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Transforming growth factor � (TGF�) is one of few known negative
regulators of hematopoiesis, yet the mechanisms by which it
affects cell cycle arrest and stem cell quiescence are poorly under-
stood. Induction of the cyclin-dependent kinase inhibitors, p15INK4b
(p15) and p21WAF1 (p21) is important for TGF�-mediated cytosta-
sis in epithelial cells but not in hematopoietic cells. Using primary
human hematopoietic cells and microarray analysis, we identified
p57KIP2 (p57) as the only cyclin-dependent kinase inhibitor in-
duced by TGF�. Up-regulation of p57 mRNA and protein occurs
before TGF�-induced G1 cell cycle arrest, requires transcription, and
is mediated via a highly conserved region of the proximal p57
promoter. The up-regulation of p57 is essential for TGF�-induced
cell cycle arrest in these cells, because two different small inter-
fering RNAs that prevent p57 up-regulation block the cytostatic
effects of TGF� on human hematopoietic cells. Reduction of basal
p57 expression by this approach also allows hematopoietic cells to
proliferate more readily in the absence of TGF�. p57 is a putative
tumor suppressor gene whose expression is frequently silenced by
promoter hypermethylation in hematologic malignancies. Our
studies identify a molecular pathway by which TGF� mediates its
cytostatic effects on human hematopoietic cells and suggests an
explanation for the frequent silencing of p57 expression.

transcription control � negative regulators � cyclin-dependent kinase
inhibitor

Transforming growth factor � (TGF�) has pleiotropic ef-
fects on diverse cell types and tissues, and dysregulated

TGF� signal transduction is an important, and common,
property of malignant cells, including those of hematopoietic
origin (1–3). TGF� maintains hematopoietic stem cells in a
quiescent undifferentiated state, whereas lineage-restricted
progenitor cells are generally less responsive to its cytostatic
effects (4). Early hematopoietic progenitors produce TGF�,
and neutralization of autocrine TGF� by monoclonal antibod-
ies can recruit early progenitor cells into the cell cycle and
initiate their differentiation (5). Whereas primary cultures of
normal cells are highly sensitive to the cytostatic action of
TGF�, most malignant cells and leukemia-derived cell lines
are resistant to this effect (5). Despite the frequency with
which mutations in the TGF� signaling pathway arise in
certain solid tumors, they are exceedingly uncommon in
leukemias (6, 7), which suggests that other mechanisms dys-
regulate this pathway in hematologic malignancies.

Although TGF� is one of few negative regulators of hema-
topoiesis, the mechanism by which this effect is mediated is not
well understood. In epithelial cells, TGF� can trigger cell cycle
arrest by up-regulating cytostatic proteins such as the cyclin-
dependent kinase inhibitors (CDKI), p15 and p21, while down-
modulating growth-stimulating proteins, notably c-Myc and Id
family members.

Determining how TGF� affects hematopoietic cell cycle arrest
and stem cell quiescence has proven difficult, because neither
p21 nor p27KIP1 (p27) appears to be required for the inhibition

of hematopoietic stem cell or progenitor cell proliferation by
TGF� (8). Using gene expression profiling, we have identified
p57 as an immediate–early target of TGF� in normal human
CD34� hematopoietic progenitor�stem cells. Using small inter-
fering RNA (siRNA), we found that p57 is required for TGF�-
mediated cell cycle arrest of hematopoietic cells, and that the
basal expression of p57 restrains the proliferation of these cells.
Expression of p57 is silenced in the malignant cells of 30–55%
of patients with acute lymphoblastic leukemia, acute myeloge-
nous leukemia, and B cell lymphomas, suggesting that p57 could
function as a tumor suppressor in these diseases (9–12). Our
results provide mechanistic insight into the activity of p57 and its
role as a suppressor of hematopoietic cell transformation.

Materials and Methods
Plasmids and Cloning. Cytomegalovirus (CMV) promoter-based
expression plasmids for Smad3, Smad4, the constitutively active
TGF� type I receptor, T�R-I(T204D), and the p57 promoter-
regulated luciferase reporter plasmids, �2191KIP2, �1550KIP2,
�595KIP2, and �165KIP2, have been described (13–15). Fur-
ther experimental details are provided in Supporting Text, which
is published as supporting information on the PNAS web site.

Cell Culture. The acute myelogenous leukemia-derived cell line,
M091 was kindly provided by M. Okabe (16), and HeLa cells
were obtained from the American Type Culture Collection
(ATCC). Primary human cord blood-derived CD34� hemato-
poietic progenitors (CB-CD34) were maintained in Iscove’s
modified Dulbecco’s medium supplemented with 20% BIT 9500
(StemCell Technologies, Vancouver), 100 ng�ml FLT3 ligand
(FLT3L), 100 ng�ml stem cell factor, and 20 ng�ml IL-6. Kirin
(Tokyo), Amgen (Thousand Oaks, CA), and Novartis (Basel)
kindly provided these cytokines.

Gene Expression Analysis. Total RNA was isolated from CB-CD34
or M091 cells 0, 2, and 4 h after stimulation with TGF�.
Biotin-labeled cRNA was synthesized and hybridized to Af-
fymetrix U133A (CB-CD34) or U95Av2 (M091) arrays by using
standard protocols (Affymetrix, Santa Clara, CA). Data pro-
cessing was performed by using MAS 5.0 software (Affymetrix)
and the GENESPRING software package (Silicon Genetics, Red-
wood City, CA).

p57 Expression Studies. Total RNA was purified from CB-CD34 or
M091 cells before or after treatment with 200pM TGF�1 for the
indicated times. Semiquantitative analysis of expression was

Abbreviations: TGF�, transforming growth factor �; CDKI, cyclin-dependent kinase inhib-
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assessed visually after PCR was performed by using primers
specific for p57 or hypoxanthine phosphoribosyltransferase.
Quantitative PCR was performed by using the ABI 7700 instru-
ment and reagents (Applied Biosystems) and primer�probe sets
designed for the indicated transcripts. Actinomycin D (10 �g�
ml), cycloheximide (5 �g�ml), or diluent control (0.2% DMSO)
were added 15 min before TGF� addition, when indicated.

To discriminate among the three known isoforms of p57, PCR
amplification of M091 and CB-CD34 cell-derived cDNA was
performed by using the KIP2 Pan-Isoform primers that bracket
intron 1 and generate a 381-bp fragment from the A1 transcript
(and from genomic DNA), a 246-bp fragment from the A2
transcript, and a 215-bp fragment from the A3 transcript. A
second set of primers, KIP2 Isoform-A1A2, amplify a 309-bp
fragment from the A1 and A2 transcripts and from genomic
DNA but do not amplify the A3 transcript (because the sense
primer is located within an intron for the A3 transcript).

Assessment of p57 Imprinting. Genomic DNA was purified from
single-donor cord-blood mononuclear cells, and total RNA was
obtained from CB-CD34 cells before and after TGF� treatment.
PCR was used to amplify the PAPA repeat region of exon 2,
which is known to contain several polymorphisms (GenBank
accession no. XM�006479). Either genomic DNA or cDNA
generated from CB-CD34 cells obtained from the same single
donor were used as template.

Western Blot Analysis. Lysates from M091 cells, untreated or
treated with TGF� for the indicated times, were used for
Western blotting with standard procedures and antibodies, as
indicated.

Proliferation and Cell Cycle Analysis. Cell proliferation was deter-
mined either by counting or by using the WST-1 reagent
(Amersham Pharmacia). Univariate cell cycle analysis was per-
formed by using ethanol-fixed cells stained with propidium
iodide in buffer containing RNase A. DNA content was assessed
by flow cytometry, and cell cycle analysis was performed by using
the MULTICYCLE software package (Phoenix Flow Systems, San
Diego).

Transcription Reporter Assays. HeLa cells were plated in 24-well
plates at a density of 105 cells per well. When the cells had
reached 80–90% confluence, they were transfected in triplicate,
with each well receiving 100 �l of OptiMem I (Invitrogen)
containing 1.5 �l of Lipofectamine 2000, 250 ng of KIP2-
luciferase reporter construct, and 600 ng of some combination of
the pCMV5- or pCMV5-based Flag-Smad3, Flag-Smad4, and
T�R-I(T204D) expression plasmids, as well as 50 ng of
pEGFP-C3 (BD-Clontech) and 25 ng of CMV-RNL (Renilla
luciferase) (Promega). Forty-eight hours after transfection, cell
lysates were prepared for analysis by using the Dual-luciferase
system. Firefly luciferase activity was normalized to RNL activity
as the first step of data analysis. Subsequent normalization to an
intraexperiment reference activity was performed, as indicated.

siRNA-Mediated Knockdown of Gene Expression. Annealed double-
stranded siRNA (Dharmacon, Lafayette, CO) was introduced
into logarithmically growing M091 cells by electroporation by
using a Genepulser electroporator (Bio-Rad).

Results
TGF� Induces p57 Expression in Hematopoietic Cells. To determine
how TGF� induces the cytostasis of hematopoietic cells, we used
microarrays to define the transcription response of primary
human CD34� umbilical cord blood progenitor�stem cells
(CB-CD34) to treatment with TGF� (200 pM) for 2 and 4 h.
TGF� increased the expression of 31 probe sets, and it decreased

the expression of 46 probe sets (of 21,608 probe sets on the
Affymetrix U133A chip) by a least 1.5-fold in each of four
independent experiments (see Supporting Text). Although sev-
eral well established TGF� gene responses, including induction
of SMAD6 and SMAD7 and repression of c-MYC (17–19), were
identified, TGF� did not affect the expression of p21 or p15 in
any data set. However, we did observe the brisk and robust
up-regulation of p57 mRNA. This finding is in marked contrast
to the induction of p21 and�or p15 typically observed in epithe-
lial cells, which is believed to play a critical role in mediating the
cytostatic effects of TGF� (20, 21). TGF� did not affect the
expression of any other CDKI (p21, p15, p27, p16INK4a,
p18INK4c, and p19INK4d) in CB-CD34 (Fig. 1A). Using quan-
titative RT-PCR to confirm these findings, we found that TGF�
induced significant up-regulation of p57 mRNA (6.6- to 20-fold
induction) but had no effect on the expression of p15, p21, or p27
mRNA in CB-CD34 (Fig. 1B) or in M091 cells (not shown).

Although most leukemia cell lines are resistant to TGF�-
induced cell cycle arrest (unpublished observations), we found
that M091 cells, derived from a patient with an undifferentiated
acute myelogenous leukemia, mimic the sensitivity of normal
primary hematopoietic progenitor cells to the cytostatic effects
of TGF� and arrest in G1 with an EC50 of 4 pM (Fig. 1 C and
D and data not shown). p57 mRNA and protein are rapidly
up-regulated by TGF� in these cells, whereas expression of other
members of the CIP�KIP and INK4 families is unaffected (Fig.
1 E and F). The strong up-regulation of p57 precedes the G1
arrest of the cells and persists for at least 30 h (Fig. 1F and data
not shown).

Hematopoietic Cells Express a Single p57 Isoform, and Its Regulation
by TGF� Is Transcriptional. We used the transcription inhibitor,
actinomycin D, to assess whether de novo transcription was
required for the rapid up-regulation of p57 mRNA by TGF�.
Pretreatment of M091 cells with actinomycin D before TGF�
completely abrogated the TGF�-induced up-regulation of p57
mRNA (Fig. 2A), strongly suggesting a transcriptional mecha-
nism of regulation. Consistent with this, TGF� did not alter the
half-life of p57 mRNA (data not shown). Furthermore, new
protein synthesis is not required for TGF� to induce p57
transcription, because pretreatment of M091 cells with cyclo-
heximide does not prevent the robust induction of p57 mRNA
by TGF� (data not shown).

Three p57 mRNAs can be generated from the primary
transcript by alternative splicing of intron 1 (Fig. 2B) (22, 23).
The A1 and A2 transcripts encode p57 proteins that are 12 aa
longer than that coded by the A3 transcript, due to their use of
an upstream initiation codon not found in the A3 transcript.
There is sparse information regarding the relative expression of
these variant transcripts or the extent to which their expression
is tissue restricted. Using isoform-specific PCR primers, a single
band corresponding to the p57 A3 transcript was amplified from
primary human hematopoietic progenitor cell cDNA (Fig. 2B,
lane 3). We observed no expression of the A1 or A2 p57 isoforms
in untreated or TGF�-treated CB-CD34 cells (or M091 cells)
(Fig. 2B, lane 5, and data not shown).

TGF� Induces Monoallelic Up-Regulation of p57 but Does Not Affect
Expression of Coimprinted Genes. The gene encoding p57,
CDKN1c, is located within an imprinted region of chromosome
11p15.5 (Fig. 3A), and it is expressed from the maternal allele in
most tissues (24). To determine whether p57 expression is
monoallelic (i.e., imprinted) in primary CD34� hematopoietic
progenitors, we used two different cord-blood samples (units 95
and 105) that possessed informative size polymorphisms (12-bp
deletions) and single-nucleotide polymorphisms within the
PAPA repeat region of p57. When genomic DNA was used as a
template, the fragment amplified from the PAPA repeat region
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formed heteroduplexes. However, amplification of the CB-CD34
cDNAs generated only a single band (Fig. 3B), demonstrating
that only one allele is expressed. Monoallelic expression, which
implies genomic imprinting, was confirmed by sequencing at
least 10 clones derived from each PCR product (not shown).

Chromosome 11p15.5 contains two imprinted clusters of
genes that are under the control of distinct imprint control
regions, and CDKN1c is the parent member of an imprinted
subdomain that includes the PHLDA2, KCNQ1, KCNQ1OT, and
SLC22A18 genes (Fig. 3A) (24, 25). Genes that are coordinately
imprinted are sometimes coordinately expressed in a tissue-
specific manner (26–28). We queried our microarray data from
both primary CB-CD34 and the M091 cell line to determine
whether TGF� regulates other genes within the imprinted
regions of 11p15.5. The expression of IGF2, INSULIN, ASCL2,
TSSC4, and BWRT was not detectable above the microarray
baseline at any point (i.e., called ‘‘absent’’ in Affymetrix MAS 5
software), and none of the expressed genes were regulated by
TGF� (Fig. 3C; data for M091 not shown). We confirmed these
findings with quantitative RT-PCR for representative genes in
both clusters of imprinted genes (Fig. 3D). These results indicate
that TGF� acts through p57-specific regulatory elements.

TGF� May Regulate p57 Expression Through a Highly Conserved
Region of Its Promoter. Distant elements important for the
genomic imprinting of p57 and for its tissue-specific expression
have been recently identified (26, 27, 29, 30). However, the
regulatory elements and transcription-modulating proteins that
act at the proximal promoter have not been elucidated. To
develop a model system with which to identify the TGF�-
responsive region(s) of the p57 promoter, we introduced lucif-
erase reporter gene constructs into a variety of leukemia-derived

cell lines. For unknown reasons, however, we observed no
inducible luciferase activity in these cell lines. Other TGF�-
regulated constructs, such as the Ig�-class switch element, which
is normally expressed only in B cells, faithfully respond to TGF�
in both mesenchymal and epithelial cells (31, 32). Therefore, we
resorted to HeLa cells to test the activity of the p57 promoter
constructs. Using this approach, we observed consistent induc-
tion of the p57 promoter by TGF� mediators and subsequently
found that HeLa cells express p57 at a low level that can be
modestly up-regulated by exogenous TGF� (data not shown).
We used HeLa cells for our reporter gene assays.

Using a series of luciferase reporter constructs driven by
various portions of the p57 promoter, we found that the
�2191KIP2 reporter plasmid (Fig. 4A), which contains p57
promoter sequences from �2191 to �20, was activated 4-fold by
Smad3 expression and 17-fold by the coexpression of Smad3,
Smad4, and T�R-I(T204D) (Fig. 4B). Smad4, or the T�R-
I(T204D) receptor alone, had minimal effects on the reporter
activity. Using truncation mutant plasmids, we identified a
region just upstream of the TATA box (extending from �165 to
�77) as being critical for TGF�-mediated activation (Fig. 4C).
This region is highly conserved in the mouse, rat, and human
promoters, and when placed in front of a heterologous minimal
promoter, it is sufficient to confer TGF�-responsiveness (Fig.
4D). Thus, TGF� induces transcription of p57, but not other
genes, in the imprinted region of 11p15.5 and could do so
through a highly conserved region (�165 to �77) of the p57
promoter.

Basal p57 Expression Restrains Hematopoietic Cell Proliferation, and
Its Up-Regulation Is Required for TGF�-Mediated Cytostasis. To
evaluate the primacy of p57 as the immediate early target of

Fig. 1. TGF� causes G1 cell cycle arrest and up-regulates p57 mRNA and protein. (A) p57 mRNA is rapidly up-regulated by TGF� in primary human hematopoietic
progenitor cells. The average signal for the various CDKI probe sets is shown normalized to the expression before stimulation with TGF�. (B) Quantitative RT-PCR
demonstrates strong up-regulation of p57 mRNA 4 h after exposure of CB-CD34 to TGF�. There is no statistically significant regulation of other CDKIs by TGF�

(Student’s t test). Expression of the indicated mRNA is reported relative to the level of hypoxanthine phosphoribosyltransferase expression. (C) Proliferation rates
of M091 cells treated or untreated with TGF� (200 pM) are shown. (D) Representative cell cycle profiles of M091 cells treated with TGF� (200 pM) for 24 h, or
left untreated (Left). (E) Only p57 mRNA is up-regulated by TGF� in M091 cells. Expression array data are presented as described for A. (F) Western blot analysis
of p57, p27, and p21 protein expression using lysates from M091 cells stimulated with TGF� for the indicated periods of time. p15 is not detectable by Western
blot at any time. �-Tubulin staining was used as a control for protein loading. All error bars represent the standard errors of measurements from three to four
independent experiments.
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TGF� that leads to cell cycle arrest of hematopoietic cells, we
generated siRNAs to specifically knockdown its expression. We
generated three different siRNAs, two specific for the p57
transcript and a third siRNA directed against enhanced GFP
(EGFP) to serve as a control. Using cells that constitutively
express EGFP, we demonstrated that the EGFP siRNA, but
neither of the p57-specific siRNAs, knocked down EGFP ex-
pression (Fig. 5A). Conversely, both of the p57-specific siRNAs
blocked p57 up-regulation, whereas the EGFP-specific siRNA
did not (Fig. 5B). Cells transfected with the anti-EGFP siRNA
proliferate normally and undergo TGF�-induced cell cycle arrest
in a normal fashion (Fig. 5C). In contrast, cells transfected with
either of the siRNAs directed against p57 are no longer arrested
by TGF� and, in fact, proliferate more briskly in the absence of
TGF� than the parental cell line. Thus, p57 up-regulation is
required for the TGF�-mediated cell cycle arrest of hematopoi-
etic progenitor cells, and basal p57 expression appears to restrain
the proliferation of these cells.

Discussion
Hematopoiesis consists of a series of highly tuned branching
processes through which progenitor�stem cells undergo self
renewal, proliferation, and differentiation. This process, which
continues throughout the lifetime of an organism, gives rise to all
mature blood cell lineages. An intimate relationship exists
between cell cycle regulation and hematopoietic progenitor and
stem cell function. Murine studies show that CDKIs p18INK4c
and p21 are important for normal hematopoietic stem cell
quiescence (33, 34), whereas p27 regulates the pool of more
mature progenitors (8, 35). Little is known of the function
performed by other CDKIs in immature hematopoietic cells.

Using CD34-positive primary human hematopoietic progen-
itor�stem cells, we have identified p57 as the only CDKI rapidly

and robustly up-regulated by TGF�. CDKIs that are often seen
to be up-regulated by TGF� in epithelial and neural progenitor
cells (e.g., p15, p27, and p21) are not immediate targets of this
cytokine in hematopoietic cells, and neither p21 nor p27 is
necessary for TGF� to affect cytostasis in immature hemato-
poietic cells (8, 34, 35). p15 does not appear to be an early target
of TGF� in CB-CD34� cells (or in the M091 cells at any time),
suggesting that the delayed up-regulation of p15 sometimes seen
in these cells in response to TGF� (36, 37) is a consequence of
earlier events. The strong TGF�-mediated up-regulation of p57
that we observed in immature human hematopoietic cells is not
seen in many epithelial cell types (18), further demonstrating
that critical aspects of TGF�-signaling are cell type specific.

Although we demonstrate transcriptional up-regulation of p57
by TGF� in hematopoietic cells, proteasome-mediated degra-
dation of p57 has been shown to be triggered by TGF� in
serum-starved rat osteoblastic cells (38). This tissue-specific

Fig. 2. TGF�-induced up-regulation of p57 involves increased transcription
of the A3 isoform. (A) M091 cells were pretreated with actinomycin D (lanes
2 and 3) or DMSO alone (lanes 1 and 4) and then stimulated with TGF� (200
pM) (lanes 3 and 4) for 90 min. The relative expression of p57 mRNA was
assessed by RT-PCR. Amplification of hypoxanthine phosphoribosyltrans-
ferase mRNA is shown to demonstrate equal RNA input. (B) The organization
of the p57 gene is shown (Upper). The translated portion of each exon is
colored black if it is invariant or dark gray if it is isoform specific. The 5� end of
the three known isoforms of p57 are presented (A1, A2, and A3) (Lower Left).
The locations of the PCR primers used for this analysis are represented by black
(the Pan-Isoform Amplimer Set) or gray bars (the Isoform-A1A2 Amplimer
Set). Amplification of genomic DNA by these primers yields 381- and 309-bp
fragments, respectively. PCR products generated from genomic DNA (lanes 2
and 4) or cDNA (lanes 3 and 5) templates are shown (Lower Right). Only the
A3 transcript is detected in CB-CD34 cells (and M091 cells; data not shown).

Fig. 3. TGF� induces monoallelic up-regulation of p57 but does not regulate
other genes in the imprinted region of chromosome 11p15.5. (A) The genomic
organization of a 1-Mb imprinted cluster of genes on chromosome 11p15.5 is
shown. Maternally and paternally imprinted genes are represented as pink or
blue-filled pentagons, respectively. Nonimprinted genes within the region are
shown in black, and those for which the imprinting status is unknown are filled
with white. The brackets correspond to the two clusters of genes that are
coordinately imprinted and are under the control of independent regulatory
elements. (B) The PAPA repeat region was amplified from two individual units
of cord blood by using genomic DNA and cDNA made from CB-CD34 cells
stimulated with TGF� for 4 h as templates. Heteroduplexes are seen for the
amplified genomic fragments but not when the cDNA is amplified. The
doublet seen using genomic DNA but not with the cDNA is due to different
allele lengths. (C) p57 mRNA, but not that of other imprinted genes on
chromosome 11p15.5, is rapidly up-regulated by TGF� in CB-CD34. The aver-
age signal for the various probe sets is shown normalized to the expression
before stimulation with TGF�. (D) Quantitative RT-PCR analysis of PHLDA2,
KCNQ1, IGF2, and CDKN1c (p57) gene expression before and 4 h after expo-
sure of CB-CD34 to TGF�. Expression of the indicated mRNA is reported
relative to the expression of the hypoxanthine phosphoribosyltransferase
reference transcript. All error bars represent the standard errors of measure-
ments from three to four independent experiments.

15234 � www.pnas.org�cgi�doi�10.1073�pnas.0406771101 Scandura et al.



regulation of p57 is not entirely surprising, because osteoblasts
are one of very few cell types that are induced to proliferate by
TGF�. TGF�-mediated up-regulation of p57 protein in hema-
topoietic cells persists for at least 1 day, suggesting that protea-
some-dependent degradation of this CDKI is not triggered by
TGF� in hematopoietic cells and further demonstrating impor-
tant differences in the tissue-specific regulation of p57.

Expression of p57 is tightly controlled, but little is known of
its physiological regulators. We were able to demonstrate that
the genomic imprint of p57 extends to primitive hematopoietic
cells and is unaffected by TGF�. Under some circumstances,
genes that are coordinately imprinted are also coregulated,
perhaps because of the presence of shared enhancers (26, 28).
This appears to be the case for the induction of p57 and KCNQ1
by the p53 family member, p73� (28). In contrast, TGF� appears
to mediate its effects through tissue-specific p57 promoter�
enhancer elements.

The regulation of p57 by TGF� is transcriptional, and we used
luciferase reporter gene constructs derived from various por-
tions of the human p57 promoter to further define this tran-
scriptional regulation. Neither exogenous TGF� nor the cotrans-
fection of components of the TGF� pathway induced luciferase
expression in hematopoietic cell lines. However, p57 promoter
activity was robustly stimulated in HeLa cells. This disparity
could relate to technical differences in the methodologies used

to transfect suspension cells and adherent cells, but it could also
indicate that the transcriptional regulation of p57 expression in
hematopoietic cells is more complex than our studies have
addressed. We found that the region of the p57 promoter
extending from �165 to �77 is critical for TGF�-mediated
regulation of this gene in HeLa cells. Several lines of evidence
suggest that this region serves an important role in the regulation
of p57 expression. There is 91% sequence identity within this
region of the mouse, rat, and human p57 promoters. Further-
more, CpG methylation of this element, but not of more
upstream regions of the p57 promoter (10), is associated with the
epigenetic silencing of p57 expression in hematopoietic and
nonhematopoietic malignancies. Furthermore, this ‘‘proximal’’
region of the p57 promoter indirectly mediates the down-
regulation of p57 by EWS-FLI1 Ewing’s sarcoma-associated
fusion transcription factor (15), which is known to interfere with
TGF� signaling (39). Although Smad3 stimulates p57 reporter
gene activation, there is neither a consensus Smad-binding
element nor an E-box located between �165 and �77 of the p57
promoter. It is possible that a TGF�-activated Smad complex
contacts this region with the cooperation of a sequence specific
DNA-binding cofactor. The region does contain putative bind-
ing sites for several transcription factors (e.g., Sp1, YY1, and
RUNX1) that are known to interact with Smads as well as
binding sites for other transcription factors known to play
important roles in hematopoiesis (including C�EBP�, EGR1,
WT-1, ICSBP, and NRF1). Whether any of these proteins is

Fig. 4. Activation of the p57 promoter by TGF� signaling requires a highly
conserved region upstream of the TATA-box. (A) Schematic diagram of the
p57 promoter indicating nine canonical Smad-binding elements (CAGAC,
represented as small ovals) and the restriction sites used for generating the
truncation mutations used for this analysis. Also indicated is a GC-rich region
located between �165 and �77 that is highly conserved between the human,
rat, and murine p57 genes. (B) The full-length �2191KIP2 reporter was co-
transfected into HeLa cells in combination with Smad3, Smad4, and T�R-
I(T204D), as indicated. Relative luminescence units were normalized
�2191KIP2 reporter activity when cotransfected with pCMV5 alone. (C) The
indicated p57 reporter constructs were transfected into HeLa cells with either
pCMV5 or TGF� mediators [Smad3, Smad4, and T�R-I(T204D)]. Relative lumi-
nescence units were normalized as described for A. The numbers above each
set of bars indicate the fold increase in reporter activity induced by the
cotransfection of the TGF� mediators. (D) The p57 promoter constructs used
for these experiments are diagrammed (Left). The indicated p57 reporter
constructs were transfected into HeLa cells with either pCMV5 or TGF� me-
diators [Smad3, Smad4, and T�R-I(T204D)]. (Right) The fold increase in re-
porter activity with cotransfection of the TGF� mediators compared to the
reporter activity in the presence of pCMV5. All error bars represent the
standard errors of measurements from two to four independent experiments
each carried out in triplicate.

Fig. 5. Up-regulation of p57 is required for the TGF�-induced cell cycle
inhibition of hematopoietic cells. M091 were transfected with siRNA directed
against either EGFP or p57 mRNA. (A) The effect of the indicated siRNA on
EGFP expression was assessed by flow cytometry by using M091-MIGR1 cells
that constitutively express EGFP from the MSCV LTR. Presented is the mean
fluorescence normalized to untransfected control cells (not shown). (B) �091
cells were transfected with the indicated siRNA, and split into equal portions,
half of which were treated with TGF� (200 pM) for 4 h before Western blot.
The �-tubulin control is shown to demonstrate equal protein loading in all
lanes. (C) The fold change in M091 cell numbers after transfection with the
indicated siRNA is shown in the presence or absence of TGF� (200 pM) for 24 h.
Error bars represent the standard error of three independent experiments.
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involved in the regulation of p57 expression in hematopoietic
cells remains to be elucidated.

We used siRNA to knock-down expression of p57 and ob-
served marked reduction in the cytostatic response to TGF�,
indicating that p57 is a critical downstream mediator of TGF� in
these hematopoietic cells. M091 cells proliferate more rapidly
after p57 levels are knocked down with siRNA. We have twice
observed spontaneous silencing of p57 expression by promoter
hypermethylation (data not shown) after M091 cells were main-
tained in continuous cell culture for 10–14 months. Both of these
sublines proliferated more rapidly than the parental M091 cell
line, implicating reduced p57 expression in the biological selec-
tion of more rapidly growing hematopoietic cells. As we had
observed with siRNA knockdown of p57 expression, both of the
M091 sublines that had acquired silencing of p57 expression
through promoter hypermethylation lost much of their cytostatic
response to TGF�.

p57 is a putative tumor-suppressor gene with an established
role in the cancer-predisposing Beckwith–Wiedemann Syn-
drome as well as a postulated role in several hematopoietic
malignancies (9–11, 40–44). Hematopoietic stem and progenitor
cells possess a vast proliferative capacity, making it surprising
that the p57 gene is imprinted, with one allele silenced since early
embryogenesis. In vitro experiments have demonstrated that p57

can suppress oncogene-mediated transformation of primary
cells (41), suggesting that interference with the expressed p57
allele could serve as a ‘‘second hit’’ during oncogenesis. Indeed,
this may occur during the transformation of chronic myeloge-
nous leukemia from the indolent chronic phase to the aggressive
blast crisis during which the expression of p57, but not other
CDKIs, is silenced (12).

Despite the many effects TGF� exerts on cells, cancer cells
most commonly acquire the ability to escape from TGF�-
mediated cytostasis (3). TGF�-induced cell cycle arrest of
hematopoietic cells depends upon the up-regulation of the
CDKI, p57. This suggests that the frequent silencing of p57
expression seen in myeloid and lymphoid hematopoietic malig-
nancies significantly contributes to their transformation.
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