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Abstract
Malignant transformation often leads to both loss of normal proliferation control and inhibition of
cell differentiation. Some tumor cells can be stimulated to reenter their differentiation program and
to undergo terminal growth arrest. The in vitro differentiation of mouse erythroleukemia (MEL)
cells is an important example of tumor cell reprogramming. MEL cells are malignant erythroblasts
that are blocked from differentiating into mature RBC due to dysregulated expression of the
transcription factor PU.1, which binds to and represses GATA-1, the major transcriptional
regulator of erythropoiesis. We used RNA interference to ask whether inhibiting PU.1 synthesis
was sufficient to cause MEL cells to lose their malignant properties. We report here that
transfection of MEL cells with a PU.1-specific short interfering RNA oligonucleotide causes the
cells to resume erythroid differentiation, accumulate hemoglobin, and undergo terminal growth
arrest. RNA interference directed at specific, aberrantly expressed transcription factors may hold
promise for the development of potent antitumor therapies in other hematologic malignancies.

Introduction
Most cancers are characterized by both loss of normal cell division controls and features of
immature cells owing to a block in completing their normal differentiation program.
Identifying ways to reestablish proliferation controls and differentiation in such malignant
cells may lead to new approaches to cancer therapy. Even though tumor cells are usually
blocked at an early or intermediate stage of differentiation, treating them with certain agents
can sometimes cause them to reenter their normal differentiation program. Resumption of
differentiation by such cells can lead to terminal cell division and loss of tumorigenicity (1).

Friend virus–induced erythroleukemias of mice have served as important model-for
understanding the multistep aspects of leukemia development (2–4). The permanent murine
erythroleukemia (MEL) cell lines that can be established from such mice (5, 6) have also
stimulated interest in approaches to cancer therapy based on forced differentiation of tumor
cells. MEL cells are blocked at about the proerythroblast stage of RBC development.
However, treating MEL cells with various chemical agents causes the cells to resume
erythroid differentiation, accumulate hemoglobin, and undergo terminal cell divisions and
growth arrest (7). To date, three events have been associated with the generation of
malignant erythroid cells in Friend virus–infected mice (3). The early stage of the disease is
characterized by polyclonal proliferation of nonleukemic erythroid progenitors. Proliferation
of the cells is caused by interaction of a virus-encoded 55-kDa fusion glycoprotein (gp55)
with the erythropoietin (Epo) receptor, triggering constitutive activation of mitogenic
signaling. gp55 and the Epo receptor can form a complex with the short form of the tyrosine
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kinase STK (sf-STK), resulting in phosphorylation of sf-STK and its association with signal-
transducing molecules (8). Because erythroid cells from spleen focus-forming virus–
susceptible (but not resistant) mice express sf-STK (8), this kinase may mediate Epo-
independent proliferation of Friend virus–infected cells. Subsequently, clonal or oligoclonal
malignant cells emerge. This stage is associated with two additional genetic events:
inactivation of p53 (9–11) and proviral insertions at the Spi-1 locus that encodes the PU.1
transcription factor (12–15). Integration of the provirus does not disrupt PU.1 expression.
Instead, it activates or deregulates PU.1 synthesis in erythroid precursors, in which PU.1 is
ordinarily expressed at a low level. PU.1 is an Ets family transcription factor that plays key
roles in the development of monocytic, granulocytic, and B lymphoid lineages (16, 17).
However, it does not have an established role in the normal development of the erythroid
lineage. The causative oncogenic role of PU.1 in erythroleukemogenesis is further supported
by the finding that expressing an exogenous PU.1 gene in erythroid cells in transgenic mice
leads to erythroleukemia (18–20) and by experiments showing that a PU.1-encoding
retrovirus can immortalize erythroblasts in long-term bone marrow cultures (20).

Recently, the role of PU.1 in blocking erythroid differentiation in MEL tumor cells has been
elucidated. One of the early events occurring during chemically induced differentiation of
MEL cells is a marked decline in the level of PU.1 (21 –24). This decline is necessary for
the reentry of the cells into the differentiation program because transfecting the cells with
expression vectors encoding exogenous PU.1 blocks induced differentiation (23). The
molecular mechanism by which PU.1 blocks erythroid differentiation is now fairly well
understood. MEL blasts contain substantial levels of GATA-1 as well as other transcription
factors involved in erythropoiesis, and yet, they are blocked from differentiating. PU.1 binds
directly to and inhibits the transcriptional activity of GATA-1, the major transcription factor
required for erythroid differentiation (25, 26). Recent evidence indicates that GATA-1 is
bound to its target genes in the MEL blasts but that PU.1 binds to it on DNA and recruits a
protein complex, including a histone methyltransferase, that creates a repressive chromatin
structure in the vicinity of the GATA-1 target genes (27, 28).

Thus, the current view of the status of the malignant MEL tumor cell is that it is poised for
differentiation, but because of the presence of abnormally high levels of PU.1, it is blocked
from undergoing terminal differentiation and is instead locked into a program of
uncontrolled proliferation. Based on this view, we recently described a strategy for
overcoming PU.1-mediated inhibition of GATA-1 by providing the cells with additional
GATA-1 in a conditionally active form. Activation of the exogenous GATA-1 causes the
cells to resume erythroid differentiation and undergo terminal cell division (29). These
results suggest that simply changing the relative stoichiometry of PU.1 to GATA-1 in the
cells in favor of GATA-1 might lead to the reversal of their malignant phenotype.

The advent of RNA interference techniques provides a much more practical approach to
cancer therapy compared with expressing exogenous transcription factors in tumor cells. In
this report, we used RNA interference to ask whether inhibiting PU.1 synthesis in MEL
tumor cells is sufficient to cause the cells to lose their malignant properties. We found that
treating the cells with a PU.1-specific short interfering RNA (siRNA) oligonucleotide causes
them to reenter the erythroid differentiation program and undergo terminal arrest. Because
hematologic malignancies in humans are often associated with alterations in the structure or
regulation of a specific transcription factor, our results suggest that RNA interference
directed at inhibiting the synthesis of such factors might lead to the development of potent
antitumor therapy.
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Results
Transient Inhibition of PU.1 Synthesis Induces Hemoglobin Accumulation in
Erythroleukemia Cells

To determine whether blocking PU.1 synthesis is sufficient to induce erythroid
differentiation in MEL cells, we sought to establish conditions for reducing PU.1 levels in
the cells by transfecting them with a siRNA oligonucleotide directed against PU.1 mRNA.
The effectiveness of a single siRNA treatment of cells in reducing target protein levels
depends on many factors, of which the half-life of the protein of interest is one of the most
critical. The treatment will be more effective if the half-life of the target protein is short in
relation to the time required for maximal siRNA-induced degradation of the target mRNA
sequence. To determine the half-life of PU.1 in MEL cells, we carried out a pulse-chase
experiment. MEL cells were labeled with 35S-methionine for 15 min, and the cells were then
transferred to medium containing excess unlabeled methionine. At various times thereafter,
cell extracts were prepared, and the relative amounts of radioactivity in PU.1 were measured
by immunoprecipitation with anti-PU.1 antibody followed by denaturing PAGE and
quantitation of radioactivity in the PU.1 band by phosphorimaging (Fig. 1). The rate of loss
of radioactivity in PU.1 during the chase period indicates that the half-life of PU.1 in MEL
cells is ~2.4 h, suggesting that the protein will disappear fairly rapidly once PU.1 mRNA is
degraded by siRNA treatment.

To determine whether a siRNA oligonucleotide directed against PU.1 mRNA can reduce the
PU.1 protein level in MEL cells, we designed a PU.1-specific siRNA sequence using
guidelines recommended by Reynolds et al. (30). These criteria, which include a lower
internal stability at the 5′ antisense end, theoretically facilitate siRNA duplex unwinding and
maximize strand retention by the RNA-induced silencing complex. Experiments were
carried out in both MEL cells and in a MEL-transfected cell line (GATA-1-ER MEL) that
expresses an exogenous GATA-1-ER fusion protein in which GATA-1 is fused to the
ligand-binding domain of the estrogen receptor. We showed previously that in the absence
of estrogen, these cells behave like untransfected MEL cells (29). However, in the presence
of 10−7 mol/L of 17β-estradiol, the GATA-1-ER protein is activated, stimulating the
transcription of GATA-1 target genes and inducing terminal erythroid differentiation. We
also showed that estrogen treatment of GATA-1-ER MEL cells causes a rapid reduction of
PU.1 (29), probably because the increase in active GATA-1 represses PU.1’s ability to
stimulate its own gene transcription (31, 32). These results indicate that increasing the
concentration of active GATA-1 relative to PU.1 in MEL cells strongly favors erythroid
differentiation. The question we wished to address is whether the same result can be
achieved by simply decreasing the concentration of PU.1 by RNA interference.

Cells were treated for 26 h with various concentrations of a PU.1-specific siRNA or a
control siRNA, and the levels of PU.1 were determined at the end of the treatment by
immunoblotting. Increasing concentrations of PU.1 siRNA up to 160 nmol/L causes a
progressive decrease in PU.1 protein to a maximum 60% reduction (Fig. 2). The maximum
reduction caused by the PU.1 siRNA is similar to that induced by estrogen treatment for the
same time. To determine whether this reduction in PU.1 leads to derepression of hemoglobin
synthesis, cell extracts were analyzed for hemoglobin by immunoblotting. The progressive
decrease of PU.1 protein achieved with increasing concentrations of PU.1 siRNA leads to
the accumulation of increasing amounts of hemoglobin (Fig. 2). The amounts of hemoglobin
formed at the most effective concentrations of PU.1 siRNA (80 and 160 nmol/L) are slightly
greater than that achieved with estrogen treatment. Careful comparison of the amounts of
reduction in PU.1 level with the amounts of hemoglobin formed at various concentrations of
PU.1 siRNA suggests that there is a threshold reduction in PU.1 level necessary to allow
derepression of hemoglobin synthesis. For example, 80 nmol/L of PU.1 siRNA causes only
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a slightly greater reduction in PU.1 level than 10 nmol/L of PU.1 siRNA, but it allows much
more hemoglobin to be formed. This effect may reflect the high degree of sensitivity of the
proliferation versus differentiation decision in MEL cells to the relative stoichiometry of PU.
1 and GATA-1 in the cells.

Optimizing siRNA-Mediated Reduction in PU.1 and Induction of Hemoglobin Synthesis
MEL cells typically are induced to differentiate by continuous treatment with a chemical
inducing agent such as DMSO (7) or in the case of GATA-1-ER MEL cells, by continuous
treatment with estrogen (29). These inducing agents presumably remain active during the
entire differentiation period which usually occurs over 4 to 5 days. During this process, the
level of PU.1 declines significantly by 24 h and remains low thereafter (21–24). To ascertain
if a single siRNA transfection suppresses PU.1 for an extended period of time, PU.1 protein
levels were measured at various times after transfection. PU.1-siRNA treatment induces a
rapid decline in PU.1 protein, with the greatest reduction at 18 h (Fig. 3A). However, PU.1
protein subsequently increases, reaching the level of untreated cells by 72 h. Thus, a single
treatment with PU.1-siRNA does not cause an extended decline in PU.1 levels typical of
other differentiation induction protocols.

In an attempt to produce an extended reduction in PU.1 expression, we transfected GATA-1-
ER MEL cells with siRNA multiple times. An 18-h schedule for repeated transfections was
chosen because 18 h is the point of maximum reduction after a single siRNA transfection
(Fig. 3A). This retransfection strategy produces an extended reduction in PU.1 levels that
lasts for at least 90 h (Fig. 3B). The effect is specific because multiple transfections with the
control siRNA do not cause PU.1 proteins to decline.

We determined the effect of multiple PU.1-siRNA transfections on proliferation by cell
counting and the effect on differentiation by benzidine staining of the cells. Benzidine will
positively stain cells that express hemoglobin. For comparison, measurements were also
made on the GATA-1-ER MEL cells treated with 17β-estradiol. PU.1 siRNA treatment
causes a marked reduction in cell proliferation. (Fig. 4A). Compared with control siRNA-
treated cells that grow exponentially for 5 days with a doubling time of 9.9 h, PU.1 siRNA-
treated cells grow initially with a doubling time of 10.9 h. Their growth rate begins to
significantly decline at ~72 h, and by 5 days, they accumulate only 22% of the cell number
of the control siRNA-treated culture. Furthermore, ~15% of PU.1 siRNA-treated cells are
benzidine positive after 2 days and ~30% of the cells are positive at 3 to 5 days. In contrast,
control siRNA treatment produces very few benzidine-positive cells (Fig. 4B). The rapid
induction of differentiated cells by PU.1-siRNA treatment was confirmed by
immunoblotting cell extracts for hemoglobin (Fig. 4C). By comparison, estrogen treatment
of the GATA-1-ER MEL cells produces a more gradual accumulation of benzidine-positive
cells and hemoglobin (Fig. 4B and C). However, estrogen treatment causes substantially
more cells to differentiate and a concomitant greater reduction in cell proliferation (Fig. 4A).
These results indicate that reducing PU.1 proteins by specific siRNA treatment is sufficient
to induce substantial cell differentiation and hemoglobin accumulation.

As a further check on the specificity of the PU.1 siRNA treatment, we sought to determine if
expression of excess PU.1 would counteract the effects of the PU.1 siRNA oligonucleotide.
For this purpose, we used a transfected MEL cell line that stably expresses an exogenous
PU.1 protein (PU.1-MEL cells), in addition to endogenous PU.1 (23). The total level of PU.
1 in these cells is several times that in MEL cells (Fig. 5A). PU.1 siRNA treatment of these
cells does reduce the level of PU.1, but the resulting level is considerably higher than that in
siRNA-treated MEL cells (Fig. 5A). Moreover, the siRNA treatment of these cells fails to
induce significant levels of hemoglobin. These results strongly support the view that
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induction of differentiation by PU.1-siRNA treatment is due specifically to a reduction in
the level of PU.1 in the cells and not due to off-target effects.

Inhibition of PU.1 Synthesis Leads to Terminal Cell Division
An important feature of the in vitro differentiation of MEL cells is that it initially leads to
the production of cells that are not overtly differentiated but are irreversibly committed to
differentiate (33). These committed cells no longer require the presence of the inducing
stimulus to execute the terminal differentiation program. In contrast to untreated MEL cells
that have unlimited proliferative potential, the committed cells can undergo a maximum of
five to six cell divisions, similar to normal erythroid precursors. To determine if PU.1
siRNA treatment causes MEL cells to undergo irreversible commitment to terminal
differentiation, we treated cells with PU.1 siRNA for various periods of time and then plated
them in plasma clots in the absence of siRNA. PU.1 siRNA treatment causes up to 55% of
the cells to form small, hemoglobinized colonies in plasma clots (Fig. 6). Importantly, all
cells positive for hemoglobin form small colonies, indicating that hemoglobin production
and terminal growth arrest are coupled in cells treated with PU.1 siRNA. In contrast, cells
treated with the control siRNA form only very large, nonhemoglobinized colonies, typical of
uncommitted MEL cells. These results indicate that PU.1 siRNA treatment induces not only
hemoglobin synthesis, but also causes the cells to switch irreversibly into the terminal
differentiation program.

Reprogramming by PU.1 siRNA Occurs Preferentially in G1 Phase of the Cell Cycle
We have shown previously that MEL cells can be induced to differentiate by inhibiting
specific cyclin-dependent kinases and that the sensitive period for induction is restricted to
the G1 phase of the cell cycle. To determine whether cell cycle phase plays a role in the
differentiation triggered by PU.1 siRNA treatment, we prepared cells at various stages of the
cell cycle by centrifugal elutriation, a method that separates cells by their size, which
correlates with their position in the cell cycle (34, 35). Fractions containing high percentages
of cells at particular stages of the cell cycle were collected. For example, almost 100% of the
cells in fraction 3 were originally in S phase, whereas fractions 4 and 6 were initially
composed of some cells in S and most in G2-M phase. These samples were treated with the
PU.1 siRNA for 18 h, a period of time during which the PU.1 level reaches a minimum
value (Fig. 3A). The cell cycle distribution of each of the fractions was then determined by
FACScan. Samples containing a high percentage of cells in G1 (55%), S (66%) or G2-M
(54%) were chosen for further analysis (Fig. 7B). The amount of hemoglobin formed by
each of these three cell samples was determined after 4 days of further incubation in the
absence of PU.1 siRNA. Cell fractions enriched in G1 after PU.1 siRNA treatment were able
to produce larger amounts of hemoglobin than cell fractions enriched in other cell cycle
phases (Fig. 7B). Similar results were obtained by first treating cells with PU.1 siRNA for
18 h, then sorting them into G1, S and G2-M populations and examining them 4 days later
for hemoglobin content (data not shown). The greater ability of cells in G1 to produce
hemoglobin upon PU.1 siRNA treatment is not due to different efficiencies of PU.1 siRNA-
induced knockdown of PU.1 in G1 versus S and G2-M phase cells because PU.1 siRNA
suppresses PU.1 protein to very similar levels (9–10% of control) in different phases of the
cell cycle (data not shown). These results indicate that upon inhibition of PU.1 by specific
siRNA treatment, cells lying in G1 phase have a higher probability of differentiating, similar
to our earlier observations with the induction of differentiation by cell cycle inhibitors (34).

Discussion
There is now an increasing appreciation that many transcription factors interact with one
another through direct protein-protein contacts, the consequences of which can positively or
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negatively affect the activity of the factors depending on the specific proteins involved and
the cellular context. PU.1 and GATA-1 are two key hematopoietic transcription factors
whose interaction results in the repression of each factor’s transcriptional activity (25, 26).
Thus, in cells that express both factors simultaneously, the stoichiometry of the two factors
is expected to determine which transcriptional program, the myeloid program directed by
PU.1 or the erythroid program directed by GATA-1, will predominate. Indeed, Nerlov and
Graf showed that the stoichiometry of PU.1 and GATA-1 is important in determining the
differentiation status of avian multipotential precursor cells (36), and we showed that the
stoichiometry of the two factors is important in erythropoiesis in Xenopus embryos (25).
Increasing evidence suggests that multipotential hematopoietic progenitors express a
“promiscuous” gene expression program encompassing subsets of genes expressed by their
numerous lineage-restricted progeny (37, 38). The ability of PU.1 to repress GATA-1 seems
to be important in extinguishing the low-level erythroid gene expression that is present in
multipotential progenitors as they differentiate into macrophages (27).

Perturbing the balance between PU.1 and GATA-1 can also contribute to leukemia
development. Proviral insertions at the PU.1 locus, leading to deregulation of PU.1
synthesis, occur in at least 95% of erythroleukemias in Friend virus–infected mice (12).
Therefore, MEL cells express a high level of PU.1, relative to GATA-1, that inhibits their
further differentiation into more mature erythroid cells. A wide variety of chemical agents
have been discovered that can induce the cells to overcome this block, but in most cases,
their mechanisms of action are not known (7, 39). Nevertheless, we recently showed that
stable transfection of MEL cells with an expression vector encoding a conditionally active
form of GATA-1 (GA TA-1-ER) causes the cells to resume erythroid differentiation and
undergo terminal cell division (29). These results suggest that changing the stoichiometry of
PU.1 and GATA-1 in MEL cells in favor of GATA-1 is sufficient to cause them to lose their
malignant properties. However, additional exogenous GATA-1 may have many actions in
MEL cells beyond counteracting PU.1. Furthermore, as a cancer therapy, expression of
exogenous transcription factors in tumor cells has numerous obstacles. Therefore, we turned
to RNA interference to ask whether inhibiting PU.1 synthesis in MEL cells is sufficient to
cause them to undergo terminal erythroid differentiation, including growth arrest.

We found that careful optimization of siRNA concentration and frequency of siRNA
delivery is necessary to induce a large percentage of the cells to undergo erythroid
differentiation. This is likely due to the fact that after a single treatment with PU.1 siRNA,
the PU.1 protein level begins to increase after ~18 h (Fig. 3A). Previous studies have shown
that induction of MEL cell differentiation is a stochastic process in which an increasing
number of cells are committed to differentiate depending on inducer type, inducer
concentration, and time of exposure (33). In most induction protocols, cells are continually
exposed to the inducer. Therefore, we reasoned that a retransfection strategy might be
useful, and we chose an 18-h schedule, because after 18 h of a single PU.1-siRNA
transfection, the PU.1 level begins to increase. The retransfection strategy produced an
extended reduction in PU.1 protein that lasts at least 90 h (Fig. 3B). It also leads to
substantial hemoglobin accumulation in the cells, ~30% of which stain positive with
benzidine, and a marked reduction in cell proliferation (Fig. 4). By comparison, activation of
the GATA-1-ER fusion protein by estrogen treatment of these cells produces a somewhat
slower accumulation of hemoglobin, but ultimately, more benzidine-positive cells and a
concomitant greater reduction in cell proliferation. The reason for the difference in the
percentage of cells undergoing differentiation with the two treatments is not clear. It is
possible that the discrepancy is due to a difference in the GATA-1/PU.1 ratio produced in
the cells by the two methods. Another possibility is that the kinetics of PU.1 suppression
may differ between the two treatments. Perhaps stable transfection of the cells with a PU.1-
siRNA expression vector would be more effective than treatment with exogenous siRNA

Papetti and Skoultchi Page 6

Mol Cancer Res. Author manuscript; available in PMC 2011 October 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



oligonucleotides. It is also possible that GATA-1 activation results in a greater transient
prolongation in the G1 phase of the cell cycle than that mediated by PU.1 siRNA. This
prolongation occurs upon chemical induction of MEL cell differentiation and has been
suggested to allow the progression of events critical for the commitment to differentiation
(40, 41). Indeed, we showed that the cyclin-dependent kinase inhibitor p21 is only effective
at inducing MEL cell differentiation during G1 phase (34). Therefore, GATA-1 activation
may be more effective than PU.1 siRNA treatment at inducing other events, in addition to
PU.1 suppression, that are necessary for differentiation.

An important goal of the current work is to determine whether specific reduction of the PU.1
level in MEL cells is sufficient to cause the cells to reenter their terminal differentiation
program including growth arrest. Previous attempts to inhibit PU.1 synthesis in MEL cells
have produced variable results. Delgado et al. found that reducing the PU.1 level by treating
MEL cells with three doses of PU.1-specific antisense RNA (at 0, 5, and 15 h) leads to a
decrease in proliferation but does not cause the accumulation of hemoglobin as measured by
benzidine staining (24). Atar and Levi showed that MEL cells transfected with a retroviral
DNA construct encoding a PU.1 siRNA accumulate hemoglobin and exhibit reduced growth
(42). The antisense and siRNA constructs used in both studies each targets a region of PU.1
coding sequence distinct from that targeted by the PU.1 siRNA used in the current work.
Neither study determined whether any of the PU.1-suppressed cells had actually undergone
terminal cell division. Likewise, we recently reported that the same PU.1 siRNA used in the
current work can induce the acquisition of an active chromatin structure and derepression of
transcription of GATA-1 target genes previously repressed by PU.1 (27); however, our
studies did not address the issue of terminal differentiation and growth arrest. The only
definitive way to ascertain these properties is to determine the fate of individual cells in
colony formation assays carried out in the absence of the siRNA following treatment of the
cells with the siRNA. To this end, we used the plasma clot assay originally devised to
characterize the differentiation potential of hematopoietic progenitors (43). The advantage of
this assay is that it allows a determination of both the differentiation state and proliferative
capacity of the progeny of single cells. Typically, MEL cells that are irreversibly committed
to differentiate give rise to small (32–64 cells) colonies in which all cells stain positive with
benzidine. The colonies are similar in size to those produced by committed erythroid
progenitors, CFU-E, in the plasma clot assay. On the other hand, uncommitted MEL cells,
exhibiting properties of the original tumor line, produce very large colonies with unlimited
proliferative potential. Using the plasma clot assay, we found that up to 55% of PU.1-
siRNA–treated MEL cells produce small, hemoglobinized colonies (Fig. 6), indicating that
the cells had resumed their terminal differentiation program. Note that the cells giving rise to
these small colonies are not in terminal arrest at the time of their plating in plasma clot, but
their proliferative potential, like that of normal CFU-E, is limited to five to six cell divisions.
We conclude that merely depleting the level of PU.1 in MEL cells is sufficient to cause the
cells to switch their fate and to lose their malignant properties. This commitment to
differentiation, including both the expression of differentiation-specific phenotypic markers
as well as terminal growth arrest, is a key issue in tumor therapy. Induction of death or
differentiation, not merely growth suppression, in tumors would ensure the irreversibility of
the conversion to a noncancerous state.

Whereas overexpression of PU.1 in erythroid cells blocks differentiation and promotes
erythroleukemic transformation, reduced expression of PU.1 in mice has been associated
with the development of leukemia in myeloid cells (44, 45), and heterozygous mutations in
PU.1 have been reported in some patients with acute myeloid leukemia (46). In myeloid
leukemia cells that express an AML1-ETO fusion protein, PU.1 activity is reduced, and
overexpression of exogenous PU.1 in such cells induces monocytic differentiation (47).
Likewise, the expression of the PML-RARα fusion protein in acute promyelocytic leukemia
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reduces PU.1 expression, and restoration of PU.1 expression in acute promyelocytic
leukemia cells induces neutrophil differentiation. Furthermore, treatment of acute
promyelocytic leukemia cells with all-trans retinoic acid increases PU.1 levels and induces
neutrophil differentiation, whereas reduction of PU.1 by siRNA treatment blocks all-trans
retinoic acid–induced differentiation (48). Therefore, in both erythroid and myeloid lineages,
abnormally high or low levels of PU.1, respectively, could contribute to the development of
leukemia, and restoration of normal PU.1 expression drives differentiation.

The studies reported here strongly support the concept that the levels of certain transcription
factors are an important determinant of the proliferation versus differentiation decision in
leukemia and other types of malignant cells. Thus, siRNA inhibition of the synthesis of
specific transcription factors may be a viable strategy for differentiation therapy in
hematologic malignancies. In this context, we also wish to emphasize that a combination of
therapeutic siRNAs may be useful. The effect of PU.1 siRNA in MEL cells is greatest in the
G1 phase of the cell cycle (Fig. 7). This result is consistent with our earlier finding that MEL
cells can be reprogrammed to terminal differentiation by inhibiting specific cyclin-
dependent kinases in G1 phase (34). These results suggest that perhaps a combination of
siRNAs, some directed at appropriate transcription factors and others directed at certain pro-
proliferative G1 cyclin-dependent kinases, may synergize to cause tumor cells to undergo
terminal growth arrest.

Materials and Methods
Cell Culture

Clone DS19 MEL cells were grown at 37°C, 10% CO2 in DMEM supplemented with 10%
fetal bovine serum, 2 mmol/L of L-glutamine, 100 units/mL of penicillin, and 100 µg/mL of
streptomycin. MEL cells stably expressing GATA-1 fused to the ligand-binding domain of
the estrogen receptor (GATA-1/ER MEL cells) were generated, cultured, and induced to
differentiate as described previously (29). Cell growth was measured by counting aliquots of
the cultures with a model Zf Coulter counter (Coulter Electronics). Benzidine staining for
hemoglobinized cells was done as described previously (49). Briefly, 4 µL of 30% hydrogen
peroxide was added to 200 µL of 0.2% benzidine dihydrochloride/3% glacial acetic acid.
This mixture was added to 200 µL of a cell suspension in a 24-well plate. After 10 min, the
percentage of benzidine-positive (blue) cells was determined by examining at least 100 cells
by bright-field light microscopy.

Determination of PU.1 Half-life
MEL cells (2 × 107) were washed twice and incubated in 4 mL of labeling medium
(methionine-deficient DMEM supplemented with 10% fetal bovine serum) for 15 min at
37°C to deplete intracellular methionine pools. Cells were centrifuged, resuspended in 2 mL
of labeling medium + 100 µCi/mL of 35S-methionine (New England Nuclear) and incubated
for 15 min at 37°C. To stop the incorporation of labeled methionine, 4 mL of chase medium
(methionine-deficient DMEM supplemented with 15 mg/L methionine + 10% fetal bovine
serum) was added. After centrifugation and washing with 10 mL of chase medium, the cells
were resuspended in 40 mL of chase medium and incubated at 37°C. Four-milliliter aliquots
were removed after 15 and 30 min, and 1, 2, 4.5, 6.5, 12, and 24 h, and cell pellets were
frozen at −80°C. Frozen cells were lysed by resuspending in 1 mL of
radioimmunoprecipitation assay buffer [150 mmol/L NaCl, 30 mmol/L Tris (pH 8.0), 0.1%
SDS, 0.5% sodium deoxycholate, 1% NP40] + protease inhibitors (pepstatin, leupeptin,
aprotinin, phenylmethylsulfonyl fluoride) and rotating at 4°C for 1 h. For
immunoprecipitation of PU.1, 200 µL of each lysate was precleared with 10 µL protein A/
agarose (Repligen Corp.) for 1 h at 4°C. Meanwhile, 200 µL of protein A/agarose was
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incubated with 100 µL of anti-PU.1 (20 µg, clone T-21; Santa Cruz Biotechnology) for 1 h
at room temperature and washed once with radioimmunoprecipitation assay buffer. Ten
microliters of antibody/agarose complexes (containing 1 µg of anti-PU.1) were incubated
with each precleared lysate at 4°C for 16 h, washed four times with 0.5 mL/wash of radio-
immunoprecipitation assay buffer and washed once with 0.5 mL of 30 mmol/L Tris (pH
8.0), and 50 mmol/L of NaCl. Immunocomplexes were resuspended in 50 µL of loading
buffer (4% SDS, 20% glycerol, 100 mmol/L Tris (pH 7.5), and 200 mmol/L DTT) and
separated by SDS-PAGE. The gel was fixed for 1 h in 50% methanol/10% acetic acid,
rinsed 15 min in distilled water, incubated 1 h in 1 mol/L sodium salicylate, dried, and
exposed to a phosphorimaging screen (Molecular Dynamics, Sunnyvale, CA) for 3 days.
The screen was read by a Storm 860 Phosphorimager (Molecular Dynamics), and
radioactivity in the PU.1 bands was quantitated with ImageQuant software. The time at
which 50% of the original radioactivity in PU.1 remained was designated the half-life of PU.
1.

Plasma Clot Assay
Plasma clot assays were done essentially as described (43). Briefly, GATA-1-ER cells
treated with either PU.1 or control siRNA for various periods of time were washed once in
DMEM and plated in plasma clots consisting of the following assembled in 96-well
microtiter plates: 100 µL of 0.2 mg/mL L-asparagine; 100 µL of 10 units/mL thrombin
(Amersham); 200 µL of heat inactivated fetal bovine serum (Gemini Bioproducts); 100 µL
of 10% bovine serum albumin (Fraction V, Sigma); 300 µL of DMEM, 100 µL of treated
cells (200–500 cells); 100 µL of citrated bovine plasma (Animal Technologies). The clots
were allowed to form for 5 to 10 min at room temperature resulting in a single-cell
suspension. Plasma clots were incubated at 37°C, 10% CO2 for 4 days, then transferred to
glass slides as follows: each clot was incubated with 8 drops of 5% glutaraldehyde (Electron
Microscopy Sciences)/PBS at room temperature for 20 min. The clots were then scooped
from the wells and placed onto glass slides. Approximately two more drops of 5%
glutaraldehyde/PBS were added to each clot, and a piece of Whatman no. 1 filter paper was
carefully placed on top of the clots. Another piece of Whatman no. 1 filter paper was placed
on top of the first and removed just as it became saturated with glutaraldehyde. The clots
were allowed to dehydrate at room temperature for 12 to 15 min and then the remaining
piece of Whatman filter paper was carefully removed. The slides were rinsed with distilled
water for 8 min and then completely dried with a stream of air. The slides were stained with
1% O-dianisidine/100% methanol for 5 min followed by 2.5% hydrogen peroxide in 70%
ethanol for 5 min, rinsed with distilled water for 1 min, and counterstained with Harris’
modified hematoxylin for 2 min. Cells committed to differentiation formed small orange
colonies of 8 to 50 cells whereas uncommitted cells formed large blue colonies containing
hundreds of cells.

Western Blotting
Cells were centrifuged, and the pellets were frozen at −80°C. Cell pellets were resuspended
in sonication buffer [50 mmol/L HEPES (pH 7.5), 150 mmol/L NaCl, 1 mmol/L EDTA (pH
8.0), 2.5 mmol/L EGTA (pH 7.2), 1 mmol/L DTT, 0.1% Tween 20, 10% gylcerol; 10 mmol/
L β-glycerophosphate] + complete protease inhibitor cocktail (Roche) at ~106 cells per 300
µL and sonicated on ice with three pulses of 20 s at 15% to 20% output with intervening
pauses of 30 s on a Model 500 Sonic Dismembrator (Fisher Scientific) equipped with a
microtip (Branson). Cell extracts were centrifuged at 20,817 rcf at 4°C, and proteins in the
supernatants were separated by SDS-PAGE and transferred to nitrocellulose with a Trans-
Blot SD Semi-Dry Transfer Cell (Bio-Rad Laboratories) for 1 h at 15 V. Membranes were
blocked for 1 h at room temperature or overnight at 4°C in Odyssey blocking buffer (LiCor
Biosciences). Immunodetection was done by incubating blocked membranes with primary
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antibody for 1.5 to 2 h at room temperature followed by incubation with secondary antibody
(1:10,000 goat anti-rabbit IgG-IR Dye 800; Rockland Immunochemicals) for 1 h at room
temperature. Primary antibodies used were as follows: 1:1,000 rabbit anti-hemoglobin
(ICN), 1:1,000 rabbit anti–glyceraldehyde-3-phosphate dehydrogenase (Abcam), and 1:500
rabbit anti-PU.1 (NH2-terminal epitope, a generous gift from Dr. Francoise Moreau-
Gachelin, Institut Curie, INSERM U528, Paris, France). Membranes were scanned by an IR
imaging system (LiCor) with Odyssey software (LiCor).

siRNA Transfection
A double-stranded RNA oligo targeting PU.1 (5′-GGAGGUGUCUGAUGGAGAA-3′) was
designed using GeneScript1 and Dharmacon2 siRNA design tools. An oligo consisting of a
mutated Snf2h sequence (5′-GAGGAUAGGGAAGAGCUAU-3′; ref. 50) was used as a
control. All siRNA oligos were synthesized by Qiagen and contained 3′ dTdT overhangs.
Cells were transfected as follows (per well of a six-well plate): 105 cells were plated in 800
µL of antibiotic-free DMEM supplemented with 10% fetal bovine serum. Four microliters
of a 20 µmol/L siRNA oligo stock diluted to 185 µL with DMEM and 4 µL of
Oligofectamine (Invitrogen) diluted to 15 µL with DMEM were incubated separately at
room temperature for 5 min. The two mixtures were combined and incubated at room
temperature for an additional 20 min. The siRNA-Oligofectamine mixtures were then added
dropwise to cells in the well. Different concentrations of oligos were used for optimization
experiments, but for subsequent studies, the optimal final concentration of 80 nmol/L was
used. For retransfection experiments, cells were first incubated with siRNA-Oligofectamine
for 18 h. The cells were counted, and 105 cells were centrifuged, resuspended in 800 µL of
DMEM supplemented with 10% fetal bovine serum, reseeded in a new well of a six-well
plate, and transfected with newly prepared siRNA-Oligofectamine mixtures as described
above. The retransfection procedure was repeated every 18 h up to 3 to 5 days.
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FIGURE 1.
Determination of PU.1 half-life in MEL cells. A. MEL cells were pulse-labeled with 100
µCi/mL of 35S-methionine for 15 min and chased in the presence of excess unlabeled
methionine for the times indicated. Extracts of labeled cells were prepared with
radioimmunoprecipitation assay buffer and immunoprecipitated with 1 µg of anti-PU.1.
Immunoprecipitated complexes were separated by SDS-PAGE, and the dried gel was
analyzed with a phosphorimager. B. Quantitation of radioactivity remaining in PU.1-specific
immunoprecipitated complexes.

Papetti and Skoultchi Page 14

Mol Cancer Res. Author manuscript; available in PMC 2011 October 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
PU.1 siRNA treatment suppresses PU.1 protein levels and induces hemoglobin expression.
GATA-1-ER MEL cells were treated with 10−7 mol/L of β-estradiol or transiently
transfected with a double-stranded PU.1 siRNA or control siRNA at the concentrations
indicated for 26 h. Cell extracts were prepared by sonication, separated by SDS-PAGE, and
immunoblotted for PU.1 (20 µg/lane; A) or hemoglobin (9 µg/lane; B). C. Quantitation of
PU.1 and hemoglobin immunoblot band intensities.
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FIGURE 3.
PU.1 siRNA treatment induces a transient suppression of PU.1 protein levels. A. GATA-1-
ER MEL cells were transfected once with 80 nmol/L of PU.1 siRNA. Cell extracts were
prepared by sonication at the indicated times, separated by SDS-PAGE (20 µg/lane), and
immunoblotted for PU.1. B. GATA-1-ER MEL cells were repeatedly transfected with PU.1
siRNA or control siRNA as described in (A) every 18 h. Extracts of the cells were prepared
by sonication at the indicated times, separated by SDS-PAGE and immunoblotted for PU.1.
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FIGURE 4.
PU.1 siRNA treatment inhibits cell growth and induces sustained hemoglobin expression.
GATA-1-ER MEL cells were treated once with 10−7 mol/L of β-estradiol or repeatedly
transfected with 80 nmol/L of PU.1-siRNA or control siRNA every 18 h. Cumulative cell
numbers (A) and benzidine-positive cells (B) were measured at 24-h intervals during the
treatment. For control siRNA, benzidinepositive cells are <1% at each time point and
therefore do not register on the graph. C. Cell extracts from estradiol-, PU.1 siRNA-, or
control siRNA – treated cells were prepared by sonication at the indicated times, separated
by SDS-PAGE (5 µg/lane) and, immunoblotted for hemoglobin.
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FIGURE 5.
PU.1 siRNA-induced hemoglobin expression is blocked by exogenous PU.1. A. Parental
MEL cells or MEL stable transfectants constitutively overexpressing PU.1 (PU.1-MEL)
were transfected once with 80 nmol/L PU.1 siRNA or control siRNA. Eighteen hours after
transfection, cell extracts were prepared by sonication, separated by SDS-PAGE (20 µg/
lane), and immunoblotted for PU.1. B. Four and 5 days after the single transfection with PU.
1 or control siRNA, cell extracts were prepared by sonication, separated by SDS-PAGE (5
µg/lane), and immunoblotted for hemoglobin or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH).
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FIGURE 6.
Inhibition of PU.1 synthesis leads to terminal cell division. GATA-1-ER MEL cells were
repeatedly transfected with 80 nmol/L of PU.1 or control siRNA every 18 h. At 24-h
intervals they were plated as single cells in plasma clots in the absence of siRNA and
incubated for an additional 4 days at 37°C as described in Materials and Methods. The clots
were then transferred to glass slides and stained for hemoglobin expression with benzidine
reagent and counterstained with hematoxylin. Small benzidine-positive colonies represent
committed cells undergoing terminal cell division whereas large benzidine-negative colonies
represent uncommitted cells. Representative colonies in plasma clots from cells treated for 3
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days with the indicated siRNAs. Arrows, uncommitted colonies; arrowheads, colonies
committed to differentiation.
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FIGURE 7.
Reprogramming by PU.1 siRNA occurs preferentially in the G1 phase of the cell cycle. A.
FACScan analysis of unfractionated, exponentially growing GATA-1-ER MEL cells. B.
GATA-1-ER MEL cells were separated by size using centrifugal elutriation. Fractions
containing cells enriched in different stages of the cell cycle (fractions 3, 4, and 6; left) were
collected and transfected once with 80 nmol/L of PU.1-siRNA. Eighteen hours later, the
cells were analyzed by FACScan, and fractions containing a high percentage of cells in G1
(55%), S (66%), or G2-M (54%) phase were incubated at 37°C for an additional 4 days
(right). Cells were lysed with radioimmunoprecipitation assay buffer and extracts(7.5µg/
lane) were separated by SDS-PAGE and immunoblotted for hemoglobin or
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Cell cycle modeling was done using
ModFit LT software (Verity Software House).
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