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b1-integrin engagement on normal (NL) CD341 cells increases
levels of the cyclin-dependent kinase inhibitor (cdki), p27Kip, de-
creases cdk2 activity, and inhibits G1yS-phase progression. In con-
trast, b1-integrin engagement on chronic myelogenous leukemia
(CML) CD341 cells does not inhibit G1yS progression. We now show
that, in CML, baseline p27Kip levels are significantly higher than in
NL CD341 cells, but adhesion to fibronectin (FN) does not increase
p27Kip levels. p27Kip mRNA levels are similar in CML and NL CD341

cells and remain unchanged after adhesion, suggesting posttran-
scriptional regulation. Despite the elevated p27Kip levels, cdk2
kinase activity is similar in CML and NL CD341 cells. In NL CD341

cells, >90% of p27Kip is located in the nucleus, where it binds to
cdk2 after integrin engagement. In CML CD341 cells, however,
>80% of p27Kip is located in the cytoplasm even in FN-adherent
cells, and significantly less p27Kip is bound to cdk2. Thus, presence
of BCRyABL induces elevated levels of p27Kip and relocation of
p27Kip to the cytoplasm, which contributes to the loss of integrin-
mediated proliferation inhibition, characteristic of CML.

The b1-integrins are responsible for adhesion of normal (NL)
human CD341 cells to fibronectin (FN) and to VCAM

(vascular cell adhesion molecule) (1–4). We have recently shown
that engagement of b1-integrins regulates proliferation of NL
CD341 cells (5, 6) by up-regulating p27Kip protein levels and
inhibiting cdk2 kinase activity (7). Phosphorylation of the reti-
noblastoma protein (Rb) by cyclin D-cdk 4y6 and cyclin E-cdk2
controls progression through the G1yS-phase of the cell cycle
(8–10). Cdk-inhibitors (11–13), including members of the Cipy
Kip family and the Ink4 protein family, negatively regulate the
activity of the cdk-cyclin complexes. Binding of p27Kip to cyclin
E-cdk2 prevents cells from entering the S-phase of the cell cycle,
and binding of p27Kip to cyclin-A-cdk2 prevents passage through
the S-phase. p27Kip plays an important role in contact-mediated
growth arrest (14). The role of p27Kip in contact inhibition has
also been elegantly illustrated in p27Kip–null mice that display
generalized increased body size (15). Thus, contact between NL
CD341 cells and their microenvironment inhibits transition from
G1 to S, similar to what has been shown in other biological
systems (7). Of note, b1-integrin-mediated inhibition of S-phase
entry can be overridden by addition of supraphysiological con-
centrations of a number of cytokines, including IL-3, stem cell
factor (SCF), fetal liver-tyrosine kinase-ligand-3 (Flt3-L), and
granulocyte–macrophage colony-stimulating factor (GM-CSF)
(7). We showed that IL-3 and SCF prevent up-regulation of
p27Kip protein levels and suppression of cdk2 kinase activity after
integrin engagement.

Chronic myelogenous leukemia (CML) is a malignant disease
of the human hematopoietic stem cell characterized by the
Philadelphia chromosome (Ph) and the BCRyABL gene rear-
rangement (16–18). p210BCR/ABL is necessary and sufficient for
the malignant transformation of hematopoietic cells (19–21).
Clinically, CML is characterized by abnormal, premature circu-
lation of an expanded immature malignant progenitor popula-
tion (22). Although integrins are expressed on CML progenitors,
adhesion of CML progenitors to FN is significantly decreased
(23, 24), and engagement of integrins does not inhibit CML
progenitor proliferation (25). The mechanism(s) underlying the
loss of integrin engagement-mediated proliferation seen in CML
is unknown. We have recently shown restoration of integrin-
mediated proliferation inhibition when levels of p210BCR/ABL

protein (26) or the p210BCR/ABL kinase (27) are decreased. These
findings demonstrate that BCRyABL is directly responsible for
this defect characteristic for CML.

A number of investigators have shown that IL-3 (28) and SCF
(29) activate signal pathways that are similar to those activated
by the oncoprotein, p210BCR/ABL. Like p210BCR/ABL, IL-3 and
SCF override b1-integrin-mediated proliferation inhibition. We
therefore examined whether p210BCR/ABL prevents b1-integrin-
mediated p27Kip up-regulation and proliferation inhibition in
CML, as we have shown for IL-3 and SCF (7). Surprisingly, we
found that p27Kip protein levels are elevated in CML CD341

cells independent of cell adhesion. CML cells continue to
proliferate despite the high levels of p27Kip, because the majority
of p27Kip molecules are located in the cell cytoplasm where they
cannot bind to and inactivate the function of cdks such as cdk2.

Materials and Methods
Reagents. Adhesive ligands. Plasma fibronectin (FN), poly-L-lysin
(PLL), and BSA (98% pure) were purchased from Sigma.

Cytokines. IL-3, IL-6, leukemia inhibitory factor (LIF),
macrophage-inflammatory protein (MIP-1a) were purchased
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from R&D Systems; SCF was a kind gift from Amgen Biologi-
cals; fetal liver-tyrosine kinase-ligand-3 (Flt3-L) was a kind gift
from Immunex; thrombopoietin was a kind gift from Kirin
Brewery Co., Gunma, Japan; GM-CSF was purchased from
Immunex, and G-CSF from Amgen.

Antibodies. Antibodies used in FACS analysis against p27Kip

and cyclin-E, FITC-coupled antibodies against cyclin-A and
cyclin-D11213, as well as secondary goat anti-mouse-FITC an-
tibodies and isotype control antibodies, were obtained from
PharMingen. Anti-CD34-allophycocyanin (APC) or phyco-
erythrin (PE) were obtained from Becton Dickinson. Antibodies
used in Western blot and immunoprecipitation against p27Kip,
cdk2, cdk4, and b-actin were obtained from PharMingen. Anti-
cyclin-H and anti-human ABL antibodies were purchased from
Santa Cruz Biotechnology Inc., Santa Cruz Biotechnology.
Secondary goat anti-mouse horseradish peroxidase (HRP)-
conjugated antibodies were obtained from PharMingen. The
activating anti-b1-integrin antibody, 8A2, was a kind gift from
Dr. N. Kovach, University of Washington, Seattle, WA (30).

Low-dose-cytokine-free, serum-free medium. We used Iscove’s
modified Dulbecco’s medium (IMDM, GIBCO-BRL) contain-
ing 20 mgyml BSA, 10 mgyml insulin (Sigma), 200 mgyml
transferrin (Sigma), 1024 M 2-mercaptoethanol (Bio-Rad), 100
unitsyml penicillin and streptomycin (GIBCO-BRL). We used
the following cytokines: 200 pgyml GM-CSF, 1,000 pgyml
G-CSF, 200 pgyml SCF, 50 pgyml LIF, 200 pgyml MIP-1a, and
1,000 pgyml IL-6 (31).

NL and CML CD341 cells. All samples were obtained with
informed consent obtained according to Guidelines from the
Committee for the Protection of Human Subjects at the Uni-
versity of Minnesota. Twelve NL donors, selected by using
standard criteria of the American Association of Blood Banks
for blood donors, received a daily dose of 10 mgykgyday G-CSF
s.c. for 5 days. On day 16, donors underwent an apheresis
procedure as described (32). Mobilized peripheral blood was
used, because larger numbers of CD341 cells can be obtained for
studies done. We have previously shown that, after short-term
culture in ‘‘low dose cytokine’’ medium as we do here, adhesive
and proliferative behavior of normal blood-derived CD341 cells
is equivalent to that from steady state marrow (7). Cord blood
samples were obtained from full-term pregnancies by standard
procedures used for umbilical cord banking. Marrow or blood
was obtained from 15 CML patients with BCRyABL positive
chronic phase disease, which had most recently been treated with
hydroxyurea only. Some samples were obtained from marrow
harvests. CD341 cells were obtained by sequential Ficoll
Hypaque centrifugation (specific gravity, 1077) (Sigma) and
immunoselection by either two passages over the MACS CD34
Isolation Kit (Miltenyi Biotec, Sunnyvale, CA) or sequential
selection with the Ceprate SC device for clinical scale stem cell
concentration (CellPro, Bothell, WA) followed by the MACS
CD34 Isolation Kit. CD341 populations were .95% pure.

Adhesion and Proliferation Assays. Adhesion assays to FN- or
BSA-coated wells were done by using 51Cr-labeled CD341 cells
suspended in serum-free medium and low doses of cytokines as
described (7). In some studies, we added the b1-integrin-
activating antibody, 8A2, to increase the fraction of adherent
cells (30). We have previously shown that treatment with 8A2
increases CD341 cell adhesion from CML and NL blood and
marrow to FN but not adhesion-mediated proliferation regula-
tion (7, 29). To assess the effect of adhesion on cell cycle status
and cell cycle protein levels, CD341 cells were allowed to adhere
to FN or PLL for 12 h. Adherent and nonadherent cells were
collected separately, and cell cycle analysis, as well as levels of
cell cycle proteins expressed, was evaluated by FACS or Western
blot (see below) as described (7).

When we analyzed the cell cycle status of MSCV-eGFP or

MSCV-p210-eGFP-transduced cord blood cells, we labeled
transduced cells immediately after transduction or after they
were recovered from adhesion assays with anti-CD34-APC
(Becton Dickinson). Cells were fixed and permeabilized with 1%
paraformaldehyde and 80 mgyml lysolesithin in PBS for 5 min at
4°C. Cells were washed and then incubated with anti-p27Kip

antibodies, washed, and incubated with PE-conjugated goat
anti-mouse Ig for 30 min. CD341 eGFP1 cells and CD341

eGFP2 cells were gated, and p27Kip levels were compared.
Alternatively, after permeabilization, cells were labeled with 50
ngyml propidium iodide for 10 min and were cell cycle analyzed
by FACS. Data were interpreted by using MODFIT program.

Western Blotting and Immunoprecipitation. Protein extracts. Cells
recovered in the adherent and nonadherent fraction of adhesion
assays were lysed in Nonidet P-40 lysis buffer, as described (7),
and lysates were recovered by centrifugation. Protein was quan-
titated by using the Bradford assay. To obtain nuclear and
cytoplasmic proteins separately, 5 3 106 to 107 CD341 cells were
resuspended in cold buffer [10 mM Hepes (pH 7.9)y1 mM
EDTAy60 mM KCly1 mM DTTy1 mM PMSFy1 mg/ml anti-
painy1 mg/ml leupeptiny1 mM pepstain Ay100 mg/ml chymosta-
tiny1 mg/ml aprotinin, all from Sigma], and incubated on ice for
5 min. Nonidet P-40 was added to a final concentration of 0.1%,
the mixture again incubated on ice for 3 min, and spun at 1200 3
g for 5 min at 4°C. Supernatants were used to recover cytoplas-
mic proteins, and the pellets were used to obtain nuclear
proteins.

Nuclear protein preparation. The pellet was washed with lysis
buffer without Nonidet P-40 and spun at 1200 3 g for 5 min at
4°C. The pellet was resuspended in ice cold nuclear resuspension
buffer [250 mM TriszHCl (pH7.8)y60 mM KCly10% glyceroly1
mM DTTy1 mM PMSFy1 mg/ml antipainy1 mg/ml leupeptiny1
mM pepstain Ay100 mg/ml chymostatiny1 mg/ml aprotinin, all
from Sigma] and immersed in dry iceyethanol (Sigma). Nuclei
were freezeythawed three times, the thawed suspension was spun
at 7000 3 g for 15 min at 4°C, and the supernatant containing
nuclear proteins was collected.

Cytoplasmic protein preparation. Nuclear resuspension buffer
with 20% glycerol was added to the supernatant containing
cytoplasmic proteins. The suspension was spun at full speed in
a microcentrifuge for 15 min at 4°C, and the supernatant
containing cytoplasmic proteins was collected.

Western blotting. Protein lysates were separated by SDSy
PAGE and transferred onto nitrocellulose. Blots were probed
with anti-p27Kip, cyclin-E, cdk2, cdk4, b-actin, and secondary
goat anti-mouse HRP-conjugated antibodies as described (7).
Bands were visualized by using an ECL detection system (Du-
Pont). Some of the blots were stripped and reprobed with
antibody against other cell cycle proteins or b-actin.

Immunoprecipitation. Immunoprecipitations were done with
protein G-agarose beads (Boehringer Mannheim) as described
(7). Antibodies used included anti-cdk2, anti-cdk4, or, as control,
polyclonal mouse Ig. Immune-complexes were resolved by SDSy
PAGE, and blots were probed with anti-cdk2 or cdk4 antibodies,
or anti-p27Kip antibodies, as described above.

cdk2 kinase assay. cdk2-associated kinase activity was assayed
by measuring the ability of cdk2 to phosphorylate histone H1, as
described (7).

cdk4 kinase assay. CD341 cells were washed with cold PBS and
lysed with cdk4 lysis buffer [50 mM Hepes (pH 7.5)y10%
glyceroly150 mM NaCly1 mM EDTAy2.5 mM EGTAy1 mM
DTTy0.1% Tween 20y5 mM NaFy0.1 mM sodium orthovana-
datey5 mg/ml leupeptiny10 mg/ml aprotininy50 mg/ml PMSFy5
mg/ml pepstatin A. cdk4-containing complexes were immuno-
precipitated by using rabbit polyclonal anti-cdk4 antibody. The
cdk4 kinase activity was assayed in 50 ml of glutathione S-
transferase (GST)-Rb kinase buffer with 10 mg of GST-Rb, 2
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mM EGTA, and 10 mCi of [g-32P]ATP. Reactions were incu-
bated for 30 min at 30°C, and cold ATP (final concentration, 30
mM) was added. The reaction was stopped by adding Laemmli
sample buffer and boiling for 3 min. Reaction products were
resolved by SDSyPAGE. The gel was dried and exposed to x-ray
film.

Quantitation of protein levels. Differences between different
products on SDSyPAGE gels were evaluated by scanning images
by using a GS-700 Imaging Densitometer (Bio-Rad), which
were then quantified by using MOLECULAR ANALYST software
(Bio-Rad).

RNase Protection Assay. High-specific-activity biotin-labeled, anti-
sense RNA probes were synthesized from the hCC-1 Human Cell
Cycle Multiprobe Template Set (PharMingen) by using the
MAXIscript In Vitro Transcription Kit (Ambion, Austin, TX).
The probes hybridize with target human mRNAs encoding cdk1,
cdk2, cdk3, cdk4, p27Kip, p21Cop, PISSLRE, p16INK, and the
housekeeping gene products L32 and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Total RNA was extracted
from CD341 cells by using RNeasy Mini Kit (Qiagen, Chats-
worth, CA). The labeled probes were hybridized to CD341

cell-derived RNA in solution (56°C, overnight). Free probe and
remaining single-stranded mRNA were digested with RNase at
30°C for 45 min. The remaining ‘‘RNase-protected’’ probes were
resolved on denaturing polyacrylamide gels, transferred to a
positively charged nylon-membrane by electroblotting, and
cross-linked to the membrane. The nonisotopic probe was
visualized with Ambion’s BrightStar BioDetect Kit, and differ-
ences were evaluated by scanning images by using a GS-700
Imaging Densitometer, which were then quantified by using
MOLECULAR ANALYST software.

PCR and Sequencing of the p27Kip Gene. Genomic DNA was pre-
pared from one normal donor and four CML patients by using
DNeasy Tissue kit from Qiagen. Primers were synthesized at the
Microchemical Facility, University of Minnesota based on the
published sequence for p27Kip (33). For exon-1: exon-1a, 59-
AGT-CCA-TTT-GAT-CAG-CGG-AG-39, 59-GTC-CGA-
CGG-ATC-AGT-CTT-TG-39 produces a 678-bp fragment;
exon-1b, 59-ATT-CTA-TGG-TTG-GGG-AAG-GGT-39, 59-
AGT-ACG-AGT-GGC-AAG-AGG-TG-39 produces a 286-bp
fragment; Exon-2, 59-GTT-TAC-GTT-TGA-CGT-CTT-CTG-
AG-39, 59-GTT-TTT-TCT-AAT-AAA-GAT-TGT-GTG-
TTC-39 produces a 179-bp fragment. Each 50 ml of PCR reaction
contained 0.5 ml Taq polymerase, 0.5 mM of each primer, 0.2 mM
dNTP, and 1.5 mM MgCl2 (GIBCO-BRL) using the following
cycles: 2 min denaturation at 94°C, 35 cycles for 30 sec denatured
at 94°C, 45 sec annealing at 55°C (for exon-1a and exon-2) or at
60°C (for exon-1b), 45 sec extension at 72°C, and 10 min
postextension at 72°C. PCR products were purified by using the
QIAquick Gel Extraction (Qiagen) kit and sent to the Micro-
chemical Facility for sequencing.

Statistical Analysis. Results of experimental points obtained from
multiple experiments were reported as the mean 6 SEM.
Significance levels were determined by two-sided Student’s t test.

Results and Discussion
Adhesion to FN Does Not Affect CML CD341 Cell Proliferation. We
have previously shown that CML clonogenic progenitors adhere
poorly to FN (23, 24) and that adhesion to FN or direct antibody
mediated b1-integrin engagement does not affect the prolifera-
tion of clonogenic progenitors in CML marrow (25). Consistent
with this finding we now demonstrate that significantly fewer
CML CD341 cells (2 6 2%, n 5 4) than NL CD341 cells (10 6
1%, n 5 4; as previously reported (7) adhere to FN (P , 0.01).
When NL CD341 cells (43 6 4.1%, n 5 4; as previously reported

(7) or CML CD341 cells (42 6 3.6%, n 5 4) were treated with
the b1-integrin activating antibody 8A2, a similar fraction of cells
adhered to FN, consistent with previous studies from by our
group (30). Because 8A2 does not affect cell proliferation (7), all
subsequent studies were done by using 8A2 to increase the
fraction of adherent cells.

We examined the effect of adhesion to FN on the cell cycle
status of CML CD341 cells. After culture in low dose cytokine
medium 22 6 3% of CML CD341 cells (n 5 4) were in S phase
[similar to that seen for NL CD341 cells after 48-h culture: 23 6
3%, n 5 4 (7)]. In contrast to NL CD341 cells, where adhesion
to FN causes a 50% decrease in the fraction of cells that is in
S-phase (7), the percentage of CML CD341 cells in the FN-
adherent (FN-A) fraction that was in S phase (18 6 2%, n 5 3)
was equivalent to that in FN-nonadherent (NA) cells (2 6 1%),
PLL-A (20 6 3%), or PLL-NA (21 6 2%) cells.

Adhesion to FN Does Not Affect p27Kip Levels in CML CD341 Cells. We
have published that levels of p27Kip are markedly elevated and
that levels of cyclin-E and cyclin-A are lower in NL FN-A CD341

cells compared with FN-NA or PLL-A (7). We therefore exam-
ined by FACS levels of p21Cip, p27Kip, cyclin-A, cyclin-D11213
and cyclin-E in CML CD341 cells before and after adhesion to
FN. We found that no significant differences in the level of
p27Kip (Fig. 1A) exist between FN-A and FN-NA CML CD341

cells. Surprisingly, the baseline levels of p27Kip were higher in
CML CD341 cells compared with NL CD341 cells (Fig. 1 A).
Levels of cyclin-A, cyclin-D11213, cyclin-E, or p21 did not change
when CML CD341 cells adhered to FN (n 5 3; not shown).
Baseline levels of these four cell cycle regulatory proteins were
similar in CML or NL CD341 cells. Results from FACS analysis
were confirmed by Western blot. As shown in Fig. 1B, p27Kip

levels were significantly higher in CML CD341 cells than NL
CD341 cells but did not change after adhesion of CML CD341

cells to FN. Cyclin-E levels remain unchanged when CML
CD341 cells adhere to FN (not shown). Several studies have
shown that signal pathways that are activated both p210BCR/ABL

are similar to those activated by cytokines, such as IL-3 and SCF
(28). However, we show here that the block in adhesion-
mediated proliferation inhibition caused by p210BCR/ABL and
cytokines is different. Like IL-3 and SCF (7), p27Kip levels in
CML CD341 cells do not change after engagement of integrins,
but, in contrast to cytokine-treated cells, levels of p27Kip in
BCRyABL-containing cells are markedly elevated. In contrast,

Fig. 1. p27Kip levels are elevated in CML CD341 cells irrespective of b1-
integrin engagement. Freshly selected CML (n 5 3) and NL (n 5 3) CD341 cells
or adherent and nonadherent cells that had been collected separately 12 h
after coculture with FN or PLL (not shown) were analyzed by FACS or by
Western blot to determine levels of p27Kip. Results for normal donors have
previously been reported (7). (A) Cells were fixed, permeabilized, and stained
with anti-p27Kip antibodies (open graph) or control Ig (filled graph). Cells were
then incubated with goat-anti-mouse-FITC antibodies. A representative ex-
ample of three separate experiments is shown. (B) Proteins were extracted
from CML or NL CD341 cells. Proteins were separated by SDSyPAGE. Blots were
probed with antibodies against p27Kip, or b-actin as control for loading, and
goat anti-mouse HRP-conjugated antibody. A representative example of
three separate experiments is shown.
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we have previously shown that p27Kip levels are low in IL-3- or
SCF-treated NL CD341 cells whether or not they are adherent
to FN (7).

Levels of p27Kip Protein Are Elevated Without Significant Change in
p27Kip mRNA Levels. To assess whether increased levels of p27Kip

are caused by increased transcription, we examined p27Kip

mRNA levels in NL and CML CD341 cells by RNase protection
assay. p27Kip mRNA levels were similar in NL and CML CD341

cells (n 5 3; Fig. 2), and this independent of adhesion to FN (not
shown). Thus, regulation of p27Kip levels in CML and NL CD341

cells may not be due to changes in p27Kip transcription but are
to changes in posttranscriptional processing. However, further
studies will be needed to prove this notion conclusively. In
addition, mRNA levels of cdk2, cdk4, p21Cip, and p16Ink were
similar between CML and NL CD341 cells (Fig. 2) and did not
change with adhesion (not shown).

Elevated Levels of p27Kip Are Not Associated with Decreased cdk2
Activity in CML. Even though high levels of p27Kip are present in
CML CD341 cells, they proliferate more than NL CD341 cells,
and CML CD341 cell proliferation is not inhibited by adhesion
to FN. To inhibit cell cycle progression, p27Kip must bind to

cyclinycdk complexes and inactivate cdks, including cdk2 and to
a lesser extent cdk4. Cell proliferation in the setting of high levels
of p27Kip therefore suggests that p27Kip does not inhibit cdk2
andyor cdk4. There is evidence from other transformed cells that
increased expression of cyclin-A, cyclin-D, or cyclin-E, or cdks
functionally inactivates p27Kip (34). We have no evidence in
CML CD341 cells that cyclin-A, cyclin-D, cyclin-E, or cdk2
levels are elevated (FACS analysis and Western blot; data not
shown). A second possibility is that p27Kip binds to the cdks but
cannot inactivate the kinase, or does not bind to the cdks and
therefore cannot inactivate them. To examine this hypothesis
further, we first measured the kinase activity of cdk2 and cdk4
in CML and normal cells. The cdks were immunoprecipitated
from FN-A and FN-NA, and PLL-A and PLL-NA CML or NL
CD341 cells and kinase activity was measured. Total levels of
cdk2 or cdk4 were not significantly different between CML and
NL CD341 cells (n 5 3, Fig. 3). cdk2 and cdk4 activity was similar
in PLL-NA and PLL-A CML or NL CD341 cells (not shown). In
contrast to NL CD341 cells where adhesion to FN inhibits cdk2
but not cdk4 activity, adhesion of CML CD341 cells to FN did
not change cdk2 nor cdk4 activity.

p27Kip Is Relocated in the Cytoplasm of CML CD341 Cells. That p27Kip

does not inhibit cdk activity could be caused by the inability of
p27Kip to bind to and inactivate cdk-cyclin complexes. We
therefore evaluated whether p27Kip immunoprecipitates with

Fig. 2. p27Kip mRNA levels are not significantly different in CML and NL
CD341 cells. High-specific-activity biotin-labeled, anti-sense RNA probes that
hybridize with target human mRNAs encoding cdk1, cdk2, cdk3, cdk4, p27Kip,
p21Cip, PISSLRE, p16INK and the housekeeping gene products L32 and GAPDH,
were synthesized from the hCC-1 Human Cell Cycle Multiprobe Template Set.
Total RNA was extracted from CML or NL CD341 cells and hybridized to the
labeled probes. Free probe and remaining single-stranded mRNA were di-
gested with RNase, and the ‘‘RNase-protected’’ probes were resolved on
denaturing polyacrylamide gels and transferred by electroblotting to a pos-
itively charged nylon membrane. The nonisotopic probe was visualized with
Ambion’s BrightStar BioDetect Kit. A representative example of three sepa-
rate experiments is shown. Quantitative differences in protein levels were
evaluated by scanning images by using a GS-700 Imaging Densitometer and
quantitated by using MOLECULAR ANALYST software. Compared with normal
CD341 cells, levels of p27Kip and GADPH in CML cells were 1.02-fold and
1.05-fold higher (densitometry values added to the figure: values are
OD 3 mm).

Fig. 3. Elevated levels of p27Kip do not inhibit cdk2 or cdk4 activity. Proteins
were extracted from 5–10 3 106 FN-A, FN-NA, PLL-A (not shown), and PLL-NA
(not shown) CML or NL CD341 cells. cdk2 and cdk4 were immunoprecipitated
from 500 mg protein by using anti-cdk2 or anti-cdk4 antibodies, or control IgG
and protein-G-agarose beads, separated by SDSyPAGE and blots probed with
anti-cdk2 or anti-cdk4 and goat anti-mouse HRP antibodies. cdk2 and cdk4
activity was assayed by adding 5 mg histone or GST-Rb and 10 mCi [r-32P] to
immune complexes. Reaction products were resolved by SDSyPAGE, and the
gel was exposed to x-ray film. A representative example of three separate
experiments is shown.

Fig. 4. Despite the elevated levels of p27Kip, less p27Kip is bound to cdk2 in
CML CD341 cells. Proteins were extracted from 5–10 3 106 FN-A, FN-NA, PLL-A
(not shown), and PLL-NA (not shown) CML or NL CD341 cells. cdk2 was
immunoprecipitated from 100 mg of protein by using anti-cdk2 antibodies, or
control IgG. To determine the amount of cdk2 present, the immune complexes
were separated by SDSyPAGE and blots were probed with anti-cdk2 antibod-
ies and goat anti-mouse HRP-conjugated antibody. To determine the amount
of p27Kip bound to cdk2, blots were stripped and reprobed with anti-p27Kip

and goat anti-mouse HRP antibodies. A representative example of three
experiments is shown.
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cdk2. Shown in Fig. 4, despite the higher levels of p27Kip present
in CML than NL CD341 cells, less p27Kip coimmunoprecipitated
with cdk2 in CML than NL CD341 cells. Further, 2- to 3-fold
more p27Kip was bound to cdk2 in NL CD341 cells adherent to
FN than in nonadherent cells whereas the amount of p27Kip

bound to cdk2 in CML CD341 cells did not increase after
adhesion to FN. Thus, inability of p27Kip to bind to cdk2
underlies the inability of p27Kip to inhibit cdk activity and G1yS
progression in CML CD341 cells.

One possibility would be that, in CML, mutations have
occurred in the binding domain, contained within amino acid
residues 53–85 that is associated not only with the catalytic
activity but also inactivation of cdk activity (35). Western blot
analysis demonstrated a similar size of p27Kip in CML and NL
CD341 cells. Likewise, the RNase protection assay demon-
strated that the p27Kip probe bound to the target mRNA from
CML CD341 cells, suggesting that no gross abnormalities exist
in p27Kip. However, the possibility remained that point muta-
tions in the binding domain may be responsible for the decreased
binding of p27Kip to cdk2 in CML. To address this possibility, we
PCR amplified p27Kip DNA from CD341 cells from two normal
donors and three patients with CML, followed by sequencing of
the PCR products. In all five samples, we detected the polymor-
phism previously described at codon 109, causing a Val3Gly
change, with no known functional consequences (36). Consistent
with published observation that the p27Kip and p21Cip of cdki are
rarely mutated in human malignancies, no mutations were seen
in the cyclin–cdk binding domain (33).

An alternative explanation for the inability of p27Kip to bind
to cdk2 would be that p27Kip and cdk2 are not present in the same

cell compartment (37–39). We extracted proteins from the cell
cytoplasm and nucleus separately, and measured p27Kip,
cdk2,and cyclin-H levels by Western blot. Whereas .80% of all
p27Kip protein is in the nucleus of NL CD341 cells, .90% of
p27Kip is located in the cytoplasm of CML CD341 cells (Fig. 5A).
In contrast, cdk2, as well as cyclin-H (37), was present in the
nucleus in either CML and NL CD341 cells. After adhesion to
FN, p27Kip is not relocated to the nucleus of CML CD341 cells
(Fig. 5B). This is consistent with other models of transformation
where a similar dislocation of p27Kip to the cytoplasm has been
described (37–39). As we saw in NL CD341 cells, p27Kip is usually
localized in the nucleus. p27Kip contains a nuclear localization
site (NLS), which facilitates nuclear entry of p27Kip (34). Se-
quence analysis of p27Kip in three of three CML patients did not
show mutations in the NLS domain. Why the reentry of p27Kip

in CML is defective is not known.

Conclusions
We show that, because p27Kip is relocated in the cell cytoplasm
where it cannot interact with cdk2 that is located almost exclu-
sively in the nucleus, functional inactivation of p27Kip in CML
CD341 cells is in part responsible for the lack of integrin-
mediated growth regulation of BCRyABL positive CD341 cells,
characteristic for CML. Why the total level of p27Kip in CML
cells is elevated remains to be determined. Regulation of p27Kip

is complex. Increased transcription, mRNA stabilization, or
decreased protein degradation may all lead to elevated p27Kip

level (11). We showed by RNase protection assay that transcrip-
tion of p27Kip is similar in NL and CML CD341 cells, suggesting
that posttranscriptional regulation of p27Kip in CML may be
altered. p27Kip elimination involves the ubiquitin-proteasome
pathway. Dai et al. showed that, although presence of BCRyABL
triggers the destruction of the Abi proteins, a family of ABL-
interacting proteins, through the ubiquitin-proteasome pathway
(40), the increased proteasome activity in BCRyABL-containing
cells did not affect other molecules such as IkB-a and p27Kip. We
show here that introduction of BCRyABL causes increased, not
decreased, levels of p27Kip. p27Kip degradation needs formation
of a p27Kipycyclinycdk complex that results in phosphorylation
of p27Kip on threonine 187, which is required for the recognition
of p27Kip by the ubiquitin ligase (41, 42). In CML CD341 cells,
p27Kip is relocated to the cell cytoplasm, and only a small fraction
is bound in cdk2-based complexes. It is thus possible that the
majority of p27Kip molecules in CML CD341 cells cannot be
phosphorylated by the cyclin-E-cdk2 complexes, effectively pre-
venting ubiquitinyproteasome degradation (investigation of
which warrants further research). Finally, how BCRyABL causes
the relocation of p27Kip will also need further investigation.
Likewise, whether BCRyABL is responsible for relocation and
functional inactivation or constitutive activation of other mole-
cules that regulate cell growth or cell survival also needs to be
examined.
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NEUROSCIENCE
Correction for ‘‘A conserved salt bridge critical for GABAA
receptor function and loop C dynamics,’’ by Srinivasan P.
Venkatachalan and Cynthia Czajkowski, which appeared in issue
36, September 9, 2008, of Proc Natl Acad Sci USA (105:13604–
13609; first published August 29, 2008; 10.1073/
pnas.0801854105).

The authors note that in Fig. 1 the alignment of the nicotinic
receptor �1 subunit sequences (Torpedo californica and rat) in
the loop C region with the GABAA receptor � subunit sequences
aligns Y190 and T191 of the former with K196 and K197 of the
latter. The alignment should align H186 and W197 of the
nicotinic receptor with K196 and K197 of the GABAA receptor.
The nicotinic sequence that reads VYYTCCPD 195 should read
WKHW..YT 191. The error does not alter the conclusions of this
article. The corrected figure and its legend appear below.

MEDICAL SCIENCES
Correction for ‘‘Abnormal integrin-mediated regulation of
chronic myelogenous leukemia CD34� cell proliferation: BCR/
ABL up-regulates the cyclin-dependent kinase inhibitor, p27Kip,
which is relocated to the cell cytoplasm and incapable of
regulating cdk2 activity,’’ by Yuehua Jiang, Robert C. H. Zhao,
and Catherine M. Verfaillie, which appeared in issue 19, Sep-
tember 12, 2000, of Proc Natl Acad Sci USA (97:10538–10543;
first published September 5, 2000; 10.1073/pnas.190104497).

The authors wish to note the following: ‘‘We inadvertently
inserted the Western blot from a different experiment (Western
blot for Cdk2, following immunoprecipitation of Cdk2 from a
different experiment), instead of the correct Western blot for
Cdk4, following immunoprecipitation of Cdk4 for the study
described in Fig. 3. The correct Western blot for Cdk4-IP/WB:
Cdk4 has now been inserted as lane 3 of the figure. In addition,
we have added a black line in the Cdk2 kinase assay as well as
in the Cdk4-IP/WB: Cdk4 Western blot to indicate that a blank
lane was removed. We apologize for any inconvenience this may
have caused.’’ This error does not affect the conclusions of the
article. The corrected figure and its legend appear below.

Fig. 1. Model of GABAAR extracellular N-terminal domain based on AChBP
(ligand bound). (A) Charged residues in the �2 subunit (E153, E165, K196, and
K197) that might be involved in regulating movement of loop C via electro-
static interactions are shown. Binding site loops A, B, and C are marked. (B)
Sequences of various GABAAR �-subunits highlighting conserved charged
residues (blue). Aligned residues in the nAChR �-subunit from Torpedo cali-
fornica and Rattus norvegicus are also shown. Residues suggested to form a
salt bridge important for stabilizing the open state of nAChR (Mukhtasimova
et al.) (11) are colored red.

www.pnas.org�cgi�doi�10.1073�pnas.0901579106

Fig. 3. Elevated levels of p27Kip do not inhibit cdk2 or cdk4 activity. Proteins
were extracted from 5–10 � 106 FN-A, FN-NA, PLL-A (not shown), and PLL-NA
(not shown) CML or NL CD34� cells. cdk2 and cdk4 were immunoprecipitated
from 500 �g protein by using anti-cdk2 or anti-cdk4 antibodies, or control IgG
and protein-G-agarose beads, separated by SDS/PAGE and blots probed with
anti-cdk2 or anti-cdk4 and goat anti-mouse HRP antibodies. cdk2 and cdk4
activity was assayed by adding 5 �g histone or GST-Rb and 10 �Ci [r-32P] to
immune complexes. Reaction products were resolved by SDS/PAGE, and the
gel was exposed to X-ray film. A representative example of three separate
experiments is shown.

www.pnas.org�cgi�doi�10.1073�pnas.0902053106
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