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2004.—Understanding regulation of fetal and embryonic hemoglobin
expressioniscritical, since their expression decreases clinical severity
in sickle cell disease and B-thalassemia. K562 cells, a human eryth-
roleukemia cell line, can differentiate along erythroid or megakaryo-
cytic lineages and serve as a model for regulation of fetal/embryonic
globin expression. We used microarray expression profiling to char-
acterize transcriptomes from K562 cells treated for various times with
hemin, an inducer of erythroid commitment. Approximately 5,000
genes were expressed irrespective of treatment. Comparative expres-
sion analysis (CEA) identified 899 genes as differentially expressed;
analysis by the self-organizing map (SOM) agorithm clustered 425
genesinto 8 distinct expression patterns, 322 of which were shared by
both analyses. Differential expression of a subset of genes was
validated by rea-time RT-PCR. Analysis of 5'-flanking regions from
differentially expressed genes by PAINT v3.0 software showed en-
richment in specific transcription regulatory elements (TRES), some
localizing to different expression clusters. This finding suggests co-
ordinate regulation of cluster members by specific TREs. Finally, our
findings provide new insights into rate-limiting steps in the appear-
ance of heme-containing hemoglobin tetramers in these cells.

gene expression profiling; hemin; cell differentiation; transcription
regulatory elements

K562 CELLS ARE IMMORTALIZED erythroleukemia cells derived
from a patient with chronic myelogenous leukemia (CML)
characterized by aneuploidy and dysregulated constitutive ex-
pression of BCR-ABL due to the presence of the Philadelphia
chromosome (19:22) (29). The cells are bipotential and can be
induced to express erythroid or megakaryocytic properties
depending on the inducer (30). K562 cells therefore represent
an important in vitro model for basic studies of leukemogen-
esis. K562 and other erythroleukemia cell lines can be induced
to express embryonic and/or fetal hemoglobins (44) and, there-
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fore, are useful also for gaining an understanding of regulation
of embryonic and fetal globin-chain expression (19, 48). Elu-
cidation of what regulates these genes could lead to develop-
ment of therapeutic agents for treatment of sickle cell disease
(SCD) and the B-thalassemia syndromes (7), for which few
drugs are currently available. The dominant therapeutic ap-
proaches have been aimed at upregulating expression of the
fetal globin genes, since overexpression of fetal globins in
adult life has no deleterious effects in individuals with dele-
tional and nondeletional forms of hereditary persistence of fetal
hemoglobin (HPFH) (18). Furthermore, forced expression of
fetal globins, caused either by inhibition of fetal globin-gene
silencing or by reactivation of expression in adult life decreases
clinical severity in SCD (48).

Currently available therapeutic agents for elevating Hb F
levels in patients with SCD and B-thalassemia include 5-aza-
cytidine and derivatives, butyrate and derivatives, and hy-
droxyurea. The mechanisms of action of these drugs are not at
all clear but are presumed to involve changes in DNA meth-
ylation, histone acetylation, and possibly stress-induced, accel-
erated erythropoiesis, respectively (48). Patient response to
these agents varies widely, use of these compounds can cause
neutropenia, and some are thought to have oncogenic potential.
Therefore, the motivations for development of new drugs
aimed at elevated fetal globin in adult life include 1) targeted
mechanism of action, 2) high response rate, 3) low toxicity/
oncogenicity.

To increase our understanding of the molecular basis of the
responses of K562 cells to the fetal/embryonic hemoglobin
inducer, hemin, and to identify rate-limiting steps in hemoglo-
binization, we performed transcriptome analyses of these cells.
K562 cells, athough a neoplastic cell line, represent a tool to
study globin gene regulation, as demonstrated by recent studies
showing similar effects of chemical treatment on globin gene
expression in K562 and primary erythroid cells (60, 41, 28).
We now describe changes in steady-state mRNA profiles
before and after hemin treatment during 72 h in culture and
provide insights into rate-limiting steps involved in appearance
of heme-containing globinsin these cells. In addition, we show
that differentially expressed genes can be assigned to a limited
number of expression patterns. We also present analyses of
their 5’-flanking regions and suggest that specific transcription
regulatory elements (TRES) could effect coordinate regulation
of the putative target genes in these clusters.
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Table 1. Sequences of primer pairs used for real-time RT-PCR

TRANSCRIPTOME ANALY SIS OF ERYTHROID-INDUCED K562 CELLS

Genes Forward Primer (5’ to 3") Reverse Primer (5’ to 3')
FCGR2A GCT GTT CTC ATC CAA GCC TGT GCC CAT GCT GGG CAC TT
v-myb AGG TCC CTG GCG AGC C AGG ATG CAG GTT CCC AGG TAC
KLF-1 TTG CGG CAA GAG CTA CAC C CAG GCG TAT GGC TTC TCC C
HSPAS5 GAA AGA AGG TTA CCC ATG CAG TTG CAT TTA GGC CAG CAA TAG TTC CAG
CTSL AGC CGG GTG GAC ACA GGT GCA AAA GGC AGC AAG GAT GA
a-Globin ACT GAA CCT GAC CGT ACA ACG CTG GCG AGT AGC AGG CAG TGG CTT AGG AG
{-Globin GGA CCA TCA TTG TGT CCA TGT G CGG GTG GCT GAG GAA GAG
GAPDH AGC CTC AAG ATC ATC AGC AAT G CAC GAT ACC AAA GTT GTC ATG GA
v-Globin (Ref. 50) GGC AAC CTG TCC TCT GCC TC GAA ATG GAT TGC CAA AAC GG
€-Globin CAG CTG CAA TCA CTA CCA AGC T GGG AGA CGA CAG GTT TCC AA

MATERIALS AND METHODS

Cell culture. The human erythroleukemia cell line K562 (ATCC,
Philadelphia, PA) was cultured in RPMI 1640 (Mediatech, Herndon,
VA) supplemented with 10% (vol/vol) fetal bovine serum, 2 mM
L-glutamine, 100 U/ml of penicillin, and 100 pg/ml of streptomycin
(Mediatech) under 5% (vol/vol) CO, at 37°C. Cells were seeded at a
density of 2 X 10° cells/ml and cultured for 96 h in the presence or
absence of the 50 WM hemin (Sigma-Aldrich, St. Louis, MO). Hemin
stocks (4 mM) were prepared by dissolving 13 mg of heminin 0.2 ml
of 0.5 M NaOH followed by addition of 0.25 ml of 1 M Tris-HCI, pH
7.8, and dilution to 5 ml with distilled water. The solution was filter
sterilized and stored at —20°C until use. Viable cell counts were
determined using trypan blue dye exclusion.

Benzidine staining. Phosphate-buffered saline-washed untreated
and treated K562 cells were stained in a benzidine solution (43)
containing 0.6% (wt/vol) benzidine base, 2% (vol/vol) hydrogen
peroxide, and 12% (vol/vol) acetic acid. At least 500 cells were
counted at each time point after treatment using a light microscope to
assess the percent of cells that appeared blue due to the presence of
heme-containing globin tetramers.

RNA isolation. DNA-free total RNA was isolated from ~5 X 107
cells from duplicate (A, B) untreated control (0 h) and hemin-treated
cultures (after 6, 12, 24, 48, and 72 h) using the RNAqueous-4PCR kit
as described by the manufacturer (Ambion, Austin, Texas). RNA was
treated with DNase, purified by ethanol precipitation, resuspended in
DEPC-treated water, and stored at —80°C.

Microarray analysis. Microarray analysis was accomplished using
the procedure recommended by the manufacturer (Affymetrix, Santa
Clara, CA). Briefly, double-stranded cDNA was synthesized using a
cDNA synthesis kit (Invitrogen, Carlsbad, CA), and biotinylated
cRNA prepared using BioArray High Yield T7 RNA transcript
labeling kit (Enzo Diagnostics, Farmingdale, NY). The cRNA was
fragmented by heat and ion-mediated hydrolysis and hybridized to the
Human Genome HU133A oligonucleotide array GeneChip (Af-
fymetrix) containing ~500,000 spots with 22,283 different probe sets
representing 14,397 unique genes. Arrays were washed and stained
using a GeneChip fluidics station (Affymetrix), and hybridization
signals were amplified using antibody amplification with goat 1gG
(Sigma-Aldrich) and anti-streptavidin biotinylated antibody (Vector
Laboratories, Burlingame, CA). GeneChips were scanned using a
GeneArray scanner (Agilent Technologies, Pao Alto, CA). Data
analysis was performed using Affymetrix MAS 5.0, Micro DB 3.0,
Data Mining Tool (version 3.0), and GeneSpring 5.1 (Silicon Genet-
ics, Redwood City, CA) software to identify expressed and differen-
tially expressed genes. For absolute expression analysis, images were
analyzed by MAS 5.0 to determine whether a gene is expressed
(“present”). The target signal value used was 150 with the “all probe
sets” choice for scaling to ensure consistency of the files to be
compared. Expression patterns at each time point were compared with
those of untreated cultures. Detection change cal (i.e., increase,
decrease, margina, or no change) was determined by comparison

expression anadysis (CEA) usng MAS 5.0 software. Four pair-wise
comparisons were performed at each time point using duplicate treated
and untreated cultures (i.e., 6A vs. OA, 6B vs. OA, 6A vs. 0B, and 6B vs.
0B). Only genes designated as differentialy expressed in common from
all four comparisons at each time point were selected for further anaysis.
The data sets discussed herein can be accessed at the Gene Expression
Omnibus (GEO) web site under the submission numbers GSM 16523
GSM16529, GSM16531-GSM 16533, GSM16535, and GSM16536
(http:/lwww.ncbi.nlm.nih.gov/geal). Supplemental materials containing
complete results of transcriptome andysis in untreated K562 cells (Sup-
plemental Table S1) and results of differentidly expressed genes in
response to hemin (Supplemental Table S2) are available online at the
Physiologica Genomics web site*

Self-organizing map clustering. Data from &l time points, using
MAS 5.0 absolute analysis, were published to Micro DB 3.0. Self-
organizing map (SOM) clustering (8, 49) was performed after aver-
aging of duplicate signals of each time point by Data Mining Tool 3.0
(Affymetrix). The SOM agorithm distributes genes into an arbitrarily
selected number of patterns according to their expression profile after
hemin treatment. The details and description of the parameters can be
found in the Affymetrix Data Mining Tools Users Guide, version 3.0.

Gene annotation. Differentially expressed genes from microarray
analysis were annotated using the NetAffx Analysis Center (27) and
http://www.affymetrix.com.

Real-time RT-PCR. A selected subset of differentially expressed
genes was chosen for independent confirmation by SYBR Green-
based, real-time RT-PCR using glyceral dehyde-3-phosphate dehydro-
genase (GAPDH) as an internal reference gene. Primer pairs (Table 1)
(Integrated DNA Technologies, Coralville, 1A) for representative
genes from the SOM-defined clusters were designed to span or bridge
exons when possible, using Primer Express software [Applied Bio-
systems (ABI)]. Melting curve analysis with Dissociation software
(ABI) was used to confirm generation of a single product.

First, validation experiments were performed at varying cDNA
input amounts followed by locus-specific PCR to show that the
relative difference between reference and test transcripts remained
constant for the two different RNA sources over the input range. The
cDNAs were synthesized as follows:. total RNA (2 wg) was used in a
20-p.l reaction containing 500 ng of oligo-dT, 500 M dNTPs, 10 mM
DTT, and 200 U of SuperScript Il (Invitrogen). Reactions were
incubated at 44°C for 60 min followed by 15 min at 70°C. For this
validation phase, untreated (0 h) cDNA was diluted to ~1 ng/pl and
used as the working stock solution. RT-PCR was performed in 10 pl
for each gene and control (GAPDH) using six different amounts of
cDNA (2, 1, 0.5, 0.25, 0.125, and 0.0625 ng). Each reaction was
performed in quadruplicate using the 2X SYBR Green | Master Mix
(ABI). Cycle thresholds (Cr) were determined in real time on the ABI

1The Supplementary Material for this article (Supplemental Tables S1 and
S2 and Supplemental Fig. S1) is available online at http://physiolgenomics.
physiology.or g/cgi/content/full/00028.2004/DC1.
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