.5,6 However, the phosphotryptic map analyses were
performed only in proliferating myoblasts, and when the
transcriptional activity of the MyoDsp2 mutant was tested in
differentiating conditions, the authors merely employed
luciferase reporter activity assays in fibroblasts.5 The actual
modality of regulation of bHLH-dependent transcription by
phosphorylation remains controversial, as numerous studies
have reported discrepancies about the role of different
kinases on the regulation of distinct bHLH factors.1 For
example, phosphopeptide analysis of MyoD in myoblasts
versus myotubes revealed the presence of a differentiation-
induced spot, which corresponds to serine 5 phosphory-
lation.1 This phosphorylation is abrogated by inactivation of
p38 and is ectopically produced in myoblasts by enforced
activation of p38 by MKK6EE.1 Mutation of this residue
eliminated the differentiation-induced serine 5 phosphory-
lation in myotubes, but does not significantly change the
activity of MyoD in fibroblasts.1 Thus, although closely
associated with the differentiation process and the activation
of p38, the function for this phosphorylation site in myotubes is
still unknown. Moreover, the proposed role for the concomi-
tant phosphorylation at serine 5 and serine 200 by cdk1 in
myoblasts, resulting in the repression of MyoD activity and
then decrease of its stability,11 seems to be controversial.

The presence of a large number of consensus sites for
cdks, MAPKs and SAPKs in all the myogenic bHLH proteins
would potentially implicate that multiple phosphorylation
signals are required to coordinate muscle-specific transcrip-

tion. Furthermore, it should be noted that a systematic
mutation of all the proline-directed serines in MyoD did not
produce any change of function in fibroblasts, except for
serine 200. This scenario shows a complex regulation of
MRFs by phosphorylation, and could explain why only co-
overexpression of MyoDsp2 with the cdk9/cyclin T2a complex
can demonstrate the role of serine 37 in MyoD transactivation.
Similarly, serine 112 of PPARg has been reported to be
phosphorylated by MAPK, cdk7 and recently by cdk9;12

however, the effects of this covalent modification are so far
inconsistent since phosphorylation at the same residue by
different kinases results in either activation or repression.

In conclusion, our results establish that cdk9/cyclin T2a-
mediated coactivation of MyoD depends on serine 37
phosphorylation. The abrogation of this enzymatic modifica-
tion in the human RD cell line suggests the hypothesis that the
p38 pathway could represent the upstream cascade signaling
to cdk9/cyclin T2 complex in muscle cells. The reported
functional and biochemical links between p53, cdk913 and
p38,19 together with the well-known role of these proteins in
rhabdomyosarcoma formation,15,20 corroborate this hypothesis.
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