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Abstract
Overexpression of the cyclin-dependent kinase inhibitor
p27Kip1 has been demonstrated to induce cell cycle arrest
and apoptosis in various cancer cell lines, but has also been
associated with the opposite effect of enhanced survival of
tumor cells and increased resistance towards chemother-
apeutic treatment. To address the question of how p27Kip1

expression is related to apoptosis induction, we studied
doxycycline-regulated p27Kip1 expression in K562 erythroleu-
kemia cells. p27Kip1 expression effectively retards prolifera-
tion, but it is not sufficient to induce apoptosis in K562 cells.
p27Kip1-expressing K562 cells, however, become resistant to
apoptosis induction by the proteasome inhibitors PSI, MG132
and epoxomicin, in contrast to wild-type K562 cells that are
efficiently killed. Cell cycle arrest in the S phase by
aphidicolin, which is not associated with an accumulation
of p27Kip1 protein, did not protect K562 cells against the
cytotoxic effect of the proteasome inhibitor PSI. The
expression levels of p27Kip1 thus constitute an important
parameter, which decides on the overall sensitivity of cells
against the cytotoxic effect of proteasome inhibitors.
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Introduction

The ubiquitin-dependent proteasome pathway is the major
proteolytic system encountered in the cytoplasm and nucleus
of virtually all nucleated eukaryotic cells (reviewed in Hershko
and Ciechanover1). Apparently, the majority of all cellular
proteins are subjected to this turnover mechanism.2 This
pathway usually rapidly degrades damaged or misfolded
proteins. The ubiquitin–proteasome system does, however,
not only serve as an intracellular shredding device that
accepts damaged protein substrates for recycling. It is equally
important for the generation of peptides presented in the
context of MHC class I molecules on the cell surface2 and, in
addition, is intrinsically linked to various signal transduction
pathways by the selective degradation of short-lived proteins
exerting crucial regulatory functions within a cell. Transcrip-
tional regulators such as IkBa, p53, E2F1, c-jun or b-catenin
belong to this class of substrate proteins as well as proteins
regulating cell cycle progression (cyclins, cyclin-dependent
kinases, (cdk’s), the cyclin-dependent kinase inhibitor (cki)
p27Kip1).1

Recently, it has become evident that proteasomal function
is essential for cell survival and that inhibition of proteasomal
activity, in particular of the chymotryptic activity by low
molecular weight inhibitors, is a powerful means to induce
caspase activation and apoptosis in many cell types, even in
the absence of functional p53.3–8

Biochemical features consistently observed in experiments
involving apoptosis induction by proteasome inhibitors are the
accumulation of high molecular weight polyubiquitinated
substrate proteins as well as an increase in the relative
amounts of the tumor suppressor protein p539,10 and of the
cki’s p21Waf1 11,12 and p27Kip1.13 p27Kip1 together with p21Waf1

and p57Kip2 belong to a family of proteins that inhibit the kinase
activity of cyclin/cdk complexes by stochiometric binding. In
cycling cells the cki p27Kip1 is usually degraded at the
transition from the G1 into the S phase of the cell cycle.13

Cyclin/cdk complexes for instance, blocked by p27Kip1, are
then free to phosphorylate the Rb protein, which releases the
transcription factor E2F required for the synthesis of S phase
proteins.

Various classes of proteasome inhibitors have been
developed, which have the potential to reduce dramatically
the viability of proliferating cells (review by Kisseler and
Goldberg 14), a property that is currently exploited in the
search for novel antineoplastic drugs.15–18

However, nonproliferating, quiescent cells, in short-term
experiments at least, remain largely unaffected and are
remarkably protected against certain apoptosis-inducing
stimuli by proteasomal inhibitors.19,20

Human leukemic HL60 cells, when terminally differentiated
upon treatment with phorbolester, adopt macrophage-like
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properties with an adherent and quiescent phenotype. These
differentiated nonproliferating HL60 cells – in a very analo-
gous fashion – show a reduced sensitivity to apoptosis
induction by proteasome inhibitors.3 A similar difference in
terms of sensitivity to the cytotoxic effect of proteasome
inhibitors can be observed when contact-inhibited, quiescent
and subconfluent cycling primary endothelial cells are
compared with each other.21 One common feature of both,
the quiescent HL60 and the quiescent endothelial cells, is the
upregulation of the cki p27Kip1, which appears to be a general
property of cells that switch to a nonproliferative pheno-
type.22–24

To determine whether the resistance of quiescent cells
towards the potent cytotoxic effect of proteasome inhibitors is
directly related with the expression levels of p27Kip1, we
investigated in the present study the consequences of
inducible ectopic expression of p27Kip1 in the Philadelphia
positive chronic myeloid leukemia (CML)-derived K562 cell
line. We can show that K562 cells, which lack functional
p53 and are resistant to a variety of chemotherapeutic
drugs, readily undergo proteasome-inhibitor-mediated
apoptosis when they are proliferating, but are protected by
the expression of p27Kip1. This finding has implications for
tumor development in general and in particular for the
modalities of tumor therapies employing chemotherapeutic
drugs.

Results

Inducible expression of HA-tagged p27Kip1in K562
cells

To investigate the functional role of p27Kip1 accumulation, as
is observed during apoptosis induction by proteasome
inhibitors, we inducibly expressed HA-tagged p27Kip1

(p27HA) under the control of a tetracycline-regulated expres-
sion system (pHD22/6; Figure 1a). K562 cells were trans-
fected by a transferrinfection protocol and stable transfected
clones were isolated by puromycin selection. Several clones
could be identified that expressed p27HA in a constitutive
fashion (not shown). Two of the clones that displayed
doxycycline-regulated p27HA expression (K562-75 and
K562-99) were investigated further.

Upon addition of doxycycline, p27HA was expressed in both
clones in a dose-dependent manner, reaching a plateau
between 1 and 2 mg/ml doxycycline (Figure 1b). Higher
concentrations of the inducer did not result in a further
increase in the amounts of p27HA protein. Residual expres-
sion of p27HA was detected in the absence of doxycycline.
p27HA expression occurred rapidly after addition of doxycy-
cline and could be detected already 6 h after addition of the
drug (Figure 1c). The maximum of p27HA expression after a
single administration of doxycycline was reached within 24–
48 h of incubation in the presence of the drug, with levels of
p27HA starting to decline again after 48 h (Figure 1c). When
cells were allowed to resume proliferation in doxycycline-free
medium after an initial p27HA induction for 18 h, baseline
levels of p27HA expression were reached again within 48 h
(Figure 1d). Expression of p27HA did not lead to differentia-
tion of the K562 cells as judged by the absence of

morphological alterations upon p27HA expression in cytospin
preparations or the expression of the erythroid differentiation
marker hemoglobin (Table 1).

Nuclear localization of p27HA

Immunofluorescence staining of cytospin preparations of both
p27HA-expressing K562 clones demonstrated a strong
nuclear staining for p27HA upon induction by doxycycline
(Figure 2), indicating that the bipartite nuclear localization
signal present close to the N-terminus of p27Kip1 is not
destroyed by the introduction of the HA-Tag and is still
functional, as it targets the protein to the correct subcellular
compartment.

Figure 1 Schematic diagram of an inducible p27Kip1 cassette inserted in pBabe
puro. See text for details (a). Dose-dependent induction of p27HA: lysates of cells
incubated for 24 h in the presence of increasing concentrations of doxycycline
were analyzed by Western blotting using antibodies directed against the HA-Tag
(12CA5) or against p27Kip1(b). Kinetics of p27HA induction: cells were exposed to
a single dose of doxycycline (1 mg/ml) and the changes in the relative amounts of
p27HA protein were analyzed (c). Reversibility of p27HA induction: p27HA
expression was induced for 18 h (1 mg/ml doxycycline), followed by three washes
and further incubation in the absence of doxycycline. At the indicated time points
cells were lysed, subjected to SDS–PAGE and analyzed for the presence of
p27HA (d)
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p27HA blocks K562 cell proliferation, but is not
sufficient to induce apoptosis

We next investigated the capacity of p27HA to act as a cki and
block cell proliferation. Expression of p27HA shifted the
relation between hyperphosphorylated (ppRb) and hypopho-
sphorylated (pRb) towards the hypophosphorylated form with
kinetics that paralleled p27HA expression (Figure 3a, com-
pare with Figure 1c). Densitometric quantification of the
different phosphorylated forms of pRb indicated that there is a
more than two- fold increase of the hypophosphorylated form
of pRb at 24 h after doxycycline administration for clone K562-
75 and a 0.6-fold increase for clone K562-99 (Figure 3b).

Incubation of parental K562 cells in medium alone or in
medium containing doxycycline (1mg/ml) for 72 h did not result
in a similar redistribution between the different phosphory-
lated forms of pRb (Figure 3c), excluding the possibility that
the observed changes in pRb phosphorylation are due to
changes in culture conditions or induced by doxycycline (1mg/
ml) itself, independently from p27HA expression.

K562-75 and K562-99 cells become arrested primarily in
G0/G1, as determined by propidium iodide staining and FACS
analysis of cells incubated with doxycycline for 24 or 48 h
(Figure 4a). No such arrest could be observed in K562 cells
grown either in medium alone or in the presence of
doxycycline (1mg/ml), indicating that this arrest is not due to
unspecific effects of doxycycline or to changes in culture
conditions during the incubation period (Table 2). Determina-
tion of the cumulative cell numbers upon induction of p27HA in
addition demonstrated that incubation of cells in the presence
of 1 mg/ml of doxycycline (single addition of the drug at t¼0 h)
for 6 days was sufficient to block cell proliferation by 79%
(K562-75) and by 66% (K562-99) (Figure 4b). A doxycycline
concentration of 2.0mg/ml not only increased growth inhibition
further to 84% (K562-75) and 76% (K562-99), but also
reduced the proliferation of untransfected K562 control cells
to some extent (Figure 4b). Hence, all further experiments
were carried out in the presence or absence of 1 mg/ml of
doxycycline.

Having demonstrated that p27HA expression was sufficient
to inhibit K562 proliferation, we next investigated whether
expression of p27HA contributed to apoptosis induction in
these cells. Within 72 h of doxycycline administration the

Figure 2 Nuclear localization of the ectopic p27HA. K562-75 (a–d) and K562-
99 cells (e–h) were stimulated (1 mg/ml doxycycline) for 24 h, transferred onto
glass slides and stained with the HA-specific antibody 3F10 to localize p27HA
protein (c, g). Nuclear counterstaining was performed with Hoechst 33342 (d, h).
Controls grown in the absence of doxycycline are shown in (a, b; K562-75) and
(e, f; K562-99)

Table 1 Hemoglobin content of K562 cells

Cells Abs 540nm

0h 24h 48h

K562 0.024 0.027 0.024
K562-75+Dox 0.020 0.033 0.039
K562-99+Dox 0.018 0.025 0.022

The hemoglobin content of 3�106 cells was determined spectrophotome-
trically at 540 nm using Drabkin reagent. The absorbance at 540 nm for
the same number of K562 cells differentiated for 6 days by 2.5 mM AraC was
0.371.

Figure 3 p27HA expression leads to hypophosphorylation of pRb. (a) Western
blot analysis of the variably phosphorylated isoforms of Rb in K562-75 and K562-
99 cells after induction of p27HA (1 mg/ml doxycycline). (b) Densitometric
quantification of results shown in a. (c) Phosphorylation status of pRb of parental
K562 control cells grown either in the absence or the presence of doxycycline
(1 mg/ml)
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number of apoptotic cells with a sub-G1 DNA content did not
increase substantially (Figure 5), indicating that p27HA
expression per se is not sufficient to induce the cell death
program in K562 cells. Furthermore, PARP cleavage to the
characteristic apoptotic 89 kDa fragment could not be
detected in Western blotting experiments (Figure 5).

Inducible p27HA expression provides protection
for K562 cells against proteasome inhibitors

CML cells are highly resistant against various chemother-
apeutic drugs because of a chromosomal translocation, which
results in the expression of the constitutively active kinase
BCR-ABL. BCR-ABL is one of the most potent survival

promoting gene products known so far, and is found in more
than 95% of all patients suffering from chronic myeloid
leukemia (CML).

Thus, incubation of K562 cells with 50 mM etoposide or
campthotecin does not introduce a significant extent of
apoptosis within 24 h (data not shown). In sharp contrast,
three structurally different proteasome inhibitors, namely PSI
and MG132 (both at 50 mM) as well as epoxomicin (2 mM),

Figure 4 p27HA expression induces cell cycle arrest and growth inhibition of
K562-75 and K562-99 cells. (a) Cell cycle distribution profiles of K562-75 and
K562-99 cells after growth for 0, 24, and 48 h in the presence of doxycycline (1 mg/
ml). Shown are the results of a representative experiment out of at least three
experiments with similar results. (b) Cumulative cell numbers of K562wt (empty
bars), K562-75 (hatched bars) and K562-99 (black bars) cells were determined
after 6 days of growth in the presence of 1 or 2 mg/ml of doxycycline, and are
expressed as the percentage of control cells that did not receive doxycycline.
Experiments were performed in duplicate and repeated at least twice with similar
results

Table 2 Cell cycle distribution in the presence or absence of doxycycline

Cells G0/G1 S G2/M %CV

K562 ctrl 33.5 51.8 14.7 4.35
K562�Dox 24 h 34.4 50.2 15.4 4.46
K562�Dox 48 h 34.7 47.3 18.0 4.29
K562+Dox 24 h 33.4 51.0 15.6 4.45
K562+Dox 48 h 33.8 50.9 15.4 4.66

Cell cycle distribution of K562 cells as determined by PI staining and FACS
analysis after incubation in medium only or in the presence of doxycycline (1mg/
ml) for the times indicated.

Figure 5 p27HA expression is not sufficient to induce apoptosis in K562 cells.
(a) K562-75 received doxycycline (1 mg/ml) for the indicated time points, were
stained with PI and then analyzed for the percentage of cells with a sub G1 DNA
content. (b) Cell lysates were subjected to SDS–PAGE and analyzed by Western
blotting for the cleavage of PARP. Arrowheads point at the position of uncleaved
PARP (116 kDa) and at the signature 85 kDa fragment generated during
apoptosis. Similar results as shown in (a, b) were also obtained for the clone
K562-99 (not shown)
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were able to induce up to 85% apoptosis within 15 h of
incubation in K562 cells (Figure 6). In contrast, the calpain
inhibitor calpeptin did not display any proapoptotic activity at
50 mM, nor did overexpression of calpastatin in K562 cells
elicit any apoptotic response (unpublished results).

Following induction of p27HA expression, a progressive
protection of both K562 clones examined against the cytotoxic
effect of all three proteasome inhibitors could be observed
(Figure 6). Both inducible clones displayed a decrease in
sensitivity already in the uninduced state, which can be
explained by weak baseline expression of p27HA in the
uninduced state. The protective effect then becomes very
pronounced at 48 h of doxycycline pretreatment. The desen-
sitizing effect of p27HA expression can also be demonstrated
by analyzing the combined activity of effector caspases 3 and
7, which is markedly reduced in both clones when p27HA is

induced (Figure 7a). Generation of the apoptosis-specific
signature 85 kDa fragment of PARP is also diminished when
apoptosis is induced in the presence of p27HA, indicating that
caspase activation is restrained (Figure 7b).

One of the reasons for the failure of chemotherapy
treatment of CML is the development of drug resistance in
blast crisis cells, which has been associated with an
amplification of the BCR-ABL gene25 or enhanced BCR-ABL
expression.26 We therefore investigated whether induction of
p27HA expression would alter the relative levels of BCR-ABL
protein by Western blotting analysis. As can be seen in Figure
8a, the relative amounts of BCR-ABL kinase remain un-
changed upon administration of doxycycline (Figure 8a).

BCR-ABL harboring K562 cells express high amounts of
the antiapoptotic protein Bcl-xL, but do not express detectable
levels of the Bcl-2 protein.27 BCR-ABL stimulates expression

Figure 6 Expression of p27HA in K562 cells protects against the cytotoxic effects of proteasome inhibitors. K562 and K562-75 cells received for 15 h the proteasome
inhibitors PSI, MG132 or epoxomicin, either in the absence of doxycycline (upper two rows of panels) or following a preincubation with doxycycline (1 mg/ml) for 24 and
48 h, respectively (bottom two rows of panels). The sub G1 DNA content of the cells as a measure of apoptosis induction was determined by PI staining and FACS
analysis. Similar results were also obtained for the K562-99 clone (not shown)
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of Bcl-xL through the constitutive activation of the transcription
factor STAT5, which can bind to a STAT5 binding element in
the Bcl-xL promoter. However, upregulation of Bcl-xL or Bcl-2,
which could provide a potential explanation for the protective
effect of ectopically expressed p27HA, could not be observed.
Likewise, the relative levels of the proapoptotic bax protein do
not change upon p27HA induction (Figure 8b) nor is there an
increase in the expression of Bcl-2 in the presence of
doxycycline (not shown). From these results we conclude
that the protective effect of p27HA expression is independent
from an upregulation of the antiapoptotic proteins Bcl-xL or
Bcl-2 or the downmodulation of the proapoptotic bax protein.
Even more, the relative amounts of BCR-ABL as well as c-
ABL protein are reduced by the treatment with proteasome
inhibitors (Figure 8c), a phenomenon that has been described
earlier,28 excluding the possibility that increased amounts of
BCR-ABL protein in p27HA-expressing cells are responsible
for the protective effect. The reduced BCR-ABL levels are also

reflected by an overall decrease in the extent of tyrosine
phosphorylation (Figure 8d).

Cell cycle arrest at the G1/S transition is required
to confer protection

We next examined whether the increased resistance of
p27Kip1-expressing K562 cells against apoptosis induction
by proteasome inhibitors can also be recapitulated in parental
K562 cells that are arrested at a different position of the cell
cycle.

For this purpose parental K562 cells were first pretreated for
24 h with aphidicolin to arrest the cells in the S phase of the cell
cycle and then challenged with the proteasome inhibitor PSI
for 15 h. S phase arrest by aphidicolin did not elicit an
upregulation of endogenous p27Kip1 protein levels (Figure 9a),
which was not expected, and was slightly toxic on its own

Figure 7 (a) Determination of the combined activity of caspases 3 and 7 after
induction of p27HA expression. p27HA was induced for 48 h by doxycycline
(1mg/ml), and caspase activities generated through the administration of
proteasome inhibitors for 15 h were determined using the fluorigenic caspase
substrate Z-DEVD-R110. Shown are the RFU7S.D. values for K562-75 (black
bars) and K562-99 cells (hatched bars). Determinations were performed in
triplicate. (b) PARP cleavage is reduced in the presence of p27HA. Cell extracts
of K562wt, K562-75 and K562-99 cells incubated with the proteasome inhibitor
MG132 for 15 h, either with or without a preincubation for 24 or 48 h with
doxycycline (1 mg/ml), were subjected to SDS–PAGE and analyzed for the
cleavage of PARP (C2-10). DMSO served as a vehicle control for MG132 (a, b)

Figure 8 Protein levels for BCR-ABL (a), Bax and Bcl-2 (b) remain unaffected
upon treatment of K562-75 cells with doxycycline. Equal loading of samples was
controlled by reprobing the blots with anti-GAPDH. (c) Protein levels for BCR-
ABL protein are reduced upon treatment with MG132 (50 mM, 15 h) in all cell lines
in the presence or absence of doxycycline (1mg/ml). Loading again was
controlled by anti-GAPDH. (d) Reduced amounts of BCR-ABL protein are
reflected by reduced extent of tyrosine phosphorylation in cells incubated with
MG132. (1) Positive control: 20 mg of EGF-stimulated A431 control lysate. Equal
loading of samples was controlled by reprobing the blots with b-actin
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(Figure 9b). When aphidicolin-arrested K562 cells were
challenged with PSI, however, a protective effect of the
aphidicolin treatment could not be observed (Figure 9b).

To further substantiate our observation that cell cycle arrest
at the G1/S transition is required to confer protection against
proteasome inhibitors, K562 cells that inducibly express
p21Waf1 were employed.29 These cells upregulate endogen-
ous p27Kip1 protein owing to a p21Waf1-mediated decrease in
p27Kip1 phosphorylation and proteasomal degradation30

(Figure 9c). Upon induction of p21Waf1, increased amounts
of p27Kip1 protein could be detected, cells again were arrested
in G0/G1 (Figure 9d) and showed a reduced sensitivity
towards MG132 (Figure 9e). Conversely, p27Kip1 induction by
doxycycline did not elicit an increase in the relative amounts of
p21Waf1 (unpublished results). From these results we con-
clude therefore that the protective effect of the p27Kip1-
mediated G1/S arrest cannot be recapitulated by an arrest of
the cells in the S phase and that the increased resistance of

Figure 9 Aphidicolin blocks cell cycle progression in K562 cells, but does not confer protection against the proteasome inhibitors PSI. (a) Western blot analysis to
detect endogenous p27Kip1 in S phase arrested cells. Only low amounts of p27Kip1 protein were present in aphidicolin (S phase) arrested cells as p27Kip1 is degraded at
the G1/S transition. (b) Sub G1 DNA content of K562 cells following apoptosis induction by the proteasome inhibitor PSI (50 mM; 15 h) analyzed directly (upper panels) or
after administration of aphidicolin (2 mg/ml) for 24 h (lower panels). (c) K562 cells induced by IPTG (2 mM, 24 h) to express p21Waf1 (arrowhead) showed increased
amounts of endogenous p27Kip1 protein (arrowhead) and (d) became arrested in the G0/G1 compartment of the cell cycle. (e) p21Waf1- and p27Kip1-mediated cell cycle
arrest at the restriction point (2 mM IPTG, 24 h) reduced the sub G1 DNA content of K562 cells following exposure to the proteasome inhibitor MG132 (50 mM) for 15 h
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p27HA-expressing K562 cells towards proteasome inhibitor
treatment specifically depends on the presence of the cdk
inhibitor p27Kip1.

Discussion

Inhibition of K562 proliferation by p27Kip1

BCR-ABL kinase activity has been shown to be responsible
for the suppression of endogenous p27Kip1,28,29 while
pharmacological inhibition of the BCR-ABL kinase activity
by the c-abl kinase inhibitor STI-571 rapidly upregulates
p27Kip1 30 and induces apoptosis.9,10 A multiplicity of signaling
pathways is activated by BCR-ABL kinase, and proteins
such as RAS, PI3 K, JAK/STAT, Src kinases, focal adhesion
kinase (FAK) and others have been identified as targets.31–34

Also, immediate early genes such as myc, fos and jun
are induced by BCR-ABL,35,36 a process that can be
correlated with an enhanced rate of transition from the G1
into the S phase of the cell cycle even in the absence of growth
factors.

This is the first report demonstrating that re-expression of
p27Kip1 potently reduced the proliferation rate of BCR-ABL-
positive K562 leukemia cells and antagonized the deregula-
tion of cell cycle checkpoints induced by BCR-ABL. p27Kip1

expression by itself was, nevertheless, not sufficient to induce
apoptosis in these cells. Such a possibility has been
suggested by experiments using adenoviral-mediated ex-
pression of p27Kip1 in tumor cells37–39 as well as by
experiments using proteasome inhibitors to induce apoptotic
cell death.3,18,40,41 The lack of apoptosis induction in K562
cells by expression of p27Kip1 therefore suggests that
additional factors are necessary in K562 and other cells to
decide if expression of the cki can effectively elicit the cell
death program. Alternatively, a weak inherent proapoptotic
property of p27Kip1 may be concealed by the multiple pro-
survival functions of BCR-ABL, but is possibly revealed by
overexpression in BCR-ABL negative cells. For various other
genes, such as p53, bax, bad or bcl-xS, however, the
proapoptotic function could be demonstrated when over-
expressed in K562 cells42–47.

At the crossroad of the decision between proliferation,
survival and death, proteins such as c-myc or c-jun could be
positioned. These immediate early genes are not only
involved in the regulation of cell cycle entry, as indicated
earlier, but they also have well-described proapoptotic
functions.48,49 Since they are substrates of the ubiquitin–
proteasomal degradation pathway as well,50,51 they are
rapidly accumulating together with p27Kip1 when the protea-
some function is blocked by inhibitors, a process that might
result in an internal signaling conflict that is answered by the
cell through the induction of apoptosis. Such a scenario is
supported by the observation that fibroblasts in which myc is
activated under conditions where cell proliferation is blocked
initiate apoptosis.52 An alternative explanation for protea-
some-inhibitor-mediated apoptosis was recently suggested
by Tani et al., who demonstrate that, concomitantly with the
stabilization of myc protein, there is transcriptional upregula-
tion of FasL mRNA leading to Fas receptor/caspase 8-
mediated induction of apoptosis.53

p27Kip1 expression confers resistance to
apoptosis induction

The presence of BCR-ABL in K562 cells is closely correlated
with drug resistance and inhibition of apoptosis. Conversely,
inactivation of the BCR-ABL kinase or suppression of BCR-
ABL expression at least partially reverses the antiapoptotic
effect of BCR-ABL.26,54,55 The most successful approach so
far to antagonize BCR-ABL kinase activity was the develop-
ment of the abl kinase inhibitor STI-571, which has
shown striking clinical and cytogenetic benefits,56,57 but
apparently can become ineffective due to mutations of
BCR-ABL or to amplifications of the BCR-ABL gene.58–61

These findings emphasize the significance of BCR-ABL
expression to promote cell survival and, consequently, BCR-
ABL-positive CML cells have proven to be difficult to eradicate
efficiently.

In this context, it appears remarkable that three different
proteasome inhibitors, namely PSI, MG132 and epoxomicin,
were able to induce apoptosis in BCR-ABL-positive K562 cells
by an unknown mechanism involving the downmodulation of
BCR-ABL kinase levels (Figure 8)28. This finding is confirming
and extending earlier reports62,63 and is lending further
support to the potential use of proteasome inhibitors either
alone or in combination with other drugs as an effective
treatment of leukemia, in particular of CML. Such an approach
is also encouraged by results obtained with the proteasome
inhibitor MLN341, which is currently under further investiga-
tion in clinical trials and which displays potent antitumor
activity in vitro and in vivo.16–18,64

K562 cells, once they are induced to express p27Kip1, not
only have a reduced proliferation rate but also become
refractory towards the cytotoxic action of proteasome
inhibitors, even in the presence of reduced BCR-ABL levels.
The protective effect of increased p27Kip1levels is more
pronounced in our robust doxycycline-dependent system
where p27Kip1 is induced to relatively high levels, compared
to the rather weak p21Waf1-mediated effect on p27Kip1

stabilization, and may be directly related to the different
amounts of p27Kip1 present in the cells under the correspond-
ing conditions.

A rather broad spectrum of effects has been ascribed to
elevated levels of p27Kip1 protein, ranging from a proapoptotic
function in various systems to survival-promoting properties in
others. Overexpression of p27Kip1 by virtue of adenoviral
expression systems was sufficient to induce apoptosis in
various cancer cell lines,37–39 and the proapoptotic effect of
elevated levels of p27Kip1 protein has therefore also served as
an explanation for the cytotoxic effect of proteasome
inhibitors3,18,40,41. These pro-apoptotic properties are also
consistent with the notion that p27Kip1 exerts the task of a
tumor suppressor gene. For instance, proteasome-dependent
degradation of the cki p27Kip1 has been demonstrated to be
enhanced in aggressive colorectal carcinomas,65 and such a
reduction of the expression levels of p27Kip1 has been
associated with reduced survival and poor prognosis also
for breast cancer patients.66,67 An inverse correlation between
levels of p27Kip1 and tumor grade has also been found to have
prognostic significance for other tumors, such as colon,
prostate, ovary, gastric carcinomas and nonsmall lung
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cancer,68 and mice deficient for p27Kip1 develop multiple
tumors during adulthood69,70.

In contrast to these observations, it has also been shown
that increasing p27Kip1 expression is associated with the
opposite effect to enhance the survival of tumor cells and to
increase the resistance towards chemotherapeutic treat-
ments.71–73 Likewise, expression of p27Kip1 enhances the
survival of serum-deprived p27�/� fibroblasts,74 while the
reduction of p27Kip1 by an antisense strategy successfully
sensitized tumor cells for the cytotoxic activity of flavopiridol.75

These observations are lending further support to the notion
that under certain conditions p27Kip1 plays the role of a drug
resistance factor.

When cells are switched to a nonproliferative phenotype
and are rendered quiescent by serum removal, by treatment
with TGF-b or by contact inhibition, they display increased
amounts of p27Kip1.22–24 Increased p27Kip1 levels could thus
provide an explanation for our earlier findings that differen-
tiated HL60 cells as well as contact-inhibited and quiescent
endothelial cells showed a reduced sensitivity against the
cytotoxic action of proteasome inhibitors.3,21 It may be
speculated that increased p27Kip1 levels could also be the
reason why quiescent stem cells, positive for the BCR-ABL
oncogene, display insensitivity to the tyrosine kinase inhibitor
STI571 in vitro76 and provide an alternative explanation for the
potential disease relapse in patients upon extended therapy
with this drug.

One exception, however, to the rule that quiescent p27Kip1-
expressing cells display chemoresistance are B cells from
chronic lymphocytic leukemia patients (B-CLL), which are
largely quiescent, express high levels of p27Kip1, but are
sensitive to the cytotoxic action of proteasome inhibitors.72

These cells, however, possess a constitutively altered
ubiquitin–proteasome system in contrast to normal lympho-
cytes, with a three-fold higher chymotryptic activity.72 This
increased proteasomal activity may contribute to the consti-
tutive activation of NF-kappa B, which has been shown to be
essential for survival in these cells.73. Blocking transcriptional
activation of NF-kappa B-controlled antiapoptotic genes by
proteasome inhibitors consequently must have a dramatic
impact on these cells.

Conclusion

The protective effect conferred by increased p27Kip1 expres-
sion has consequences for tumor development and
tumor therapy, because p27Kip1 has to be considered
as a double-edged sword: low p27Kip1 expression can be
associated with accelerated tumor growth and poor prog-
nosis.65–67. At the same time, p27Kip1-low tumors are more
accessible for a tumor-targeted chemotherapy treatment.
Conversely, high p27Kip1 expression implicates tumors with
reduced growth rates and also with an enhanced resistance
against the cytotoxic effects of proteasome inhibitors and
other drugs rendering the tumor cells more difficult to
eradicate.

As a consequence, we suggest that p27Kip1 expression
levels should be regarded as a marker for the susceptibility of
tumor cells to treatment with chemotherapeutic drugs.
Concerning gene therapy strategies involving p27Kip1 delivery

to tumor cells,77,78 it is also essential for the same reasons
that precautions are taken to ensure that the protective effect
of p27Kip1 expression against cytotoxic drugs does not
inadvertently create tumor cell variants that are more resistant
to conventional drug treatment regimens.

Materials and Methods

Chemicals and Antibodies

Antibodies used in Western blot assay were purchased from Santa Cruz
Biotechnology (Bcl-2, Bax, Rb, p21Waf1), Transduction Laboratories
(p27Kip1 , Bcl-xL), Oncogene Research Products (c-abl, clone 24–21),
Biomol (PARP, clone C-2-10) and Biogenesis (GAPDH). Antibodies
recognizing the HA-Tag were either clone 12CA5 for Western blotting
experiments or clone 3F10 (Roche Molecular Biochemicals) for
immunofluorescence detection. Proteasome inhibitors PSI (N-carboben-
zoxy-L-isoleucyl- L-g-t-butyl-L-glutamyl-L-alanyl-L-leucinal) and MG132 (N-
carbobenzoxy-L-leucyl-L-leucyl-L-leucinal) were obtained from the Peptide
Institute (Osaka, Japan), and the proteasome inhibitor epoxomicin ((2R)-2-
[acetyl-(N-methyl-L-isoleucyl)L-L-isoleucyl-L-threonyl-L-leucyl]-2-methylox-
irane) from Calbiochem (Bad Soden, Germany). Inhibitors were dissolved
in DMSO as 1000� stock solutions and diluted into medium as indicated.

Cloning of p27Kip1 and vector construction

A pBabe puro retroviral vector (gift of H Land) was modified by insertion of
an expression cassette containing a heptameric tetracycline responsive
element (TRE) together with a reverse tetracycline-dependent transacti-
vator (rtTA) element followed by a second TRE element with an inverted
orientation relative to the 50-LTR. The remaining EcoRI site between both
elements allowed insertion of a C-terminally HA-tagged p27Kip1 (p27HA).

Full-length cDNA of human p27Kip1 was obtained by PCR amplification
from an EST-clone (IMAG 998K191577; RZPD, Berlin), using primers
p27-4 (AAGAATTCAAGATGT CAAACGTGCGAGTGTCTAAC) and p27-8
(TTGAATTCTCAGGAAGGTCCTCCCAGGCTGGCATAGTCAGGCACG-
TCATAAGGATAGCTTCCCCCCGTTTGACGTCTTCTGAGGCC). With
both primers, EcoRI sites were introduced into the PCR product; primer
p27-8 in addition introduced a C-terminal HA-Tag. The amplified PCR
product was cut with EcoRI and ligated into pHD12 (see below). Correct
orientation was confirmed by restriction analysis with HindIII/HincII and by
sequencing using the primers rtTA-1 (AATTGACGAGTACGGTGGGTAG)
and p27-14 (ATGTCTCTGCAGTGCTTCTC).

pHD12 had been constructed by 1) cloning a 470 bp BamHI/XhoI
fragment containing the TRE from the pUDH 10-3 vector (gift of H Bujard)
via blunt end ligation into the SalI site of pBabe puro; a clone had been
selected carrying the plasmid with the TRE inserted in an inverted
orientation relative to the 50-LTR; and (2) by inserting a 1492 bp BamHI/
XhoI fragment containing a TRE in front of an rtTA cassette isolated from
the TOPO-2 RHD vector (gift of H Winkler) into the BamHI/XhoI sites. An
internal EcoRI site within the 1492 bp BamHI/XhoI cDNA fragment
previously subcloned into pBluescript vector had been deleted by cutting
with EcoRI, blunt ending and religation.

Transfection of K562 cells and establishment of
inducible clones

K562 cells cultured in RPMI containing 10% fetal calf serum and antibiotics
were transfected by a transferrinfection protocol according to the
instructions of the manufacturer (Bender Medsystems). Briefly,
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2.5� 106 cells were preincubated in 5 ml medium overnight with 100 mM
desferrioxamine. On the next day, the cell number was adjusted to
5� 105 cells/ml in fresh medium containing 100 mM desferrioxamine, and
cells were transferred to a 24-well plate (1.25� 105 cells/250 ml). To form
the transfection complex 125 ml modified transferrin was mixed with 125 ml
of pHD22/6 and incubated at room temperature (RT) for 30 min. After
addition of chloroquin to the transfection mixture, the mixture was added to
the cells for 4 h. Transfection medium was then replaced with fresh
medium for 48 h, before cells were split into 96-well plates at a density of
10 cells/well and subjected to selection by puromycin (2mg/ml). After
expansion to 12-well plates, cells were incubated in the presence or
absence of doxycycline for 24 h (2 mg/ml), lysed and inducible clones were
selected by screening for p27HA expression in Western blotting
experiments. K562 cells inducible for p21Waf1 (kindly provided by R
Steinman, Pittsburgh) were cultured in the same medium as described
above; induction of p21Waf1 was achieved by incubation in the presence of
2 mM IPTG.

Proliferation assay

Cells were seeded onto 24-well plates at a density of 5000 cells/ml and cell
numbers were determined at the indicated time points in the absence or
presence of doxycycline using a CASY cell counter (Schärfe Systems,
Reutlingen, Germany). Experiments were performed in duplicate or
triplicate and repeated at least twice.

FACS analysis

The extent of apoptosis induced by proteasome inhibitors was performed
as described,79 with minor modifications. Cells (5� 105) plated onto six-
well tissue culture plates were treated with proteasome inhibitors for 15 h,
either directly after plating or after preincubation with doxycycline (1 mg/ml)
for 24 or 48 h. Live and apoptotic cells were harvested by centrifugation,
resuspended in 1 ml propidium iodide (PI) staining buffer (PI 50 mg/ml,
sodium citrate 0.1%, Triton X-100 0.1%) and analyzed after an overnight
incubation at 41C. For cell cycle analysis, cells were either prepared as
described in Grohen et al.76 or fixed in 80% ethanol at �201C overnight,
washed with PBS, followed by RNase A treatment (100 mg/ml, 5 min) and
PI staining (50 mg/ml in PBS). Both quantification of the apoptotic cell
fraction as well as cell cycle analysis were performed on a FACS Scan flow
cytometer using Cell Quest software (Becton Dickinson).

Hemoglobin content

The hemoglobin content of doxycycline treated and untreated cells was
determined spectrophotometrically at 540 nm using a hemoglobin assay
kit (Sigma, Deisenhofen). Three million cells were assayed according to
the manufacturer’s instructions. As positive control for the induction of
erythroid differentiation, the same number of K562 cells incubated for 6
days with 2.5 mM Ara-C was analyzed.

Cytospin preparations and immunofluorescence
staining

Cells were incubated for 24 h in the presence or absence of doxycycline
(1mg/ml). A total of 30 000 cells in a volume of 100ml medium were
centrifuged onto glass cover slips in a Shandon cytospin centrifuge, air-
dried and postfixed in 2% paraformaldehyde/PBS/0.1% Triton X-100. After
blocking the cell preparations with SuperBlock (Pierce) for 1 h at RT, HA-

tagged p27Kip1 was detected by using an anti-HA-Tag antibody
(clone3F10; Roche Diagnostics, Mannheim) and an Alexa 488 conjugated
goat–anti-rat antibody (Molecular Probes, Leiden, Netherlands). Nuclei
were stained by Hoechst 33342. Photographs were taken with a Zeiss
Axiocam digital camera.

Protein assays

For Western blotting experiments, cells were lysed in 1% SDS, 10 mM Tris
buffer pH 7.5 and immediately denatured at 951C for 10 min. Insoluble
debris was removed by centrifugation at 14 000 rpm in a microcentrifuge.
PARP was extracted by solubilizing cells in M-PER (Pierce) supplemented
with 200 mM NaCl. For detection of tyrosine phosphorylated proteins cell
extracts were prepared in M-PER, supplemented with 200 mM NaCl,
2 mM vanadate, 1 mM EDTA and one tablet of protease inhibitor cocktail
(Roche) per 10 ml buffer. Protein concentrations of all samples were
determined by a BCA assay (Sigma). All samples were stored at �201C
until analyzed further.

After SDS–PAGE on homogeneous 7.5, 10 or 12% gels, proteins were
transferred to nitrocellulose membranes, blocked with TBST/5% nonfat dry
milk powder and probed with primary antibodies followed by incubation
with horseradish peroxidase-conjugated secondary antibodies. Signals
were generated using the SuperSignal West Pico reagent (Pierce). For
densitometric quantification, scanned images were analyzed using
MacBas Software (Fuji). Stripping of blot membranes was performed by
incubating the membranes in Restore Buffer (Pierce) for 15–30 min at RT,
washing in TBST and another blocking step using TBST/5% nonfat dry
milk powder.

Determination of caspase activity

Cells were cultivated in the presence or absence of doxycycline (1mg/ml)
for 48 h. A total of 2.5� 104 cells/well in a volume of 50ml were then
transferred to a 96-well plate and supplemented with an equal volume of
medium containing either MG132 (25 mM final concentration) or DMSO
(0.1%). After incubation for 15 h, the combined caspases 3 and 7 activity
was determined using the ApoOne reagent, according to the manufac-
turers instructions (Promega), with a fluorescence plate reader (Lambda
Fluoro 320; 485 nmEx/530 nmEm) after 3 h of incubation with the caspase
substrate at RT.
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