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Expression of SCL Is Normal in Transfusion-Dependent Diamond-Blackfan
Anemia But Other bHLH Proteins Are Deficient

By Min-Ying Zhang, Gary A. Clawson, Nancy F. Olivieri, Laurie L. Bell, C. Glenn Begley, and Barbara A. Miller

Basic helix-loop-helix proteins, which are tissue specific
(SCL) or broadly expressed (E proteins), interact positively
to regulate erythroid specific genes. Here, expression of SCL
and two broadly expressed E proteins, E47 and HEB, was
high early in erythroid differentiation and declined during
maturation. Stimulation of erythroid progenitors/precursors
with stem cell factor (SCF) enhanced SCL and E protein lev-
els, one mechanism by which SCF may increase erythroid
proliferation. Interactions between SCL and E proteins are
competed by Id2, which binds and sequesters E proteins.
Upregulation of Id2, demonstrated here late in erythroid dif-
ferentiation, may downregulate genes involved in erythroid
proliferation/differentiation. We examined expression of
bHLH proteins in transfusion-dependent patients with Dia-
mond-Blackfan anemia (DBA) to determine if these interac-

RANSCRIPTION FACTORS that have specificity in
erythroid proliferation and differentiation have re-
cently been described.*” An example is the gene for SCL
(also known as TCL5 or tall), which was first discovered
due to its disruption in a stem cell leukemia® High levels
of the SCL gene are expressed in erythroid, megakaryocyte,
mast cell, and early myeloid cell lines and its protein contains
abasic helix-loop-helix (bHLH) motif which binds DNA 349
SCL functions as a regulator of erythroid proliferation. The
highest levels of SCL protein are expressed early in erythro-
poiesis, ™2 and antisense SCL suppresses self-renewal in
K562 cells’ and the proliferation of normal erythroid progen-
itor cells.*? In addition, targeted SCL gene disruption in mice
results in a complete block in embryonic erythropoiesis'® as
well as other hematopoietic lineages.™ SCL may also be an
important regulator of erythroid differentiation. SCL expres-
sion persists during this process,***** unlike myeloid and
monocytic differentiation where its expression is downregu-
| ated.lZ,lS,lG
bHLH proteins are important modul ators of tissue specific
gene expression. Murre et al*’ divided them into categories
to differentiate the broadly expressed class A proteins (E12,

From the Departments of Pediatrics, Pathology, and Biochemistry
and Molecular Biology, The Pennsylvania Sate University College
of Medicine, The Milton S. Hershey Medical Center, Hershey, PA;
The Division of Hematology/Oncology, The Hospital for Sick Chil-
dren, Toronto, Canada; and The Walter and Eliza Hall Institute of
Medical Research, Royal Melbourne Hospital, Victoria, Australia.

Submitted January 8, 1997; accepted April 30, 1997.

Supported by National Institutes of Health (Bethesda, MD) Grants
DK 46778 and M0O1 RR10732-02, the Four Diamonds Fund (Her-
shey, PA), and an American Cancer Society Faculty Award (Atlanta,
GA) (to B AM.).

Address reprint requests to Barbara A. Miller, MD, Department
of Pediatrics, The Milton S Hershey Medical Center, PO Box 850,
Hershey, PA 17033-0850.

The publication costs of this article were defrayed in part by page
charge payment. This article must therefore be hereby marked
‘*advertisement’’ in accordance with 18 U.SC. section 1734 solely to
indicate this fact.

© 1997 by The American Society of Hematol ogy.

0006-4971/97/9005-0025$3.00/0

2068

tions are disrupted. In erythroblasts from patients, expres-
sion of SCL protein and mRNA was normal and SCL
increased in response to SCF. However, E47 and HEB protein
levels were significantly decreased. I1d2 was strongly ex-
pressed in patients. Through reduction of SCL/E protein het-
erodimer formation, abnormal levels of bHLH transcription
factors may affect expression of erythroid specific genes,
such as g globin. Stimulation of Diamond-Blackfan cells with
SCF partially compensated for this defect, enhancing expres-
sion of E47, HEB, and SCL. SCF may function to increase
SCL/E protein heterodimer formation, which may be one of
the mechanisms through which SCF stimulates erythroid
proliferation/ differentiation in DBA.

© 1997 by The American Society of Hematology.

E47, E2-2, and HEB) from the tissue specific class B proteins
(MyoD, SCL). SCL interacts with class A E proteinsto form
heterodimers which bind to specific DNA sequences.”® This
heterodimer formation is in competition with interactions
with Id proteins, which retain the dimerization domain but
lack the basic region and thus are unable to bind DNA.* Id/
bHLH heterodimers form with specific bHLH proteins and
impede bHLH/bHLH homodimer or heterodimer formation
between SCL and Class A proteins.’** Recently published
data suggest that downmodulation of 1d2 early in erythroid
development allows SCL and E2A heterodimer formation,
which subsequently bind DNA and activate erythroid spe-
cific genes.*? In terminal erythroid maturation, 1d2 is again
expressed, impeding SCL/E2A heterodimer formation and
suppressing erythroid specific gene expression.™

Theligand for the c-kit receptor protein, caled stem cell factor
(SCF), mast cdl growth factor, or Sted factor,”** gimulates
hematopoietic proliferation®™?® and is required in early erythro-
poiesis? SCL protein levels are increased in early erythroid
precursors stimulated with SCF, suggesting this is a mechanism
through which SCF enhances erythroid proliferation.*

A defect in erythroid proliferation and/or differentiation
is observed in Diamond-Blackfan anemia (DBA), a severe
congenital hypoplastic anemia characterized by macrocytic
anemia developing early in childhood, sporadic, autosomal
dominant or recessive inheritance, and associated physical
abnormalities.® The molecular basis of this disorder has not
been identified, but presumably results from several different
mutations based on the heterogeneous inheritance and pre-
sentation. Exposure of erythroid progenitors from patients
with DBA to SCF results in significant enhancement of ery-
throid proliferation.?>* However, no defects in the SCF or
c-kit genes have been observed,®** suggesting defects of
other genes are involved. Because of the importance of
bHLH proteins in erythroid proliferation, we examined
burst-forming unit-erythroid (BFU-E) derived erythroblasts
from patients with transfusion-dependent DBA for defects
in the expression of SCL, E-proteins and 1d2, and the re-
sponse to SCF exposure.

MATERIALS AND METHODS

Preparation of BFU-derived erythroblasts. Peripheral blood
(PB) was obtained from normal volunteer donors and patients with
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steroid-unresponsive transfusion dependent DBA at The Milton S.
Hershey Medical Center and the Hospital for Sick Children (Toronto,
Canada) under protocols approved by the Institution’s Clinical Inves-
tigation Committee. PB mononuclear cells (MNC) were separated
on Ficoll-Pague (Pharmacia, Piscataway, NJ). MNC were cultured
in 0.9% methylcellulose media containing 30% fetal calf serum, 9.0
mg/mL deionized bovine serum albumin (Cohn fraction V; Sigma,
St Louis, MO), 1.4 x 10* mol/L B-mercaptoethanol, 2 U/mL eryth-
ropoietin (recombinant Epo > 100,000 U/mg; Amgen, Thousand
Oaks, CA), 0 or 100 ng/mL recombinant human SCF (gift of D.E.
Williams, S.D. Lyman, Immunex Corp, Seattle, WA). Doses were
on plateau for maximal stimulation of colony growth.*°

Cells were plated at 1 to 1.5 x 10° cells/mL, and cultures were
incubated in humidified 4% CO, at 37°C. Erythroid colonies were
counted and harvested at day 7, 10, or 14 of culture. One hundred
to 1,000 (day 7) BFU-E—derived colonies were plucked and pooled
on each day and the average number of erythroid cells per colony
was determined.

For patients with DBA, obtaining sufficient erythroblasts for study
from BFU-E cultured without SCF was a significant problem. When
20 mL of patient blood was separated on Ficoll-Paque, 75% of
mononuclear cells were cultured without SCF and 25% with SCF.
When al cells were removed at day 10, the yield of plucked day
10 erythroblasts, cultured without SCF, ranged from 4 x 10* in one
patient to a peak yield of 5 x 10° in another (median 1 X 10°).
To obtain sufficient material for cytocentrifuge preparations and
immunoblotting experiments with SCL, E47, and HEB antibodies
at day 10 and 14 of culture with and without SCF, each patient was
cultured repeatedly before transfusion at monthly intervals.

Immunoblotting. BFU-E—derived cells cultured with or without
100 ng/mL human SCF factor (Immunex Corp) were procured at
day 7, 10, or 14 and washed twice with phosphate-buffered saline.
Cells per sample (1 to 2 X 10°), were pelleted and resuspended in
40 pL boiling sodium dodecyl sulfate (SDS) sample buffer (10%
glycerol, 0.7 mol/L SB-mercaptoethanol, 3% SDS, 62 mmol/L Tris
pH 6.8). Samples were boiled for 5 minutes and then centrifuged at
10,0009 for 10 minutes at 4°C to remove debris. Supernatants con-
taining the protein content of 1 to 2 X 10° erythroblasts were loaded
into each lane and fractionated by gel electrophoresis on 7% (E47,
HEB) or 10% (SCL) polyacrylamide gels. Proteins were electroblot-
ted onto Immobilon membranes (Millipore, Bedford, MA) or Hy-
bond-ECL (nitrocellulose). Membranes were blocked with 5% non-
fat dry milk in TTBS (20 mmol/L TRIS HCl, pH 7.5, 500 mmol/L
NaCl, 0.05% Tween-20; BioRad, Hercules, CA) overnight at 4°C.
Membranes were then washed with TTBS. They were incubated
with anti-SCL (diluted 1:100), anti-E47 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, diluted 1:250), or anti-HEB (Santa Cruz, di-
luted 1:150) for 3 hours at room temperature. All antibodies were
polyclonal rabbit antisera. Detection was with an amplified akaline
phosphatase Immuno-Blot Assay (Biorad, Richmond, CA) for anti-
SCL™ or with ECL (Amersham Life Sciences, Buckinghamshire,
UK) for other antibodies.

Rever se transcriptase-polymerase chain reaction (RT-PCR) anal-
ysis. Total RNA was isolated from 1 x 10° to 1 x 10’ BFU-E
derived cells by RNeasy Tota RNA Kits (QIAGEN, Chatsworth,
CA). RT-RNA (cDNA) was made by Reverse Transcription System
(Promega, Madison WI), and PCR reaction was performed using the
Elmer-Perkins Gene Amp PCR Reagent Kit (Perkin EImer, Roche
Molecular Systems, Branchburg, NJ).

Dose-response curve and cycle number for each target gene were
first determined to establish the optimal amount of total cellular
RNA required for RT-PCR detection. To construct the standard dose
response curve, 0 to 1,000 ng of total cellular RNA from normal
BFU-E derived cells at day 10 of culture was used to make 10 uL
of RT reaction mixture. Two microliters of such cDNA was then
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amplified in 25 uL of PCR reaction mixture. Based on standard-
dose response results, the linear range of cycle number was deter-
mined using a quantity of RNA on the slope of the dose-response
curve. 2 uCi of (a-**p)deoxyadenosine 5'-triphosphate (dJATP) was
added to each PCR reaction for further kinetic analysis. After PCR,
10-uL aiquots were electrophoresed on 1.2% agarose gel and the
amount of radioactivity incorporated into each band was measured
by phosphoimager analysis.

18S rRNA was similarly amplified for standardization. A small
quantity (one-fifth of RT reaction or 0.1 ng) of 18S rRNA RT-RNA
(cDNA) was amplified for 22 cycles (denaturation at 95°C for 30
seconds, annealing at 52°C for 30 seconds and extention at 72°C for
45 seconds). The same amount of RT-RNA and the same PCR
procedure was used to analyze -globin gene expression. For SCL,
alarger aliquot of RT-RNA (2 ng) was amplified for 28 cycles. For
PCR of E2A RT-RNA, 50 ng was used. The amplification procedure
for E2A involved denaturation at 95°C for 30 seconds, annealing at
59°C and extension at 72°C for 45 seconds. Twenty nanograms of
1d2 RT-RNA was amplified. Since 1d2 PCR showed high nonspecific
amplification, Taq start antibody (Clontech, Palo Alto, CA) was used
to enhance the specificity. Equal amounts of Tag Start antibody were
incubated with Tag DNA polymerase for 5 minutes before addition
to PCR reaction mixture. This was followed by denaturation at 94°C
for 30 seconds, annealing at 56°C for 30 seconds, and extention at
72°C for 45 seconds. The following 5’ and 3’ primers were used in
RT-PCR: 18S rRNA: 5 primer, 5-GAAAGTCGGAGGTTC-
GAAGA-3'; 3' primer, 5'-ACCAACTAAGAACGGCCATG-3'*,
B dlobin: 5 primer, 5-ATGGTGCACCTGACTCCTGA-3, 3
primer, 5'-GCTTAGTGATACTTGTGGGC-3'®*; SCL: 5 primer,
5'-TTCACCACCAACAATCGAGTG-3'; 3’ primer, 5'-ATTGAG-
CAGCTTGGCCAAGAA-3'%; E2A: 5' primer, 5'-CCTGCACCA-
GCACGAGCGTATGGG-3'; 3 primer, 5-TGGTTGTGCATGA-
GGCTG-3%; |d2: 5’ primer, 5'-CCTGTGGACGACCCGATGAGC-3';
3’ primer, 5’-GCCACACAGTGCTTTGCTGTC-3'.#

RESULTS

SCF stimulates proliferation of normal and DBA erythroid
progenitors. BFU-E from the PB of 16 normal donors and
six patients with transfusion-dependent DBA were cultured
in vitro with or without 100 ng/mL human SCF. The number
of BFU-E—derived colonies and number of cellBFU-E—
derived colony were assessed to quantitate the influence of
SCF on BFU-E proliferation (Table 1). As previously shown,
SCF significantly increased colony size but not the number
of BFU-E—derived colonies in normal donors.™ For the six
patients with DBA studied here, BFU-E—derived colony
number was significantly less than normal and did not in-
crease in response to SCF. Colony size at day 7 was not
assessed in patients with DBA because colonies were barely
detectable. Colony size at day 10 and 14 was smaller than
normal, but did significantly increase in response to SCF
stimulation (Table 1).

To determine whether differences in maturation exist be-
tween cultured precursors from normal donors and patients
with DBA, we prepared cytocentrifuged slides of BFU-E—
derived erythroblasts removed from culture on day 10 or 14
(Fig 1). Erythroblasts at day 10 were predominantly pro-
erythroblasts and basophilic normaoblasts, and at day 14 were
largely polychromatophilic or orthochromatic normoblasts,
although some heterogeneity existed. No detectable matura-
tional differences were observed between cells from patients
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Table 1. Influence of Stem Cell Factor on BFU-E Proliferation

No. of BFU-E
Derived Colonies

No. of Cells x 10"%/BFU-E
Derived Colony

SCF - + - +
Normal
Day 7 40+ 4 52=5 0.11+0.03 0.29 + 0.05*
10 575 62+6 054+0.05 245+ 0.18*
14 79 +8 79+7 196 =*0.23 3.96 = 0.50*
Diamond-Blackfan
Day 10 6+ 2 10 +2 0.22 +0.05 1.22 = 0.23*
14 8+2 12+ 4 0.51+0.17 3.93 = 0.94*

Mean number of BFU-E + SEM per 2 X 10° PB MNC from 16 normal
volunteer donors or 6 patients with DBA plated with 2 U/mL erythro-
poietin with or without 100 ng/mL human SCF. Mean number of cells
X 10* = SEM per BFU-E derived colony counted on days 7 to 14 of
culture are shown.

* Indicates significant increase from control cultured without SCF
(P < .05).

and normal controls, except that day 14 erythroblasts from
patients appeared to be less well hemoglobinized.

SCL expressionisnormal inDBA. BFU-E—derived cells
were removed from cultures of six patients with DBA at day
10 and 14 and expression of SCL protein was compared to
normal controls (Table 2). In norma donors, SCL was
greater in day 10 compared to day 14 cells, and SCL expres-
sion was significantly stimulated in day 10 cells by SCF, as
previously shown.™ In all patients with DBA, the quantity
and size of SCL protein at days 10 and 14 were normal (Fig
2). SCF stimulated an increase in SCL in DBA samples
which was similar to that observed in normal donors (Table
2, Fig 2).

E protein expression during erythroid differentiation in
normal donors and patients with DBA.  Since SCL/E pro-
tein dimer formation is required for normal erythroid prolif-
eration and differentiation to occur,*?*® the expression of two
E proteins, E47 and HEB, was determined during normal
erythroid differentiation and compared to that in patients
with transfusion-dependent DBA. These two E proteins were
chosen for study since their DNA-binding domains differ.
Immunoblot analyses were performed on cell lysates from
day 7, 10, and 14 norma erythroblasts cultured with or
without SCF (Table 3). E47 and HEB were strongly ex-
pressed in day 7 and 10 cells and declined by day 14 as
cells approached terminal differentiation. SCF stimulated a
significant increase in these E protein levels early in normal
erythroid differentiation (days 7 and 10, Table 3), similar to
the pattern observed for SCL.™

E protein expression was also determined in day 10 and
14 BFU-E—derived cells of six patients with transfusion-
dependent DBA (Table 3). Day 10 was the earliest day of
culture from which sufficient number of cells could be ob-
tained from patients with DBA for immunoblotting; poor
cell yield in the absence of SCF aso restricted the number
of experiments which could be performed. E47 expression
in DBA was significantly decreased at day 10 and 14 com-
pared to normal cells (P < .001 and P < .05, respectively;
Table 3 and Fig 3). Likewise, expression of HEB was sig-
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nificantly decreased in day 10 erythroblasts from DBA pa-
tients compared to normal (P < .05; Table 3 and Fig 4). As
observed with normal donors, expression of both E47 and
HEB significantly increased in erythroblasts from DBA pa-
tients stimulated with SCF (Table 3, Figs 3 and 4).

CL, E2A, and 1d2 mRNA expression in normal erythroid
precursors at different stages of differentiation and in DBA.
RT-PCR was used to quantitate specific mRNA transcripts
in BFU-E derived normal cells at days 7, 10, and 14 of
culture and in DBA cells at day 10 and 14. Dose-response
curves were performed for each transcript using different
guantities of MRNA template and varying cycle number to
determine conditions on the linear slope for reasonable quan-
titation (data not shown). The expression of SCL, E2A, 1d2,
18S rRNA and S-globin mRNA, was examined in prepara-
tions from four normal donors after culture with or without
100 ng/mL SCF. Representative results are shown in Fig 5.
SCL, E2A, 1d2, 18S rRNA and s-globin mRNA levels were
also measured in two of the transfusion-dependent patients,
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Fig 1. Morphology of erythroblasts from normal donors and pa-
tients with DBA. Cytocentrifuge preparations were prepared from
day 10 and 14 BFU-E-derived erythroblasts cultured with or without
100 ng/mL SCF. BFU-E-derived erythroblasts from a representative
normal donor are shown at day 10 (A, —SCF; B, +SCF), and day 14
(C, —SCF; D, +SCF) and from a patient with transfusion-dependent
DBA at day 10 (E, —SCF; F, +SCF) and 14 (G, —SCF; H, +SCF) of
maturation. Preparations made from three additional patients and
normal donors showed similar results.

20z aunr g0 uo 3sanb Aq Jpd'890z/6895 L ¥1/8902/5/06/4Pd-al01E/PO0IqABU"SUOKEDIIGNdYSE//:d}Y WOy papeojumog



EXPRESSION OF bHLH PROTEINS IN DIAMOND-BLACKFAN ANEMIA

2071

Table 2. SCL Expression During Erythroid Differentiation in Normal Donors and DBA

Quantity (OD X mm)

Day 10 Day 14
SCF - + - + n
Normal donors 0.084 + 0.013 0.137 + 0.021* 0.055 + 0.012 0.055 + 0.007 6
DBA 0.080 = 0.012 0.122 + 0.019* 0.044 + 0.010 0.058 + 0.008 6

PB BFU-E from normal donors or patients with DBA were cultured with or without 100 ng/mL human SCF and colonies removed from culture
on day 10 and 14. The cell lysate from 1 x 10° BFU-E derived cells was loaded onto each lane of a 10% polyacrylamide gel and immunoblotting
performed with anti-SCL antibody. The mean + SEM density of bands at 45 kD and 47 kD quantitated with a Molecular Dynamics Densitometer
and Quantity One Software (Huntington, NY) is shown here. n = number of individuals studied.

* A significant increase in SCL expression was observed in response to stem cell factor stimulation at day 10 (P < .05).

who were repetitively cultured to obtain sufficient material
(Fig 5).

SCL mRNA levels were maintained in normal cells from
day 7 to 14 of culture and did not increase in response to
SCF, consistent with results obtained with Northern blot
analysis.’® In cells from patients with DBA, SCL mRNA
levels were similar to normal (Fig 5), consistent with immu-
noblot protein data for these patients shown in Fig 2. E2A
mRNA levels declined in normal cells from day 7 to 14 of
differentiation, consistent with previous observations.” In
DBA, E2A mRNA was greatly decreased in day 10 cells
compared to normal and increased in response to SCF stimu-
lation (Fig 5), consistent with immunoblot results (Fig 3).
In fact, E2A mRNA levels were barely detectable in day 10
cells cultured without SCF, probably because the amount of
E2A mRNA was in the low range for amplication in these

Diamond-Blackfan

Normal Anemia

Day 10 14 10 14
SCF - - + +

Patient 1 [N

10 14 10 14
- -+ 4

|— ——

— — —

2 P r= [ ——

- . A '

ool Bollwo
4 ND @ ~no [ ND 8 ND

R dl & Rand® 5 Bl e -

5 ! | | | | il
P sl @ e Ve
c W™ meEn
| . i i .

Fig 2. SCL expression in DBA. Inmunoblots of SCL in day 10 and
14 BFU-E- derived cells from six normal donors and six patients with
DBA cultured with or without 100 ng/mL SCF are shown here. The
cell lysate from 1 x 10° BFU-E-derived cells was loaded onto each
lane of a 10% polyacrylamide gel and immunoblotting performed
with anti-SCL antibody as described in Materials and Methods.

patients under conditions used. 1d2 mRNA levels progres-
sively increased in normal donors from day 7 to termina
differentiation, confirming previous results.** Unlike E pro-
teins, 1d2 was strongly expressed in day 10 and 14 erythro-
blasts in DBA.

18S rRNA and S-globin mRNA were aso studied for
comparative purposes. 18SrRNA was expressed at auniform
level in day 7 to 14 norma cells. Results were similar in
patients with DBA. 5-Globin mRNA levels increased stead-
ily from day 7 to 14 of differentiation in normal donors
and this was not influenced by SCF stimulation. In contrast,
patients with transfusion-dependent DBA had greatly re-
duced S-globin mRNA levels in day 10 and 14 erythroid
precursors, but the levelsincreased in response to SCF stimu-
lation (Fig 5).

DISCUSSION

Basic helix-loop-helix transcription factors are regulators
of cell proliferation and differentiation. SCL, E2A, and 1d2
have all been shown to have an important role in erythroid
progenitor proliferation and differentiation.****** SCL
MRNA is expressed early in erythroid differentiation and
continues to be expressed at high levels until the late erythro-
blast stage,*®>® unlike the myeloid lineage where SCL
MRNA is low or undetectable in granulocyte and monocyte
progenitors and progeny.’®® High levels of SCL mRNA
measured by Northern blotting and RT-PCR in day 14 eryth-
roblasts, in which SCL protein levels are low, showstherole
of posttranscriptional mechanismsin regulation of SCL.° As
shown here and elsewhere,*? E47 and HEB are also strongly
expressed during erythroid differentiation with a significant
decline at terminal maturation on day 14. Protein dimeriza-
tion required for DNA recognition by bHLH proteins can
occur as homodimer formation for each of the four E proteins
(E12, E47, E2-2, and HEB), as heterodimer formation be-
tween E proteins, or between E protein and tissue specific
bHLH proteins.*®*“ Homodimers and heterodimers of these
proteins distinguish between closely related E box se-
quences,® although the precise role of each of the different
dimers in regulating gene expression is not yet clear. SCL
forms heterodimers to bind DNA with E12, E47, E2-2, and
HEB,* but SCL does not homodimerize.'? In the presence
of SCL, E-proteins preferentially bind DNA as heterodimers
and SCL/E2A heterodimers are present in normal erythroid

20z aunr g0 uo 3sanb Aq Jpd'890z/6895 L ¥1/8902/5/06/4Pd-al01E/PO0IqABU"SUOKEDIIGNdYSE//:d}Y WOy papeojumog



2072 ZHANG ET AL
Table 3. E Protein Expression During Erythroid Differentiation in Normal Donors and DBA
Quantity (OD X mm)
Day 7 Day 10 Day 14

Transcription
Factor SCF — + + - + n

A. Normal donor
E47 3.26 = 0.78 6.07 = 0.89* 3.14 = 0.52 4.66 + 0.87* 1.15 = 0.36 0.47 = 0.14 11
HEB 1.38 = 0.23 2.75 = 0.37* 1.65 = 0.46 3.22 = 1.07* 0.78 = 0.36 0.53 = 0.17 7

B. Diamond-Blackfan

E47 — — 0.77 = 0.21% 1.94 = 0.54*1 0.27 + 0.091 0.51 = 0.15 6
HEB — — 0.50 = 0.21t 1.31 = 0.24* 0.31 = 0.11 0.23 = 0.16 6

PB BFU-E from normal donors and patients with DBA were cultured with or without 100 ng/mL human SCF and removed from culture on
day 7, 10, or 14. The cell lysate from 2 x 10° BFU-E derived cells was loaded onto each lane and immunoblotting performed with anti-E47 or
anti-HEB antibodies. The densities of bands were measured and the mean = SEM is shown. n = number of individuals studied.

* Significantly increased E protein expression in response to SCF (P < .05).

T Significantly decreased E protein expression compared to normal donors (P < .05).

cells.? These proteins are thought to be of importance in
regulation of gene expression during erythroid differentia-
tion. Erythroid genes with SCL/E protein binding sequences
include the erythroid promoters of the carbonic anhydrase
I, band 3 and GATA-1 genes, the hypersensivity site 2 of
the S-globin locus control region, a site near the 3" enhancer
of the human A~y-globin gene and the serum response ele-
ment of c-fos.2'8

Id proteins belong to a class of helix-loop-helix proteins,
which lack the basic amino acid domain necessary for DNA
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Fig 3. E47 Expression in transfusion-dependent DBA. Western
blot analysis of E47 in day 10 or 14 BFU-E-derived cells from six
normal donors and six patients with DBA cultured with or without
100 ng/mL human SCF is shown here. The cell lysate from 2 x 10°
BFU-E-derived cells was loaded onto each lane of a 7% polyacryl-
amide gel and immunoblotting performed as described in Materials
and Methods.

binding. Id proteins do not homodimerze or bind to SCL
efficiently.® Id inhibits differentiation by forming hetero-
dimers with and inhibiting DNA binding of the available
pool of E proteins including E47.%° The predominant Id pro-
tein expressed in erythroid differentiation is 1d2.* Data sug-
gests that when the level of 1d2 is high in early erythroid
proliferation, 1d2 is complexed with the ubiquitous bHLH
proteinsto inhibit differentiation, aswell asto the retinoblas-
toma protein to allow cellular proliferation.**** Downregula-
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Fig 4. HEB Expression in transfusion-dependent DBA. Western
blot analysis of HEB in day 10 or 14 BFU-E-derived cells from six
normal donors and six patients with DBA cultured with or without
100 ng/mL human SCF is shown here. The cell lysate from 2 x 10°
BFU-E-derived cells was loaded into each lane of a 7% polyacryl-
amide gel and immunoblotting performed as described in Materials
and Methods.
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Normal Patient 1 Patient 2
Day 7 10 14 7 10 14 10 14 10 14 10 14 10 14
+

SCF - - - 4+ + + - - + 4+ - - +

Fig 5. RT-PCR of SCL, E2A, scL | - N.D. N.D. - - -
1d2, 18S rRNA, and B-globin. Re- - .. . '
sults of studies on day 7, 10, and .
14 BFU-E-derived cells from a E2A B i3 ‘ -_ ND. N.D: [ - [
representative normal donor
and from day 10 and 14 cells
from two patients with transfu- 1d2 - - - - . . - - - . . . .
sion-dependent DBA. BFU-E
were stimulated with or without
100 ng/mL SCF. The same pa- 185 rRNA E R W N.D. W& ND. - - -
tients (1 and 2) studied in Figs 2,
3, and 4 are shown for compari- B Globin - pe— N.D. ND. . .

son of protein and mRNA levels.

tion of 1d2 expression enables bHLH factors to dimerize
and bind DNA, resulting in erythroid differentiation.> The
reexpression of 1d2 late in normal erythroid differentiation
may result in terminal inhibition of remaining SCL and E2A
DNA binding.*

Since SCL, E protein, and 1d2 interactions play an im-
portant role in erythroid proliferation and differentiation, we
examined expression of E proteins in normal erythropoiesis
and studied these bHLH proteinsin DBA, acongenita hypo-
plastic anemiain which both erythroid proliferation and dif-
ferentiation are abnormal. The disease appears to be hetero-
geneous on a molecular basis,® and we thus sdected a
restricted group of patients to study who were transfusion-
dependent, since they had failed steroids. All of the patients
we studied showed an increase in BFU-E derived colony
sizein response to SCF stimulation. In BFU-E derived eryth-
roblasts from DBA patients, no quantitative or qualitative
deficiency in SCL protein or mRNA was detected. SCL pro-
tein was significantly increased by stimulation with SCF,
showing that mechanisms controlling SCL expression in re-
sponse to growth factor stimulation, which are largely post-
transcriptional, seem to be intact.

In contrast, levels of both E47 and HEB protein were
significantly decreased in unstimulated cells from patients
with transfusion-dependent DBA. This appeared to be on a
transcriptional basis for E47, since E2A mRNA levels were
decreased. The basic underlying molecular defect responsi-
blefor this deficiency in the hierarchy of transcription factors
has not been identified here. Work by others has shown that
mutations in the erythropoietin receptor gene™ or c-kit®*
are not responsible. The decrease in E47 and HEB may
contribute to inhibition of erythroid differentiation through
decreased heterodimer formation needed to stimulate ery-
throid gene expression. In DBA, a significant amount of 1d2
was present in day 10 cells, which may compete effectively
for the decreased E47 and HEB available. An example of
diminished expression of an erythroid specific gene is the
low level of B-globin mRNA observed in day 10 erythro-
blastsin DBA. In erythroblasts from Diamond-Blackfan pa-
tients, exposure to SCF enhances SCL expression. SCL over-
expression alone has been shown to increase erythroid
differentiation and hemoglobinization in TF-1 and Mé
cells.**® SCF stimulation also increased E47 and HEB levels,

making it more likely that SCL/E protein heterodimerization
occurs. Thisincrease in SCL and E proteins is presumably
a factor resulting in enhanced S3-globin mRNA expression
in SCF stimulated cells and in promoting further erythroid
proliferation and differentiation.
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