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Abstract

Hematopoietic stem cells can be accurately identified by the side population (SP) phenotype. It has been previously shown that hema-
topoietic stem cells are cell cycle arrested, but the mechanisms involved are currently poorly understood. In the present study, results from
quantitative real-time RT-PCR show that while SP cells have increased expression of various cyclins and cyclin-dependent kinases, the
increased expression of cyclin-dependent kinase inhibitors, in particular p57Kip2, is responsible for the observed cell cycle arrest. In addi-
tion, gene expression analysis of c-kit+//Sca-1+/Lineage� SP (KSL-SP) cells demonstrates that only p57Kip2 shows both higher expression
compared to both SP and non-SP cells. Furthermore, immunostaining also demonstrates significantly higher protein expression in KSL-
SP cells. These results demonstrate that the maintenance of bone marrow SP cells in G0/G1 may be carefully controlled by p57Kip2.
� 2005 Elsevier Inc. All rights reserved.
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Hematopoietic stem cells (HSCs) are capable of self-re-
newal and govern the long-term repopulation of all cell
types of the blood forming system [1]. A recently developed
technique has employed the differential Hoechst 33342
staining of HSCs to identify a small fraction of bone mar-
row cells termed ‘‘side population’’ (SP) cells [2]. SP cells
have been shown to be highly enriched for HSCs and rep-
resent approximately 0.1% of adult nucleated bone marrow
cells in mice [3]. This unique ability of SP cells in effluxing
Hoechst 33342 is mediated by the ATP-binding cassette
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transporter G2 (ABCG2), a member of the multiple drug
resistance (MDR) family of cell surface transporters
[4–6]. SP cells have been found in the hematopoietic
compartment of various species [7–10], as well as in other
tissues [11–18], demonstrating that the SP phenotype may
be a representative characteristic of adult tissue-specific
stem cells [19].

A defining feature of adult HSCs is that they are known
to reside in the G0/G1 phases of the cell cycle, representing
the quiescent state [20], a characteristic which is evidenced
by their relatively strong resistance to retroviral infection
and cell cycle-specific chemotherapeutic drugs. In somatic
cells, the initiation of DNA replication and the associated
progression through the cell cycle is known to be controlled
by the activity of several classes of cyclin-dependent ki-
nases (Cdks), which are activated by the binding of their
respective cyclins. In addition, Cdk activity is carefully reg-
ulated by the expression of Cdk inhibitors which can bind
to cyclin/Cdk complexes, to prevent cell cycle progression.
These Cdk inhibitors are separated into the INK4 family,
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which prevents transfer from G1 to S by inhibiting cyclin
D/Cdk 4 complex formation; and the Cip/Kip family
which inhibits the activities of various cyclin/Cdk
complexes.

While the mechanisms governing HSC quiescence are
currently not well understood, intuitively it seems that dif-
ferential expression of proteins involved in mitotic check-
points may account for the observed cell cycle arrest. It
has previously been shown that the induction of the Cdk
inhibitors p15INK4b and p21Cip1 has an important role in
the transforming growth factor (TGF)-b mediated cell cy-
cle arrest in melanoma cells [21]. It was also recently
reported that the TGF-b induced cell cycle arrest in hema-
topoietic progenitor cells was correlated to an increase in
p57Kip2 expression [22]. p57Kip2 has similarly been shown
to have an inhibitory effect in the hematopoietic family,
by preventing cell cycle progression in human T-lympho-
cytes [23].

In the present study, we hypothesized that differential
expression of various molecules involved in cell cycle
checkpoints that regulate progression from G1 to S phase
was responsible for the cell cycle arrest observed in bone
marrow SP cells. Our findings show that SP cells have in-
creased expression of various cyclins and Cdks, and should
therefore have high proliferative potential, but that the in-
creased expression of Cdk inhibitors, in particular p57Kip2,
blocks the activity of these cyclin/Cdk complexes resulting
in the observed quiescent state of HSCs.

Materials and methods

Cell preparation. C57BL/6 mouse (Sankyo Lab Service, Tokyo, Japan)
bone marrow cells were obtained by flushing of excised femurs with
Hanks� Balanced Salt Solution (Sigma, St. Louis, MO) containing 5% fetal
bovine serum (FBS; Moregate Biotech, Queensland, Australia). Cells were
collected by centrifugation, followed by disruption of red cells with 0.2%
sodium chloride solution. Cells were then washed two times with Dul-
becco�s phosphate-buffered saline (PBS; Sigma) prior to staining and cell
sorting.

Hoechst 33342 exclusion assay using fluorescence activated cell sorting

(FACS). Analysis and sorting of SP cells were performed as described
previously [17]. Briefly, isolated bone marrow cells were stained with 5 lg/
ml Hoechst 33342 (Sigma) at a concentration of 106 cells/ml in staining
medium (Dulbecco�s modified eagle�s medium (DMEM) containing 2%
FBS and 10 mM Hepes) for 90 min at 37 �C. For inhibition experiments,
50 lM of R (+)-verapamil (Sigma) was added to the staining medium
30 min before the addition of Hoechst 33342. After staining, cells were
resuspended in PBS containing 2% FBS and 1 mM Hepes. Prior to
analysis and cell sorting, propidium iodide (Sigma) was added at a final
concentration of 2 lg/ml, to distinguish between live and non-viable cells.
Analysis and cell sorting were then performed using a dual laser fluores-
cence-activated cell sorter (EPICS ALTRA FACS analysis system,
Beckman Coulter, Fullerton, CA).

For the isolation of c-kit+, Sca-1+, Lineage� SP (KSL-SP) cells, line-
age marker-positive cells were first eliminated by magnetic cell sorting
(Auto MACS system, Miltenyi Biotec, Bergisch Gladbach, Germany)
using the Lineage cell Depletion Kit (Miltenyi Biotec), prior to staining
with Hoechst 33342. Lineage� cells were stained with Hoechst 33342 and
then incubated with FITC-conjugated anti-Sca-1 antibody (E13-161.7, BD
Biosciences Pharmingen, San Jose, CA) and PE-conjugated anti c-kit
antibody (2B8, BD Biosciences Pharmingen) for 30 min on ice. Stained
cells were then subjected to sorting by FACS.
Cell cycle analysis. Bone marrow SP cells and total bone marrow cells
were pelleted by centrifugation and resuspended in a solution containing
4 mM sodium citrate (pH 7.6), 0.2% Nonidet P-40, and 50 lg/ml propi-
dium iodide. After incubation on ice for 30 min, cell suspensions were
treated with 0.25 mg/ml RNase A for 15 min at 37 �C to remove double-
stranded RNA. Cells were finally analyzed by flow cytometry at an exci-
tation wavelength of 488 nm.

Gene expression analysis. For gene expression assays, total RNA was
obtained from 10,000 SP, non-side population (NSP), or KSL-SP cells
using Isogen (Nippongene, Tokyo, Japan) according to the manufacturer�s
suggested protocol. Single-stranded cDNA was created with the Super-
script First-strand System for Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR) (Invitrogen, Carlsbad, CA), and used as PCR tem-
plates. Primer pairs and Taqman MGB probes labeled with 6-carboxy-
fluorescein (FAM) at the 5 0-end and non-fluorescent quencher at the 3 0-
end were designed with the Taqman gene expression assay (Applied Bio-
systems). Quantitative PCR was performed with 7300 Real-Time PCR
System (Applied Biosystems). Thermocycling programs consisted of an
initial cycle at 50 �C for 2 min and 95 �C for 10 min, followed by 50 cycles
of 95 �C for 15 s and 60 �C for 1 min. All assays were run in duplicate for
more than four individual samples. mRNA expression levels were
normalized with the expression level of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). To compare mRNA expression between SP,
NSP, and KSL-SP cells, the Mann–Whitney rank sum test was applied.
Statistics were calculated using SigmaStat 2.0 (SPSS, Chicago, IL).

Immunofluorescence analysis. Cells isolated by FACS were fixed
with Methacarn fixation solution, followed by centrifugation onto glass
slides. After incubation with 1% bovine serum albumin (Sigma) to
block non-specific reactions, cells were incubated with a 1/50 dilution
of anti-p57Kip2 antibody (E-17, Santa Cruz Biotechnology, Santa Cruz,
CA), for 1 h at room temperature, followed by washing three times
with PBS. Cells incubated identically with normal goat IgG were used
as negative controls. After incubation with a 1/200 dilution of Alexa
Fluor 546-conjugated secondary antibodies (Molecular Probes, Eugene,
OR) for 1 h at room temperature, cells were again washed three times
with PBS. Stained cells were finally counter-stained with 10 lg/ml
Hoechst 33342 to visualize cell nuclei, and observed using confocal
laser scanning microscopy (TCS-SP, Leica Microsystems AG, Wetzlar,
Germany).
Results

The SP phenotype is characterized by low blue and red
fluorescence intensity on a density plot due to the efflux of
Hoechst 33342 via ABCG2. Mouse bone marrow cells
show a typical SP staining pattern, comparable to previ-
ously reported results [24,25] (Fig. 1A). Additionally, the
SP phenotype could not be detected when bone marrow
cells were incubated with verapamil, an MDR inhibitor,
prior to staining with Hoechst 33342 (Fig. 1B). Quantita-
tive RT-PCR confirmed that SP cells with low Hoechst-de-
rived fluorescence (Fig. 1A, gated cells) had significantly
higher expression of ABCG2, the mediator of the SP phe-
notype (Fig. 1C), as well as Bmi-1, an important factor in
the self-renewal of HSCs [26] (Fig. 1D), compared to NSP
cells. These results confirmed that cells with low fluores-
cence intensity were indeed an SP cell population that is en-
riched for HSCs. To verify that SP cells represented a
quiescent HSC population, cell cycle analysis was per-
formed. Although the cell cycle of total bone marrow cells
was promoted with active cell division (Fig. 1E), SP cells
were nearly all growth arrested in G0/G1, verifying their
quiescent state (Fig. 1F).



Fig. 1. Mouse bone marrow side population (SP) cells. Bone marrow cells were analyzed for Hoechst 33342 efflux by FACS (A). In the dot plot of (A),
cells denoted by each enclosed area were regarded as SP cells or NSP cells for further characterization. When treated with Verapamil, an inhibitor of
MDR, Hoechst 33342 efflux was antagonized (B). The expression of the stem cell markers, ABCG2 (C) and Bmi-1 (D), was quantified by real-time RT-
PCR. Expression levels were determined from NSP cells: white bar and SP cells: black bar, for each individual mRNA. Data represent mean values from
five samples, all performed in duplicate. Error bars indicate the SD (*p < 0.05). Additionally, the cell cycle phase in which each individual cell resided from
either all viable bone marrow cells (E) or SP cells (F) was detected by flow cytometry.
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As SP cells were confirmed to be growth arrested the G1
phase of the cell cycle, we next examined the mRNA
expression of cyclin D, cyclin E, Cdk 2, Cdk 4, and Cdk
6, which are required for progression from G1 to S in the
cell cycle. Interestingly, all genes examined were more high-
ly expressed in SP cells compared to NSP cells, with signif-
icantly greater expression observed for cyclin D1, cyclin
D2, and Cdk 4. Therefore, our results indicate that SP cells
have high proliferative potential, but that other regulatory
mechanisms are likely present to ensure the growth arrest
and quiescent state of HSCs (Fig. 2).

As expression of G1- and S-phase Cdk and cyclin
mRNAs was higher in SP cells compared to NSP cells,
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Fig. 2. Expression of cyclin and cyclin-dependent kinase (Cdk) mRNAs in SP
NSP cells after FACS, and subjected to real-time quantitative RT-PCR. Relati
each sample. mRNA expression of Cyclin D1 (A), Cyclin D2 (B), Cyclin D3 (
shown. Expression levels were determined from NSP cells: white bar and SP cel
five samples, all performed in duplicate. Error bars indicate the SD (*p < 0.05
we examined the mRNA expression of the INK4 and
Cip/Kip families of Cdk inhibitors. In the INK4 family,
both p15INK4b and p16INK4a were barely expressed in either
cell fraction (Figs. 3A and B). Additionally, while expres-
sion of p18INK4c was higher in SP cells (Fig. 3C), p19INK4d

mRNA levels were actually slightly higher in the NSP cell
fraction (Fig. 3D). In the Cip/Kip family, both p21Cip1

and p57Kip2 demonstrated significantly higher expression
in SP cells compared to NSP cells, while p27Kip1 mRNA
expression was higher in NSP cells (Figs. 3E–G).

To investigate the relationship between the observed in-
crease in expression of specific CDK inhibitors and SP cell
cycle arrest, bone marrow SP cells were further enriched for
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Fig. 3. Expression of cyclin-dependent kinase (Cdk) inhibitor mRNAs in SP and NSP cells. Total RNA was extracted from bone marrow SP cells and
NSP cells after FACS, and subjected to real-time quantitative RT-PCR. Relative expression of the selected genes was normalized to that of GAPDH for
each sample. mRNA expression of p15 INK4b (A), p16INK4a (B), p18INK4c (C), p19 INK4d (D), p21Cip1 (E), p27Kip1 (F), and p57Kip2 (G) is shown.
Expression levels were determined from NSP cells: white bar and SP cells: black bar, for each individual mRNA. Data represent the mean value from five
samples, all performed in duplicate. Error bars indicate the SD (*p < 0.05).
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quiescent hematopoietic stem cells by the depletion of line-
age-positive cells (Fig. 4A), followed by isolation of c-kit+

and Sca-1+ cells (Figs. 4B and C). mRNA expression of the
SP cell marker ABCG2, as well as those CDK inhibitors
that showed significantly higher expression in SP cells
(p18INK4c, p21Cip1, and p57Kip2), was then examined in
the resulting KSL-SP cell population.

Our results demonstrated that KSL-SP cells had much
higher expression of ABCG2 and p57Kip2 compared to
both SP and NSP cells (Figs. 4D and G), but that the
expression of both p18INK4c and p21Cip1 showed insignifi-
cant differences between SP and KSL-SP cells (Figs. 4E
and F). To examine p57Kip2 protein expression, immuno-
fluorescence was performed with anti-p57Kip2 antibodies.
Staining visualized with confocal laser scanning microsco-
py demonstrated that KSL-SP cells had higher expression
of p57Kip2 protein, compared to NSP cells (Figs. 4H–M).
In addition, while KSL-SP cells demonstrated p57Kip2

expression that was nearly completely localized to cell nu-
clei (Figs. 4I, K, and M), the observed low level of p57Kip2

in NSP cells showed almost completely cytoplasmic
staining (Fig. 4H, J, and L).

These results indicated the possibility that the cell cycle
arrest of quiescent bone marrow SP cells was correlated to
increased expression of specific Cdk inhibitors, in particu-
lar p57Kip2. Therefore, although SP cells may have a strong
potential for proliferation due to their increased expression
of G1- and S-phase cyclins and Cdks, increased expression
of p57Kip2 and other Cdk inhibitors was able to induce cell
cycle arrest via inhibition of cyclin/Cdk complexes.

Discussion

In the present study, we showed the possibility that the
cell cycle arrest observed in bone marrow SP cells, in par-
ticular KSL-SP cells, is induced by the Cdk inhibitor
p57Kip2. p57Kip2 is a well-known member of the Cip/Kip
family of Cdk inhibitors that function by binding to cy-
clin/Cdk complexes to inhibit progression through the cell
cycle. Overexpression of p57Kip2 has been shown to strong-
ly inhibit somatic cell proliferation [27–29] and p57Kip2 has
also been shown to be involved in the cell cycle arrest of
immature cells in other tissues, such as the retina [30,31]
and brain [13]. It was recently reported that TGF-b in-
duced cell cycle arrest of human cord blood derived pro-
genitors required the increased expression of p57Kip2 [22].
p57Kip2 has also been shown to have genomic imprinting
[32,33], which suggests a role in fetal development, as a
substantial amount of imprinted genes have critical func-
tions in the control of fetal growth. Therefore, a loss of het-
erozygosity induces down-regulation and can result in
tumor formation [32,34]. It seems likely that p57Kip2 is inti-
mately involved in the supervision of cell cycle progression
and carefully regulates cell proliferation.

While expression of both p18INK4c and p21Cip1 was also
significantly higher in SP cells, the difference in the expres-
sion of p57Kip2 between SP and NSP cells was greatest,
with no p57Kip2 mRNA detected in NSP cells. Moreover,
KSL-SP cells, a cell population more highly enriched for
quiescent hematopoietic stem cells, demonstrate a much
higher expression of both ABCG2 and p57Kip2 than both
SP and NSP cells. Hematopoietic stem cells are known to
be extremely resistant to various external stresses [35],
and the demonstration that the SP cell marker ABCG2
has significantly higher expression in KSL-SP cells com-
pared to both SP and NSP cells further emphasizes that
KSL-SP cells are highly enriched for quiescent stem cells.

Previously, Cheng et al. [36] demonstrated that p21Cip1

was involved in the maintenance of hematopoietic stem cell
quiescence. In the present study, our results also showed
that p21Cip1 had slightly higher expression in KSL-SP cells.
While we cannot exclude the possibility that p21Cip1 plays a
role in governing the quiescent state of KSL-SP cells, in the
previous report by Cheng and colleagues, the authors did



Fig. 4. KSL-SP cells show a high expression of p57Kip2. KSL-SP cells were defined by the Lineage� gate in (A). Lineage�-SP cells (B) were then selected as
Sca-1+ and c-kit+ (C) for the isolation of KSL-SP cells. mRNA expression of ABCG2 (D), p18INK4c (E), p21 Cip1 (F), and p57Kip2 (G) was then examined
using real-time quantitative RT-PCR. Expression levels were determined from NSP cells: white bars, SP cells: black bars, and KSL-SP cells: gray bars, for
each individual mRNA. Data represent mean values from four to five samples, all performed in duplicate. Error bars indicate the SD (*p < 0.05).
Immunofluorescence analysis was performed on NSP cells and KSL-SP cells. Panels represent NSP (H,J,L) and KSL-SP (I,K,M) cells, stained with
Hoechst 33342 (H,I), anti-p57Kip2 antibody (J,K). (L,M) show merged images. Scale bars represent 20 lm.
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not examine the effects of p57Kip2. In addition, our findings
that p57Kip2 expression is specific to SP cells, and in partic-
ular KSL-SP cells lead us to believe that p57Kip2 is likely
the major factor involved in maintaining cell cycle arrest
of KSL-SP cells.

Similarly, previous reports have also demonstrated the
importance of p57Kip2 in the control of the cell cycle.
p57Kip2 knockout mice often die before birth or else imme-
diately afterwards, due to abnormal apoptosis and mor-
phogenesis [37,38]. In contrast, mice having knockouts
for the other Cdk inhibitors examined here, such as
p18INK4c [39,40] and p21Cip1 [41,42], can survive post-
natally. Therefore, p57Kip2 seems to be the Cdk inhibitor
that is most critically involved in the proper maintenance
of cell cycle kinetics.

In many ways, the cancer phenotype resembles a stem
cell phenotype, as several cancers are known to express
ABCG2, multi-drug resistance protein (MRP), and
MDR, and improper regulation of stem cell dynamics is
also thought to result in malignant transformation. Loss
of function and altered imprinting resulting in altered
expression of p57Kip2 are known to cause several types of
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cancers [43–47] and p57Kip2 has been shown to have the
strongest tumor suppressor activity in the Cip/Kip family
[48]. Therefore, p57Kip2 likely has a prominent role in
inhibiting cell division.

Interestingly, we also found that SP cells may have a
high potential for proliferation due to the increased expres-
sion of cyclin D and cyclin E as well as Cdk 2, Cdk 4, and
Cdk 6 that are known to promote DNA synthesis and
therefore cell cycle progression. Similarly, it has previously
been shown that the marker of proliferating cells, Bmi-1, is
required for the self-renewal of HSCs, but is also known to
decrease the expression of p16INK4a and p19INK4d

[26,49,50], and increase telomerase activity [51], which is
believed to be indicative of actively proliferating cells.
Therefore, it seems that some other regulatory factor, likely
p57Kip2, is necessary for SP cells to maintain their quiescent
state despite their high proliferative potential from in-
creased expression of Bmi-1 as well as, G1- and S-phase
cyclins and Cdks.

It has previously been shown that the single characteris-
tic that most accurately identifies a quiescent stem cell pop-
ulation in the bone marrow is the SP phenotype [35]. Bone
marrow SP cells have indeed been shown to have the capa-
bility for the long-term multi-lineage reconstitution of the
hematopoietic system and to reside in a quiescent state in
the bone marrow niche [2,35]. It is believed that SP cells
from the isolated from the bone marrow by Hoechst
33342 exclusion assays more accurately represent quiescent
stem cells than HSCs characterized by other means [35].
Therefore, differences in gene expression between SP and
NSP cells isolated from the bone marrow should accurately
represent differences between quiescent stem cells and more
highly differentiated cells. Because HSCs must govern the
long-term maintenance of the entire hematopoietic system,
it seems likely that these stem cells require a high prolifer-
ative potential to be able to sustain hematopoiesis through-
out the host lifetime. However, HSCs must also remain cell
cycle arrested in order to carefully regulate this prolifera-
tion over time and thus prevent dysfunctions of the hema-
topoietic system such as various cancers. We therefore
hypothesize that the increased expression of the cyclins
and Cdks involved in S-phase promotion demonstrates
the high proliferative potential of bone marrow SP cells
to ensure successful long-term re-population, but that
p57Kip2 acts to inhibit these cyclin/Cdk complexes and
therefore maintain the quiescent state of HSCs and careful-
ly regulate the generation of differentiated progeny.

Previous results have demonstrated that the bone mar-
row niche in which HSCs reside is critically involved in
the maintenance of the quiescent state of the HSCs due
to signaling from HSC surface molecules such as Tie-2
[35,52]. It seems likely that the stem cell niche in the bone
marrow may be critically involved in inducing p57Kip2

expression in order to preserve cell cycle arrest. Further
study is needed to identify the system and mechanisms that
regulate the expression of p57Kip2 such that the prolifera-
tion of SP cells, isolated not only from bone marrow, but
also other tissues, can be carefully controlled by modifica-
tions of gene expression. In the present study, we demon-
strate the likely involvement of p57Kip2 in inhibiting cell
cycle progression of bone marrow SP cells, and thus pres-
ent a novel mechanism for the maintenance of the quies-
cent state of HSCs. The careful management of the
proliferation of SP cells, which can be found in various tis-
sues, may thus allow for improved applications of cell-
based therapies, such as regenerative medicine.
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