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A critical role for the co-repressor N-CoR in erythroid
differentiation and heme synthesis
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Co-repressor N-CoR (nuclear receptor co-repressor) has important roles in different biological processes, including 
proliferation, differentiation and development. Mutant mice lacking N-CoR are embryonically lethal and appear to die 
from anemia owing to defects in definitive erythropoiesis. However, the underlying molecular mechanisms of N-CoR-
mediated erythroid differentiation are largely unknown. Using the human erythroleukemic K562 cell line, which can be 
chemically induced to differentiate into either erythroid or megakaryocytic lineages depending on the inducers used, we 
have investigated the role of N-CoR in erythroid differentiation. We show that knockdown of N-CoR either transiently 
(siRNA) or permanently (shRNA) impairs the cytosine arabinoside (Ara-C)- but not hemin-induced erythroid differ-
entiation of K562 cells. RT-PCR analysis reveals that N-CoR is required for induction by Ara-C of 5-aminolevulinate 
synthase (ALA-S2), a key enzyme involved in heme biosynthesis. Furthermore, the amount of N-CoR proteins increases 
significantly during Ara-C-induced K562 differentiation, apparently through a post-transcriptional mechanism. Consistent 
with the data from N-CoR-null mice, N-CoR is not required for the differentiation of K562 cells into megakaryocytic 
lineages, induced by phorbol 12-myristate 13-acetate. Thus, our in vitro study confirms a role for N-CoR in erythroid 
differentiation and reveals for the first time that N-CoR is required for the induction of a key enzyme involved in heme 
synthesis.
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Introduction

Transcriptional regulation is one of the major steps in 
controlling cell differentiation, and transcriptional co-acti-
vators and co-repressors have pivotal roles in this process 
[1, 2]. N-CoR (nuclear receptor corepressor) and SMRT 
(silencing mediator for retinoid and thyroid hormone re-
ceptor) are two highly related proteins that were originally 

isolated and characterized on the basis of their abilities to 
interact with and mediate repression by unliganded forms of 
thyroid hormone and retinoic acid receptors [3, 4]. Recent 
studies demonstrate that N-CoR and SMRT have important 
roles in multiple biological processes, including prolifera-
tion, differentiation, apoptosis and development [1, 5-10]. 
For example, homozygous deletion of N-CoR in mice is 
embryonic lethal, and N-CoR-null mice show defects in 
neural cell differentiation and developmental progression 
of specific erythrocytes and thymocytes [5]. N-CoR is 
required for definitive rather than primitive erythropoiesis 
[5], since peripheral blood smears from N-CoR-/- embryos 
showed fewer non-nucleated erythrocytes but many more 
nucleated erythroblasts than wild-type controls. Signifi-
cantly, the severe anemia appears to be the cause of the 
embryonic lethality of N-CoR-null mice. However, N-
CoR is not required for the generation of megakaryocytes 
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because a similar number of megakaryocytes were found 
in wild type and N-CoR-/- fetal livers [5]. How N-CoR 
regulates definitive erythropoiesis is not yet clear.

The K562 cell line was established more than 30 years 
ago [11] from a patient with an acute transformation of 
chronic myelogenous leukemia. K562 cells are multipotent 
stem cells and can differentiate into erythroid lineages upon 
induction with different chemicals, including hemin, cyto-
sine arabinoside (Ara-C) and 5-azacytidine [12-15]. As a 
canonical agent for erythroid differentiation, hemin exerts 
a profound effect on K562 cell maturation and promotes 
the synthesis of the fetal and embryonic hemoglobins [16]. 
Ara-C is a deoxycytidine analog and is one of the most 
commonly used drugs in leukemia therapy [17]. Once it 
enters the cell, Ara-C is phosphorylated and converted to its 
active form, cytosine arabinoside triphosphate (Ara-CTP). 
Ara-CTP competes with dCTP for incorporation into DNA 
during DNA replication, and, once incorporated, Ara-C 
disrupts further DNA synthesis and results in the initiation 
of the downstream cellular response to DNA damage [18, 
19]. K562 cells are resistant to low doses of Ara-C in terms 
of apoptosis. Instead, low doses of Ara-C induce K562 cell 
erythroid differentiation [13]. Although how Ara-C induces 
K562 differentiation toward the erythroid lineage remains 
unclear, microarray data from Ara-C-induced K562 cells 
show that systemic upregulation of genes is involved in 
erythroid differentiation [17]. 

In this study, we used chemically induced K562 cell 
erythroid differentiation as a model system to investigate 
the role for N-CoR in erythroid differentiation. We show 
that N-CoR is required for Ara-C- but not hemin-induced 
erythroid differentiation. Knockdown of N-CoR impaired 
the induction of a key enzyme, 5-aminolevulinate synthase 
(ALA-S2), that is involved in heme biosynthesis. Consis-
tent with the phenotype of the N-CoR-/- mice, we found 
that N-CoR is not essential for the differentiation of K562 
cells into megakaryocytes.

Materials and Methods

Cell culture and chemical treatment
K562 cells, kindly provided by Dr Chan (Department of Phar-

macology, Baylor College of Medicine), were grown on RPMI 1640 
(with 300 mg/l glutamine) supplemented with 10% fetal bovine serum 
and 1× antibiotics and antimycotics (100 U/ml ampicillin, 100 U/ml 
streptomycin and 0.25 µg/ml amphotericin) at 37 ºC in a 5% CO2 
incubator. In the experiments, the cells were seeded at a density of 
2 × 106 cells/10 ml in 100-mm dishes and cultured for 3 to 6 days 
in the presence or absence of the inducing agents. The inducing 
reagents Ara-C, hemin, phorbol 12-myristate 13-acetate (PMA) and 
the benzidine-staining reagents were purchased from Sigma. 

Nuclear extract and western blot
Chemically treated or control cells were collected and washed 

with cold PBS twice. Cells were centrifuged for 5 min at 3000 r.p.m. 
Cells were lysed in 1 ml of a lysis buffer (10 mM Tris-HCl, pH 7.4, 10 
mM NaCl, 3 mM MgCl2, 0.5% NP-40) with freshly added protease 
inhibitors. Cell lysate was incubated for 5 min on ice and centrifuged 
at 4000 r.p.m. for 5 min. The supernatant was removed and the nu-
clei were re-suspended into 100 ml of an extraction buffer (20 mM 
Tris-HCl, pH 7.9, 420 mM KCl, 0.2 mM EDTA, 10% glycerol, 2 
mM DTT) with freshly added protease inhibitors, and then vortexed 
vigorously for 1 to 2 min and incubated on ice for 30 min. Nuclear 
lysate was centrifuged for 20 min at 14 000 r.p.m. Supernatant was 
collected as nuclear extract and an equal amount of total proteins 
was separated by 7.5% SDS-PAGE. Western blotting was carried out 
routinely with specific antibodies as described [20].

RNAi and shRNA
The small interference RNA (siRNA) against N-CoR was as 

described [8]. For transient knockdown of mRNA, K562 cells were 
washed twice with PBS and re-suspended in the reduced serum me-
dium OPTI MEM (Invitrogen) at the concentration of 1 × 107 cells/ml. 
For electroporation, 0.2 ml of cells were mixed with 7 ml of 20 mM 
siRNA and incubated for 5 min at room temperature. The electropora-
tion was conducted using the BioRad electroporator at the setting 
of 300 mV/125 µF. Cells were seeded in 10 ml of culture medium 
and cultured for 3 days before collection for subsequent analysis. 
For the rescue experiments, a mouse N-CoR expression plasmid 
(pCMX-mN-CoR) was transfected by electroporation at the same 
setting mentioned above. To make a stable cell line with shN-CoR, 
a specific 64-nt oligonucleotide DNA fragment was cloned in the 
BglII/HidIII sites of the pSUPER.retro vector (Oligoengine). Within 
the 64-nt oligonucleotide, the 19-nt target (GCTACTTCTCGAG-
GAAACA) is included in both the sense and antisense orientation, 
separated by a 9-nt spacer sequence. Plasmid DNA containing the 
designed insert was transfected to K562 cells by electroporation at 
300 mV/125 µF. Puromycin was used for selecting stably transfected 
cells as instructed by the manufacturer.

Benzidine staining of erythroid cells
Benzidine staining was used to detect the pseudoperoxidase activ-

ity of hemoglobin in K562 cells and performed as described [21]. 
K562 cells were treated with or without inducing agents for 3 to 6 
days. The benzidine solution contained 0.2% 3,3'-dimethoxybenzi-
dine. Cells were washed twice with ice-cold PBS. The cell pellets 
were then re-suspended in ice-cold PBS (45 µl). The benzidine 
solution (5 µl) containing hydrogen peroxide (final concentration, 
0.0012%) was added at room temperature. Benzidine-positive cells 
were examined by light microscopy.

Determination of hemoglobin
The measurement of hemoglobin in K562 cells was as described 

[22]. Briefly, equal numbers of cells were washed with cold PBS 
and lysed for 20 min in lysis buffer (0.2% Triton X-100 in 100 mM 
potassium phosphate pH 7.8). The lysates were centrifuged for 15 
min at 1500 r.p.m. and 10 µl of the supernatant was incubated with 
2 ml of the TMB solution (3,3',5,5'-tetramethylbenzidine; 5 mg/ml in 
glacial acetic acid) and 2 ml 30% H2O2 for 10 min at room tempera-
ture. Absorption was measured at 600 nm. The hemoglobin content 
in pg/cell was calculated from a hemoglobin standard curve and the 
data were shown as fold increases in comparison with the level of 
hemoglobin in mock-induced K562 cells.
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Total RNA extraction and RT-PCR
Total RNA from cultured cells was purified using the RNeasy 

Kit (Qiagen), according to the manufacturer’s instructions. All RNA 
extracts were treated with RNase-free DNase to eliminate genomic 
DNA contamination. First, strand cDNAs were synthesized by re-
verse transcription conducted using a Qiagen Kit. Primers for the 
ALA-S2 amplification were 5'-GTC CCC TCG AGG AGT TGT 
GT-3' and 5'-ATC TTC CAT CAT CTG AGG GC-3'. Primers for 
the PBGD amplification were 5'-TAC TGC AGC GGC AGC AAC 
AGC AGG-3' and 5'-AGG CTT TCT AGG GTC TTC CCA ACA-
3'. Primers for the γ-globin amplification were 5'-ACT CGC TTC 
TGG AAC GTC TGA-3' and 5'-GTA TCT GGA GGA CAG GGC 
ACT-3'. Primers for the integrin γ3 amplification were 5'-GCC TCT 
GGG CTC ACC TCG CTG-3' and 5'-CTG GGA RAG CTT CTC 
AGT CAT-3'. Primers for the b-actin amplification were 5'-GCA TCC 
CCC AAA GTT CAC AA-3' and 5'-AGG ACT GGG CCA TTC TCC 
TT-3'. PCR products were separated by agarose gel electrophoresis 
and visualized by ethidium bromide staining.

Results

Chemical induction of K562 cell erythroid differentiation
To examine the role of N-CoR in erythropoiesis, we 

first established the conditions to induce K562 cell dif-
ferentiation into erythroid lineage in vitro. We used hemin 
and Ara-C because both of them have been widely used 

for this purpose. We first conducted pilot experiments with 
different concentrations of inducing agents. Consistent 
with the data in the literature, we found that a 3-day treat-
ment with 30 µM hemin is sufficient to induce K562 cells 
to differentiate into an erythroid lineage, whereas higher 
levels of hemin (100 µM and above) led to increased cell 
death (data not shown). Similarly, we found that Ara-C at 
a concentration of 0.1 µg/ml effectively induced differen-
tiation after a 6-day treatment. A typical result of a 3-day 
treatment with 30 µM hemin and a 6-day treatment with 
0.1 µg/ml Ara-C on K562 is shown in Figure 1A and 1D, 
respectively. A marked elevation in hemoglobin produc-
tion was evident compared with the uninduced control 
cells by the appearance of dark-red cell pellets. As a more 
accurate measurement of erythroid differentiation, we also 
measured the level of hemoglobin 3 days after hemin or 
6 days after Ara-C treatment, and the results are shown in 
Figure 1B and 1E. In addition, benzidine staining, which 
detects the pseudoperoxidase activity of hemoglobin [23], 
showed that the number of erythroid lineage cells increased 
from background levels (2-3%) to more than 50-60% of 
the cell population after a 3-day hemin or a 6-day Ara-C 
treatment (Figure 1C and 1F). As reported previously [17], 
we also observed that hemin and Ara-C treatment inhibit 

Figure 1 Both hemin and Ara-C induce K562 cells to differentiate into erythroid lineage cells. (A and D), K562 cells were induced 
for erythroid differentiation with 30 µM hemin for 3 days (A) or 0.1 µg/ml Ara-C for 6 days (D). The cells were collected in 1.5 ml 
tubes and photographed. The induced erythroid differentiation was evident by the pink-red cell pellets. (B and E); the amount of 
hemoglobin in the hemin- or Ara-C-induced K562 cells from (A) and (D) were determined as described in the Materials and Meth-
ods. The data are presented as the fold increase over the amount of hemoglobin in the mock-induced K562 cells. (C and F) K562 
cells were induced with or without hemin for 3 days (C) or Ara-C for 6 days (F) and stained with benzidine. A few representative 
hemoglobin-positive cells are marked with arrows.
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cell proliferation (data not shown). These experiments 
established the conditions for hemin- and Ara-C-induced 
erythroid differentiation of K562 cells and thus allowed us 
to test the role of N-CoR in this process. 

N-CoR is essential for Ara-C but not hemin-induced ery-
throid differentiation

To examine the role of N-CoR in both hemin- and Ara-
C-induced erythroid differentiation of K562 cells, we first 

used a specific siRNA to knock down the expression of 
N-CoR in K562 cells. For this purpose, K562 cells were 
transfected with a control scramble siRNA or siN-CoR by 
electroporation. We found that transfection with 10 nM 
siN-CoR reduced the level of N-CoR by more than 80% 2 
days after transfection (Figure 2A). This effect on N-CoR 
was sustained for up to a week and then the level of N-CoR 
recovered (data not shown). 

Figure 2 Knockdown of N-CoR transiently or stably impairs Ara-C-induced erythroid differentiation of K562 cells. (A) Western 
blotting using an N-CoR-specific antibody confirms the knockdown of N-CoR in K562 cells that are transfected with siN-CoR but 
not the siControl (scramble) for 3 days. Western blotting for b-actin serves as a loading control. (B) Knockdown of N-CoR in K562 
cells by siRNA blocked Ara-C-induced erythroid differentiation, as revealed by benzidine staining. The K562 cells were transfected 
with control or siRNA against N-CoR for 3 days and then induced by Ara-C for 6 days before being processed for benzidine stain-
ing. (C) A representative result shows the effect of knockdown of N-CoR on the induction of hemoglobin synthesis by Ara-C. The 
result is based on duplicate samples from a single experiment (average value) and presented as the fold-induction. A similar effect 
was observed in two independent experiments. (D) Western blot analysis showed a significantly reduced level of N-CoR in K562 
cells that stably express a human N-CoR-specific shRNA. As a control, the level of b-actin was similar in the stable shN-CoR and 
shControl (vector only) K562 cells. (E) Stable knockdown of N-CoR in K562 cells by shRNA also impairs Ara-C-induced erythroid 
differentiation, as revealed by benzidine staining. (F) Ara-C-induced hemoglobin synthesis was significantly reduced in the shN-CoR 
K562 cells. A similar result was observed in three independent experiments.
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We next tested the effect of knockdown of N-CoR on 
Ara-C- and hemin-induced differentiation of K562 cells. 
K562 cells were transfected with control siRNA or siN-CoR 
first, and 2 days after transfection the cells were induced 
for differentiation by 0.1 mg/ml Ara-C for 6 days and 30 
mM hemin for 3 days. As shown in Figure 2B, we found 
that the knockdown of N-CoR substantially affected the 
Ara-C-induced differentiation as revealed by benzidine 
staining. By contrast, knockdown of N-CoR had no effect 
on hemin-induced differentiation (Figure 3A). Consistent 
with the results of benzidine staining (Figure 2B), we found 
that treatment with siN-CoR reduced the Ara-C-induced 
increase of hemoglobin from ~8.5-fold to only 2.1-fold 
(Figure 2C). The same assay showed that treatment with 
siN-CoR did not affect the hemin-induced increase of 
hemoglobin (data not shown). Thus, these results suggest 
that N-CoR is required for Ara-C- but not hemin-induced 
K562 erythroid differentiation. 

To verify the results derived from transient knockdown 
of N-CoR, we established a pool of stable K562 cells 
expressing either the vector or an shRNA against N-CoR. 
Western blot analysis confirmed the decrease in N-CoR in 
this pool of shN-CoR cells (Figure 2D). We then subjected 
the control and shN-CoR cells to hemin- and Ara-C-induced 
differentiation. Benzidine staining results in Figures 2E and 
3B show that the shN-CoR K562 cells were again defective 
in Ara-C- but not hemin-induced differentiation. Again, the 
defect of the shN-CoR K562 cells in Ara-C-induced ery-
throid differentiation was confirmed by direct measurement 
of the hemoglobin level (Figure 2F). Taken together, these 
results reveal an essential role for N-CoR in Ara-C- but not 
hemin-induced erythroid differentiation.

Ara-C induces the expression of a key enzyme required for 
heme synthesis

Hemoglobinization is one of the hallmarks of erythroid 
differentiation and requires the coordinated synthesis of 
heme and globin [24]. In principle, hemin can promote 
K562 cell hemoglobinization by enhancing the synthesis 
of the fetal and embryonic globins and bypassing the 
requirement for heme synthesis, whereas Ara-C has to 
induce the synthesis of both heme and globin. Given that 
the knockdown of N-CoR only impairs Ara-C- but not 
hemin-induced K562 cell differentiation, we reason that 
N-CoR is probably required for the synthesis of heme. As 
illustrated in Figure 4A, the synthesis of heme involves 
eight steps. In erythrocytes, the enzyme ALA-S2 controls 
the rate-limiting step of the heme synthesis from glycine to 
5-aminolevulinic acid [24]. Previous studies have shown 
that ALA-S2 is often induced during erythroid differentia-
tion [25-28], we thus analyzed whether Ara-C also induces 
the expression of ALA-S2 in K562 cells. K562 cells were 
subjected to Ara-C- and hemin-induced erythroid differ-
entiation for 3 days and the levels of ALA-S2 mRNA were 
then determined by RT-PCR. The results in Figure 4B show 
that ALA-S2 was induced by three- to four-fold by Ara-C. 
Although hemin was reported to induce the expression of 
ALA-S2 in K562 cells, with a 7-day treatment with hemin, 
its effect on ALA-S2 expression was weak in comparison 
with Ara-C under our experimental conditions. We also 
analyzed the level of the fetal γ-globin mRNA, and the 
result in Figure 4C shows that the expression of γ-globin 
was also induced by about three- to four-fold after a 3-day 
treatment with Ara-C, which is consistent with a previous 
study [17]. It should be pointed out that the induction of 

Figure 3 Knockdown of N-CoR in K562 cells has no effect on hemin-induced erythroid differentiation. (A) Benzidine staining reveals 
that the knockdown of N-CoR by siN-CoR does not affect hemin-induced erythroid differentiation. K562 cells were transfected with 
control or siRNA against N-CoR for 3 days before induction with hemin (30 µM) for 3 days and staining with benzidine. (B) The 
stable control and shN-CoR K562 cells were subjected to hemin treatment as in (A) and stained for hemoglobin-positive cells by 
benzidine. Note that the stable knockdown of N-CoR does not affect hemin-induced synthesis of hemoglobin.
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ALA-S2 by Ara-C is both dose and time dependent. At a 
high dose (1 mg/ml) of Ara-C, ALA-S2 mRNA increased 
dramatically (>10-fold) after 3 days of induction, whereas 
a significant increase of ALA-S2 mRNA was only observed 
after a longer period of induction (6 days) when a low dose 
of Ara-C (20 ng/ml) was used (data not shown). 

Treatment with Ara-C increases the amount of N-CoR 
protein through a post-transcriptional mechanism 

In the process of analyzing Ara-C-induced K562 cell 
differentiation, we found that the amount of N-CoR protein 
increased significantly during Ara-C-induced differentia-
tion. A representative result is shown in Figure 4D. In this 
experiment, whole-cell extracts were prepared from the 
K562 cells that were mock induced or induced with Ara-

C (0.1 µg/ml) for 3 days and subjected to western blot 
analysis using antibodies. We estimate that treatment with 
Ara-C increased the amount of N-CoR protein by about 
three times. This effect is specific, as neither the level of 
the highly related SMRT protein nor the level of HDAC3 
changed during this process (Figure 4D). 

To characterize the induction of N-CoR by Ara-C in 
more detail, we performed time course experiments and 
a representative result is shown in Figure 4E. We found 
that the level of N-CoR protein increased by ~2-fold after 
a 6-h treatment with Ara-C and increased further along 
in the 96-h Ara-C treatment process (~six- to eight-fold). 
Interestingly, RT-PCR analysis revealed a constant level of 
N-CoR mRNA during the same time course (Figure 4F). 
Thus, Ara-C apparently increases the amount of N-CoR 

Figure 4 Ara-C induces the expression of key enzymes that are required for heme synthesis as well as N-CoR. (A) The diagram 
illustrates the pathway for synthesis of heme in erythrocytes. Also the enzyme ALA-S2 for the rate-limiting step of the pathway is 
shown. (B) In comparison with hemin, Ara-C strongly induces the expression of ALA-S2 in K562 cells. K562 cells were treated 
with 30 µM hemin for 3 days or 0.1 µg/ml Ara-C for 6 days and total RNA was prepared from these cells. An equal amount of total 
RNA was analyzed for the levels of ALA-S2 by RT-PCR. (C) Ara-C treatment also induced the expression of γ-globin. The K562 
cells were treated with Ara-C and analyzed by RT-PCR as in (B). (D) Western blot analysis reveals that Ara-C treatment also induces 
the expression of N-CoR. The K562 cells were treated with 0.1 µg/ml Ara-C for 6 days. The whole-cell extracts were prepared and 
analyzed by western blotting using antibodies. Note that under the same conditions SMRT and HDAC3 were not induced by Ara-C. 
(E) Ara-C-induced erythroid differentiation is associated with a gradually increased level of N-CoR protein. K562 cells were treated 
with Ara-C for various times as indicated and collected for analysis of the levels of N-CoR protein by western blotting. As a control, 
the levels of b-actin were also analyzed by western blotting. (F) Ara-C did not induce the increased transcription of N-CoR mRNA. 
K562 cells were treated as above and the levels of N-CoR mRNA and ALA-S2 were determined by semi-quantitative RT-PCR.
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through a post-transcriptional mechanism. The result that 
N-CoR is induced by Ara-C supports a role for N-CoR in 
ARA-C-induced K562 erythroid differentiation.

N-CoR is required for the induction of key enzymes involved 
in heme synthesis by Ara-C 

Given that N-CoR is required for Ara-C-induced K562 
erythroid differentiation (Figure 2), we next examined 
whether N-CoR is required for the Ara-C-induced expres-
sion of ALA-S2. We used siRNA to knock down N-CoR 
in K562 cells first and then subjected the cells to Ara-C 
treatment. The results in Figure 5A show that the induction 
of ALA-S2 by Ara-C was significantly diminished in the 
K562 cells that were treated with siN-CoR but not with 
the control siRNA. The knockdown of N-CoR by siN-CoR 
was confirmed by western blot analysis (data not shown). 
Thus, this result indicates that N-CoR is essential for Ara-

Figure 5 N-CoR is required for the optimal induction of the enzyme 
ALA-S2 by Ara-C. (A) Knockdown of N-CoR by siRNA impairs 
Ara-C-induced ALA-S2 expression. K562 cells were transfected 
with a control or siRNA against N-CoR for 6 days to knock down 
N-CoR. The K562 cells were then induced by Ara-C for 3 days. The 
total RNA was prepared and analyzed for the levels of ALA-S2 by 
RT-PCR. (B) In the shN-CoR K562 cells, the induction of ALA-S2 
by Ara-C was also impaired. The control and shN-CoR K562 cells 
were treated with Ara-C for 6 days and the levels of ALA-S2 were 
analyzed by RT-PCR. The RT-PCR results were quantified using a 
densitometer and the results are the average value of two independent 
experiments. 
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Figure 6 Partial rescue of an erythroid differentiation defect in the shN-CoR K562 cells by ectopic expression of mouse N-CoR. 
(A) shN-CoR K562 cells were transfected with an expression construct for mouse N-CoR. Two days after transfection, the level of 
N-CoR was determined by western blotting. (B) The shN-CoR cells were transfected with mN-CoR and subjected to Ara-C treat-
ment for 6 days. The erythroid lineage cells were then revealed by benzidine staining. The low magnification data are shown in 
order to highlight the sporadic hemoglobin-positive cells in the absence of ectopic N-CoR expression. The low efficiency of rescue 
by mN-CoR is most likely the result of low plasmid transfection efficiency (15-20%) for K562 cells. (C) The shN-CoR cells were 
treated as in (B) and the levels of hemoglobin were determined and presented as the fold increase over the level of hemoglobin in the 
mock-induced shN-CoR K562 cells. The results were the average value of two representative experiments and were later confirmed 
by an independent experiment.
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C-induced expression of ALA-S2. 
To substantiate the role of N-CoR in the induction of 

ALA-S2, we also analyzed the mRNA levels of the ALA-
S2 before and after Ara-C induction in the shRNA control 
and shN-CoR K562 cells. As shown in Figure 5B, Ara-C 
treatment induced the expression of ALA-S2 in the shRNA 
control K562 cells. However, Ara-C treatment failed to 
induce the expression of ALA-S2 in the shN-CoR K562 
cells. Altogether, these results demonstrate that N-CoR is 
essential for Ara-C-induced expression of a key enzyme 
that is required for heme synthesis, thus providing an ex-
planation for why N-CoR is required for Ara-C-induced 
erythroid differentiation.

Expression of mouse N-CoR rescues the differentiation 
defect of the N-CoR knockdown K562 cells

To confirm whether the defect in erythroid differentia-
tion that we observed in the stable shN-CoR K562 cells 

is a consequence of N-CoR knockdown, we performed a 
rescue experiment by expressing mouse N-CoR, whose 
expression is not affected by the shRNA that is specific to 
the human N-CoR. As shown in Figure 6A, transfection of a 
mouse N-CoR expression construct (pCMX-mN-CoR) led 
to increased levels of N-CoR in the stable shN-CoR K562 
cells, as shown by western blot analysis using an antibody 
that recognizes both human and mouse N-CoR. Immunos-
taining revealed that ~20-25% cells were transfected with 
mouse N-CoR (data not shown). Importantly, when the 
shN-CoR K562 cells that were transfected with mN-CoR 
were subjected to erythroid differentiation by Ara-C treat-
ment, a significant increase of benzidine positively stained 
cells was detected (from ~3% to 16.4%; Figure 6B). As a 
control, the shN-CoR K562 cells transfected with the empty 
pCMX vector did not significantly increase the number of 
positive benzidine stained cells. We also directly measured 
the levels of hemoglobin and the results in Figure 6C show 

Figure 7 N-CoR is not required for the PMA-induced differentiation of K562 cells to megakaryocytes. (A) Different K562 cells 
were treated with 50 mM PMA for 4 days to induce differentiation to megakaryocytes as described in the Materials and Methods. 
The results show that this differentiation, which is evident as a morphological change, was not dependent on N-CoR. (B) The 
PMA-induced differentiation to megakaryocytes was confirmed by the induction of the megakaryocyte marker integrin bIII/CD61 
by RT-PCR analysis.
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an approximately two-fold increase over the vector-trans-
fected cells. Given that in this experiment only ~20-25% 
of the cells were actually expressing mN-CoR, this result 
suggests that most of the mN-CoR-transfected cells could 
be induced toward the erythroid lineage by Ara-C. We thus 
conclude that the expression of mN-CoR is able to rescue 
the erythroid differentiation defect associated with the 
shN-CoR K562 cells.

Knockdown of N-CoR had no effect on the differentiation 
of K562 cells to megakaryocytes 

Many lines of evidence demonstrate that erythroids and 
megakaryocytes are closely related to each other and share 
a common precursor cell [29]. It is well known that K562 
cells can be induced to either erythroid or megakaryocytic 
linages, depending on the inducing agents used [14, 15, 
30]. For example, K562 can be induced by PMA to dif-
ferentiate into the megakaryocytic lineage [31]. Since 
the knockdown of N-CoR impairs Ara-C-induced K562 
erythroid differentiation, we wished to test whether N-CoR 
is specifically involved in erythroid differentiation or also 
participates in the megakaryocytic pathway. As shown in 
Figure 7A, PMA treatment successfully induced K562 
megakaryocytic differentiation, which is characterized by 
the inhibition of cell proliferation, increased cell size and 
megakaryocytic morphology (multinuclei). As a molecu-
lar marker for megakaryocytic differentiation [32], PMA 
treatment drastically increased the mRNA level of integrin 
b3 (also known as antigen CD61; Figure 7B). However, 
compared with either the K562 parental cells or the stable 
control shRNA K562 cells, knockdown of N-CoR had no 
effect on megakaryocytic differentiation as shown by the 
PMA-induced morphological changes (Figure 7A) as well 
as the induction of integrin-b3 mRNA (Figure 7B). Thus, 
consistent with the normal differentiation of megakaryo-
cytes in N-CoR-null mice [5], our in vitro results indicate 
that N-CoR is not required for the differentiation of K562 
cells to megakaryocytes.

Discussion

In this report we make use of the human erythroleukemic 
K562 cell line to investigate the role of N-CoR in erythroid 
and megakaryocyte differentiation. We show that N-CoR is 
required for Ara-C- but not hemin-induced differentiation 
to the erythroid lineage. In addition, we show that N-CoR 
is not required for PMA-induced differentiation of K562 
cells into megakaryocytic cells. Thus, this in vitro study is 
in agreement with the phenotypes of N-CoR-/- mice that 
have defects in definitive erythropoiesis but have a normal 
number of megakaryocytes [5]. Consistent with a role for 
N-CoR in erythropoiesis, we find that N-CoR is induced 

during Ara-C-induced erythroid differentiation. Moreover, 
we show that N-CoR is required for the Ara-C-induced 
expression of ALA-S2, a key enzyme that is required for 
heme synthesis. 

Both Ara-C and hemin can induce K562 cell differen-
tiation into erythroid cells. Although the way that these 
agents induce K562 cell differentiation remains to be fully 
elucidated, they probably do so through different pathways. 
As shown by Tahara et al. [33, 34], heme has a dual role 
during K562 cell erythroid differentiation. In addition to 
serving as a direct prosthetic substrate for globin, it also 
upregulates globin chain synthesis by repressing the tran-
scriptional repressor Bach1, and subsequently enhances 
globin gene transcription. Furthermore, heme also enhances 
globin expression at the level of translation through its 
ability to regulate eIF2a kinase activity [35]. Based on 
our observation that N-CoR is required for Ara-C- but not 
hemin-induced erythroid differentiation, we turn our atten-
tion to the roles of N-CoR in heme biosynthesis. There are 
eight steps in the heme biosynthesis pathway and each step 
is catalyzed by a unique enzyme. The enzyme 5-aminolevu-
linic acid synthase ALA-S2 is the first enzyme in the heme 
biosynthesis pathway and is responsible for the differences 
in regulation and rates of heme synthesis in erythroid and 
non-erythroid cells [24]. It was previously shown that the 
level of ALA-S2 mRNA increases in the Ara-C-induced 
human myelogenous leukemia cell line YN-12 [26]. We 
show in this study that Ara-C also induces the expression of 
ALA-S2 mRNA in K562 cells. Thus, Ara-C-induced K562 
cell differentiation is associated with the induction of a key 
enzyme that is involved in heme synthesis. Importantly, 
we find that N-CoR is required for Ara-C-induced expres-
sion of ALA-S2, since the knockdown of N-CoR either 
transiently by siRNA or permanently by shRNA impairs 
the induction of the enzyme. Thus, our results provide 
the first evidence that N-CoR has a role in regulating the 
expression of a key enzyme that is involved in the heme 
biosynthesis pathway. 

Interestingly, N-CoR is required for Ara-C-induced 
erythroid differentiation and its own level in K562 cells is 
also induced by Ara-C (Figure 4). We show that upon treat-
ment with Ara-C, the amount of N-CoR protein in K562 
cells gradually increases. Ara-C appears to affect the level 
of N-CoR via a post-transcriptional mechanism, as Ara-C 
treatment has no effect on the levels of N-CoR mRNA (Fig-
ure 4). The fact that N-CoR is induced by Ara-C supports 
a role for N-CoR in Ara-C-induced erythroid differentia-
tion. Future work is needed to determine whether Ara-C 
increases the level of N-CoR by enhancing the translation 
of N-CoR mRNA and/or protein stability. 

At this stage, how N-CoR regulates the expression of 
ALA-S2 is not known. It is well established that N-CoR 
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and its related protein SMRT [36, 37] form stable protein 
complexes with HDAC3 and other proteins and function as 
co-repressors for many transcriptional factors [1, 38-41]. In 
rare cases, N-CoR and HDAC3 have also been implicated 
in the transcriptional activation process [5], although the 
underlying mechanism is unknown. Given its well-char-
acterized co-repressor function, it is possible that N-CoR 
indirectly regulates the expression of ALA-S2 by suppress-
ing the expression or function of a transcription factor that 
represses ALA-S2. In this regard, the Id (inhibitor of DNA 
binding) family of helix-loop-helix repressors is known to 
enhance cell proliferation and inhibit cellular differentiation 
in many cell types, including erythroid lineage cells, and 
thus could be potential candidates for genes that are re-
pressed by N-CoR [42, 43]. However, we have not observed 
any effect of knockdown of N-CoR on the expression of 
Id1 and Id2 in K562 cells (data not shown), although we 
have yet to analyze the expression of Id3 and Id4. Alterna-
tively, N-CoR could have an essential role in modulating 
the activity of the transcription factors that are important 
for erythroid differentiation. An increasing number of tran-
scription factors have been shown to have critical roles in 
erythroid differentiation, including GATA family members, 
EKLF, c-myb, NF-E2 and TAL1/SCL [44-46]. GATA-1, 
GATA-2 and GATA-3 transcription factors are important 
in regulating gene expression during hematopoiesis and 
in determining hematopoietic cell lineages. For instance, 
GATA-2 is critical in the development of hematopoietic 
stem cells [47, 48]. Loss of GATA-1 blocks erythroid 
maturation [48, 49], whereas GATA-3 is required for the 
production of T-lymphocytes [50]. Furthermore, the ALA-
S2 immediate promoter contains binding sites for GATA1 
and NF-E2 [51]. We have tested the potential interaction of 
N-CoR with GATA-1, c-myb, EKLF and TAL1/SCL using 
in vitro GST pulldown and co-immunoprecipitation, and 
we have so far failed to detect any significant interaction 
between N-CoR and these factors. However, it remains 
possible that N-CoR could interact indirectly with these 
transcription factors or directly with the transcription fac-
tors we have yet to analyze. Nevertheless, the findings in 
this study that N-CoR is required for Ara-C-induced K562 
erythroid differentiation and the expression of ALA-S2 
open avenues for future investigation of the underlying 
molecular mechanism.
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