
Globin Gene Expression in Erythroid Human Fetal Liver Cells
Timothy J. Ley,* Kathleen A. Maloney,* Jeffrey 1. Gordon,* and Alan L. Schwartz
*Division of Hematology-Oncology, Departments of Medicine and Genetics, Jewish Hospital at Washington University Medical Center,
tDivision of Gastroenterology, Departments of Medicine and Biochemistry, and 1Division of Hematology-Oncology,
Edward Mallinckrodt Department of Pediatrics and Department of Pharmacology,
Washington University Medical School, St. Louis, Missouri 63110

Abstract

Wemeasured steady-state levels of the human globin mRNAs
in liver samples from several mid-gestational fetuses. RNA
from the (, y, 8, r, 0, and a globin genes were present in fetal
liver samples isolated from 10-25-wk embryos. The abun-
dance of all human globin mRNAsdeclined in older fetuses,
presumably because of a gradual reduction in the proportion of
erythroid precursors in the liver as development procedes. The
'y:, globin mRNAratio in 10-18-wk fetal erythroblasts was
6-7:1, and in adult erythroid bone marrow the ratio was 0.02:1.
In fetal liver samples, the relative abundance of E transcripts
was < 1% that of y, and r transcripts < 5% that of a. Embry-
onic transcripts declined in abundance during late fetal devel-
opment and were not detected in newborn liver or adult ery-
throid bone marrow. 0 globin mRNAalso represented a minor
species (< 1% that of a) in fetal liver samples, but in contrast
to the embryonic mRNAs, was most abundant in adult marrow
samples obtained from patients with erythroid hyperplasia.
These results support the hypothesis that globin protein levels
are regulated by the relative amounts of each globin mRNAat
various stages of erythropoietic development.

Introduction

The human ,8-like globin genes (5'-E-G-A are lo-
cated on the short arm of chromosome 11 and are expressed
consecutively during development. The human a-like genes
(5'-I-frl-4,6a2-i&al-a2-al-01-3') are located on the long arm of
chromosome 16, and are also developmentally regulated (1, 2).
The embryonic globin genes, E and A, are transcriptionally
active in yolk sac-derived erythroblasts (3). When hemato-
poiesis shifts to the liver at 5-9 wk of development, these
megaloblastic yolk sac-derived red cells stop being produced,
since the yolk sac becomes atretic and involutes at this time
(4). Erythroid precursors derived from early fetal livers contain
hypomethylated and transcriptionally active y-globin genes
(5-7), and fetal hemoglobin (a2Y2) is the predominant hemo-
globin formed during the entire period of fetal erythropoiesis
(1, 2, 8). However, the "adult" fl-globin gene must also be
actively expressed in fetal erythroblasts, since a number of
investigators have shown that hemoglobin A (a2,82) comprises
5-15% of the newly synthesized hemoglobin in fetuses as
young as 10 weeks (8-13). Changes in rates of globin biosyn-
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thesis at various stages of development are probably due to
changes in the rates of transcription of each of the globin genes
at "appropriate" developmental times. However, this hypoth-
esis has not yet been directly tested, since intact fetal livers
from several stages of development have not been widely avail-
able for RNAanalysis.

Weperformed this study to define steady-state levels of
globin mRNAspresent in fetal livers at mid- to late gestation.
Our results show that relative amounts of embryonic, fetal,
and adult hemoglobins are probably determined by the rela-
tive concentrations of corresponding globin mRNAsat var-
ious stages of development, implying that these events may be
controlled by the rates of transcription of each of these genes.
The embryonic globin genes (E and O) are minimally expressed
in early fetal livers, gradually declining to undetectable levels
in adult bone marrow. In contrast, the newly discovered 0
globin gene (14-18) produces very low levels of mRNAin fetal
and adult erythroid cells.

Methods

Human liver samples. Normal adult human liver was obtained at the
time of organ donation (19). Before death, there was no history or
clinical evidence of hepatic or hematopoietic dysfunction. Liver tissue
was removed, immediately frozen in liquid nitrogen, and maintained
at -90'C for 2-4 yr. Fetal liver samples from first trimester and mid-
gestation aborted fetuses were obtained as previously described (20).
Newborn liver was obtained at the time of death after acute hypoxia.
Tissues were maintained at -90'C for 15-20 yr. These tissues had
previously been used for the preparation of RNAthat translated with
fidelity in vitro (21). Fetal age was estimated from measured crown-
rump lengths, according to the nomograms of Tanimura (see Schwartz
et al. [ 19]).

Tissue culture. K562 cells were maintained in modified Iscove's
MEMwith 10% fetal calf serum and 50 jsg/ml gentimycin in 5%CO2at
37'C with 100% humidity. The cells used for this study were shown to
have a rearranged and sixfold-amplified bcr locus (22, 23), consistent
with their origin from a patient with chronic myelogenous leukemia.
Cells were induced in the presence of 20 uM hemin for 2 d before
harvesting.

RNApreparation. Fetal liver samples, adult bone marrow cells, or
tissue culture cells were dissolved in 10 ml of a cocktail containing 4 M
guanidinium thiocyanate, 25 mMsodium citrate, pH 7.0, 0.5% sarco-
syl, and 0.1 Mfl-mercaptoethanol. Total cellular RNAwas prepared
from these samples as previously described (24).

Probe preparation. Probes were prepared for SI nuclease analysis by
cutting with appropriate restriction endonucleases (U.S. Biochemical
Corp., Cleveland, OH), dephosphorylating with calf intestinal phos-
phatase (Pharmacia Fine Chemicals, Piscataway, NJ), and labeling
with [.y32P]ATP (ICN, Plainview, NY; > 3,000 Ci/mM) and cloned
polynucleotide kinase (U.S. Biochemical Corp.). The labeled 5' ends of
all probes had four base 5' overhangs, and were labeled to a specific
activity of approximately 5 X 106 cpm/,g of input DNA. Random
primer-labeling of probes for the RNAslot blot analysis was performed
as described (25).
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Cloned genomic DNAfragments used in this study included the
following: E, 0.67-kb BamHI 5'e fragment; , 1.7-kb EcoRI-Bam HI 5'
At fragment; f, 1.9-kb BamHI 5' # fragment; A, 0.66-kb EcoRI-Bgl 11 5'
r fragment; a, 1.0-kb Pst I-Hind III 5' a2 fragment; and 0, 0.9-kb Bam
HI 5'O fragment. Probes used for the slot blot analysis included a 1.9-kb
Bam HI fragment containing human fl-actin cDNA (26), a 0.6-kb
EcoRI fragment containing human ceruloplasmin cDNA (27), and a
1.5-kb Sac I genomic c-myc fragment containing parts of introns I and
II and all of exon 2 of the human c-myc gene (28).

SI nuclease analysis. 2.5 or 20 Ag of total cellular RNAderived
from various samples was hybridized with 50,000-100,000 cpm
(10-20 ng of probe DNA) in 15 ul of hybridization cocktail (80%
formamide, 0.4 MNaCI, 40 mMPipes, pH 6.4, and I mMEDTA) at
520C overnight (29). All assays were performed in probe excess. Sam-
ples were then treated with 150 units of SI nuclease (Sigma Chemical
Co., St. Louis, MO) at 370C for 30 min, ethanol precipitated with
carrier Escherichia coli tRNA, and quantitatively loaded onto denatur-
ing 8%sequencing gels. All experiments were performed at least twice,
with identical results.

RNAslot blot analysis. 15 Ag of total cellular RNAwas dissolved in
6X SSC/7.4% formaldehyde, denatured at 60C for 15 min, and slot-
ted in triplicate onto nitrocellulose prewetted with H20 followed by
20X SSC. The filter was baked for 20 min, and prehybridized in a
solution containing 5X SSC, 5X Denhardt's solution, 50 mM
NaHPO4, pH 7.5, 0.1% SDS, 50% formamide (Fluka, Ronkonkoma,
NY), and 100 ug/ml denatured sonicated salmon sperm DNAfor 2 h
at 420C. Random primer labeled probes were added to a final concen-
tration of 1 X 106 cpm/ml, and hybridization was allowed to proceed
overnight at 420C. The filters were washed twice with 2X SSC/0.I%
SDSfor 15 min at room temperature, and twice with 0.1 X SSC/0. 1%
SDS for 15 min at 550C before being autoradiographed overnight at
-700C.

Results

Wefirst measured the relative abundance of E, y, and # globin
mRNAsin fetal and adult erythroid tissues. The organization
of the probes used for these analyses are shown at the bottom
of Fig. 1. E, y, and # globin exon 2 sequences are 77-87%
conserved, and each contains a BamHI site 209 nucleotides
(nt)' from the 5' end of this exon on the noncoding strand.
Correctly processed c, -y, or # globin exon 2 mRNAswould be
expected to protect probe fragments of 209 nt from S1 diges-
tion; the positions of these fragments are indicated on the right
side of the figure. Despite considerable homology of e, y, and ,
exon 2, each probe is absolutely specific for its mRNAusing
these hybridization conditions.

20 ,ug of total cellular RNAfrom all samples was hybrid-
ized with the E probe, or 2.5 gg of total cellular RNAwas
hybridized with the y or # globin probes. After SI nuclease
treatment and electrophoresis of protected probe fragments,
the gels were autoradiographed for 5 d (E) or 1 d ('y and ,B). The
relative sensitivity of the SI assays is therefore approximately
X40 for 6, and Xl for y and ,B globin mRNAs. The relative
abundance of E globin mRNAwas very low compared with 'y
mRNA,and only the earliest fetal liver samples (weeks 10 and
13) contained significant amounts of e mRNA(compare upper
and middle panels of Fig. 1). Small amounts of 6 mRNAwere
present in uninduced K562 cells, and increased strikingly after
2 d of hemin treatment. No E mRNAwas detected in adult
erythroid bone marrow RNAderived from a patient with ho-
mozygous sickle cell anemia.

1. Abbreviation used in this paper: nt, nucleotide(s).
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Figure 1. Si nuclease protection analysis of (, y, and # globin
mRNAs. The organization of the probes used for this study is shown
at the bottom of the figure. Exons are shown as black boxes, introns
as open boxes, and 5' flanking sequence as a thin line. The position
of a BamHI site in exon 2 is indicated. The probe fragment pro-
tected by correctly spliced (, y, or , globin mRNAis shown, and the
positions of correctly spliced mRNAsare indicated on the right side
of each panel. 20 ,g of total cellular RNAwas hybridized with the e
gene probe (top). 2.5 ug of total cellular RNAwas hybridized with
the y probe (middle) or the 6 probe (bottom). After hybridization
and SI nuclease treatment, protected probe fragments were electro-
phoresed on 8% denaturing sequencing gels, and autoradiography
was performed at -70'C for 5 d (e probe) or I d (ay and fl probes).
The relative sensitivity of each assay is therefore X40 for the e probe,
or X I for -y and ,. The age of each fetal liver sample was estimated
from the crown-rump length of the abortus (19). (K562-) RNAde-
rived from uninduced K562 cells; (K562+) RNAderived from cells
induced for 2 d with 20 MMhemin; (B.M.) bone marrow RNAde-
rived from a patient with homozygous sickle cell anemia.

y-Globin mRNAwas abundant in all of the fetal liver
samples tested. The relative abundance of y mRNAper mi-
crogram of total cellular RNAwas greatest early in develop-
ment. In samples obtained at late stages of fetal development
(weeks 21-25), the relative abundance of 'y globin mRNA
declined. No y globin mRNAwas detected in an adult liver
sample. y globin mRNAwas relatively abundant in K562
cells, comparable to that observed in 25-wk liver RNA. y glo-
bin mRNAlevels increased slightly after 2 d of hemin treat-
ment. The level of y globin mRNAin adult erythroid marrow
was less than that of K562 cells. The sickle cell anemia patient
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Figure 2. SI nuclease protection analysis of r and a globin mRNAs.
The organization of the r and a globin genes and probes derived
from these genes are shown in the bottom of this figure. The r globin
probe was annealed with 20 ug of total cellular RNA. 2.5 ug of total
cellular RNAwas hybridized with the a globin probe. Analysis was
performed as described in Fig. 1. Autoradiographs were exposed for
one day. Additional bands present below and above the expected
bands are reproducibly present but of uncertain significance; they
may represent artifacts of SI nuclease digestion. The intensity of
these bands is always proportional to that of the expected band.

from whomthis sample was obtained has - 2%fetal hemoglo-
bin in his circulating red blood cells.

fl-Globin mRNAwas easily detectable in all fetal liver sam-
ples tested, but was not detectable in an adult liver sample. The
-y:# mRNAratio was > 5:1 in the samples derived from
10-1 8-wk fetuses, but the ratio was considerably less after the
18th week of gestation. # globin mRNAcould not be detected
in K562 cells, consistent with previous reports (30, 31), but
was abundant in adult erythroid marrow RNAderived from
the same patient described above.

The same RNAs were next analyzed with probes derived
from the human r and a globin genes (Fig. 2). The organiza-
tion of these probes is shown at the bottom of this figure. Note
that the nucleotide sequences of exons 1, 2, and 3 of the ¢, a,
and 6 globin gene exhibit < 80% identity in the regions from
which the probes were derived; each probe is therefore specific
for its mRNAusing the hybridization conditions listed in
Methods. 20Mgg of RNAfrom each sample was hybridized with
the rglobin probe, and the autoradiograph was exposed for 1 d
(Fig. 2, upper panel). Correctly initiated Dglobin mRNApro-
tected a probe fragment of 108 nt from SI digestion. Small
amounts of r globin mRNAwere present in the earliest fetal
liver samples, and gradually declined with development. r
mRNAwas abundant in K562 cells, and increased slightly
with hemin induction. No globin transcripts were detected in

adult human liver or in adult bone marrow RNAderived from
our patient with sickle cell anemia.

The relative abundance of a globin transcripts present in
the same RNAsamples is shown in Fig. 2 (middle panel). 2.5
,ug of total cellular RNAfrom each sample was hybridized with
the a2 globin probe, and subjected to S1 nuclease analysis. A
probe fragment of 180 nt was protected from SI digestion by
correctly spliced exons 2 of the a2 and a, globin genes, which
have the same nucleotide sequence (32). Abundant a tran-
scripts were present in all stages of fetal development, but
gradually declined in older fetal samples, paralleling the de-
cline seen with the y and (3 globin transcripts. No a mRNA
was detected in adult liver. A small amount of a globin mRNA
was detected in K562 cells, but abundant a mRNAwas pres-
ent in adult erythroid bone marrow.

The results of the 6 globin mRNAanalysis are presented in
Fig. 3. Correctly processed 6 globin exon 3 is expected to pro-
tect a probe fragment of 151 nt from SI digestion. Longer
probe fragments consistent with splicing intermediates were
also detected using with this probe (data not shown); the levels
of these intermediates paralleled levels of correctly spliced (
mRNA. The autoradiographs depicted in Fig. 3 were exposed
for 5 d. Since 20 jig of RNAwas analyzed, the relative sensitiv-
ity of the 6 mRNAassay was 40 times that of the a mRNA
analysis. Small amounts of 6 globin mRNAare present in early
fetal liver samples and gradually decline during development,
consistent with the patterns seen for all the other globin genes.
K562 cells contain 0 globin mRNA, and the level increases
slightly with two days of hemin treatment. 6 globin mRNAis
most abundant in adult erythroid bone marrow derived from
the patient with homozygous sickle cell anemia, but was not
detected in normal bone marrow RNA, consistent with a pre-
vious report (17). In a separate experiment, the sickle cell
marrow sample was found to contain at least 10 times more y
globin mRNAthan the normal marrow sample (data not
shown). Since both individuals had < 2% circulating fetal he-
moglobin, we presume that this difference is due to the enrich-
ment of erythroid precursors in the sickle cell marrow sample.
Analysis of bone marrow RNAderived from four individuals
with homozygous ( thalassemia revealed essentially the same
relative abundance of 6 globin mRNA(Fig. 3 B). No r globin
transcripts were detected in any of the bone marrow samples,
even though r mRNAis more abundant than 6 in K562 cells
(compare lanes 1, 2 vs. 3-8 in Fig. 3 B).

In order to accurately represent the relative abundance of
each globin mRNAat various stages of development, we si-
multaneously end-labeled all six globin probes to approxi-
mately the same specific activity, and analyzed RNAderived
from 10- and 18-wk fetal livers or adult erythroid bone mar-
row. 2.5 Mg of each RNAwas hybridized against the panel of
all six globin probes, and SI nuclease protection analysis was
performed. The gel was autoradiographed for 1 d, and the
results are presented in Fig. 4. The data presented in this figure
were densitometrically scanned, revealing a y:, globin mRNA
ratio of 6.0:1.0 at 10 wk, 6.7:1.0 at 18 wk, and 0.02:1.0 in the
adult bone marrow sample. The relative abundance of human
a globin mRNAis approximately 50% that of y + 13. This
result is somewhat different from the studies of Lodish (33,
34), Hunt et al. (35), and Benz et al. (36), who demonstrated
that rabbit and human reticulocytes and bone marrow cells
possess an a:(3 globin mRNAratio of - 1.2-2.0:1.0. Our stud-
ies were not designed to compare quantitatively a-like to (-like

1034 Ley et al.

ML-...



c

o
Fetal (weeks) -0

n (D O hi N Z
t)WDcoN(NJZ

< I +

*4 Z w~jCMJ
, Cr- CD to

- 01 f XL
< z : Ye

U)Z

_ _

m3 mj

'I*O -..exon 3
(40x)

S gene
e* probe

B

I

_

Cuj N Z

LO LO 0

x~ y z

o caj n oqZ 0 0C
c-C

HHHH-

(10

LoE
* -194

exon 3 -

& -118

C exon - _

1 2 3 4 5 6 7 8 9

globin mRNAlevels. The a- and A-like probes have different 5'
overhangs (and therefore have slightly different specific activi-
ties), and the lengths of probe-RNA duplexes are different
(209 base pairs for the A-like probes, or 109, 181, or 151 for A,
a, and 0, respectively). It is therefore difficult to make compar-
isons of absolute mRNAlevels except for the A-like genes,

which possess identical labeled ends and duplex lengths. None-
theless, these data clearly demonstrate that y, fl, and a globin
are major mRNAs, and A, (, and 0 globin are minor mRNAsin
fetal and adult erythroid cells.

The same RNAs used for the preceding SI analyses were

also examined with control nonglobin probes; 5 gug of total
cellular RNAwas slotted in triplicate onto nitrocellulose filters
and subsequently hybridized to three different uniformly la-
beled probes (Fig. 5). The relative abundance of f-actin
mRNAin fetal liver samples gradually declines with develop-
ment. In contrast, the relative abundance of ceruloplasmin
mRNAreaches a peak in mid-gestation, declines, and then
dramatically increases in abundance in the newborn and adult
liver samples. Ceruloplasmin mRNAis not detected in K562
cells, but is present in adult erythroid marrow, reflecting the

Figure 3. SI nuclease protection analysis of 0

globin mRNA.The organization of the 0 globin
gene and the 0 globin probe are shown in the
bottom of A. 20 ,gg of total cellular RNAwas

annealed with the 0 globin probe, and analyzed
as described in Fig. 1. (B.M. (SS)) Bone marrow

RNAderived from a patient with sickle cell ane-

mia; (B.M. (NL)) bone marrow RNAderived
from a normal volunteer. The autoradiograph
was exposed for 5 d. In B, 20 ,g of total cellular
RNAwas annealed simultaneously with the 0

and r globin probes (see Fig. 2) and analyzed as

described. Lanes 4-7 contain bone marrow
RNAderived from four unrelated patients with
homozygous fl-thalassemia, and lane 8 RNA
from an individual with homozygous sickle cell
anemia. None of the patients had concomitant
a-thalassemia.

ceruloplasmin mRNApresent in bone marrow macrophages
(27). c-myc exon 2 mRNAis present in trace amounts in early
fetal liver samples. It is abundant in the rapidly dividing K562
cells, but is barely detected in hemin-induced K562 cells (23)
or adult erythroid bone marrow samples.

Discussion

In this study, we isolated RNAfrom several fetal and adult
liver samples that were stored at -90'C for up to 20 yr before
RNApreparation. The ability to harvest RNAfrom these sam-

ples allowed us to examine globin RNAcontent at several
points during gestation. Wehave shown that the relative
abundance of globin mRNAis greatest in early fetal livers, and
gradually declines to minimal levels in newborn liver. The
relative abundance of each globin mRNAspecies parallels the
relative abundance of newly synthesized globin proteins, as

previously measured by several investigators (9-13). The em-

bryonic globin genes were expressed at highest levels in early
fetal liver samples, and their expression declined to undetect-
able levels in adult bone marrow. The newly discovered 0 glo-

Fetal Globin Gene Expression 1035
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Figure 4. Simultaneous analysis of RNAsamples with all six globin
probes. All of the globin probes depicted in Figs. 1, 2, and 3 were si-
multaneously end-labeled to an approximate specific activity of 5
X 106 cpm/hg of input DNA. All of the probes used in this study
have four base 5' overhangs that are labeled on the antisense strand
only. 50,000 cpm of each probe was annealed with 2.5 gg of RNA
derived from 10-wk fetal liver, 1 8-wk fetal liver, or with bone mar-
row from a patient with homozygous sickle cell anemia. After SI
treatment and electrophoresis, autoradiography was performed for
one day. The positions of simultaneously run molecular weight
markers (in nucleotides) is shown at the left. The region of the gel
containing correctly initiated r globin transcripts ( 108 nt) is not
shown; no bands were seen in this region.

bin gene (14-18) is also expressed at low levels in fetal liver
samples, but its mRNAis most abundant in bone marrow cells
derived from adult patients with sickle cell anemia or fl-thalas-
semia.

The relative abundance of all the globin mRNAswas great-
est in fetal liver samples derived from embryos of 10 or 13 wk
gestation but subsequently declined, consistent with the notion
that the relative proportion of erythroid cells gradually dimin-
ishes during fetal liver development. The presence of erythroid
precursors in human fetal livers of 5-20 wk gestation has been
demonstrated by a number of workers based on routine mor-
phologic analysis, including electron micrography (37-39).
Several studies have demonstrated that erythropoietic precur-
sors are at least as abundant as hepatic parenchymal cells in
mid-gestational fetal livers; myeloid precursors comprise a
much smaller fraction of the cells (40-42). In the only quanti-
tative morphometric analysis of cell populations during rat
fetal liver development, Greengard et al. (43) found that hema-
topoietic cells accounted for about 60-70% of total liver cells
at mid-gestation, decreasing to about 50% at term and to less
than 5% in the early postnatal livers. All of these studies are
consistent with our findings of gradually declining globin
mRNAabundance in older fetal livers, owing to reduced num-
bers of erythroid precursors in these samples.

The y:, globin mRNAratio is approximately 6-7:1 be-
tween 10 and 18 wk of gestation, and the ratio appears to
gradually decline until it is approximately equivalent in new-
born liver. Neither y nor ,3 mRNAwas detected in adult liver
cells, and the y:, mRNAratio was 0.02:1.0 in adult erythroid
tissue derived from a patient in whom - 2%of the circulating
hemoglobin was fetal. These data corroborate a number of
studies that described rates of globin biosynthesis in the livers
and reticulocytes of fetuses at various stages of development.
These studies generally revealed that newly synthesized ,3 glo-
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Figure 5. Slot blot analysis of ,l-actin, ceruloplasmin, and c-myc
mRNAs. 5 ,g of total cellular RNAderived from each sample was

slotted in triplicate onto nitrocellulose, dried, and baked. The filters
were prehybridized, and I X I07 cpm of each random primer labeled
DNAwas hybridized with each filter at 42°C overnight. After wash-
ing, autoradiography was performed for 24 h.

bin chains could be detected as early as 8-10 wk of gestation,
that ,B globin comprised 5-15% of hemoglobin in mid-gesta-
tional fetuses, and that globin levels gradually increased in
older samples (9-13). The y:, mRNAratio of 6-7:1 defined in
this study corresponds closely with these measurements of
protein synthetic rates, and therefore suggests that the relative
amount of y and ,3 globin protein synthesis is determined by
the relative abundance of each mRNA. In turn, the abundance
of each globin mRNAis probably controlled by the relative
rate of transcription of each gene, since the half-lives of globin
mRNAsare long (1, 2). Forrester, Groudine and colleagues
(44) provided direct evidence for transcriptional regulation by
demonstrating a higher rate of y globin gene transcription than
, in staged mid-gestational fetal livers. Together, these studies
suggest that biosynthesis of the #-like globin chains may be
regulated at the level of transcription in vivo.

Wedetected mRNAderived from the embryonic globin
genes (E and O) at all stages of fetal liver development, even

though the relative abundance of these transcripts was very
low compared with y, ,B, or a globin mRNAs. Wesuspect that
a small number of residual yolk sac-derived erythroblasts may
be present in the 10- and 13-wk fetal liver samples, since em-

bryonic red cells have previously been identified in 8-10-week
fetal liver samples (13). However, no embryonic erythroblasts
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should be present in the older fetal liver samples. The most
likely explanation for persistent E and r globin gene expression
in the older samples would therefore seem to be low-level
transcription of these genes in fetal erythroblasts. These data
are consistent with the recent finding of e globin chains in
blood samples obtained from 9-3 l-wk fetuses (45). However,
we could not detect E or v globin transcripts in bone marrow
RNAs derived from several patients with erythroid hyperpla-
sia. Again, these results are corroborated by recent studies that
did not detect embryonic globin proteins in normal adult
blood samples using monoclonal antibodies directed against
the embryonic globin chains (45, 46).

Very small amounts of correctly spliced 0 globin transcripts
are present in all fetal liver samples and in adult erythroid bone
marrow cells. The 0 globin gene therefore appears to be co-reg-
ulated with the a globin genes, but is always expressed at lower
levels. The 6 globin gene, which encodes the ,8-like chain that
contributes to the formation of hemoglobin A2 (a262), is CO-
regulated with the 3 globin gene, but is always expressed at
much lower levels, since this gene is dysfunctional or "thalas-
semic" (47). Since the 0 globin gene is co-regulated with the
linked a globin genes, but expressed at much lower levels, the
relationship between 9 and a globin gene expression is reminis-
cent of the relationship between 6 and ft globin gene expres-
sion.

0-Globin mRNAis present in the human erythroleukemia
cell line K562. Despite the "embryonic-fetal" phenotype of
K562 cells, 6 globin transcripts ("adult"-like) are also present
in these cells (30). The finding of 0 globin transcripts in K562
cells is therefore consistent with their fetal-adult pattern of
expression in vivo. Recently, Leung et al. (17) and Hsu et al.
(18) reported the presence of correctly initiated and correctly
terminated 0 globin transcripts in K562 cells. In addition,
Leung and colleagues also detected trace amounts of 0 globin
mRNAin yolk sac-derived cells and in a fetal liver sample of
unspecified age. No 0 globin mRNAcould be detected in nor-
mal adult bone marrow RNAsamples examined in their study
or in ours. However, bone marrow samples derived from pa-
tients with sickle cell anemia or homozygous jB-thalassemia did
contain small amounts of 0 globin mRNA. Since these mar-
rows are usually more than 80% erythroid, erythroid-specific
mRNAsmay be enriched manifold in these samples when
compared with normal marrow. For this reason, we suspect
that the ability to detect 0 globin transcripts in these marrows is
due to the enrichment of erythroid cells that contain 0 globin
mRNA, not abnormal regulation of this gene. However, the
possibility exists that this gene may be activated in the ery-
throid precursors of patients with accelerated erythropoeisis.

Because 0 globin mRNAis a minor transcript at all stages
of development, we are not surprised that deletion of this gene
does not lead to an identifiable phenotype (48, 49). The rela-
tive abundance of this mRNAis always less than 1% that of a
globin, and thus it could only participate in the formation of a
minor hemoglobin. The presence of this globin in fetal or adult
red cells remains speculative, since no candidate molecules
have yet been identified. Further studies will be required to
determine whether this apparently functional mRNAis in fact
translated into 0 globin chains.

In conclusion, this study provides further evidence that
rates of hemoglobin biosynthesis in vivo are probably deter-
mined by the relative abundance of each globin mRNA; that
is, hemoglobin "switching" is probably mediated at the level of

transcription. Presumably, soluble protein factors (50) and a
regulatory "clock" (51) are both partially responsible for tran-
scriptional switching, but the precise nature of this event re-
mains unknown. Studies comparing transcriptional factors in
fetal and adult erythroid cells will hopefully yield clues regard-
ing the molecular basis of this process.
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