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Regulation of stability of cyclin-dependent kinase CDK11*''° and a
caspase-processed form, CDK11%¢, hy Hsp90
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CDK11?"® (cyclin-dependent kinase 11°''°, formerly known as
PITSLRE) is a member of the CDK superfamily. It associates
with cyclin L and is involved in the regulation of transcription and
in premRNA splicing. During staurosporine-, Fas- and tumour
necrosis factor a-induced apoptosis, CDK11?P'", is cleaved by
caspases to generate smaller 46-50 kDa proteins containing the
catalytic kinase domain. Ectopic expression of the caspase-
processed form CDK117 induces apoptosis. The mechanisms
that regulate activation and stability of CDK11 isoforms are still
unclear. In the present study, we demonstrate that in human
melanoma cells CDK11P""° and CDK11 interact with Hsp90
(heat-shock protein 90) and its co-chaperone cdc37. Furthermore,

we show that the treatment of cells with the Hsp90-specific
inhibitor geldanamycin leads to ubiquitination and enhanced
degradation of both CDKI11?'"° and CDK117 through a pro-
teasome-dependent pathway. We also determined that geldana-
mycin-triggered degradation of CDK117* slows down the pro-
gression of apoptosis. These results indicate that Hsp90 and cdc37
stabilize CDK11 kinase, and suggest that this stabilization is
crucial for its pro-apoptotic function.

Key words: apoptosis, chaperone, cyclin-dependent kinase 11,
heat-shock protein 90 (Hsp90), PITSLRE, proteasome.

INTRODUCTION

The CDKI11 (cyclin-dependent kinase 11) kinases belong to a
large family of p34“?-related kinases [1]. There are at least 20
CDK11 isoforms that are differentially expressed in mammalian
tissues and regulate diverse cellular functions. The larger
CDK 117" isoforms are associated with cyclin L and various spli-
cing factors, and are involved in the regulation of transcription and
RNA splicing in proliferating cells [2—4]. The smaller CDK117%*
isoforms result from translation initiation at an internal ribosome
entry site in the CDKI11?""® mRNA, and play an important
role in mitosis [1,5]. Ectopic expression of CDK117* in Chinese-
hamster ovary fibroblasts leads to telophase delay, abnormal
cytokinesis and a reduced rate of cell growth. The decrease in
cell growth rate is linked to apoptosis [1].

During Fas- and tumour necrosis factor a-induced apoptosis,
CDK11 isoforms are activated by proteolytic cleavage by cas-
pases. Caspase processing removes the N-terminal part of the pro-
tein and generates smaller 46-50 kDa proteins containing the
catalytic kinase domain [6-9]. Similar to CDK11P%¥, ectopic
expression of CDK11** induces apoptosis [10-12].

CDK11 kinases have also been implicated in tumorigenesis.
Deletion of the chromosome region 1p36.3 that encodes CDK11
kinases and complete loss of expression of specific isoforms occur
in neuroblastomas [13], childhood endormal sinus tumours [14],
a subset of malignant melanoma [15] and in non-Hodgkin
lymphoma [16]. Since deletion of the chromosome region encod-
ing CDK11 occurs late in oncogenesis and is correlated with
aggressive tumour growth, CDK11 kinases have been suggested
to act as tumour supressors [17].

Although the CDK117* form is clearly involved in apoptotic
signalling, little is known about its function in this process. Re-
cently, it has been shown that during apoptosis CDK 117 interacts
with and phosphorylates eIF3f (eukaryotic initiation factor 3f) and

inhibits translation [12]. Another study revealed that CDK117*
associates with PAK1 (p21-activated kinase) and inhibits its
activity [11]. To date, processing by caspases is the only known
mechanism of regulation of CDK11?'"° activity during apoptosis.
At least two different caspase activities, caspases 3 and 8§, are
involved in the proteolysis of the CDK11P''® isoform during
Fas-induced apoptosis. It was also shown that CDK11*'"° is
rapidly serine-phosphorylated after induction of apoptosis. It
was suggested that phosphorylation of an N-terminal portion of
CDK11°''% may enhance caspase cleavage in this region [8].

To elucidate the regulation of CDK 117" as well as the caspase-
processed form CDKI117, we searched for cellular proteins
that specifically associate with CDK 117 by co-immunoprecipi-
tation experiments. In the present study, we provide evidence that
CDK117¢ interacts with a set of molecular chaperones including
Hsp90 (heat-shock protein 90), cdc37 (a mammalian homologue
of the yeast cell-cycle control protein) and Hsp70. We also
determined that treatment of cells with GA (geldanamycin), an
Hsp90-specific inhibitor, leads to ubiquitination and enhanced
degradation of both CDK11?"'® and CDK11"* through pro-
teasome-dependent pathways. These results demonstrate that
molecular chaperones are involved in regulating the stability of
both CDK11?'"° and CDK117%.

MATERIALS AND METHODS
Cell culture and transfection

The human melanoma cell line A375 was obtained from
A.T.C.C. The cells were cultured at 37 °C with 5% CO, in
RPMI 1640 medium (Mediatech, Herndon, VA, U.S.A.), sup-
plemented with 5 % (v/v) fetal bovine serum (Omega Scientific,
Tarzana, CA, U.S.A.), 1% L-glutamine and 1% penicillin/
streptomycin (Invitrogen). All transfections were performed

Abbreviations used: CDK, cyclin-dependent kinase; CK2, casein kinase 2; ERK, extracellular-signal-regulated kinase; GA, geldanamycin; Hsp, heat-
shock protein; MOK, MAPK (mitogen-activated protein kinase)/MAK (male germ cell-associated kinase)/MRK (MAK-related kinase) overlapping kinase.
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using LIPOFECTAMINE™ 2000 (Invitrogen) according to the
manufacturer’s instructions.

Antibodies

Anti-CDK11 antibody (GN1) is an affinity-purified rabbit
polyclonal antibody obtained by injection of glutathione S-trans-
ferase-CDK11 containing amino acids 341-413 of CDKI11
(Rockland, Gilbertsville, PA, U.S.A.). Rabbit polyclonal antibody
recognizing Hsp90 (# sc-7947) and goat polyclonal antibody anti-
cdc37 (# sc-6396) were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, U.S.A.). Monoclonal anti-c-myc
antibody (clone 9E10) was obtained from Sigma. Polyclonal anti-
ERK1/ERK?2 (where ERK stands for extracellular-signal-regu-
lated kinase; # 9102) and monoclonal anti-ubiquitin (# 3936)
antibodies were purchased from Cell Signaling.

Construction of c-myc-CDK11%6 and ¢c-myc-CDK11P46K451R yectors

The pCMV/c-myc-CDK117¢ vector was constructed by insert-
ing the CDK11* coding sequence (GenBank® accession no.
U04824) into pPCMV/myc (ClonTech Laboratories) using EcoRI
and Xhol restriction enzyme sites. Substitution of Lys-451 with
Arg (K451R) was achieved by PCR using the Quik Change™ site-
directed mutagenesis kit (Stratagene) with the c-myc-CDK11M¢
construct as a template and the mutagenesis primers 5'-GAA-
ATTGTGGCTCTAAGCCGGCTGAAGATGG-3" and 5'-CCAT-
CTTCAGCCGCCTTAGAGCCACAATTTC-3'. Verification of
the proper mutation and the integrity of the remainder of the
construct were accomplished by DNA sequencing.

Immunoprecipitation and Western blotting

Cells were harvested, washed twice with cold PBS and lysed
in lysis buffer (25 mM Tris/HCI, pH 7.5, 150 mM NaCl, 2 mM
EGTA, 50 mM glycerophosphate and 1 % Nonidet P40) or RIPA
buffer (50 mM Tris, pH 8.0, 150 mM NacCl, 0.1 % SDS, 1%
Nonidet P40, 1 % sodium deoxycholate and 5 mM EDTA) con-
taining 1 mM dithiothreitol, I mM sodium orthovanadate, | mM
PMSF and 1 % protease inhibitor cocktail (Sigma) for 30 min on
ice. After lysis, cells were centrifuged at 13000 g for 10 min at
4 °C and the protein content was determined using the bicin-
choninic acid assay (Pierce). Total cell extracts (0.5 mg of protein)
were immunoprecipitated using rabbit normal IgG, anti-CDK11
or anti-c-myc antibody for 4 h at 4 °C. Subsequently, Protein
A-—agarose or Protein G—agarose beads (Oncogene, La Jolla, CA,
U.S.A.) were added, and the incubation was continued for another
2 h. Immunocomplexes were then washed four times with lysis
buffer and subjected to SDS/PAGE. The proteins were transferred
on to a PVDF membrane (Bio-Rad Laboratories, Hercules, CA,
U.S.A.) and the blots were probed with different antibodies.
A secondary probe with horseradish peroxidase-conjugated
antibodies (Sigma) was detected by enhanced chemiluminescence
(ECL®; Amersham Biosciences).

Treatment of cells with GA and MG132
(benzyloxycarbonyl-Leu-Leu-Leu-aldehyde)

Cells transiently expressing c-myc-CDK11P* were grown on six-
well dishes. Cells were treated 36 h post-transfection with Hsp90
inhibitor, GA (Sigma) at a final concentration of 2 uM, or with
proteasome inhibitor, MG132 (Sigma) at a final concentration
of 25 uM for the indicated times (in control experiments an
equivalent volume of DMSO was added).
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Pulse—chase analysis

Cells transiently expressing c-myc-CDK11P* were washed with
PBS, and the culture medium was replaced with methionine/
cysteine-free RPMI 1640 medium (Sigma) containing 5 % fetal
bovine serum, 1 % L-glutamine and 1 % penicillin/streptomycin.
After 1 h, the cells were pulse-labelled with 85 pCi/ml [*S]methi-
onine/[*S]cysteine (MP Biomedicals, Irvine, CA, U.S.A.) in
fresh methionine/cysteine-free medium for 4 h. At this point,
the cells were washed three times in RPMI 1640 medium and
then either lysed immediately or incubated in complete medium
in the presence or absence of 2 uM GA for the indicated times.
CDK11P* was immunoprecipitated with anti-c-myc antibody as
described above and subjected to SDS/PAGE. Gels were dried
and the radiolabelled c-myc-CDK 117 was visualized by auto-
radiography.

Apoptosis assay

Progression of apoptosis was assessed by ethidium bromide and
Acridine Orange staining followed by fluorescent microscopy.
The assay was performed as described previously [18]. Briefly,
A375 cells transiently expressing c-myc-CDK11P* were grown
on 24-well dishes. Cells were treated 24 h post-transfection with
0.5 uM GA for 16 h. Cells were harvested and 10 ul of cell sus-
pension containing approx. 1 x 10° cells/ml in RPMI 1640 medium
was mixed with a dye mix containing 100 pg/ml each of ethid-
ium bromide and Acridine Orange. At least 300 cells were
counted under the fluorescent microscope at 40x magnification.
Viable cells fluoresce green and have an organized chromatin
structure. Apoptotic cells have chromatin that is highly condensed
or fragmented and stains orange. Necrotic cells have chromatin
with an organized structure that also stains orange. Each set of
experiments was repeated three times.

MS analysis

Total cell extracts (2 mg of protein) from cells transfected with
empty vector or expressing c-myc-CDK117 were subjected
to immunoprecipitation with anti-c-myc antibody and proteins
were separated on 12 % SDS/polyacrylamide gel. After Bio-Safe
Coomassie (Bio-Rad Laboratories) staining, the gel was washed
with water and protein bands were excised. Proteins were
subjected to digestion with trypsin and peptides were analysed
by matrix-assisted laser-desorption ionization—time-of-flight MS
(Proteomics Core Facility, University of Arizona, AZ, U.S.A.).

RESULTS

Identification of proteins that are co-immunoprecipitated
with CDK11p%

To identify proteins associated with CDK11, A375 cells were
transiently transfected with the pCMV/c-myc-CDK 117 vector.
The CDK 117 protein is the final product of caspase processing of
CDK117"°, CDK11P contains amino acids 388-779 and
possesses the entire kinase domain, which covers amino acids
422-707. CDK11* was immunoprecipitated with anti-c-myc
antibody from total cell extracts and the immunocomplexes were
analysed by SDS/PAGE. As shown in Figure 1(A) several proteins
were co-immunoprecipitated with the c-myc-CDK117 fusion
protein. Of these, a few proteins were also immunoprecipitated
from cells transfected with the empty vector and thus reflect non-
specific binding. Six proteins with approximate masses of 90, 72,
70, 50, 46 and 44 kDa were immunoprecipitated in a CDK11P*-
dependent manner. The identity of proteins was determined by
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Figure 1 Identification of proteins interacting with CDK1174

(A) Cell extracts from A375 cells transfected with empty vector (—) or ¢-myc-CDK11P6 (+)
were subjected to immunoprecipitation with anti-c-myc antibody, followed by SDS/PAGE.
Protein bands were visualized with silver stain. (B) Bands were excised from the gel and, after
in-gel digestion with trypsin, their identities were determined by tryptic peptide MS analysis.
Percentage of sequence coverage and NCBI gi numbers for each protein identified are indicated.

tryptic peptide MS fingerprinting (Figure 1B). This analysis
revealed that the approx. 90 kDa protein is Hsp90; the approx.
72-70 kDa proteins are Hsc70 (constitutive form) and Hsp70
(inducible form) respectively; the approx. 50 kDa protein is cdc37
and the approx. 46—44 kDa proteins are CDK11. The following
studies focused on the functional importance of the association of
Hsp90 and CDK11P!10/p46,

Interaction of CDK11°""® and CDK11746 with Hsp90
and its co-chaperone, cdc37, in vivo

To determine whether endogenous CDK 117''° forms a stable com-
plex with Hsp90, we immunoprecipitated CDK11?'"° with anti-
CDK11 antibody and subsequently performed Western blotting
with anti-Hsp90 antibody. As shown in Figure 2(A), CDK11?"°
associates with Hsp90 in A375 cells and does not associate in
the control. To confirm that CDK 117 interacts with Hsp90, we
repeated the co-immunoprecipitation assay of total cell extracts
from A375 cells transfected with ¢-myc-CDK11P using anti-
c-myc antibody, followed by immunodetection with anti-Hsp90
antibody. As shown in Figure 2(B), Hsp90 was co-immuno-
precipitated with CDK117. As a control, we used total cell
extracts from cells transfected with empty vector.

Hsp90 proteins are required for the stability and functional
maturation of numerous proteins involved in cell-cycle regulation,
steroid hormone responsiveness and signal transduction (reviewed
in [19]). Hsp90 functions in association with its co-chaperone
partners, which are responsible for the specificity of interaction
between Hsp90 and its targets. One of these co-chaperones, cdc37,
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Figure 2 CDK11°"° and CDK11"*¢ are associated with Hsp90 and cdc37 in
A375 cells

() Cell extracts from A375 cells were subjected to Western blotting (WB) with anti-CDK11
antibody or immunoprecipitation (IP) with normal rabbit IgG or anti-CDK11, followed by Western
blotting with anti-CDK11, anti-Hsp90 or anti-cdc37 antibody. (B) Cell extracts from A375 cells
transfected with empty vector, c-myc-CDK117% or ¢-myc-CDK11P4K45™R were subjected to
Western blotting with anti-CDK11 antibody or immunoprecipitation with anti-c-myc antibody,
followed by Western blotting with anti-CDK11, anti-Hsp90 or anti-cdc37 antibody.

interacts through its N-terminal domain with a number of protein
kinases, whereas the C-terminal domain interacts with Hsp90
[20-22]. To examine whether CDK 11°''? associates with cdc37 in
A375 cells, we immunoprecipitated CDK11°"'° with anti-CDK11
antibody and subsequently performed Western blotting with anti-
cdc37 antibody. As shown in Figure 2(A), cdc37 interacts with
CDK11°"'? and does not interact in the control. We also confirmed
that CDK 117 specifically associates with cdc37 (Figure 2B).

To examine further whether the association of CDK11p!!0/p4
with Hsp90—cdc37 complex depends on its kinase activity,
we overexpressed kinase-dead mutant, c-myc-CDK11P4K4SIR,
Immunoprecipitation of CDK11P***'® with anti-c-myc antibody
followed by Western blotting with anti-Hsp90 and anti-cdc37
antibody revealed that K451R mutation did not have an effect on
the association with Hsp90—cdc37 complex (Figure 2B).

Regulation of CDK11°"'? and CDK117® stahility by Hsp90

Hsp90 possesses a nucleotide-binding pocket near the N-terminus
[23,24]. Binding and hydrolysis of ATP regulates the conform-
ational states of Hsp90, which in turn regulate its function. GA,
an ansamycin antibiotic, binds to the nucleotide-binding domain
within Hsp90 and prevents the formation of the client protein—
c¢dc37-Hsp90 heterocomplex [23,25]. To examine whether the
inhibition of Hsp90 function has any effect on CDK 117 stability,
A375 cells transfected with c-myc-CDK11%¢ were treated with
GA for 0-24h (Figure 3). Western blotting of cell extracts
with anti-CDK11 antibody revealed the amounts of both
CDK117 and endogenous CDK11°'"°, As shown in Figure 3(A),
the level of CDK11P* was significantly decreased after 2h of
treatment with GA, whereas 16 h post-treatment, CDK 117 was
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Figure 3 Hsp90 regulates CDK11°"1® and CDK11"* stability in A375 cells

A375 cells transfected with c-myc-CDK 11 were treated with (A) 2 .M GA or (C) DMSO for
the indicated periods of time. Cell extracts were prepared and the amounts of CDK11%*6 and
CDK11°"10 were monitored by Western blotting with anti-CDK11 antibody. (B) Equal loading of
proteins was shown by stripping the blot (A) and performing anti-ERK1/ERK2 blotting. (D) A375
cells expressing c-myc-CDK117%6 were pulse-labelled with [*®S]methionine/[*2S]cysteine for
4 h and than chased in non-radioactive medium with DMSO or 2 «M GA for up to 2 h. At the
indicated times, cell extracts were prepared and c-myc-CDK117% was immunoprecipitated with
anti-c-myc antibody, resolved by SDS/PAGE and visualized by autoradiography.

not detectable with anti-CDK11 antibody. The amounts of endo-
genous CDK 117" were also significantly reduced, although after
16 h of treatment with GA approx. 25 % of protein still remained.
The results suggest that the molecular chaperone Hsp90 stabilizes
both c-myc-CDK 117 and CDK11°''°. However, longer treatment
with GA is required to lower the levels of endogenous CDK 117!
compared with c-myc-CDK117. As a control, we examined the
levels of ERK1/ERK?2, which are known not to interact with
Hsp90. As shown in Figure 3(B), the amounts of ERK1/ERK?2
did not change during GA treatment. As an additional control,
we treated A375 cells with DMSO instead of GA. As shown in
Figure 3(C), DMSO treatment had no negative effect on CDK 1174
and CDK 117" Jevels.

Next, we determined the half-life of CDK117* on GA treat-
ment. A375 cells transfected with c-myc-CDK 117 were pulse-
labelled with [*S]methionine/[*S]cysteine for 4h and then
chased in non-radioactive, complete medium with or without GA
for up to 2h. Cell extracts were prepared and CDK11™® was
immunoprecipitated with anti-c-myc antibody. As shown in Fig-
ure 3(D), newly synthesized CDK11* was stable in vehicle
control treatment with DMSO, whereas its half-life was shortened
to approx. 2h on GA treatment. These results show that
CDK11°"% jg rapidly degraded when the Hsp90-CDKI1
complex dissociates, indicating that Hsp90 is necessary for
CDK 1 17197046 gtability.

Proteasome-dependent degradation of CDK11°11® and CDK11746

Although several protease systems are involved in protein degrad-
ation, most proteins whose stability is regulated by Hsp90 are
degraded by the proteasome complex (reviewed in [26]). To ex-
amine whether dissociation of the Hsp90-CDK11?!'%/?*¢ complex
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Figure 4 Degradation of CDK11°""° and CDK11**¢ is mediated by the
proteasome pathway

A375 cells transfected with c-myc-CDK117 were treated for 3 h with the vehicle DMSO, 2 uM
GA, 25 uM MG132, or 2 uM GA and 25 M MG132. Cell extracts were prepared and the
amounts of CDK11°"10 and CDK117*6 in (A) soluble supernatants and (B) insoluble fractions
were determined by Western blotting with anti-CDK11 antibody. (C) Cells transfected with
¢-myc-CDK117% or c-myc-CDK117% and haemagglutinin—ubiquitin were treated with DMS0,
2 uMGA, or2 «MGAand 25 M MG132 for 6 h. Proteins were extracted with RIPA buffer and
¢-myc-CDK11P*6 was immunoprecipitated (IP) using anti-c-myc antibody and immunoblotted
(WB) with anti-ubiquitin antibody. *Heavy chain of mouse IgG.

indeed leads to degradation of CDK11P!? by proteasome, we
treated A375 cells expressing c-myc-CDK 117 with the Hsp90
inhibitor GA and the proteasome inhibitor MG132. Cell extracts
were prepared, and Western blotting with anti-CDK11 antibody
revealed the amounts of both endogenous CDKI11°''"® and c-
myc-CDK117, As shown in Figure 4(A), treatment with both
GA and MGI132 did not lead to accumulation of CDK11°'°
and CDK117 in the soluble fraction. Since it was previously
reported that some protein kinases, which interact with Hsp90,
such as PDK1 (phosphoinositide-dependent kinase 1) [27], MOK
[MAPK (mitogen-activated protein kinase)/MAK (male germ
cell-associated kinase)/MRK (MAK-related kinase) overlapping
kinase] [28] and LKB1 (a serine/threonine protein kinase 11
incoded by LKB1/STK11 gene) [29], accumulate in the insoluble
fraction on treatment with both GA and MG132, we also examined
the amounts of CDK 117" and CDK 117 in the insoluble fraction
derived from A375 cells. As shown in Figure 4(B), amounts of
CDK117""% and CDK 117 in the insoluble fraction decreased with
GA treatment, whereas treatment with both GA and MG132
blocked degradation of both CDK11°""® and CDK117. These
results indicate that a proteasome-mediated pathway degrades
CDK 1P jp the absence of Hsp90.

The majority of proteins degraded by the proteasome pathway
are first modified by covalently attached polyubiquitin chains,
which serve as a recognition signal for the proteasome (reviewed
in [30]). To determine whether ubiquitination is involved in
CDK 117 degradation on disruption of its association with Hsp90,
A375 cells were either transfected with c-myc-CDK11P*® or co-
transfected with c-myc-CDK117® and haemagglutinin-tagged
ubiquitin. Cells were then treated with GA or GA and MG132, and
c-myc-CDK 117 was immunoprecipitated with anti-c-myc anti-
body, followed by Western blotting with anti-ubiquitin antibody.
As shown in Figure 4(C), treatment of GA and MG132 resulted
in the formation of polyubiquitinated forms of c-myc-CDK1 17,
Stronger signals were visible when cells were co-transfected
with c-myc-CDK 117 and haemagglutinin-tagged ubiquitin and
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Figure 5 GA-induced degradation of CDK11"® causes a decrease in apoptosis level

A375 cells transfected with empty vector were treated with (A) DMSO or (B) 0.5 1M GA for 24 h. Cells transfected with c-myc-CDK117% were treated with (C) DMSO or (D) 0.5 M GA for 16 h.
Apoptotic cells were identified by staining with ethidium bromide/Acridine Orange as described in the Materials and methods section. (E) Percentage of apoptotic cells from three independent

experiments (A-D).

treated with GA and MG132. Taken together, these results suggest
that CDK117 is ubiquitinated and degraded by a proteasome
pathway when the CDK11-Hsp90 complex dissociates.

GA-induced degradation of CDK117 decreases
the progression of apoptosis

It was previously established that ectopic expression of CDK 1174
induces apoptosis [10-12]. To examine whether GA-induced de-
gradation of CDK11P* has any effect on the rate of apoptosis, we
treated A375 cells expressing c-myc-CDK 117* or an empty vector
as control, with 0.5 uM GA for 16 h (treatment with 0.5 uM GA
for 4 h is sufficient to induce degradation of CDK11P, results
not shown). Next, we identified and counted apoptotic cells by a
quantitative fluorescent assay. As shown in Figures 5(C) and 5(E),
overexpression of c-myc-CDK11P* significantly promoted ap-
optosis (33 £ 1.04 %). CDK 1 1"-triggered apoptosis was signi-
ficantly blocked by the Hsp90 inhibitor GA (14 +1.5%; Fig-
ures 5D and 5E). In the control, overexpression of the empty
vector resulted in 5 & 1.00 % of apoptotic cells, whereas treatment
with GA caused 11 1 1.52% of apoptosis (Figures 5A, 5B and
5E). Taken together, these results indicate that disruption of asso-
ciation of Hsp90 and CDK 117 leads to degradation of the latter,
which consequently decreases the amount of apoptotic cells.

DISCUSSION

The main goal of the present study was to identify cellular proteins
that interact with and regulate CDK117*¢. CDK117* possesses
the entire catalytic kinase domain and is the final caspase-
processed product derived from a larger protein CDKI11P',
CDK117 is generated in human cells undergoing apoptosis.
Since ectopic expression of CDK117* stimulates apoptosis, a pro-

apoptotic role of CDK117*® was proposed. In the present study,

we demonstrated that the caspase-processed form CDKI117 is
associated with the molecular chaperones Hsp90, cdc37 and two
members of the Hsp70 family. We also determined that endo-
genous CDK11P""% interacts with the Hsp90—cdc37 complex.
Furthermore, we showed that Hsp90 is responsible for the
stabilization of CDK11?''? as well as CDK11P* in human cells,
and that these proteins are degraded by a proteasome-dependent
pathway. We also showed that CDK11™¢-induced apoptosis is
decreased on GA-triggered disruption of the CDK11P*~Hsp90
complex.

Hsp90 interacts with and regulates a number of proteins invol-
ved in cell signalling, among which protein kinases represent a
large group. It is clear now that the interaction between Hsp90
and protein kinases is not direct. Hsp90 functions in association
with its co-chaperone, cdc37, which acts as an adaptor protein
that facilitates the interaction between protein kinase and Hsp90
and is responsible for the specificity of the interaction. It is
worth mentioning that there are differences in the association
of closely related protein kinases with cdc37-Hsp90 complexes.
Conventional mitogen-activated protein kinases (ERK, p38 and
c-Jun N-terminal kinase/stress-activated protein kinase) do not
associate with the cdc37-Hsp90 complex, whereas their homolo-
gues, MOK, MAK and MRK do associate [28]. Similarly, CDK4,
CDK6 and CDK9 associate with the cdc37-Hsp90 complex,
whereas CDK2, CDK3 and CDKS5 do not [20,31-34]. In this study,
we showed that another member of the CDK family, CDK11,
forms a stable complex with cdc37-Hsp90. Furthermore, we
could detect the CDK117—cdc37-Hsp90 heterocomplex using
only the C-terminal portion of CDK11?!'°, Studies on several dif-
ferent protein kinases including pp60'~° [35], Raf [36], CK2«
(casein kinase 2«) [37], Plk [38], Akt [39], MOK [28], PDK1
[27], IKK [40] and LKB1 [29,41] revealed that the association
of protein kinases with the cdc37-Hsp90 complex usually occurs
through the catalytic kinase domain. Our results suggest that in
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CDK11, it is also the catalytic kinase domain that is responsible
and sufficient for association with the cdc37/Hsp90 heterodimer.

In many cases, association of the cdc37-Hsp90 complex with
a protein kinase is necessary for the stability of the latter. The
ansamycin antibiotic GA blocks the ATP/ADP-binding site within
the N-terminal part of Hsp90 [23,24,42] and prevents the con-
formational changes necessary for the chaperoning functions of
Hsp90 [43,44], which leads to the disruption of client protein
activation [45-47]. Treatment with GA caused rapid destabil-
ization of both CDK11P""® and CDK117. Metabolic labelling
and pulse—chase experiments confirmed that after GA treatment,
the half-life of CDK 117 was significantly shortened. Binding of
GA to the Hsp90 chaperone complex prevents refolding of the
client protein, which results in its degradation. The degradation
of proteins that fail to fold correctly is frequently regulated by
proteasome. To determine whether the proteasome pathway is
indeed involved in CDK11P'M6 degradation, we inhibited pro-
teasome-mediated degradation with the proteasome inhibitor
MG123. Treatment of cells with both GA and MG132 blocked
degradation of CDK11°P"1%?* and increased their amounts in the
insoluble fraction. Many proteins destined for degradation are
labelled with polyubiquitin chains and then targeted to the protea-
some. In agreement with this observation, we found that treatment
of cells with GA and MG132 resulted in the formation of poly-
ubiquitinated forms of CDK11P. These results suggest that the
proteasome is responsible for the degradation of CDK11p"1%/p4
after dissociation from Hsp90 and that ubiquitination is involved
in this process.

It should be pointed out that the treatment with GA results not
only in rapid degradation of CDK11¢ but also in decrease in
the amount of apoptotic A375 cells. Since CDK 117 is generated
during Fas-induced apoptosis and ectopic expression of CDK 117
induces apoptosis, CDK117* is considered as a pro-apoptotic
protein. Disruption of the CDKI1?*~Hsp90 complex may
therefore cause deregulation of cell death and prevent apoptosis.
These findings lead to the conclusion that molecular antagonists
of CDK117~Hsp90 interaction may prevent apoptosis of cells,
which are programmed to undergo apoptosis.

In addition to acting as protein chaperones, Hsc70/Hsp70 and
Hsp90 may also regulate the activity of interacting protein kinases.
It was shown that Hsc70 associates with newly synthesized cyc-
lin D1 and is a component of a mature, active cyclin D1-CDK4
holoenzyme complex [48]. Another protein kinase, Raf-1, forms
a complex with Hsp90 which is necessary for its kinase activity
and mitogen-activated protein kinase pathway signalling [21].
Furthermore, Hsp90 interacts with and activates CK2 [49]. The
effect of association of CDK11?'"® and CDK11"* with a Hsp
complex on its kinase activity is under investigation. It is possible
that the activity of endogenous CDK11?!'° and its association with
cyclin L or CK2 [50, 51] is modulated when the association
with Hsp90 and/or Hsc70/Hsp70 is disrupted.
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