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ABSTRACT
The CCAAT/enhancer binding protein a (C/EBPa) is a transcription factor required for differentiation of myeloid progenitors. In acute myeloid

leukemia (AML) cells expressing the constitutively active FLT3-ITD receptor tyrosine kinase, MAP kinase-dependent phosphorylation of

serine 21 (S21) inhibits the ability of C/EBPa to induce granulocytic differentiation. To assess whether this post-translational modification

also modulates the activity of C/EBPa in BCR/ABL-expressing cells, we tested the biological effects of wild-type and mutant C/EBPa

mimicking phosphorylated or non-phosphorylatable serine 21 (S21D and S21A, respectively) in K562 cells ectopically expressing tamoxifen-

regulated C/EBPa-ER chimeric proteins. We show here that S21D C/EBPa-ER induced terminal granulocytic differentiation of K562 cells

almost as well as wild-type C/EBPa-ER, while S21A C/EBPa-ER was less efficient. Furthermore, wild-type C/EBPa suppressed the

proliferation and colony formation of K562 cells vigorously, while S21D and S21A C/EBPa mutants had more modest anti-proliferative

effects. Both mutants were less effective than wild-type C/EBPa in suppressing endogenous E2F-dependent transactivation and bound less

E2F-2 and/or E2F-3 proteins in anti-C/EBPa immunoprecipitates. Together, these findings suggest that mutation of S21 more than its

phosphorylation inhibits the anti-proliferative effects of C/EBPa due to reduced interaction with or impaired regulation of the activity of E2F

proteins. By contrast, phosphorylation of serine 21 appears to have amodest role inmodulating the differentiation-inducing effects of C/EBPa

in K562 cells. J. Cell. Biochem. 113: 1704–1713, 2012. � 2011 Wiley Periodicals, Inc.
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T he CCAAT/enhancer binding protein a (C/EBPa) is a member

of the leucine zipper family of transcription factors that

regulate the proliferation and differentiation of various cell types

[Landschulz et al., 1989; Hendricks-Taylor and Darlington, 1995].

In the hematopoietic system, its expression is detected in early

myeloid progenitors and it increases only in myeloid cells

undergoing granulocytic differentiation [Scott et al., 1992;

Radomska et al., 1998; Miyamoto et al., 2002]: consistent with

Journal of Cellular
Biochemistry

ARTICLE
Journal of Cellular Biochemistry 113:1704–1713 (2012)

1704

Abbreviations used: C/EBPa, CCAAT/enhancer binding protein a; AML, acute myeloid leukemia; S21, serine 21; CML,
chronic myelogenous leukemia; 4-HT, 4-hydroxytamoxifen; RT-Q-PCR, real-time quantitative polymerase chain
reaction.

Additional Supporting Information may be found in the online version of this article.

Grant sponsor: NIH; Grant number: CA95111; Grant sponsor: Fondazione Cassa di Risparmio di Modena; Grant
number: PRIN2007; Grant sponsor: Fondazione Cassa di Risparmio di Vignola; Grant sponsor: Fondazione Guido
Berlucchi per la Ricerca sul Cancro; Grant sponsor: AIRC.

*Correspondence to: Bruno Calabretta, MD, PhD, Department of Biomedical Sciences, University of Modena and
Reggio Emilia, Via G. Campi 287, 41125 Modena, Italy. E-mail: b_calabretta@mail.jci.tju.edu

**Correspondence to: Clara Guerzoni, PhD, Oncologic Research Unit, Rizzoli Institute, Via Barbiano 1/10, 40136
Bologna, Italy. E-mail: clara.guerzoni@ior.it

Received 16 December 2011; Accepted 20 December 2011 � DOI 10.1002/jcb.24040 �� 2011 Wiley Periodicals, Inc.

Published online 28 December 2011 in Wiley Online Library (wileyonlinelibrary.com).



this pattern of expression, loss of C/EBPa in vivo leads to mice with:

(i) increased frequency of hematopoietic stem cells; (ii) block of the

transition of commonmyeloid progenitors (CMPs) into granulocyte-

monocyte precursors (GMPs), and (iii) lack of mature granulocytes

but not monocytes [Wang et al., 1995; Zhang et al., 2004].

The requirement of C/EBPa in the myeloid lineage is, in part, due

to its ability to transactivate the expression of myeloid-specific

genes [Keeshan et al., 2003], but its inhibitory effect on cell

proliferation has been also shown to be required for differentiation

[Umek et al., 1991; Wang et al., 2001]. The mechanisms of C/EBPa-

mediated cell cycle arrest include interaction with and inhibition of

the activity of the cell cycle regulatory proteins CDK2/CDK4 and

E2Fs [Timchenko et al., 1996; Pedersen et al., 2001; Wang et al.,

2001], binding to the SWI/SNF chromatin remodeling complex

[Slomiany et al., 2000], and upregulation of p21waf1/cip1

expression [Porse et al., 2001].

The expression and/or the activity of C/EBPa is consistently

impaired in acute myeloid leukemia (AML) [Tenen, 2003],

suggesting that its genetic or functional inactivation is an important

event for leukemogenesis [Tenen, 2003; Nerlov, 2004]. Molecular

mechanisms responsible for the inactivation of C/EBPa include

mutations in the N- and C-terminus, inhibition of transcription or

translation resulting in reduced protein levels, or post-translational

modifications which render C/EBPa protein non-functional.

Decreased transcription of C/EBPa has been described in AML

cells with the t(8;21) translocation which generates the AML1-ETO

chimeric protein [Westendorf et al., 1998]. AML1-ETO can also

physically interact with C/EBPa blocking transcription of C/EBPa-

regulated genes [Pabst et al., 2001]. In myeloid precursors

transformed by the p210BCR/ABL oncoprotein and in blast cells

of myeloid blast crisis of chronic myelogenous leukemia (CML)

decreased expression of C/EBPa depends, in part, on inhibition of C/

EBPa mRNA translation [Perrotti et al., 2002; Chang et al., 2007].

Other subtypes of AML including the t(3;21), which generates the

AML-1-MDS-1-Evi-1 fusion protein, and the inv(16) which

generates the chimeric CBFB-SMMHC protein are also associated

with reduced expression of C/EBPa [Helbling et al., 2004, 2005].

In a recent study, Keeshan et al. [2006] reported that Trib2

functions as an oncogene inducing AML in mice through the

association with and the proteasome-dependent degradation of

wild-type C/EBPa leading to a relative increase in the expression of

the proliferation-stimulatory p30 C/EBPa isoform.

The activity of C/EBPa can be also modulated by post-

translational modifications. In particular, phosphorylation of serine

21 (S21) is mediated by the extracellular signal receptor kinase

(Erk1/2) [Ross et al., 2004] and the p38 MAP kinase [Geest et al.,

2009]. In leukemias harboring the FLT-3-ITD mutation, constitutive

FLT-3 kinase activity results in sustained Erk1/2 phosphorylation of

C/EBPa S21; this post-translational modification has been shown to

suppress the ability of C/EBPa to induce granulocytic differentia-

tion, possibly explaining the differentiation block associated with

this type of AML [Radomska et al., 2006].

To obtain additional insights on the role of serine 21

phosphorylation for the activity of C/EBPa, we tested the biological

effects of 4-hydroxytamoxifen (4-HT)-regulated wild-type or

serine 21 C/EBPa mutants in K562 cells. We report here that the

phosphomimetic S21D C/EBPa mutant is nearly as effective as the

wild-type form in inducing differentiation of K562 cells and that the

S21A non-phosphorylatable mutant, while less potent, is still able to

promote granulocytic differentiation. Instead, either mutation

generates proteins with lower anti-mitotic activity due to defective

inhibition of E2F activity and/or defective protein interaction.

MATERIALS AND METHODS

PLASMIDS

MigRI-C/EBPa-ER and MigRI-C/EBPa-HA were previously de-

scribed [Ferrari-Amorotti et al., 2006]. MigRI-S21D- and S21A C/

EBPa-ER or C/EBPa-HA derivatives were obtained by site-directed

mutagenesis using the QuikChange mutagenesis kit (Stratagene)

according to the manufacturer’s instructions. The following primers

were used: S21D forward primer 50-AGCCACCTCCAGGACCCCCCG-
CACGC-30 and S21D reverse primer 50-GCGTGCGGGGGGTCCT-
GGAGGTGGCT-30; S21A forward primer 50-AGCCACCTCCAGG-
CCCCCCCGCACGC-30 and S21A reverse primer 50-GCGTGCGGGG-
GGGCCTGGAGGTGGCT-30. p-GL3 E2F 6X TATA LUCwas a kind gift

of Dr K. Helin (Biotech Research and Innovation Centre, University

of Copenhagen N, Denmark). pTK-GCSF-R-luciferase was a kind gift

of Dr D.G. Tenen (Harvard Institutes of Medicine, Cambridge, MA).

CELL CULTURE

K562 and derivative cell lines were cultured in Iscove’s modified

Dulbecco’s medium (IMDM) supplemented with 10% fetal bovine

serum (FBS), 100 U/ml penicillin, 0.1mg/ml streptomycin, 2mM

L-glutamine. 293T and Phoenix cells were cultured in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with 10% FBS,

100U/ml penicillin, 0.1mg/ml streptomycin, 2mM L-glutamine.

For retroviral infections, amphotropic Phoenix cells were

transiently transfected with the indicated plasmids. The infectious

supernatant was collected 48 h later and used to infect (a 48-h

procedure) K562 cells. Twenty-four hours later, cells were sorted

(EPICS Profile Analyzer; Coulter, Hialeah, FL) for green florescent

protein (GFP) expression.

CELL PROLIFERATION AND DIFFERENTIATION ASSAYS

For proliferation assays, cells were washed with phosphate-buffered

saline (PBS) and treated with 4-HT (100 nM; Sigma). Viable cells

were counted by trypan blue exclusion.

For colony formation assays, cells were pretreated (1 h) with

100 nM 4-HT and plated in methylcellulose (5� 102/plate) in

presence of 100 nM 4-HT. Colonies were counted 6 days later.

Differentiation was monitored by May-Grunwald/Giemsa staining

and by detection of the differentiation markers CD11b and CD15

[Ferrari-Amorotti et al., 2006]. Images were visualized using an

Olympus CK2 microscope with a 40�/0.65 numeric aperture

objective, and were photographed using an Olympus SC35

type 12 camera (Olympus). JPEG images were viewed using Adobe

Photoshop (Adobe Systems), and contrast adjustments were made.

IMMUNOPRECIPITATION AND WESTERN BLOT ANALYSIS

For immunoprecipitation, C/EBPa-ER-K562 cells (2.5� 107) were

treated with 250 nM of tamoxifen. Cells were harvested 12 h after,
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washed once with 1 PBS and lysed (107 cells/100ml lysis buffer) in

buffer containing (150mM Tris [pH 7.6], 50mM NaCl, 0.1% NP40,

1mM phenylmethyl sulfonyl fluoride [PMSF], sodium vanadate

[Na3VO4] supplemented with a cocktail of serine and cysteine

protease inhibitors [complete, EDTA-free; Roche]) for 30min,

rotating at 48C, and the lysates were clarified by centrifugation

at 14,000 rpm for 10min. Supernatants were precleared with 40ml

1:1 slurry of protein G plus agarose (Oncogene Research Products) in

lysis buffer. The precleared supernatants were incubated with the

anti-C/EBPa antibodies (40mg, sc-61, Santa Cruz Biotechnology,

Inc.) with a 1:1 slurry protein G plus agarose overnight rotating at

48C. Immunoprecipitations without antibody (no antibody control)

and an anti-rabbit IgG were included with each experiment. The

beads were added to a lysate-Abmix for 1 h, rotating, at 48C, washed
extensively (six times) in lysis buffer and the pellet was resuspended

in 2� protein-loading buffer. Immunoprecipitated proteins were

resolved by sodium dodecyl sulfate–polyacrylamide gel electro-

phoresis (SDS–PAGE), transferred onto a nitrocellulose membrane,

and immunoblotted using anti-C/EBPa (sc-61 Santa Cruz, Inc.),

anti-E2F1 (sc-251 Santa Cruz, Inc.), anti-E2F2 (sc-633 Santa Cruz

Biotechnology, Inc.), or anti-E2F3 antibodies (sc-878 Santa Cruz

Biotechnology, Inc.). Proteins were detected using enhanced

chemiluminescence (ECL) (Amersham).

For Western blot, 5� 106 cells were centrifuged for 5min at

1,200 rpm, washed in PBS, lysed in 50ml of 2� Laemmli sample

buffer, and boiled at 1008C for 10min. Twenty-five to 30ml of

sample were loaded on 10% SDS–PAGE gel. After blocking in 5%

milk/TBST (TBST: 25mM Tris–HCl, pH 7.4, 137mM NaCl, 2.7mM

KCl, 0.1% Tween 20), membranes were stained with primary

antibodies in 2.5% milk/TBST for 1 h at room temperature and with

horseradish peroxidase (HRP)-conjugated secondary antibodies at

room temperature for 1 h. Signals were detected by enhanced

chemiluminescence and quantified by ImageJ software (National

Institutes of Health). The primary antibodies were: rabbit p-C/EBPa

Ser21 (#2841, 1:1,000; Cell Signaling), rabbit C/EBPa (sc-61, 1:500

Santa Cruz Biotechnology, Inc.), pERK (1:1,000 Cell Signaling), and

b-actin (sc-47778, 1:1,000 Santa Cruz Biotechnology, Inc.). All

secondary antibodies (rabbit and mouse) were HRP-conjugated

(Santa Cruz Biotechnology, Inc.) and diluted 1:5,000.

LUCIFERASE ASSAY

293T cells were transiently transfected using ProFection Mammali-

an Transfection System-Calcium Phosphate (Promega, Madison, WI)

with 3mg reporter plasmid pTK-G-CSFR-luciferase (which contains

4 C/EBPa binding sites from the G-CSF receptor promoter), 3mg of

the indicated C/EBP expression plasmid, and 1/50 Renilla luciferase

plasmid to account for variation in transfection efficiencies. K562-

C/EBPa-ER cells (1� 106) were transfected using the Cell Line

NucleofectorTM Kit V (Amaxa) and the Amaxa Nucleofector

(program T-016), according to the manufacturer’s instructions.

Cells were transfected with 4mg of reporter plasmid E2F 6X TATA

LUC and 0,02mg of Renilla. Forty-eight hours after transfection,

K562 were split 1:5 and treated with 250 nM 4-HT for 8 h. Firefly and

Renilla luciferase activity was recorded on a luminometer using the

Dual-Luciferase Reporter Assay System (Promega). Results are

expressed as fold activation relative to empty vector-transfected

(293T) or untreated (K562) cells after correction for Renilla

luciferase activity and are representative of three individual

experiments (performed in triplicate).

REAL-TIME QUANTITATIVE PCR

For real-time quantitative (RT-Q)-PCR, total RNA was isolated using

the RNeasy Mini kit (Qiagen), 2mg was reverse transcribed and the

resulting first-strand cDNA used as PCR template. All reactions were

done in triplicate. Primer pairs designed using the ABI Primer

Express software are: GCSF-R forward primer (50-GGCCACCAA-
CAGTACAGTCC-30) and reverse primer (50-GTTCCACAGAGG-
CAGGTGAG-30). RT-Q-PCR was done using Go Taq PCR Master

Mix (Promega) on a MyIQ thermocycler (Bio-Rad) and quantified

using MyIQ software (Bio-Rad). HPRT, a housekeeping gene with

constant expression, was used as an internal control to normalize

input cDNA. Primer pairs designed using the ABI Primer Express

software are: HPRT forward primer (50-AGACTTTGCTTTCCTTGG-
TCAGG-30) and reverse primer (50-GTCTGGCTTATATCCAACA-
CTTCG-30).

CELL CYCLE ANALYSIS

For cell cycle analysis, C/EBPa-ER K562 cells were seeded at a

density of 1� 105 cells/ml and left untreated or treated with 100 nM

4-HT. Two days later, cells were labeled with propidium iodide (PI)

and analyzed by flow cytometry on a FACScan (Becton Dickinson).

Cell cycle distribution was determined by DNA content analysis of

PI-stained nuclei, as described [Ferrari-Amorotti et al., 2006].

BrdU INCORPORATION ASSAY

5-Bromodeoxyuridine (BrdU) incorporation assay was done with the

APC BrdU Flow kit (BD Pharmingen). Untreated and 4-HT-treated

(100 nM, 48 h) C/EBPa-ER-K562 cells were labeled with BrdU for

30min. Cells were then fixed, stained with APC-labeled anti-BrdU

antibody and 7-AAD, and analyzed by flow cytometry to determine

the number of S phase cells on a FACScan (Becton Dickinson).

REAGENTS

The ERK1/2 pathway inhibitor PD184352 was kindly provided by

Dr. Antonio Bonati (University of Parma Medical School, Italy).

PD184352 was reconstituted in DMSO at 10mM and used at a final

concentration of 1mM. 4-HT (Sigma Aldrich) was dissolved in EtOH

at a final concentration of 50mM.

STATISTICS

Data (presented as the meansþ SD of two or three experiments) were

analyzed for statistical significance by the unpaired, two-tailed

Student’s t-test. P-values of less than 0.05 were considered

statistically significant.

RESULTS

PHARMACOLOGIC INHIBITION OF THE ERK1/2 PATHWAY TRIGGERS

A DECREASE OF C/EBPa SERINE 21 PHOSPHORYLATION IN K562

CELLS ECTOPICALLY EXPRESSING C/EBPa-ER

Transformed myeloid progenitor cells expressing the constitutively

active FLT3-ITD tyrosine kinase receptor exhibit a block in

differentiation which appears to be mediated by inactivation of
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C/EBPa due to ERK1/2-dependent phosphorylation of serine 21

[Ross et al., 2004; Radomska et al., 2006]. To test whether C/EBPa

is also phosphorylated in an ERK1/2-dependent manner in cells

transformed by the p210BCR/ABL oncogenic tyrosine kinase, we

assessed serine 21 phosphorylation in K562 cells ectopically

expressing C/EBPa-ER after treatment with PD 184352, an inhibitor

of the ERK1/2 pathway. After treatment with the MEK inhibitor,

levels of C/EBPa serine 21 phosphorylation were markedly

decreased at 6 and 12 h (Fig. 1A); at 24 h, expression of serine 21

phosphorylation showed a rebound above the barely detectable

levels detected at 12 h, probably reflecting the reduced activity of

the inhibitor (Fig. 1A). Phosphorylation of serine 21 was only in part

affected by differentiation; upon treatment with 4-HT which rapidly

induces granulocytic differentiation of C/EBPa-ER-K562 cells,

phosphorylation of serine 21 was only modestly reduced (Fig. 1B),

suggesting that suppression of serine 21 phosphorylation is not

an absolute requirement for the differentiation-inducing effects of

C/EBPa in K562 cells.

EFFECTS OF WILD-TYPE AND SERINE 21 C/EBPa-ER MUTANTS ON

DIFFERENTIATION OF K562 CELLS

We first assessed the effect of serine 21 mutant C/EBPa on the

differentiation of K562 cells upon transduction with MigRI-GFP

retroviruses expressing the constitutively active wild-type or the

S21D or S21A C/EBPa mutant. At 0, 24, 48, and 72 h post-

transduction, GFP-positive cells were assessed for expression of the

CD15 granulocyte differentiation marker; as shown in Supplemen-

tary Figure 1, the percentage of CD15þ cells was essentially

identical in the wild-type and the C/EBPamutant-transduced (GFP-

positive) cells, suggesting that phosphorylation of C/EBPa has no (or

only modest) effects on K562 cell differentiation. Since activation

of C/EBPa-ER in K562 cells induces granulocytic differentiation

rapidly and efficiently [D’Alo’ et al., 2003; Ferrari-Amorotti et al.,

2010], we further investigated the role of MAP kinase-dependent

phosphorylation of serine 21 in K562 derivative cell lines trans-

duced with retroviral plasmids expressing mutant C/EBPa mimick-

ing phosphorylated or non-phosphorylatable serine 21 (S21D and

S21A, respectively) (Fig. 2A). Immunoblot analysis of transduced

K562 cells revealed that wild-type and serine 21 mutant C/EBPa are

expressed at similar levels and that the phosphorylated form is

present only in cells expressing wild-type C/EBPa, since the faint

band detected in S21D C/EBPa-ER-K562 cells reflects cross-reaction

of the antibody with phosphomimetic S21D C/EBPa (Fig. 2B).

The effects of wild-type and mutant C/EBPa on differentiation

were assessed by monitoring morphology and the expression of

granulocyte differentiation markers. Upon 4-HT treatment, activa-

tion of wild-type or S21D C/EBPa-ER induced an almost complete

terminal granulocytic differentiation of K562 cells as indicated by

the high frequency of segmented nuclei (approximately 67% and

49% of terminally differentiated cells in wild-type and S21D C/

EBPa-ER K562 cells, respectively), while S21A C/EBPa-ER was less

efficient as indicated by the presence of doughnut-shaped nuclei in

most cells and segmented nuclei in approximately 28% of the cells

(Fig. 2C, Table I).

Analysis of granulocytic differentiation markers confirmed these

morphological changes: activation of wild-type or S21D mutant

C/EBPa-ER led to a marked increase of CD11b and CD15 expression

(Fig. 2D,E), although there were modest but statistically significant

differences in the effects induced by these two proteins. By contrast,

S21A C/EBPa-ERwas less effective of wild-type C/EBPa or the S21D

mutant (Fig. 2D,E), although some of the differences between the

two mutant proteins were not statistically significant.

Consistent with these data, levels of G-CSFR mRNA detected by

real-time PCR were more abundant upon activation of C/EBPa-ER

or S21D C/EBPa-ER than of S21A C/EBPa-ER (Fig. 2F).

EFFECTS OF WILD-TYPE AND SERINE 21 MUTANT C/EBPa ON THE

GCSF-R PROMOTER

To further assess the effects of wild-type and S21 C/EBPa mutants,

we performed luciferase assays on the C/EBPa-responsive G-CSFR

promoter. We measured luciferase activity in 293T and K562 cells

Fig. 1. ERK1/2-dependent phosphorylation of C/EBPa serine 21 in K562

cells. A: Western blot shows levels of P-Ser21 C/EBPa in PD184352-treated

C/EBPa-ER K562 cells. Cells were cultured in the presence of 1mM of

PD184352 for 24 h. Blot was sequentially stained with anti P-Ser21

C/EBPa, anti-P-ERK1/2 and b-actin antibodies; (B, top) Western blot shows

C/EBPa serine 21 phosphorylation upon 4-HT treatment of C/EBPa-ER K562

cells. Cells were cultured in the absence or in the presence of 100 nM 4-HT

for 72 h. Blot was sequentially stained with anti P-ser21 C/EBPa, C/EBPa and

b-actin antibodies. B, Bottom: Quantification of phosphorylated C/EBPa

normalized to total C/EBPa protein is shown (bottom).
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co-transfected with the G-CSFR promoter-luciferase reporter

(G-CSFR/Luc) plasmid, the Renilla luciferase control plasmid to

account for variation in transfection efficiency and C/EBPa-HA

plasmids or the MigRI empty vector. Results are expressed as fold

activation relative to vector alone after normalization for Renilla

luciferase activity (Fig. 3A,B).

The assays show that wild-type and serine 21 C/EBPa mutants

are essentially undistinguishable in the ability to transactivate

the C/EBPa-responsive G-CSFR promoter in 293T and K562 cells

(Fig. 3A,B).

Thus, activation of a C/EBPa-regulated promoter does not

correlate with morphological and molecular differentiation.

EFFECTS OF WILD-TYPE AND S21 MUTANT C/EBPa-ER ON THE

PROLIFERATION OF K562 CELLS

The effects of wild-type and S21 mutant C/EBPa on cell prolife-

ration were tested by cell counts, DNA content analysis,

5-bromodeoxyuridine (BrdU) labeling and colony formation assays.

wild-type C/EBPa-ER markedly suppressed proliferation of K562

Fig. 2. Effects of wild-type and mutant C/EBPa on differentiation of K562 cells. A: Schematic diagram of C/EBPa-ER proteins; (B) Western blot shows levels of total and P-

Ser21 C/EBPa in C/EBPa-ER K562 cells; expression of b-actin was monitored as loading control; (C) light microscopy images of May-Grunwald-stained untreated or 4-HT-

treated C/EBPa-ER K562 cells; original magnification 40�. Counts of differentiated cells, summarized in Table I, were performed in at least 10 fields; (D,E) CD11b and CD15

positivity, respectively. Values represent the meanþ SD of three independent experiments. �P< 0.05 relative to T0. NS indicates that the difference in the% CD11b positivity of

4-HT treated S21D- and S21A C/EBPa-ER-expressing cells is not significant; statistical significance was calculated using unpaired, two-tailed Student’s t-test; (F), GCSF-R

mRNA expression assessed by real-time-Q-PCR in 4-HT-treated (24, 48, and 72 h) C/EBPa-ER K562 cells. HPRT expression was used as internal control. Results are reported as

normalized-fold increase of G-CSFR mRNA expression. Error bars denote SD of normalized means of three independent experiments performed in triplicate. �P< 0.05 relative

to T0. [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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cells; by contrast, the S21D- and S21A C/EBPa-ER mutant inhibited

K562 cell proliferation less effectively (Fig. 4A).

DNA content analysis of K562-C/EBPa-ER cells treated with 4-HT

for 48 h was consistent with cell counts: activation of wild-type

C/EBPa-ER induced a 38% increase in G1 phase cells and a 75%

decrease in S phase cells, whereas activation of S21D- or S21A

C/EBPa-ER caused amore modest increase in G1 phase cells (5% and

14%, respectively) and a less pronounced decrease in S phase cells

(35% and 20%, respectively) (Fig. 4B).

The differences in the anti-proliferative effects of wild-type and

serine 21 mutant C/EBPawere also assessed by performing the BrdU

labeling assay in 4-HT-treated C/EBPa-ER K562 cells. Compared to

untreated cells, activation of wild-type C/EBPa induced approxi-

mately a 72% decrease in the percentage of S phase cells; by

contrast, S21D or S21A C/EBPa-ER were less effective (approxi-

mately 30% and 38%, respectively) (Fig. 4C).

We also assessed the effects of wild-type and mutant C/EBPa on

colony formation of K562 cells. Activation of wild-type C/EBPa-ER

markedly suppressed K562 colony formation (approximately

76% inhibition compared to control); S21D C/EBPa-ER and S21A

C/EBPa-ER also suppressed K562 colony formation but the effects

were less striking (56% and 50% inhibition, respectively, compared

to controls) (Fig. 4D).

REDUCED REPRESSION OF E2F ACTIVITY BY S21 C/EBPa MUTANTS

Previous studies have shown that the N-terminus-truncated D1-70

C/EBPamutant did not inhibit E2F-dependent transcription activity

in transiently transfected human fibroblast and adipocytic cell lines

and in murine myeloid precursor cells [Porse et al., 2001; Ferrari-

Amorotti et al., 2010]. Because S21 is located in this region, we

undertook experiments to assess how effectively the S21 C/EBPa

mutants suppress E2F-dependent transactivation using a reporter

plasmid in which expression of the luciferase gene is driven by a

minimal promoter containing six E2F binding sites [Helin et al.,

1992]. C/EBPa-ER K562 cells were transfected with the luciferase

reporter plasmid and 48 h later wild-type or S21 mutant C/EBPa-ER

was activated by treatment with 250 nM 4-HT. Eight hours later,

cells extracts were assayed for luciferase activity.

Activation of wild-type C/EBPa-ER markedly suppressed

endogenous E2F-dependent transactivation, whereas the inhibitory

effect of S21D or S21A C/EBPa-ER was more modest (Fig. 5A).

Conceivably, these results may reflect decreased interaction

of mutant C/EBPa with members of the E2F family. Thus,

co-immunoprecipitation experiments of C/EBPa and E2F proteins

were carried out in 4-HT-treated K562 cells expressing wild-type or

mutant C/EBPa. As shown in Figure 5B, E2F-1, E2F-2, and E2F-3

were all expressed in K562 cells; however, C/EBPa did interact with

E2F-2 and E2F-3 but not with E2F-1. As indicated by densitometric

analysis, less E2F-2 and E2F-3 was immunoprecipitated by S21D

TABLE I. Frequency of Undifferentiated and Differentiated Myeloid Cells in 4-HT-Treated C/EBPa-ER-K562 Cells

72 h C/EBPa-ER
C/EBPa-ER

4-HT
S21D

C/EBPa-ER
S21D

C/EBPa-ER 4-HT
S21A

C/EBPa-ER
S21A

C/EBPa-ER 4-HT

Blasts 43% (121) / 36% (115) 1.23% (4) 41.10% (125) 4.60% (14)
Promyelocytes 47% (133) / 46.70% (149) 8.90% (29) 41.30% (126) 19.50% (60)
Myelocytes 9.30% (26) 11% (44) 16.35% (52) 13.00% (42) 10.60% (32) 21.80% (67)
Metamyelocytes 0.70% (2) 22.3% (79) 0.95% (3) 28.70% (93) 6.60% (20) 25.70% (79)
Bands / 15.1% (56) / 16.60% (54) 0.30% (1) 16.60% (51)
Segments / 51.6% (191) / 31,50% (102) / 11.80% (36)
Total 100% (282) 100% (370) 100% (319) 100% (324) 100% (304) 100% (307)

Number of cells scored are in parentheses.

Fig. 3. Effect of wild-type and S21 mutant C/EBPa on the G-CSFR promoter.

A: Histogram shows luciferase activity in 293T cells co-transfected with pTK-

G-CSFR-luciferase and C/EBPa-HA plasmids or the MigRI empty vector.

Results (three independent experiments) are expressed as -fold activation

over that in empty vector-transfected cells after normalization for Renilla

luciferase activity and are reported as the means of triplicate determinations;

error bars represent the SD of the mean. B: Histogram shows luciferase activity

in C/EBPa-ER K562 cells nucleofected with pTK-G-CSFR-luciferase after

treatment (8 h) with 4-HT. Results (three independent experiments) are

expressed as -fold activation over that of untreated cells after normalization

for Renilla luciferase activity and are reported as the means of triplicate

determinations; error bars represent the SD of the mean.
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C/EBPa than by wild-type C/EBPa, while less E2F-2 appears to be in

complex with S21A C/EBPa than with wild-type C/EBPa (Fig. 5C).

DISCUSSION

In this study, we investigated the role of serine 21 phosphorylation

for the biological effects of C/EBPa in hematopoietic cells

transformed by the p210BCR/ABL oncogene. Although C/EBPa

activity is often impaired in myeloid leukemia cells by mutations

and by transcriptional and post-transcriptional mechanisms which

cause a decrease in protein levels [Tenen, 2003; Nerlov, 2004], there

is also evidence for the involvement of post-translational

modifications. For example, MAP kinase-mediated serine 21

phosphorylation suppresses the differentiation-inducing effect of

C/EBPa in myeloid cells transformed by the oncogenic FLT3-ITD

Fig. 4. Effects of wild-type and S21 mutant C/EBPa on the proliferation of K562 cells. Cell counts (A) and cell cycle distribution (B) of 4-HT-treated (48 h) C/EBPa-ER K562

cells; values represent the meanþ SD of three independent experiments; (C) percentage of BrdU-labeled cells 48 h after 4-HT treatment of C/EBPa-ER K562 cells; values

(meanþ SD of three independent experiments) represent the % decrease of BrdU-positive cells in 4-HT-treated versus untreated cells taken as 100%; �P< 0.02 relative to

untreated cells; statistical significance was calculated using unpaired, two-tailed Student’s t-test; (D) histogram shows methylcellulose colony formation of 4-HT-treated C/

EBPa-ER K562 cells. Colonies were scored 6 days after seeding 5� 102 cells/plate; values (mean� SD of three independent experiments performed in duplicate) are expressed

as the percentage of colonies from 4-HT-treated cells compared to the corresponding untreated cells taken as 100%. �P< 0.05 relative to control; NS indicates that the

difference between 4-HT treated S21D C/EBPa-ER and S21A C/EBPa-ER K562 cells is not significant; statistical significance was calculated using unpaired, two-tailed

Student’s t-test.
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tyrosine kinase receptor [Radomska et al., 2006]. The mechanisms

whereby this phosphorylation inactivates the differentiation-

inducing effects of C/EBPa remain unclear but may depend on

changes in protein interactions necessary for the ability of C/EBPa

to promote myeloid differentiation [Ross et al., 2004].

Since there are many similarities in the signal transduction

pathways activated by oncogenic tyrosine kinases in myeloid cells

[Choudhary et al., 2005; Ren, 2005], we asked whether serine 21 of

C/EBPa can be also phosphorylated in a MAP kinase-dependent

manner in p210BCR/ABL-transformed cells and whether it

modulates the biological effects of C/EBPa. Indeed, in K562 cells

ectopically expressing C/EBPa phosphorylation of serine 21 was

completely suppressed by inhibition of MAP kinase activity,

suggesting that, in these cells, activation of this pathway is the

predominant, if not the only, mechanism for serine 21 phosphory-

lation. After 48 h of 4-HT treatment, a time point at which K562 cells

show advanced differentiation by morphology and expression of

differentiation markers [Ferrari-Amorotti et al., 2010], levels of

serine 21 phosphorylation barely changed (Fig. 1B), suggesting that

it does not hinder the differentiation-inducing activity of C/EBPa.

Phosphorylation of serine 21 is still detectable 72 h after 4-HT

treatment, a time point at which granulocytic differentiation of

Fig. 5. Effect of wild-type and serine 21 mutant C/EBPa on E2F-dependent transactivation. A: Histogram shows luciferase activity in C/EBPa-ER K562 cells transfected with

the E2F-responsive E2F6-TATA-LUC reporter and the Renilla control plasmid after treatment (12 h) with 4-HT. Results (three independent experiments) are expressed as -fold

activation over that in empty vector-transfected cells after normalization for Renilla luciferase activity and are reported as the means of triplicate determinations; error bars

represent the SD of the mean; P values indicate statistical significance of the differences in E2F-dependent luciferase activity in 4-HT-treated wild-type and mutant C/EBPa-ER

K562 cells; NS indicates that the difference in luciferase activity between 4-HT treated S21D C/EBPa-ER and S21A C/EBPa-ER K562 cells is not significant; statistical

significance was calculated using unpaired, two-tailed Student’s t-test; �P< 0.05 relative to control; (B, top) Western blot shows C/EBPa and E2F expression in whole cell

lysates from K562 cells ectopically expressing wild-type or mutant C/EBPa-ER; (B, bottom) Western blot shows E2F-1, -2, or -3 expression in anti-C/EBPa immunoprecipitates

from 4-HT-treated (12 h) K562 cells ectopically expressing wild-type or mutant C/EBPa (representative of two experiments). (C) Quantification of co-immunoprecipitated

E2F-2 and E2F-3 normalized to total C/EBPa.
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K562 cells is complete [Ferrari-Amorotti et al., 2010]. Consistent

with these findings, the phosphomimetic S21D C/EBPa was almost

as effective as wild-type C/EBPa in inducing morphological and

molecular differentiation of K562 cells and in transactivating the C/

EBPa-regulated G-CSFR promoter. By contrast, the non-phosphor-

ylatable S21A mutant, which should have been a more potent

inducer of differentiation if loss of serine 21 phosphorylation was

required for C/EBPa-induced differentiation, was clearly less

effective in inducing morphological and molecular differentiation

of K562 cells, although it was essentially undistinguishable from

wild-type and S21D C/EBPa in transactivating the G-CSFR promoter.

Wild-type and S21D C/EBPa were more clearly different in their

anti-proliferative effects; wild-type C/EBPa suppressed prolifera-

tion and colony formation of K562 cells more efficiently than S21D

C/EBPa, an effect that reflects the reduced capability of S21D

C/EBPa to block G1/S phase transition as indicated by the more

modest changes that it induced in the frequency of G1 and S phase

cells (Fig. 4). Since the cell cycle inhibitory effects of C/EBPa

depend, in part, on its ability to block the activity of E2F [Porse et al.,

2001; D’Alo’ et al., 2003], we reasoned that S21D C/EBPa may be

less effective than wild-type C/EBPa in suppressing E2F activity.

Indeed, S21D C/EBPa did not suppress endogenous E2F activity as

effectively as wild-type C/EBPa (Fig. 5A). Previous studies have

shown that the N-terminal region of C/EBPa is required for

suppressing E2F-dependent transactivation [Porse et al., 2001;

D’Alo’ et al., 2003]; however, there is little information on the

mechanisms of E2F repression by the C/EBPa N-terminus and

whether specific residues within the first 70 amino acids are required

for this effect. The issue of the interaction of D(1-70)C/EBPa with

E2F proteins was addressed by D’Alo’ et al. [2003]; they showed that,

in contrast to mutants of the C-terminal basic region, D(1-70)C/

EBPa still bound to E2F-4. However, it is unclear whether this

interaction was quantitatively similar to that of the wild-type

protein; moreover, since E2F-4 forms primarily repressive com-

plexes with all members of the RB family [Chen et al., 2009], its

interaction with C/EBPamay not be biologically relevant for the cell

cycle inhibitory effects of C/EBPa which, instead, are expected

to involve inhibition of proliferation-stimulatory E2F proteins.

We found that S21D C/EBPa bound less E2F-2 and E2F-3 proteins

than wild-type C/EBPa in anti-C/EBPa immunoprecipitates from

K562 cells (Fig. 5B), possibly explaining its reduced proliferation

inhibitory effects (Fig. 4). However, this may be only a partial

explanation for the lower proliferation-inhibitory effects of S21D

C/EBPa since S21A C/EBPa appears to bind E2F-3 as efficiently as

wild-type C/EBPa and yet did not inhibit K562 cell proliferation and

E2F-dependent transactivation as effectively as wild-type C/EBPa.

In a previous study [Keeshan et al., 2003], we showed that

induction of myeloid differentiation by C/EBPa requires DNA

binding-dependent transcription activation. Among the C/EBPa-

regulated genes, some encode for markers and/or effectors of

myeloid differentiation (i.e., the G-CSF receptor) [Zhang et al.,

1998], while others encode for proteins that may limit the

proliferative potential of early progenitors (i.e., Gfi-1) [Lidonnici

et al., 2010]. It is likely that the proliferation-inhibitory and

the differentiation-inducing functions of C/EBPa need to be finely

coordinated for balancing its biologic effects.

The findings of this study are consistent with this hypothesis;

we cannot exclude that, in p210BCR/ABL-transformed cells,

MAP kinase-dependent phosphorylation of serine 21 C/EBPa

affects simultaneously differentiation-induction and prolifera-

tion-inhibitory activities of C/EBPa. However, since phosphomi-

metic S21D C/EBPa shows only a modest defect in promoting

differentiation and the non-phosphorylatable S21A mutant is even

less effective, serine 21 phosphorylation may exemplify a post-

translational modification which causes a modest perturbation of

C/EBPa-regulated myeloid differentiation as consequence of a more

pronounced impairment of its proliferation inhibitory activity.
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