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Abstract Nuclear extract of human erythroleukemic cell line KjG2 contains a 70 kDa protein which is gradually 
reduced when cells are induced to express globin genes by 25 FM hemin. When globin synthesis was inhibited by 
cycloheximide (100 pg/ml) or Actinomycin D (1 Fg/ml), the disappearance of this protein was prevented. The 70 kDa 
nuclear protein exhibited strong binding to Cy and Ay globin promoters but not to P-globin promoter. This suggests that 
this 70 kDa nuclear protein may be involved in the regulation of fetal globin gene expression. 
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Increased level of fetal hemoglobin is known 
to ameliorate the severity of many forms of 
p-globin disorders [Charache et al., 1991; Per- 
rine et al., 1989; Veith et al., 19751. The molecu- 
lar mechanism of fetal hemoglobin gene expres- 
sion in erythroid cells, however, is not 
understood. The human erythroleukemic cell 
line K562 (upon induction by hemin) expresses 
embryonic (E) and fetal (y) globins but not adult 
globin (P) [Lozzio et al., 1975; Thompson et al., 
1983; Charnay and Maniatis, 1983; Dean et al., 
19831. K562 cells are often used for understand- 
ing the mechanism of fetal hemoglobin gene 
expression [Mitchell et al., 1989; Evans et al., 
19881. In order to understand the molecular 
mechanisms accounting for tissue specific devel- 
opmental regulation of the globin gene families, 
many investigators have focussed their atten- 
tion on identifying cis-elements and trans- 
regulatory protein factors involved in mediating 
globin gene transcription [deBoer et al., 1988; 
Gumuchio et al., 1988; Mantovani et al., 1988; 
CataIa et al., 19891. 

In this report, nuclear extracts isolated from 
hemin induced and uninduced K562 cells were 
analyzed for their binding to regulatory se- 
quences of different globin genes. When using 
“gel retardation” assays, we have found 3 major 
nuclear proteins from K562 extracts binding with 
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oligonucleotide containing AP-1 and NFE-2 sites. 
Incubating nuclear proteins from K562 extracts 
with P-globin, Gy and Ay promoters, only one 70 
kDa protein bound specifically to Gy and Ay 
promoters but not to f3 globin promoter. This 
protein is associated with the repressed state of 
y-globin gene and is shown to decrease when 
fetal hemoglobin is expressed. 

MATERIALS AND METHODS 

K562 cells and the f3-promoter and 1st and 2nd 
exons cloned into pBR328 were purchased from 
ATCC, Maryland. Cells were grown in suspen- 
sion culture in RPMI-1640 medium supple- 
mented with glutamine (2 mM), HEPES (25 
mM), Penicillin (50 IU/ml), Streptomycin (50 
ug/ml) and 10% FCS at 37°C. Differentiation 
was induced by seeding exponentially growing 
cells into complete medium supplemented with 
20 um hemin for at least 48 h. 

Preparation of Nuclear Extracts 

K562 cells (10 x lo6 cells) from exponentially 
grown culture were collected by centrifugation 
and washed twice with cold phosphate buffer 
solution (PBS). The final pellet was suspended 
in cold lysingbuffer (10 mM Tris, HCl pH 7.4,lO 
mM NaC1, 3 mM MgC12 and 0.5% NP-40). After 
5 min incubation on ice, the nuclei were col- 
lected by centrifugation at 500 x g for 10 min. 
The nuclei were washed once with lysis buffer. 
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Under phase contrast microscopy, the nuclei 
appeared intact and devoid of attached cyto- 
plasm or cell debris. The nuclear extract was 
prepared as described by Dignam et al., 1983. 
The nuclei were suspended in buffer containing 
20 mM HEPES pH 7.9, 0.42 M NaC1, 1.5 mM 
MgC12, 0.2 mM EDTA, 0.5 mM PMSF, and 0.5 
mM DTT, homogenized and then centrifuged 
for 30 min at 25,000 x g. The supernatant was 
dialyzed against same buffer overnight, centri- 
fuged and stored in aliquots at - 70". 

SDS-Polyacrylamide Gel Electrophoresis 

Electrophoretic separation of the nuclear pro- 
teins was performed in 12% polyacrylamide gel 
containing 0.1% sodium dodecyl sulphate as de- 
scribed by Laemmli, 1970. Gels were run at 
constant current at 40 mAmp for approximately 
120 minutes using Bio-Rad Mini I1 apparatus. 
After electrophoresis, gels were fixed and stained 
with silver as described by Wray et al. 1981. 

Mobility Shift Electrophoresis 

This was performed essentially as described 
[Singh et al., 19861. The [32Pl-labeled oligonucle- 
otide containing AP-1 and NFE-2 (see Scheme 
1) binding sites (48 mer oligonucleotide con- 
struct, approximately 19,000 CPM/ng) was incu- 
bated in a total volume of 20 p1 containing 10 
mM Tris-HC1 (pH 7.5) 1 mM dithiothreitol, 1 
mM EDTA, 40 mM KC1 and 10% glycerol. After 
20 min incubation at 25"C, an aliquot of this 
reaction mixture was mixed with sample buffer 
and immediately loaded onto a 4% polyacryla- 
mide gel and electrophoresed at 150v for 2 h 
with a Tris-borate-EDTA buffer (TBE). After 
electrophoresis, the gels were fixed, dried and 
autoradiographed. 

Promoter Binding Assay 

We have developed an alternative to  the gel 
shift assay. The gamma promoters (Ay, Gy), and 
(3-globin promoter were cloned into a bluescript 
and pBR322 vectors respectively. Following pu- 
rification, 1-5 pg of each plasmid was incubated 
with 5 p1 of glass milk component of the GENE 

NFE-2 

CLEAN system, from BIOlOl Corp., LaJolla, 
CA. The binding of DNA to the matrix was 
tested, then each matrix with its bound DNA 
was used with KSG2 nuclear extract. Five micro- 
grams of pBR322 bound to  the glass milk was 
used in every experiment as the negative con- 
trol. 

Each reaction was carried out in a 25 pl reac- 
tion volume containing binding buffer, 1-2 kg 
nuclear protein, 1 ug of poly d(I)-d(C) and 1 kg 
of matrix bound promoter. At the end of incuba- 
tion, the reaction mix was cooled on ice, centri- 
fuged and the supernatant was analyzed on SDS- 
gel electrophoresis as described above. 

Hemoglobin Determination 

Hemoglobin containing cells were scored as 
benzidine positive cells. Benzidine stain was 
freshly prepared before use. 

RESULTS 

The induction of fetal hemoglobin gene expres- 
sion during erythroid differentiation of K562 cells 
provides a well defined model for the investiga- 
tion of specific nuclear factors involved in globin 
gene expression. Fetal hemoglobin gene expres- 
sion increases 20 to  30 fold in KSG2 cells within 
48 h of incubation in the presence of 25 pM 
hemin [Charnay and Maniatis, 1983; Dean et 
al., 19831. Though the mechanism of activation 
of globin synthesis by hemin is not understood, 
genetic elements and protein factors are thought 
to be involved in this activation process. To test 
this possibility, we examined nuclear proteins 
isolated from induced and non-induced K562 cells 
that selectively bind to  known DNA sequences 
in the 5' end of the enhancer region (HS-11) and 
the promoter region of the y-globin. 

An in vitro gel mobility shift assay was used to  
test for binding activities of nuclear protein 
extracts from hemin-induced and non-induced 
KSG2 cells. A [32P]-labelled oligonucleotide con- 
struct (ds 48 mer) similar to the 5' end of the p 
globin enhancer region (HS-11) of p globin clus- 
ter was used as a probe in this assay. This 
oligonucleotide contruct contains two transcrip- 
tion activating factors AP-1 and NFE-2 binding 

AP- 1 
5 '-AGCTTCAGCAAT[ GCTGAGTCA]TGA[TGAGTCA]TGCTGAGGATATCCGIC-3 ' 
3'TCGAAGTCGTTA [CGACTCAGT] ACT [ACTCAGT] ACGACTCCTATAGGCAG-5' 

Scheme 1. 
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Fig. 2. SDS-electrophoresis analysis of K,,, nuclear proteins. 
Nuclear proteins isolated from uninduced K5,* cells were incu- 
bated with p, Cy and Ay promoters in the presence of 1 kg  of 
poly d(l)-d(C) for 20 min at 25" as described in Materials and 
Methods. At the end of incubations, the reaction mixture was 
centrifuged and the supernatant was analyzed on 12% SDS- 
polyacrylamide gel electrophoresis. 

Fig. 1. Gel shift assay. Gel shift electrophoresis assays were 
carried out using 48 mer oligonucleotide (32,000 CPM) contain- 
ing one copy of each AP-1 and NFE-2 factor binding sites. 

NFE-2 AP-1 

5 ' -ACCTSCACCAATICCTGACTCA]TGAlTCACT~]TG~~G~TATCCGTC-~ ' 

3'TCGAAGTCGiTA [CCACTCACT] ACT [ACTO\CT]ACGACTCCTATAGCCAC-5' 

Assay contained either 2.5 ug of nuclear protein extract from 
unstimulated Ks6* cells. The optimum binding was determined 
by using varying amounts of nuclear protein and oligonucle- 
otide. No proteinioligo only control was run each time (not 
shown in figure). 

sites. As shown in Figure 1, three protein-DNA 
complexes (band shifts 1, 2 and 3) were evident 
with the uninduced nuclear extract (lane 1) indi- 
cating either the presence of three proteins inter- 
acting with oligonuleotide or the probe has mul- 
tiple binding sites for one or more proteins. One 
of the bands (band shift 1) was reduced when 
incubated with K562 cells extract from hemin 
treated cells. However, band 1 was not reduced 
in the presence of 100 ug/ml cycloheximide or 1 
ug/ml Actinomycin D indicating that disap- 
pearence of band 1 may be coordinated with 
RNA and protein synthesis. These results sug- 
gest that the presence of hemin regulated HS-I1 
enhancer binding protein in K562 extract. 

In order to explore nuclear proteins involved 
in binding to globin promoters, uninduced K562 
nuclear extracts was incubated with Gy, Ay, and 

p globin promoters and Control DNA (plasmid 
pBR322) for 10 min at 25°C in the presence of 
poly d(1)-d(C). At the end of incubation time, the 
reaction mixture was centrifuged and an aliquot 
of the supernatant was analyzed on SDS-PAGE. 
A 70 kd protein (as shown by arrow) was re- 
duced in Gy and Ay promoter treated extracts as 
compared to the extracts treated with p globin 
promoter or control DNA (pBR322) (Figure 2). 
The binding was concentration dependent and 
reproducible. 

To determine the possible role of 70 kDa pro- 
tein in fetal globin gene expression, K562 cells 
were incubated at different time intervals in the 
presence of 25 pM hemin. At the end of incuba- 
tion, nuclear protein extracts were isolated and 
analyzed on SDS gel electrophoresis. The nu- 
clear protein extracts from hemin induced K562 
cells exhibit a time dependent and gradual de- 
crease in 137 kDa and 70 kDa proteins (Figure 
3). However, these two proteins remained con- 
stant in un-induced K562 nuclear extracts. When 
globin gene expression in hemin induced K562 
cells was inhibited by addition of cycloheximide 
(100 Fg/ml) or Actinomycin D (1 Fg/ml) the 
degradation of 70 kDa protein was prevented 
(Figure 4). The 70 kDa protein was rather stabi- 
lized in the presence of these inhibitors. These 
results suggest that the reduction of the 70 kDa 
protein due to hemin induction parallels the 
increase in y-globin gene expression. 
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Fig. 3. Electrophoretic analysis of nuclear proteins isolated 
from K562 cells incubated at 24,48, 72 and 96 h in the presence 
of 25 FM hemin. At the end of incubations, cells were centri- 
fuged, washed and suspended in gel buffer and analyzed on 
12% SDS-polyacrylamide gel as described in Materials and 
Methods. 

DISCUSSION 

K562 cells seem to contain several DNA bind- 
ing proteins; some are binding specifically to 
enhancer region and some are promoter-region 
specific. Three nuclear proteins are binding to 
AP-1 and NFE-2 binding sites of HS-2 enhancer 
region. One of the proteins was significantly 
reduced in hemin treated extract and this disap- 
pearance was sensitive to both Actinomycin-D 
and cycloheximide. These results indicate the 
involvement of this protein in hemin induced 
globin gene expression. Isolation and character- 
ization of this protein is in progress. The SDS- 
gel electrophoretic analysis of the K562 nuclear 
extracts treated with Gy, Ay and f3 globin pro- 
moters followed by removal of promoter-protein 
complexes by centrifugation showed that a pro- 
tein with approximately 70 kDa molecular weight 
diminishes in Gy and Ay but not p globin pro- 
moter treated K562 cells. These results indicate 
that 70 kDa protein specifically bind to Gy and 
Ay promoters but not to the p promoter. When 
32P-labelled 300 base pair Gy promoter sequence 
was incubated with K562 nuclear extract, we 
observed one band shift, whose intensity is in- 
creased with increasing &&? nuclear extract [un- 
published results]. It is possible that a single 
band shift observed on gel shift assay may be 
due to at least a 70 kDa protein. Additional 
experiments such as South Western assay and 
DNAase-I footprint studies may be required be- 
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Fig. 4. SDS-polyacrylamide gel electrophoretic analysis of 
nuclear proteins isolated from hemin induced (25 F M )  K562 

cells incubated at 24, 48, 72 and 96 hrs in the presence of 
cycloheximide (1 00 pg/ml) and Actinomycin-D (1 kg/ml). 

fore 70 kDa protein can be conclusively impli- 
cated in globin gene promoter binding. Further- 
more, the nuclear extracts from hemin induced 
K562 cells exhibited a time dependent decrease in 
137 kDa and 70 kDa proteins. When protein or 
RNA synthesis are inhibited by cycloheximide 
and Actinomycin-D, respectively, the disappear- 
ance of the 70 kDa protein is prevented indicat- 
ing the association of 70 kd protein with the 
repressed state of y-globin gene expression. At 
this time we do not know the nature of the 
protein which binds to  HS-I1 enhancer. I t  is 
possible that both 70 kDa protein and HS-I1 
enhancer binding protein may be involved in 
fetal hemoglobin gene expression. 

These results suggest that hemin induction of 
fetal globin gene expression requires the re- 
moval of a 70 kDa protein bound to y-globin 
promoters and is thus indicative of presence of a 
negative control mechanism in y -globin gene 
expression. The role of hemin in the negative 
regulatory control mechanism of 70 kDa protein 
in globin gene expression requires further inves- 
tigation. Since no binding of the 70 kDa protein 
to comparable region of f3 globin promoter is 
found, this discrimination suggests that the 70 
kDa protein could play a role in the differential 
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expression of y and p globin genes. We hope this 
information will provide a more detailed under- 
standing of gene expression in mammalian cells 
and in developing ways t o  maintain production 
of hemoglobin F in individuals who have altered 
or deficient P-globin chain production. 

ACKNOWLEDGMENTS 

We are grateful to Dr. Betty Pace for provid- 
ing Gy, Ay, promoters. We thank Jim Allbritton 
and Luis Waller for technical assistance. We 
acknowledge the help of Kathy Billingsley in 
preparation of this manuscript. 

REFERENCES 

Catala F, deBoer E, Habets G, Grosveld F (1989): Labora- 
tory of Gene structure and Expression. Nucleic Acids Res 

Charache S, Dover G, Smith K, Talbott CC, Moyer M, Boyer 
S (1983): Treatment of sickle cell anemia with 5-azacyti- 
dine results in increased fetal hemoglobin production and 
is associated with nonrandom hypomethylation of DNA 
around the y-8-p globin gene complex. Proc Natl Acad Sci 

Charnay P, Maniatis T (1983): Transcriptional regulation of 
globin gene expression in the human erythroid cell line 
K562. Science (Wash, DC) 220:1281-1283. 

Dean A, Ley TT, Humphries RK, Fordis M, Schechter AN 
(1983): Inducible transcription of five globin genes in k562 
human leukemia cells. Proc Natl Acad Sci (USA) 80:5515- 
5519. 

deBoer E, Antoniou M, Mignotte V, Wall L, Grosveld F 
(1988): The human p-globin promoter, nuclear protein 
factors and erythroid specific induction of transcription. 
Embo J 7:4203-4212. 

Dignam JD, Lebovitz RM, Roeder RG (1983): Accurate 
transcription initiation by RNA polymerase I1 in a soluble 
extract from isolated mammalian nuclei. Nucleic Acids 
Res 11:1475-1489. 

Evans T, Reitman M, Felsenfeld G (1988): An erythrocyte 

17~3811-3827. 

(USA) 80~4842-4846. 

specific DNA binding factor recognizes a regulatory se- 
quences common to all chicken globin genes. Proc Natl 
Acad Sci (USA) 85:5976-5980. 

Gumuchio DL, Rood KL, Gray TA, Riordan MF, Sartor CI, 
Collins FS (1988): Nuclear proteins that bind the human 
y-globin gene promoter: Alteration in binding produced by 
point mutations associated with Hereditary Persistence of 
Fetal Hemoglobin. Mol Cell Biol8:5310-5322. 

Laemmli UK (1970): Cleavage of structural proteins during 
the assembly of the head of bacteriophage 14. Nature 
(London) 270:680-685. 

Lozzio CB, Lozzio BB (1975): Human chronic myelogenous 
leukemia cell line with positive Philadelphia chromosome. 
Blood 45:321. 

Mantovani R, Malgaretti N, Nicolis S, Ronchi A, Giglioni B, 
Ottolengfhi S (1988): The effects of HPFH mutations in 
the human gamma globin promoter on binding of ubiqui- 
tous and erythroid specific proteins. Nucleic Acids Res 
16:7783-7797. 

Mitchell DJ, Tjian R (1989): Transcriptional regulation in 
mammalian cells by sequence specific DNA binding pro- 
teins. Science 245:371-378. 

Perrine SP, Miller BA, Faller DV, Cohen RA, Vichinsky EP, 
Hurst D, Lubin BH, Papayannopoulou T (1989): Sodium 
Butyrate enhances fetal globin gene expression in eryth- 
roid progenitors of patients with Hb SS and p-Thalassemia. 

Singh H, Sen R, Baltimore D, Sharp PA (1986): A nuclear 
factor that binds to  a conserved sequence motif in tran- 
scriptional control elements of immunoglobin genes. Na- 
ture (London) 319:154-158. 

Rutherford TR, Clegg JB, Higgs DR, Jones RW, Thompson 
J, Weatherall DJ (1981): Embryonic erythroid differentia- 
tion in the human leukemic cell line K562. Proc Natl Acad 
Sci (USA) 78:348-352. 

Veith R, Galanello R, Papayannopoulou T, Stamatoyannop- 
oulos G (1985): Stimulation of F-cell production in pa- 
tients with sickle cell anemia treated with cytarabine or 
hydroxyurea New Eng. J. Med. 313:1571-1575. 

Wray W, Boulikas T, Wray VP, Hancock R (1981): Silver 
staining of proteins in polyacrylamide gels. Anal Biochem 
118:197-203. 

Blood 74~454-459. 


