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A b s t r a c t

SUBTRACTIVE CLONING OF AN ERYTHROID-SPECIFIC TRANSCRIPTION 
FACTOR AND OTHER MURINE ERYTHROLEUKEMIA CELL GENES

by

Ira J. Miller

Adviser: Dr. Jam es Bieker

The process of erythroid cell specialization involves the coordinate control of 

structural, enzymatic and regulatory genes. The most popular murine model of 

erythroid differentiation is the Friend murine erythroleukemia (MEL) cell, which 

undergoes terminal maturation upon chemical induction. We used the Friend model 

to ask what genes are expressed in erythroid cells and not in a  macrophage cell line 

by performing subtractive hybridization. We isolated ten novel sequences and eight 

previously known nonglobin genes that are differentially expressed. We 

concentrated on the most narrowly expressed transcripts based on Northern blot 

analysis of tissue RNAs. The most erythroid-specific done  in the group is a  1.4kb 

transcript with a  heterogeneous startsite, expressed only in the spleen and bone 

marrow- the physiologic organs of adult murine hematopoiesis. It is not expressed 

in T-cell, B-cell monocyte or macrophage lines, but is present at low levels in mast 

cell lines. We propose that it encodes a  transcription factor on the basis of the 

deduced aminoacid sequence. The carboxy terminal domain contains three TFIIIA-like 

(cys)2 -(his) 2  zinc finger motifs highly homologous to the those of the KrOppel 

family of DNA-binding proteins, prompting us to name it EKLF- for Erythroid
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KrQppel-like Eactor. The amino 2/3 of the EKLF is acidic and proline rich, both 

features of functional transcriptional activating domains. On the basis of Its 

homology to Sp1, EKLF is a candidate gene for a previously described factor that 

binds to "CAC" sites within erythroid specific promoters.

Two other novel sequences displayed provocative homologies. One of them contains 

a repeated motif found in several guanosine-binding proteins and in the Purkinje 

cell specific protein L7, and it may play a role in second m essenger signaling. On 

Northern biots.it detects transcripts of 4kb in brain, heart and ovary, and 2.5kb in 

the heart. The other is a 1,567 nucleotide transcript encoding a protein homologous 

to the acidic nuclear X-linked lymphocyte-regulated protein. The MEL gene is also 

present in T-cell line EL-4 and at low levels in most tissues.
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I. INTRODUCTION

The pattern of genes physiologically expressed in each cell results from the 

interplay of several variables which exert their influence during the process of 

cellular differentiation. These variables include the state of the cell's chromatin, the 

interaction between its signal transduction apparatus and its hormonal, cellular, 

extracellular and metabolic milieu, its genome, and its history. All of these 

determinants can contribute to the establishment of a set of transcription factors, 

presumably unique to each cell type, that directs its characteristic pattern of gene 

expression and constrains the cell's potential for subsequent differentiation (62).

For example, a pluripotent bone marrow stem cell gives rise to hormonally 

responsive progenitors of lymphoid and myeloid lineages (65), which become 

further diversified to form all of the specialized cellular components of the blood. At 

each stage of differentiation, establishment and maintenance of the new phenotype is 

thought to be brought about in part by repatterning the combinatorial array of 

regulatory factors (89). In particular, the control of globin gene expression within 

the erythroid lineage has provided numerous insights into the molecular components 

involved in such cellular specialization.

The Friend MEL cell. The success of studies of erythroid gene regulation has 

relied on the availability of large amounts of transcriptionally active erythroid cells. 

The most popular murine model is the Friend Murine Erythroleukemia cell (MEL), 

which is derived from an erythroid precursor cell immortalized by infection with
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Friend Virus (reviewed in (53)). The development of Friend MEL cell lines began with 

an attempt made in 1956 by Charlotte Friend to prove that viruses could cause tumors 

in adult mice as well as  in neonates. She discovered a cell-free filtrate that caused 

massive erythroblastosis within days of injection into adult mice, with eventual 

outgrowth of a  few malignant erythroid clones (29). These cells, blocked at a stage 

prior to commitment to terminal differentiation, were subsequently reared for in vitro 

passage as MEL cells. The filtrate was eventually shown to contain a complex of two 

biologically and physically separable viruses- a replication competent Friend Murine 

Leukemia Virus (MuLV), and a replication defective Friend Spleen Focus Forming Virus 

(SFFV) (61, 88). Neither virus carries an oncogene, but the SFFV component contains 

a glycosylated fusion protein, GP-55, resulting from a recombination event that 

occurred between open reading frames of envelope protein coding regions of the Friend 

MuLV and the endogenous murine Mink Cell Focus Forming Virus (22)(reviewed in 

(4)). GP-55 has been shown to confer a continuous replicative signal upon cells that 

express the erythropoietin receptor, which partly explains the target specificity of 

Friend Virus complex (44). Other changes shown to frequently take place in the 

malignant transformation process are the inactivation of the p53 (44) gene and 

activation of either of two members of the ETS gene family of transcription factors (5, 

63). Most of the MEL cell lines continually give rise to a  small percentage of terminally 

differentiating erythroid cells (70), but the utility of the Friend model is in the 

susceptibility of these cells to chemical induction. In response to a variety of agents 

(e.g. DMSO), cells first become committed to differentiate and then proceed with a 

maturation process that includes production of hemoglobin (30) and coordinate
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regulation of other erythroid-specific genes (28). The process of commitment requires 

protein synthesis (42), and it is characterized by the accumulation of pivotal mRNAs 

(43) in response to a signal transduced in part by a decrease in activity of protein 

kinase C (55, 56).

E ry th ro id -specific  tran sc rip tio n  fac to rs . Using the Friend system and other 

models of erythroid gene regulation, the presence of several unique transcription factors 

has been deduced from the interaction between their distinct binding sites and 

erythroid-specific components of cells or cell extracts. One of these proteins, GATA-1, 

was cloned from chicken (24, 72) and mouse (95) after purification on the basis of 

affinity for its DNA target site, a nucleotide hexamer present abundantly in the globin 

gene regulatory regions. Since then GATA-1 has been shown to be autoregulated (35,

96) and to be crucial for erythropoiesis (73). GATA-1 sites in promoters and 

enhancers are essential for tissue-specific expression of globins (33, 78) and of other 

erythroid-specific genes (15, 25). More recently, it has been shown that GATA-1 sites 

play a  crucial role in the formation of the locus control regions (LCRs) that activate the 

a-(37) and p -  (47) globin gene clusters. GATA-1 is also present in megakaryocytes 

(54, 79) and in mast cells (54), and GATA sites are required for mast cell expression 

of carboxypeptidase A (100).

A second factor shown to have a  role in erythroid-specific gene expression is 

NF-E2. This protein binds to AP-1 sites in the erythroid porphobilinogen deam inase 

promoter and activates its expression (60). NF-E2 target sequences are also 

present in the sites of DNAse hypersensitivity within the globin LCRs (37, 47), and 

they have been shown to cooperate with GATA-1 sites in the formation of active LCR
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domains, the powerful long distance enhancers that potentiate transcription from the 

globin gene clusters in a  developmentally appropriate manner (92, 93). Although 

an LCR domain segment containing a GATA-1 site seem s to be sufficient for low level 

expression of stable transgenes in a position independent manner, the presence of 

NF-E2 sites dramatically augments this basal activity (11, 93). Like GATA-1, NF- 

E2 is also present in megakaryocytes (79).

The goal of the present study was to identify genes for cellular components that 

are specific to the erythroid lineage. Some of these molecules, like hemoglobin, are 

effectors of erythroid cell function. Others, like GATA-1, have a  role in the internal 

regulation of erythroid identity. To find these erythroid-specific genes, we used 

subtractive hybridization to isolate cDNAs specific to the Friend MEL cell.

Subtractive cloning techniques have enabled others to isolate many transcriptionally 

regulated genes without regard to function (e.g. Myo D (20)). Here we discuss the 

isolation of several previously undescribed MEL-specific gene products isolated by 

this approach as described in detail in the ’Materials and Methods* section. The 

'Results A* section presents the expression patterns and sequences of these genes, 

except that data concerning one gene product are presented separately in ’Results B.* 

The latter section concerns a novel erythroid-specific zinc finger protein whose 

putative role is explored in the "Discussion’ section. On the basis of the homology of 

its finger region to that of a Drosophila body pattern-determining gap gene we have 

named it EKLF, for &rythroid Kruppel-fike factor. The last section of the thesis 

suggests experiments to test its predicted physiological role.
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II. MATERIALS AND METHODS

Cell lines and  culture. Friend MEL strain DS-19, a gift of W. Scher, was 

grown in T-ftasks in Glasgow G-MEM (Gibco) plus 10% Fetal bovine serum (FBS). 

Differentiation was induced in 15% FBS by the addition of 5mM 

hexamethylenebisacetamide (HMBA,Sigma) for 48h and monitored by staining for 

hemoglobin with acidic benzidine (66). The J774 macrophage line, a gift of J. 

Unkeless, was cultured in D-MEM (Whittaker) plus 10% FBS in Nunclon tissue 

culture dishes (Nunc) and detached during passage by resuspension in phosphate 

buffered saline with 10mM EDTA. Macrophage cell line M1, myelomonocytic cell 

lines WEHI-3, T cell line EL-4, Pre-B cell lines F-4 and 3-1, and mast cell lines 

(84) 10P2, 10P8, 10P12, and 11P62, all generously provided by E. Siden, were 

cultured in RPMI + 10% FBS + 50uM 2-ME in Falcon 1058 petri dishes. All media 

contained L-glutamine, and were supplemented with 250units/ml penicillin-G and 

200pg/ml streptomycin sulfate (Sigma). Cells were grown in a humidified chamber 

at 37°C, 5% C02 and were harvested at a density of 1 X 10® to 1.5 X 10® cells/ml 

except for 10P8, 10P12, and 11P62, which were harvested at 2 X10® to 6 X 10® 

ce lls /m l.

RNA prepara tion  and  ana lysis. Except as  noted, standard molecular biology 

techniques were performed (7, 51). Total cellular RNA from D6xB2 mouse tissues 

or from all but one cultured cell line was isolated by a modification of a  urea/LiCI 

method (2) in that SDS was added to 0.2% immediately before homogenizing. RNA
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from DS-19 cells was prepared using a  guanidium isothiocyanate/CsCI protocol 

(49). Poly A+ RNA was selected by two serial passages through oligo dT sepharose 

(New England Biolabs) (51).

For Northern blotting, samples of total cellular RNA (10 pg/lane) were denatured 

and electrophoresed through a formaldehyde/agarose gel and blotted by capillary 

action in 10X SSC onto Hybond-N (Amersham) membranes. Shadows of the 18S and 

28S ribosomal bands were visualized under short wave UV light and used as size 

markers and to confirm complete RNA transfer. Crosslinking to the membrane was 

done at 900 pJoule in a  Stratalinker™ . Membranes were hybridized at 65°C in a 

solution containing 6XSSC, 0.5% SDS, 20mg/ml hydrolized and denatured salmon 

sperm DNA, 10% dextran sulfate, and >2X106 CPM/ml random hexamer primed 

probe (Boehringer Mannheim). Filters were washed at high stringency (0.1 X SSC, 

0.1% SDS, 65°C). For Northerns, the duration of hybridization was minimized to 

between 2 and 4 h in order to preserve the integrity of the RNA. Membranes were 

stripped in boiling water and reprobed several times.

Primer extension of EKLF cDNA was performed by annealing 5pg Poly A'*' MEL 

DS-19 RNA with 0.5ng (100,000 CPM) 32P kinased synthetic oligonucleotide C10 

R3 ( 5' GATGGAGGGTAAGACAGTAT 3', nt 115-135, Fig. 16) in a volume of 10pl for 

2h at 53°C in a  buffer containing 0.6M NaCI, 40 mM PIPES pH6.5, 1mM EDTA.

After ammonium acetate/ethanol precipitation, the annealed primer was extended 

using MMLV Reverse Transcriptase at 42°C for 2h. Products were analyzed on a  6% 

acrylamide sequencing gel.

Primer extension results were verified by S1 nuclease analysis, which required
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isolation of the genomic EKLF clone. 300,000 plaques from X-Dash II mouse 

genomic library (Stratagene) were screened with an EKLF cDNA plasmid insert (7). 

A liquid culture lysate of one positive plaque was used to prepare CsCI step gradient 

purified phage for DNA extraction. An end labeled oligonucleotide probe homologous 

to a  region do se  to the 5' end of the EKLF cDNA was used to identify the Bam HI 

fragment from the genomic recombinant that contained the 5' end of the gene. This 

segment was subcioned into pGem-l(Promega), and the genomic sequence upstream 

of the most 5' end of the cDNA determined. An end-labeled single-stranded antisense 

probe of 252 bases overlapping the putative 5' end was generated by 30 cycles of Taq 

polymerase (Promega) -mediated extension of a kinased antisense primer (C10- 

R3) using 1pg of Taql-digested plasmid DNA template. The full length probe 

extension product was precipitated and purified on a  6% acrylamide urea denaturing 

gel. Samples of either 100pg whole RNA, lOpg poly A+ RNA or 100pg tRNA were 

hybridized with 50,000 CPM of probe in a volume of 40ul overnight at 65°C in a 

buffer containing 1M NaCI, 0.2mM EDTA, and 50mM HEPES pH7.6. Each 

hybridization reaction was then divided into six aliquots, and S1 nuclease digestion 

was carried out on each aliquot in a 300pl volume for 1h at either 30°C or 37°C and 

with either 100u/ml, 300u/ml or 1000u/ml S1 nuclease. The buffer contained

0.28M NaCI, 50 mM sodium acetate, 4.5 mM ZnS04 and 20mg/ml denatured salmon 

sperm DNA. After addition of 0.4pg tRNA as carrier, digestion products were 

precipitated and resolved on a 6% acrylamide sequencing gel.

DNA analysis. Genomic DNA from White Leghorn Rooster (S.P.A.F.A.S.), 

Stronovlocentrotus pupuratus (sea urchin, Pacific Biomarine), and human were a
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gift of T. Fasy. Mouse DNA was a  gift of K. Andrikopoulos. Drosophila melanogaster 

DNA from adult (£y£Qfi) flies and Xenopus laevis DNA from adult erythrocytes were 

isolated by standard methods. Digested DNA was transferred by capillary action in 

10X SSC to a  Hybond-N membrane. The filter was hybridized as for the RNA blots 

and washed at high stringency, 0.2X SSC, 0.1% SDS, 65°C. Sequenase enzyme 

(USB) was used in the dideoxy chain termination method for sequencing as specified 

by the supplier. Oligonucleotide primers were synthesized according to the 

accumulated sequence information. In addition to the subtracted cDNA library 

described below, MEL clones were purified from two other X-Zap II libraries, one 

prepared by Stratagene, the other a gift of A. Marks.

C hrom osom al localization. DNA sam ples from mouse/hamster chromosomal 

hybrid cell lines were provided by Peter Lalley. In a blind experiment, we carried 

out 30 cycles of PCR on 1pg of each hybrid DNA sample using two different sets of 

oligonucleotides derived from the EKLF cDNA sequence under conditions pretested to 

produce a ds DNA product of appropriate size from mouse genomic DNA and not from 

hamster DNA. After resolution on a TBE agarose gel, the ethidium bromide stained 

gel was visualized under UV, and products of the correct size were scored positive. 

The results were tabulated and forwarded to Dr. Lalley for interpretation.

Iso la tion  of e ry th ro id -sp ec ific  cDNA c lo n es .

A) S u b trac ted  cDNA library production . G ene products expressed in 

monocyte-macrophage J774 were depleted from MEL DS-19 cDNA, and the
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remaining DS-19-specific cDNA was used to construct a cDNA library according to 

the following procedure:

1. Antisense DS-19 cDNA was produced by reverse transcription of 50pg/ml DS- 

19 poly A-*- RNA at 37°C with 10,000 units/ml MMLV Reverse Transcriptase 

(BRL) in the buffer provided by the supplier with the enzyme plus 0.5 mM 

dNTP’s (incl. 5-methyl-dCTP), 1000 units/ml RNAsin (Promega), 50pg/m l 

actinomycin Ci(D) (Boehringer Mannheim), 40 mg/ml phospho oligo 

dT(Pharm acia), and 250 pCi/ml (a-3 2 P) dCTP (NEN). After 

phenol/chloroform extraction of the cDNA synthesis reaction, template and 

product were precipitated in ethanol. DS-19 template RNA was removed by 

hydrolysis at 68°C in 0.1 M NaOH for 20 min., and the solution was neutralized 

by addition of 1/10 volume sodium acetate.

2. Poly A+ RNA from J774 was prepared as described above under "RNA 

analysis." To also eliminate the globin genes from the subtracted cDNA 

population, sense  strand RNA was transcribed in vitro from a- and p-globin- 

containing pBluescript II (Stratagene) plasmids using T3 polymerase as 

specified by the supplier (Stratagene). A mixture of 114pg J774 poly A+ RNA 

and 0.5 jig each globin RNA ("driver RNA") was treated twice under a sunlamp 

with photoactivatable biotin (Clontech) according to the manufacturer's 

recommendations. This facilitated purification of the remaining nonhybridized 

cDNA, by allowing free RNA and RNA:cDNA hybrids to be selectively removed by 

binding to streptavidin and phenol:chloroform extraction (86). Driver RNA
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and cDNA were then combined and precipitated in one tube.

3. A single round of cDNA selection was performed as follows: a) driver RNA was 

hybridized to 9pg DS-19 antisense cDNA in a 30pl reaction containing 

hybridization buffer (50mM HEPES pH7.6, 2mM EDTA, 0.5M NaCI) plus 0.2% 

SDS and 1mM desferoxamine at 65°C for 20h; b) 300pl of hybridization 

buffer was added at room temperature, and RNA plus RNA:cDNA hybrids were 

removed by 5 cycles of binding with 5pg streptavidin (BRL) for 1 min. at room 

tem perature, followed by phenol/chloroform extraction; c) each cycle, the 

streptavidin/nucleic acid complex-containing interface was back extracted 

with 25pl hybridization buffer and aqueous phases were pooled; d) the m ass of 

the remaining (subtracted) cDNA was determined to be 1% of the total as 

m easured by Cerenkov counting.

4. The second strand was synthesized by hairpin loop priming of the subtracted 

cDNA by Klenow fragment at 12°C overnight in a buffer containing 40mM 

HEPES pH6.9, 65 mM KCI, 16mM MgCI2 . 1mM DTT, 0.5 mg/ml BSA, and 250 

units/ml Klenow enzyme. The ds cDNA was blunt ended with mung bean 

nuclease, ligated to Eco Rl linkers, digested with Eco Rl and size selected on a 

Sepharose CL-4B column (Pharmacia). Ligation to phage arms and packaging 

were performed using the Lambda Zap ll/Gigapack II cloning kit (Stratagene).

The resulting library consisted of 8000 primary plaques of which only 20% 

contained inserts based on PCR analysis of randomly picked plaques. Insert sizes 

averaged 1kb and ranged from 0.5 to 2kb. We chose to proceed with screening this 

library despite its poor titer because the 1500 true recombinant plaques obtained
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are representative of about 150,000 unselected gene products.

B) S creen ing  the MEL-Specific Library. Our method for identifying the 

members of the library was a  modification of Palazzolo el al. (69) and is outlined in 

Figure 1, as follows:

STEP 1 Insert-containing clones were picked without further purification by 

screening the amplified lambda phage library at the low density of 5000 

plaques/150mm plate with a complex probe made by random hexamer-primed 

labeling of single-stranded subtracted cDNA prepared as described above.

STEP 2. These cDNA-containing phage were individually placed in the wells of 

microtiter plates, eluted in SM + 7% DMSO, and stored at -80°C. Clones were 

preliminarily named according to their well designation. The individual 

members of the library were then sorted to eliminate redundant members. To 

do this, we used probes made from subtracted library phage by 'in vivo" 

subcloning of X-Zap II inserts into pBluescript SK- using R408 helper phage 

a s  described in the Stratagene manual.

STEP 3. Eco Rl cDNA inserts from alkaline lysis minipreps of these plasmids were 

purified from agarose gels using the Geneclean DNA isolation kit (Bio 101). 

"Dot blot" arrays of phage DNA bound to filters were created by carefully 

pipetting a small amount of phage stock from each microtiter well onto top 

agarose-em bedded bacteria, and incubating uninverted at 37°C until 5mm 

diameter plaques formed.



12

I S C REEN  L I B R A R Y  

W I T H  S U B T R A C T E D  

C D N A  PROBE

I

A.
DNA DOT BLO T

REPUC A  S T R IP S  Or OOTTrn  
PHAGE DNA PROBED W ITH  
INSERTS

PHAOC DNA * 1 1 2  --------►

PICK POSITIVE 
CLONES. PLACE IN 

MICROTITER WELLS

3.
ISOLATE 
CDNA INSERTS 
EOR DOT BLOT 

ANALYSIS

SCREEN SUBTRACTED LIBRARY 
W ITH SET A AND SUBTRACTED 
PROBE

PICK POSITIVE 
CLONES (AS IN STEP 2 ) 
THAT DO NOT 
HYBRIDIZE TO SET A. 
PLACE IN MICROTITER 
WELLS

PHAGE

INSERT
PROCE

• •
•
•  •

•
•• • • •  •

•• * •
• • • •  •

m
• • ■ •  ft
• * * ««

I
( 1. 2 . 4 .5 . 7 , 10 ) 
1st unique set A

LIFT I LIFT 2

•  •

•  •

7.
PROBE REPLICA FILTER 
LIFTS OF PHAGE ARRAY 
W ITH INDIVIDUAL cONA 
INSERTS TO GROUP 
CLONES INTO 
NONOVERLAPPING SETS

FIG. 1. Flowchart of the scheme used to identify the individual members of the 

subtracted cDNA library.
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STEP 4. In the first round of screening these plaque arrays were absorbed onto 

multiple Hybond-N nylon filters (Amersham) each of which was probed with 

an Eco Rl insert from one of the blotted phage. Membranes were hybridized at 

65°C in a solution containing 6XSSC, 0.5% SDS, 20mg/ml hydrolized and 

denatured salmon sperm ONA, 10% dextran sulfate, and >2X106 CPM/ml 

random hexamer primed probe (Boehringer Mannheim). Filters were washed 

at high stringency (0.1 X SSC, 0.1% SDS, 65°C). UV crosslinking of the DNA to 

the membrane was done in a Stratalinker™  at the 'autocrosslink" setting 

while the filter was wet. This approach eliminated cross-hybridizing 

m em bers from further consideration, leaving five unique, differentially 

expressed members (e.g. results of step 4). Sequences derived from these 

clones were then used to scan the GenBank (9) data bank.

STEP 5. We next used a pool of probes from this group to screen replica filters of 

the original library to avoid reselecting them in the second round of subtracted 

probe screening. Because the clones we chose in the first round were likely to 

be the most abundant, this early step eliminated 50% of the library from 

further consideration.

STEPS 6, 7. Successive rounds of sorting were then performed on this reduced 

population by probing replica phage arrays with individual Eco Rl inserts.

As we proceeded, we were successful in obtaining increasingly rare differentially 

expressed gene products. Identification of the next 13 cDNAs eliminated 92% of the 

clones not identified in the first round. If the remaining 4% of the library consisted
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of entirely differentially expressed gene products, then these would be derived from 

0.04% of the MEL m essenger RNAs. This portion of the library is likely to include 

some rarer gene products that are differentially expressed and potentially 

interesting, but none of the next six cDNA inserts we identified proved to detect 

m essages that were expressed differentially when checked on Northern blots. At that 

point our productivity was rapidly decreasing and we elected to stop searching. In 

total we identified 18 unique cDNA sequences by this procedure.

We experimented with several modifications of the existing protocols for direct 

cloning of subtracted cONAs. The first alteration was the inclusion of the iron 

chelator desferoxamine in the hybridization reaction in an effort to combat the 

thermal degradation of nucleic acid that might be due to ferrous-EDTA complexes. 

However, we did not observe that addition of this reagent had a  protective effect. The 

second change we made was the use of 5-methyl dCTP in the synthesis of the first 

strand of the subtracted cDNA in order to protect the linkered cDNA from internal 

digestion with Eco Rl. Unfortunately, DNA hemimethylated on cytosine residues does 

serve as a substrate for Eco Rl endonucleolytic cleavage (inferred from discussion in 

(87)), and in fact some of the cDNA fragments we cloned proved to have been ligated 

to the vector at an internal Eco Rl site.

Finally, a crucial step taken in our approach to screening the library was 

necessitated by the low percentage of the phage that contained cDNA inserts. We 

chose not to employ the method used by Palazzolo (69) to identify nonrecombinant 

phages by probing with an oligonucleotide that spans the Eco Rl site of the 

polylinker, because the blue/white assay for p-galactosidase indicated that 90% of
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the clones had some alteration in this region. Therefore, to overcome the problem of 

identifying cDNA insert-containing clones from this library, we simply screened it 

with a subtracted cDNA probe generated in the sam e way as the material used to make 

the library. We wished to concentrate primarily on the more abundant clones in any 

case , because from a  kinetic standpoint they were the most likely to be differentially 

expressed. (Since rare sequences are present at low concentrations in the 

hybridization reaction they do not hybridize a s  efficiently as  the more abundant gene 

products. Therefore, low abundance gene products that are not differentially 

expressed can contaminate the subtracted cDNA population. Many studies employ two 

successive rounds of subtractive hybridization in an attempt to further reduce the 

frequency of these unwanted cDNAs.)

D eciphering a sp u rio u s  cloning  artifact. Clone C10 was the first to be 

identified of the cDNA clones encoding EKLF (arythroid £r(jppel-like (actor, see  

section NIB). Analysis of this clone presented several inconsistencies with the 

notion that it contains an insert derived from a  single gene product, and the following 

observations revealed that bordering the 5' end of the EKLF sequence, clone C10 

contains an unrelated cDNA fragment (data not shown):

1) Northern analysis of tissue RNA using the complete C10 insert produced a 

complicated pattern of bands of different sizes in different tissues, including 

brain (see section IIIA), none of which correspond to the length of the C10 

in se rt.

2) The complete C10 insert is 600 bases longer than the full-length EKLF
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sequence (see section IIIB).

3) Two large nonoverlapping open reading frames were deduced from the complete 

C10 plasmid sequence.

4) Using MEL cDNA we were unable to generate a PCR product that spans the two 

open reading frames.

5) A clone from a  mouse brain cDNA library and five mouse genomic clones which 

all hybridize to the complete C10 insert do not hybridize to the EKLF portion of 

C10.

6) Based on sequence information from a  genomic EKLF clone, the EKLF portion of 

clone C10 extends through 48 bp of 5' untranslated region, well upstream of an 

in-frame stop codon preceding the first methionine codon of the longest EKLF 

open reading frame (Fig. 16). Further upstream, the sequences of the EKLF 

genomic clone and the C10 clone diverge.

Therefore, we placed the 5' end of EKLF at the point of concurrence with the genomic 

sequence. The other part of the original C10 insert was renamed C10A (see section 

III A).
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III. RESULTS

A. General MEL-Restricted cDNAs.

We identified erythroid-specific genes by applying the method of subtractive 

hybridization to create a library enriched for sequences restricted to the DS-19 

MEL cell. As we were interested in finding genes that are as specific as  possible to 

this bone marrow derived lineage, we used the J774 monocyte-macrophage line as 

the source of RNA for the subtractive hybridization. We reasoned that this myeloid 

descendant would have more gene products in common with the MEL cell than a more 

distantly related lymphoid or non-marrow-derived cell.

Estimation of differentially expressed gene prevalence in MEL.

Although no direct quantitation of the cellular levels of any of these RNAs was 

performed, a  general estimate of the efficiency of our screen can be made. In total, 

we isolated 18 cDNA fragments derived from gene products which are differentially 

expressed between MEL and J774 cells. If additional differentially expressed gene 

products went undetected, then the sum of their prevalences can be no more than 

0.04% based on calculations made in the "Materials and Methods" section. But, as 

evidenced by a random sampling, this remaining population consists mostly of 

nondifferentially expressed rare sequences that simply escaped subtraction, as 

described in "Materials and Methods." (Based on the binomial distribution, the odds 

of choosing six nondifferentially expressed clones at random from a  population with
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more than 32% inserts is less than 10%, see  Appendix A.) Therefore we believe 

that the remaining unstudied differentially expressed RNA population has a total 

prevalence of about 0.01%. We gain further confidence in this estimate by 

considering the number of times we identified each particular gene in our library. It 

stands to reason that in our normal routine for picking differentially expressed 

clones, the more times we identified any particular gene product the less likely the 

possibility that another product of equal abundance has gone undetected. Thirteen of 

the eighteen gene products were found in at least two independent clones. In 

particular, the prevalence in MEL cells of one of the rarer m essages found, EKLF, 

was estimated to be about 1/20,000 based on its frequency in an unsubtracted MEL 

library. Since our sorting protocol revealed two independent EKLF clones in our 

subtracted cDNA library, we can be 75% confident that no other clone with the sam e 

frequency is present in our library. Based on all of these observations, a  

conservative estimate would be that we have detected the majority of MEL-specific 

RNAs with abundance of 1:10,000 or more.

Identification of known g en es. The gene product fragments we obtained were 

characterized by partial sequencing and by Northern blot analysis of their tissue 

distribution. Most were not detectable in J774. In addition, a  search of the GenBank 

database with partial sequences derived from these clones revealed that ten of them 

contained totally novel sequences. The other eight were identified to be genes 

previously cloned from the rat or the mouse. Some of these were expected findings: 

the two transcripts of the Friend Virus complex (16), the early erythroid carbonic
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anhydrase I (27), GATA-1 (95) and c-myb (6). On the other hand, we were 

surprised to find the mRNA for a selenium binding liver protein (3), which is 

highly expressed in the MEL cell line and not detected in the J774 cell line (Fig. 2). 

This protein binds selenium coordinate^, not covalently through the presence of 

selenocysteine, and its function is unknown. However, we can rationalize its 

presence with the notion that it may be necessary for development of the high levels 

of selenocysteine-containing glutathione peroxidase present in the mature 

erythrocyte. The latter enzyme is crucial for preventing hemoglobin inactivation by 

frea radical-mediated oxidation of the iron atom in heme. Another known gene 

product that we found to display strict differential expression was a cDNA from the 

murine homologue of the rat serine protease inhibitor type 2 gene (41, 99). We can 

think of no obvious explanation for erythroid expression of this growth hormone- 

regulated gene. In addition to these seemingly normal transcription products, we 

detected an unusual cDNA clone, B12, whose 3' end contained a 70 bp stretch with an 

almost perfect match to the 5' end of the rat glutathione s-transferase transcript 

(90). This cDNA could not have been derived from a normal transcription product of 

the mouse homologue, because the MEL transcript detected on a Northern blot is 10- 

15kb (Fig. 3), much larger than the endogenous mRNA of the rat (700 bases). One 

possible explanation for this clone is that it is an artifact of transcription off an LTR 

of a Friend virus that inserted near the glutathione-s-transferase gene in DS-19 

cells. This hypothesis could be tested by examininn the DS-19 genomic DNA. None of 

the previously known transcripts were pursued further.



FIG. 2 (left). Northern blot analysis of Selenium binding protein (SBP) m essage levels 

in DS-19 and J774. Total RNA (10 ug) from each indicated cell line was probed with a 

random hexamer-labeled Eco Rl cDNA insert from the subtracted library which was 

identified as  SBP. Positions of the ribosomal RNA bands are indicated.

FIG. 3 (right). Northern blot analysis of m essage hybridizing to Eco Rl insert of clone 

clone B12, described in text. Samples are the sam e as in Figure 2, with an extra lane 

containing RNA from DS-19 MEL cells induced to differentiate for 48 hours with HMBA. 

Positions of the ribosomal RNA bands are indicated
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Tissue expression patterns of new MEL-speciflc cDNAs. We exam ined 

the tissue-specific expression patterns of the subtracted cDNAs in order to 

concentrate our efforts on the genes whose expression is most restricted to erythroid 

cells. The novel sequences we detected varied in the extent to which they were 

differentially expressed between the J774 and the DS-19 cell lines as well a s  in 

their expression among the tissues examined. No general trend of tissue-specific 

distribution was evident. Of the previously undescribed gene products, only one, 

EKLF, satisfied our criteria for erythroid-restricted expression at this level of 

analysis, being present only in bone marrow and spleen (see section B). Some of the 

other subtracted cDNA probes detected products with relatively restricted, though 

not necessarily erythroid patterns of expression. For example, C10A hybridizes to 

RNA species from only brain, heart and ovary. Interestingly, by Northern analysis, 

the size of this m essage in the ovary and brain is approximately 4kb, but the signal 

detected in the heart is only about 2.5kb (Fig. 4). We do not yet know whether the 

products detected in the heart and brain are derived from the sam e gene as  the C10A 

probe.
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FIG. 4. Northern blot analysis of m essage hybridizing to C10A, the 5' end of clone 

C10. Total RNA (10 ug) from each indicated tissue was probed with random 

hexamer-labeled cDNA derived from the C10 Eco Rl insert. The lower portion of the 

blot and the MEL RNA lane containing signals derived from the 3' end of this clone 

have been removed. Positions of the ribosomal RNA bands are indicated.

Two other products are relatively MEL-restricted. The first of these is A12, 

which detects two RNA species that are both expressed at low levels in all tissues 

examined (Fig. 5), but at much higher levels in MEL cell, myelomonocytic line 

WEHI-3, and T cell line EL-4 (Fig. 6). The smaller species was not detectable in 

J774, and was only detectable in one of the four mast cell lines. The other product
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FIG. 5. (left) and FIG 6 (right). Northern blot analysis of m essage hybridizing to 

A12. Total RNA (10 ug) from each indicated tissue (left) or bone marrow-derived 

cell line (right) was probed with random hexamer-labeled cDNA derived from the 

A12 Eco Rl insert. DS-19 is the MEL cell line from which EKLF was derived and was 

included as  a positive control, and J774 is the non-EKLF-containing monocyte- 

macrophage cell line used for the original subtractive hybridization procedure and 

was included as  a  negative control. Positions of the ribosomal RNA bands are 

indicated.
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whose expression is MEL-confined is A10, which is not detectable at all in J774 and 

is expressed at levels ten-fold higher in MEL cells than in all tissues where it is 

expressed (Fig. 7). In addition, A10 is down-regulated during differentiation.

In
11 i 111 h  i f h  I

FIG. 7. Northern blot analysis of m essage hybridizing to A10. Total RNA (10 ug) 

from each indicated tissue was probed with random hexamer-labeled cDNA derived 

from the A10 Eco Rl insert. In addition to the control RNAs of Figure 5, a  sample of 

RNA from induced MEL (48h timepoint) was included. Positions of the ribosomal 

RNA bands are indicated.
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The rest of the recovered subtracted cDNAs were found in a variety of tissues. G1 

is expressed at about 5-fold higher levels in MEL than in J774 and is detectable in 

all tissues examined (Fig. 8). H5 is not detectable at all in J774 and has a scattered 

tissue distribution (Fig. 9). E4 is only about three times more abundant in MEL

FIG. 8 (left). Northern blot analysis of m essage hybridizing to the Eco Rl insert of 

clone G1. RNA samples are the same as in Figure 5. Positions of the ribosomal RNA 

bands are indicated.

FIG. 9 (right). Northern blot analysis of m essage hybridizing to the Eco Rl insert of 

clone H5. RNA samples are the sam e as in Figure 5. Positions of the ribosomal RNA 

bands are indicated.
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than J774 and is expressed in all tissues examined except the heart and liver (Fig. 

10). D10 is found everywhere except J774 and bone marrow (Fig. 11). The tissue

FIG. 10 (left). Northern blot analysis of m essage hybridizing to the Eco Rl insert of 

clone E4. RNA samples are the sam e as in Figure 5. Positions of the ribosomal RNA 

bands are indicated.

FIG. 11 (right). Northern blot analysis of m essage hybridizing to the Eco Rl insert of 

clone D10. RNA samples are the same as in Figure 7. Positions of the ribosomal RNA 

bands are indicated.

! K
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expression patterns of G6 (Fig. 12) and H9 (not shown) were not assessed .

*  £

06

FIG. 12. Northern blot analysis of m essage hybridizing to 

the Eco Rl insert of clone G6. RNA samples are as  in Figure 

2. Positions of the ribosomal RNA bands are indicated.

Indeed, we are puzzled by the tissue distribution of most of the differentially 

expressed gene products. In particular, we had expected that the novel MEL-derived 

sequences which are not expressed at all in J774 would tend to be more erythroid- 

restricted than they turned out to be. In particular, we expected highest levels of 

expression in bone marrow and spleen because those are the sites of physiological 

erythropoiesis in the adult mouse (58). But of all the detected cDNAs which 

survived the subtraction, only carbonic anhydrase type I (see section B) and EKLF 

(see section B) strictly satisfy this criterion, although the GATA-1 transcription 

factor (95) would have shown a similar expression pattern on Northern analysis of 

tissue samples. In fact, in the case of clone D10 the opposite is true: bone marrow 

levels are lower than those in all other tissues examined. Also, clone H5 which is not 

detected in J774, reaches the highest levels of expression in the ovaries. Moreover,
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we cannot even find a tissue that consistently expresses the set of genes in question at 

low levels like J774 does.

These observations are not meant to belittle the number of physiologically 

erythroid-restricted m essages. Of course, the cDNAs for a -  and p-globin were 

known in advance to be strongly differentially expressed between the two lines and 

were specifically eliminated during the subtraction, as described in 'Materials and 

Methods.’ In addition, many effector molecules of erythroid function including the 

cytoskeletal protein spectrin and the membrane protein Band III, do not become 

prevalent until after terminal differentiation of MEL cells (28), so we did not expect 

to find them. Nevertheless, we find the lack of clear erythroid restriction for this 

set of genes to be puzzling.

Several reasons can be given to account for the varied tissue expression patterns 

of the subtracted gene products. One possibility is that their regulation is governed 

by a  complex interplay of variables that is not consistently patterned from tissue to 

tissue among the genes examined. For if they were regulated by a simple 

combinatorial array of transcription factors, then one would expect that some 

tissues would tend to consistently have low or high levels of many of the genes 

studied. Another possible reason for these genes lacking a predictably confined tissue 

expression pattern could be that some of the gene products may, in fact, be limited to 

a  lineage defined subset of cells, but that particular lineage is present to varying 

degrees in different organs (e.g. smooth muscle). RNA samples from more uniform 

cell populations would be needed to discern their distribution on a  cellular level. 

Alternatively, some of these gene products may simply be specifically down-
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regulated in the macrophage lineage. However, if the recovery of an MEL-specific 

cDNA is due to a viral insertion event in MEL cells that activated transcription of a 

nearby gene, then we would expect higher levels of expression in MEL than in most 

mouse tissues, and not necessarily absence of expression in J774. In addition, the 

transcript size might be altered on a Northern. With the possible exception of B12, 

none of the products meet all of these criteria. Despite the lack of a consistent trend 

of expression among these genes, the analysis itself served to direct further energy 

to pursuing the one novel clone whose expression was highlighted by this analysis: 

EKLF (see section B).

In retrospect, it seem s that as a source of RNA for the subtractive procedure, the 

J774 cell line had its advantages and its drawbacks. To its merit, a single round of 

hybridization removed 99% of the starting MEL cDNA population. We can therefore 

conclude that J774 expresses the vast majority of RNAs present in MEL. On the 

other hand, we could have used RNA from a more distantly related tissue such as 

liver or brain as the source of driver. Then we would expect that a higher 

percentage of MEL cDNAs would have survived the subtraction. Maybe such a 

population would tend to show a more generalized trend of tissue distribution by 

Northern blot analysis, being confined to myeloid-related organs in general.

S eq u en ce  ana ly sis  of the  su b trac ted  cDNAs. As discussed in "Materials and 

Methods," the clones that we obtained contained cDNA inserts fragmented by thermal 

and endonucleolytic cleavage. For our purposes we considered the gene products with 

the most restricted expression to be the most interesting. Therefore, partial 

nucleotide sequences were obtained for all of the differentially expressed clones, but
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only the inserts of clones C10A, A12, and EKLF (section B) were sequenced to 

completion in both directions. In addition, as clone A12 was determined to be 

missing regions on both 5' and 3' ends, the entire open reading frame of the m essage 

was reconstructed by analyzing four additional overlapping clones from an 

unsubtracted MEL cDNA library. The partial sequences of the other novel clones 

detected are provided in the Appendix.

The nucleotide and predicted amino acid sequence of A12 is presented in Figure 13. 

The 5' end of the sequence shown is corroborated by two independent clones purified 

from an unsubtracted MEL cDNA library. However, we concluded that each of these 

other A12-containing clones also has within it an unrelated cDNA ligated head to head 

with the A12 gene product, based on the observation that poly(A) tracts were 

present on both ends of the insert. Therefore, the 5' end presented is taken from the 

point of divergence between two independent cDNA clones. The length of the 

reconstructed sequence is 1567 nucleotides, which is close to the size predicted from 

the Northern blot. The 3' untranslated end is 832 nucleotides long, and a  

polyadenylation signal is present 20 bases before the 3' end. The sequences of the 

two clones were in agreement except that one contained an insert of 15 bases relative 

to the other. We do not know whether this insertion resulted from alternative 

splicing or from different alleles. In either case, the protein product is likely to be 

unaffected by the insertion because it does not change the reading frame and is likely 

to be in the 5' untranslated region anyway. The longest open reading frame predicts a
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1 CTGCCTTGTGGA GACGAGG GACTAGGA CTCCTATCTAACACAAG AAGA TTCTA GCT ATG TCA  AGC AGA AAA AGC AAG GCC A C T GAC ACT 

1 M S S R K R K A T D T

9 0  GCT  GGC AGG CAC T CA AGG ATG GAT CCA AAT C T C T CC TCA GAT  GAC AGC CAG AAC Ct A  GGT  GCA GT C CCA G t A GCT 

1 7 A G R H S R M D P N L S S D D S Q N P C A V A A A

1 6 b  AAC AGA GAA GT C C T T  GAT  GCT  GGT  AGG GAG GAC AT T  AT T  T CC T CA GGA ACA GAG AGC CAA CAG GCC AGC AAG CAA 

3 7 N R E V I .  D A C R E D I I S S G T E R Q Q A R K E

2 4 0  AAA CAC GAC T T G GT C CAA GAA T T C GAA CAG CCA CCT  AAC AAA C T T  C T T  CAG GAA AAC AGA AAA AAA T T C  T CA AGG 

6 2 K Q D L V Q E F E E P R N K V L Q E N R K K F S R

3 1 5  AT C  AT G ACC T CA T C T  T T C ACT  GCC ^ T c |  GAG C T C  AAA A T T  AAG GAT C T T  C TG  AAA ACC CAC T G T  GAA CAC AGG CAG 

8 7 I M T S S F S A K E V K I K D V L K T H C E E R Q

3 9 0  AAA C T T  T GT  CAG GAC T AT  T CT  C T T  CAG T T T  ACA AAT  T T G AAT  AGG AAG T T A ACT  T CC GAT  GCA T AC AAA C T C  AAG 

1 1 2  K L C Q D Y S L Q F T N L N R K L T S D A Y K L K

4 6 5  AAA CAT  GCC GAA ACA C T C  T C T  AAT  AT G T T T  AT G GAG CAA CAG AAG T T T  AT T  CAT  GAA AC T  C T C  AC T  C T T  CAG AAG 

1 3 7  K H A E T L S N M F M E Q O K F  I  H E S L T L Q K

5 4 0  AAC AGA AT G AAG GAA T T T  AAA T CA C T G T GT  GAA AAA T AC T T C  GAG AAA CT G GAG GTA C T G AGG GAT  T C T  CGG GGA 

1 6 2  N R M K E F K S L C E K Y L E K L E V L R D S R G

6 1 5  AAT  T CC AT C GCT  GAA GAG CT G AGA CGT  CT T  ATA GCC ACC T T G GAA AT C AAA CT T  CT G AT G CT G CAT  AAC CAG CAA 

1 8 7 N S I A E E L R R L I A T L E I K L L M L H N O O

6 9 0  AAG A CT GCT GCT C C T  CCA CAG T C T  C T C  CTG  GAT GTG T T A  T T C  TCA TAAAACTTTGGAGCACAAAACCCGATATGACGGGAGCACT 

2 1 2  K T A A P P Q 5 L L D V L F S

7 7  5 A TA A TCA TC TG G G TC A A G CTG CTA G TG C TG A T G A TTG C A G C TTTG G TG C C TG G A TC TTC TC CTG TCT TCC TC C TG TTC CTG A A G A TG C CC C G TTC TG TTA

8 7 5  AATCCAAA TAAACCCTG GGATTTGTGTCACAGCACTGCAAA TATGTCTCTAGGG AACTCCACCCCTCAGG TAGAG ATGGCAG GCTTTCCTTCGTAG CA TC 

9 7 5  GCAATTACTGCTTAGCACACATTGGTG TTGATA CA GTA G A TTA TA A TA CCTG A A CA TCA TCTCCCCA A A TTG G A A G G CA CA CA A G TG G G CTA TTG TTG TC 

1 0 7  5 GTG TCCAGA TAAATA ATTA G A G A A G A TA CA G G CTTTCTTTG A CA TTCTG CTCTG A A A TG TG TTCA A G TG A TG CA G CCTA TG A A A CTG A CCTTCA G CCTCC

1 1 7  5  AAAGGCAGGGTGCTCTTAATAGTTAAGG TAGTAG AATTCATCAAA CCTCCCGN GTAAG AAAGA TGTGAG TAACGTTGG CTTGAATCAGTGAAAA TGCCA T

1 2 7  5  TTG CA G A CA A CA TTA A A A G G TCTTTCAATTAAATG AATCTGTCACACTAAGA GGTGA TTCTGAACATGA AT A CA G CTTA A TTC G CC A TC A TT TA TTA A T C

1 3 7  5  C CTC A C TTG T A TG G A TA G G A G TA A C TTA G A A TC TTTTG TTT CTG CA A TTTA TC G G C C A TG TA G TA TG G G A TC A TC A C G A TA T A TA TA TC A G G TC TCG TG T

1 4 7  5  A C A G TT A A A G C TC G C CT CC TG TG A TTTCCTG TA TG G A TA CCCTG G G TA A TCCTTA CTTG G G A A CG TTTG A TTTA A TA A A CA TG A A A TA G TTTC

FIG. 13. Nucleotide sequence of the A12 cDNA clone. Numbers on the left refer to the 

nucleotide sequence (upper) and the deduced amino acid sequence (lower). An in­

frame stop codon upstream of the first methionine is underlined. The extra 15 

nucleotides present in one clone are boxed. The codon with the best consensus for 

translation initiation (36) is boxed.
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protein of 227 amino acids, and an upstream in-frame stop codon testifies that no 

protein-coding sequence is missing. However, the first three methionine codons are 

not within the context of a good match to the consensus sequence for translation 

initiation (40). The major translation product may result from initiation at 

nucleotide 339, which is within a good context for translational initiation, giving 

rise to product of 15.6 kDa MW, with an estimated pi of 9.27.

The A12 primary sequence alone may provide a clue to its structure and possible 

protein interactions. Chou-Fasman and Robin-Garnier algorithms predict that the 

protein is almost entirely a-helical, and alignment to NBRF shows similarity to the 

a-helical portions of the myosin heavy and light chains. However, the most 

significant NBRF database homology (FIG. 13A) was to an X-linked lymphocyte- 

regulated (XLR) protein (83), the first identified member of a family of 50 to 75 

genomic sequences. The XLR protein is an acidic nuclear protein (32) with a 

postulated role in the regulation of lymphocyte differentiation (31). Like A12, XLR 

is extensively a-helical. The presence of A12 mRNA in T cell line EL-4 as  well as  

the opposite charges of the two proteins raises the intriguing possibility that, like 

the tails of myosin chains, the two proteins form a  coiled coil, stabilized by ionic 

interactions. The subunits of many heterodimeric proteins have this sort of 

structural homology, which probably reflects divergence from an ancestral sequence 

after gene duplication events like those which gave rise to the XLR family. As shown 

above, the A12 transcript is found at high levels in MEL and in a T-cell line, but at 

low levels in all tissues examined. Its sequence homology to XLR and its limited 

lineage distribution therefore suggest that the A12 gene product may be involved in



33

20
X L R M 1  p r o t e i n  ___ _____________q D g n a P e l d v l e e h n p v t r d d E n - a n p e c v v g d t - R s p v Q n l  l g k P K

* *  A - v v  A - - A - v - - " " ------------

A 1 ? p r o t o  1 n  M S S R K R K A T D T A G R H S R M D P N L S S D D S Q N P C A V A A A N R E V L D A G R E D 1 1 S S C T E R Q Q A R K E K Q D L V Q E K E  

1

60
X L R M 1  p r o t  g d i N K r L h l k R K r m e t y l k d S F k d s n V K l e q l w K T n k q E R k K l n n k f  c e Q y  l t t  f q K f d / n D v q K f  n e e q E

A12 p r o t e i n  EPRNKVL.QENRKKFSRIHTSSFSAMEVKIKDVLKTHCEERQKLCQDYSLQFTNLNRKLTSDAYKLKKHAE 
71

fd v
I

130
XLRM1 p r o t  k*vN nyqkeQ q*lk lS kc*Q »qt.l« jlK d»hE nlfm E gljiinL «tnnyN m ld< jE L R kem svfk-K dL M kH

- v - Av A * a - v a - v a v v v a  *  Av v A--------- v Ay * — A A* Av A — A-  Av AAv *
A12 p r o t e i n  TLSNMFMEQQKFIHESLTLQKNRMKEFKSLCEKYLEKLEVLRDSRGNSIAEELRRLIATLEIKLLMLHNQ 

141

A12 p r o t e i n  QKTAAPPQSLLDVLFS 
211

FIG. 13A. Alignement deduced A12 protein sequence with that of the pMl member of 

the X-linked lymphocyte regulatory factor (XLRM1). Numbers correspond to amino 

acids of XLRM1 (upper) and A12 (lower). Changes between amino acids is signified 

as similar ( a ) ,  neutral (-) or dissimilar (v). Amino acid identities are shown 

capitalized in the XLR sequence.

regulation of a stage of erythroid or T-cell differentiation.

Another cDNA we have analyzed in detail is C10A, whose nucleotide and deduced 

amino ad d  sequence are presented in Figure 14. The cDNA fragment we obtained 

overlaps the carboxy terminal encoding portion of the gene, as evidenced by the stop 

codon at position 267. However, no poly(A) tail is present, indicating that part of 

the 3' untranslated stretch is missing.
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1 G CTC CCC CTG GAC CGG GAG CAG AAT GGA GAG ACC CAC CAC ACA GGG GAC TGG AGG GGT CCA GGC AGG GAC TCG 
1 L P L D R E O N G E T H H T G D W R G P C R D S

74 CTT CCC CTC CCC ATG AGG AGC AGG AAG TAC CAG GAA OGT CCA GAT OCC ATT GAG AGG AGA CCC CGG GAG GGT AGT
25 L p I p H R S R K Y 0 E G P D A I F. R R p R E G S

1 40 CAC TCT CCA CTG GAC ACT OCT GAT CTA AGG GTA CAG GTG OCT CGT ACG OCT ATT CCC AGG GCC CCG TCT TCT GAC
75 H S P L D S A D V R V 0 V P R T G I p R A P S S D

2 2 4 GAG GAG TGT TTC TTT GAC CTG CTG ACT AAG TTC CAG AGC AGT OGC ATG GAT GAC CAG CGC TGT CCC CTG GAG GAA
1 00 E E C F F D L L S R F 0 S % R M 0 D O R C P L E E

2 0 0 OGC CAG OCT GGG OCT OCT GAG o c c ACA OCT OCC CCA TCC GTG GAO GAT AGA OCA OCT CAG TCC TCC GTG ACA OCT
1 2 5 G O A G A A E A T A A P s V E D R A A 0 s s V T A

374 TCA CCA CAG ACA GAG GAG TTC TTT GAC CTC ATT OCC AGC TCC CAG AGC CGC CGG CTG GAC GAC CAG AGG OCT AGC
150 S P Q T E E F F D L I A S S O S R R L D D 0 R A S

4 4 0 GTA OGC AGC CTG CCT GGG CTA CGC ATC ACC CTC AAC AAT GTG OGG CAC CTC CGA GGC GAC GGG GAC GCC CAG GAG
1 75 V G S L P G L R I T L N N V G H L R G D G D A 0 E

52 4 CCG OGG GAT GAG TTT TTC AAC ATG CTT ATC AAA TAC CAG TCC TCC AGG ATT GAT GAC CAG CGC TGC CCA CCC CCT
2 0 0 P G D E F F N H L 1 R y 0 S S R 1 D D 0 R C P P P

5 0 0 GAT CTG CTG CCC CGT GGC CCT ACC ATG CCT GAT GAG GAT TTC TTC AGC CTT ATC CAG AGG GTG CAG GCT AAG CGG
2 2 5 D V L P R G P T M P D E D F F S L I 0 R V O A R R

4 74 ATG GAT GAG CAG CGT GTG GAC CTT OCT OGG ACT CCA GAG CAA GAG OCC ACT OGG CTG CCT GAT CCC CAG CAG CAG
2 5 0 M 0 E O R V D L A G S P E 0 E A S G L P D P 0 0 0

7 4 0
2 7 5

TAT
T

CCA
P

CCG
P

GGT
G

GCC
A

AGC
S

TAAGGCCTCGCCCCTACAGCCAGCCATACCCTACTCTGGACTCTGTAGGCTCACGGTTGTCCACAGTGGCCATGAT

0 2 4  CCCCC

FIG. 14. Nucleotide sequence of the C10A cDNA done. Numbers on the left refer to 

the nudeotide sequence (upper) and the deduced amino acid sequence (lower).



35

The most similar protein to C10A in the NBRF database is the cerebellar 

Purkinje-cell-specific protein L7, a cytoplasmic protein that is also found in the 

rod bipolar cells of the retina (7). The L7 transcript is absent in Purkinje 

cerebellar d isease (53). The C10A protein contains a motif which is repeated four 

times within the cDNA fragment that we have doned. The L7 protein contains two 

similar motifs (Fig. 15). When a  second search of NBRF was carried out with this 

motif alone, a different list of protein homologies emerged. After L7, the proteins 

that contain the most similar motifs include the GTP-binding ral transforming 

protein (64), the rap1 GTPase activating protein (68), and cyclic GMP 

phosphodiesterase (63). In those proteins the motif is not repeated.

C10A

L7

7 2 - 9 6
1 2 5 - 1 4 9
1 7 3 - 1 9 7
2 0 7 - 2 3 1
3 - 2 7
4 3 - 6 7

FIG. 15. Amino acid sequence alignment of the repeated motif of C10A and the 

Purkinje L7 protein (7, 53). Amino acids similar among at least three repeats are 

shaded. Amino acid numbering of C10A corresponds to Figure 14 and of L7 to the 

longer published sequence (7).
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As mentioned above, transcripts hybridizing to C10A were detected in the brain, 

ovary and heart. Both the brain and the heart are electrochemically active tissues. 

Based on the pattern of expression and identities of proteins with this motif, one can 

imagine that the C10A protein functions in a specialized signaling pathway that may 

involve a guanine-containing entity. The detection of a m essage in the ovary that 

hybridizes to C10A and the presence of the transcript in MEL cells raises the 

possibility that C10A is involved in a pathway that is common to hematopoietic and 

germ cells like the c-Kit-mediated response (68). The fact that transcripts of 

different sizes are found in the heart and in the brain implies that there is either a 

family of genes with this repeated motif or that alternative splicing may tailor the 

specific properties of this protein in the heart.
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B. EKLF

Notwithstanding the potential importance of the gene products described above, the one 

with the most exciting prospects is EKLF, based on its sequence and distribution.

Isolation of a putative transcription factor. As described in Materials and 

Methods, the first identified EKLF sequence was derived from the 3' portion of the cDNA 

clone provisionally named C10. This original EKLF clone did not contain a  poly A 

sequence, but isolation of overlapping clones enabled us to determine the complete 

sequence of the EKLF transcript. The sequence of the missing 3' end (400 nucleotides) 

of EKLF was determined from two corroborating clones independently isolated from a 

custom made X-Zap II cDNA library (Stratagene) as well as  from an overlapping clone 

from the subtracted library. Sequence analysis of 16 additional cDNA clones revealed 

that none of their 5'-ends extended as far upstream as the original C10 clone. The 

complete reconstructed cDNA sequence based on these data is presented in Figure 16.

Primer extension and S1 nuclease protection analyses were undertaken in order to 

further define the EKLF transcription start site in MEL and spleen RNA. Both 

procedures revealed that transcription initiates heterogeneously (Fig. 17), with two 

major start sites mapping to positions 41 and 55. The transcript that gave rise to the 

5'-end of the C10 cDNA clone must have resulted from a  minor upstream start site, as  

no product corresponding to the beginning of this sequence was detected by primer 

extension or S1 nuclease protection. This sequence is also present in the genomic clone, 

and thus is not a cloning artifact (data not shown). We conclude from these data that the
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FIG. 16. (Next page) Nucleotide sequence of the EKLF cDNA clone. Numbers on the left 

refer to the nucleotide sequence (upper) and the deduced amino ad d  sequence (lower). 

The major transcription start sites are indicated with arrows (nucleotides 41 and 55). 

An in-frame stop codon upstream of the first methionine is underlined (nucleotides 

42-44). The added amino terminal peptide that would result from translation 

initiation at the first methionine is italicized (amino acids 1-18). Prolines in the 

amino terminal domain are shown boldface and underlined. The three TFIIIA-like 

(Cys)2 '(H is) 2  zinc fingers in the carboxy domain are bracketed to include the region 

of homology to the Kruppel family of transcription factors.
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1 GTGCGCACACACCAGCCCTCCAACAAACTTTCCTAGCCTCATAGCCC ATG AGG CAG AAG AGA GAG AGG AGG CCT GAG GTC CAG GGT 
1 M P Q K P E R P  . X .  E V Q C

8 7  GGA CAC CAG CCA GCC ATG GCC TCA GCT GAG ACT GTC TTA CCC TCC ATC AGT ACA CTC ACC ACC CTG GGA CAG TTT 
1 4  G H 0 9  A M A S A F .  T V L  S I S T L T T L G Q F

1 8 2  CTG GAC ACC CAC GAG GAC TTC CTC AAG TGG TGG CGG TCT GAG GAG ACG CAG GAT TTG GGG CCG GGG CCC CCG AAT 
4 9 L D T Q E D F L K W W R S E E T Q D L G  8  G 9 9 N

2 3 7  CCT ACC GGG CCG TCC CT T  CAC GTG ACT CTG AAA TCG GAG CAC CCT TCC GGA GAG GAC GAT GAG AGG GAC GTG ACC 
8 4  J L  T  G S L H V S L K S E D  _ J X  S G E D D E R D V T

3 1 2  T GT GCC TGG GAC CCG GAT CT T  TTC CT T  ACA AAC T TT CCA GGT TCC GAG TCT CCC GGC ACT TCC CGG ACC TOT GCC 
8 9  C A  W D _ I _  D L F L T N F X  O S E S  G T S A T C A

3 8 7  CTG GCG CCC AGC GTG GGG CCA GTG GCA CAC TTC GAG CCG CCT GAG TCT CTG GGC GCC TAC CCG GGT GGC CCA GGG 
1 1 4  L A 9 S V G  _ J t_  V A 0  F E _I_ _X_ E S L C A Y A G C  G

4 8 2  TTG GTC ACT  GGG CCT T TG GGC TCC GAG GAG CAC ACA AGC TGG GCG CAC CCG ACT CCG AGA CCC CCA GCC CCT GAA 
1 3 9  L V T G L G S E E H T S W A H  T R P X -  *  »  E

5 3 7  CCC T T C GTG GCC CCT GCC CTG GCC CCG GGA CTC GCT CCC AAG GCT CAG CCC TCG TAC TCC GAC TCG CGA GCG GGC 
1 8 4  X - F V A X - A L A  G L A X- K A O  X- S Y S D S R A G

8 1 2  TCC GTA GGG GGC TTC TTC CCG CGG GCG GGG CTT GCG GTG CCC GCA GCT CCA GGC GCC CCC TAT GGG CTG CTG TCG 
1 8 9  S  V G G F F  R A G L A V X -  A A X _  G A X -  Y G L L S

8 8 7  GGA TAC CCC GCG CTG TAC CCC GCG CCA CAG TAC CAA GGC CAC TTC CAG CTC TT T  CCC GGG CTC GCG GCG CCT TCT 
2 1 4  G Y X -  A L Y X .  A J X  Q Y Q G H F Q L F R G L A A  X -  S

7 8 2  GCT GGT GCG ACG GCG CCC CCT TCC TTC TTG AAT TGT CTG GGA CCT GGG ACT CTC GCC ACA CAA CTC GGG GCC ACT 
2 3 9  A G G T A 9 -9 . S  F L N C L G P  G T V A T E L G A T

8 3 7  GCG ATC GCC GGA GAC GCA GGC TTG TCC CCG CGA ACT CCG CCG CCC AAA CGC AGC CGG CGA ACT TTG GCA CCT AAG 
2 8 4  A I A G D A G L S  9  G T A  X - J X  K R S R R T L A  9 K

9 1 7  AGG CAG GCG GCA CAT ACG TGC GGG CAC GAA GGC TGC GGG AAG AGC TAC TCC AAG AGC TCG CAC CTC AAG GCG CAC 
2 8 9  R Q A A | H T C G H E G C G K S Y S K S S H L K A H

9 8 7  CTG CGC ACG CAC ACG GGA GAG AAG CCT T AT  GCC TGC TCC TGG GAC GGC TGT GAC TGG AGG TTC GCT CGC TCA GAC 
3 1 4 L R T  H |  I T G E K P Y A C S W D G C D W R F A R S D

1 0 8 2  GAA CTG ACG CGC CAC TAC CGG AAG CAC ACT GGA CAT CCT CCC TTC TGC TCT GGC CTC TGC CCA CGT GCT T T T  TCA 
3 3 9  E L T R H Y R K H j  | T G H R P F C C G L C P R A F S

1 1 3 7  CGC T C T  GAC CAC TTA  GCT CTG CAC ATG AAG CGT CAC CTC TGAGTGATCCTCCACAAGGACTCGGGATCAAATAAGAGTGGATCCAAG 
3 8 4 R S D H L A L H H K R H l  L

1 2 2 4  GACCGTATCCCAAAAGATGAGCCATTATATAGTCCTACCCAGATCAAAAACTGACCAGAAGACCATACAAAGGAGCCTTCAGGACAAACCTCACATGTCC

1 3 2  4 TCAGGGAGCCCCACACATGGCCCCACAGACCCAGCAATATACACCACCAGATAAATCAACTCAAATGCACCCCTAGACCAGACGTGTGACCCTGTGTCCT

1 4 2 4  GGACGCAGATCGACTGGGGTGACATTTCCTAAGATCTAGAAGCCAGCTTCACACTGTGCCCATCCCCTAGGATTGTTGTCCTTACTATAAAAATTTCCCA

1 5 2  4 TATAAAAAAAAAA
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FIG. 17. Determination of the EKLF transcription start site. (A) Primer extension 

analyses were performed as described in the text with oligonucleotide C10-R3 and 5pg 

DS-19 poly A+ RNA or tRNA as indicated. (B) DS-19 poly A+ RNA (1.7pg/lane), 

spleen whole RNA (16.6 pg/lane), or tRNA (16.6 pg/lane) were hybridized to the 

252-nucleotide probe that was prepared with oligonucleotide C10-R3 as described in 

the text. Protected products are shown that resulted from S1 nuclease digestion at (lane 

1) 100 U/ml, (lane 2) 300 U/ml, or (lane 2.) >000 U/ml. Digestion was performed 

at either 30°C or 37°C as indicated. The corresponding EKLF (antisense) sequencing 

ladder using oligonucleotide C10-R3 as primer is shown adjacent to each figure.

Arrows indicate the beginning of the sequence shown in Figure 16.
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major transcripts are 1,486 and 1,472 nucleotides in length excluding the poly(A) tail.

Inspection of the sequence in Figure 16 reveals potential open reading frames 

beginning at each of the two predicted in-frame methionines (amino acids 1 and 19).

The major transcript that begins at nucleotide 41 could potentially encode a  protein of 

376 amino acids if translation initiated at its first methionine codon. However, this 

codon is flanked by a  poor match to the Kozak consensus sequence for translation 

initiation, in that neither a purine three bases before the ATG nor a G immediately 

following it are present (40). On the other hand, the codon at amino acid 19 is within a 

good match to the Kozak consensus sequence. Therefore, we believe that the major 

protein product begins there and is 358 amino acids in length (37,755 Da). The 3’- 

untranslated region is 350 nucleotides long and contains a polyadenylation signal 17 

nucleotides upstream of the poly(A) tail.

The predicted major translation product has an estimated pi of 7.1. Most of the basic 

residues are in the carboxy terminal 25% of the protein. This includes three TFIIIA- 

like (Cys)2 -(His)2 zinc finger motifs, implicating a  region likely to function as a 

DNA-binding domain. A closer inspection of this sequence reveals that it is most similar 

to the finger motifs of the Drosophila gap gene KrOppel (80), Sp1 (38), the Wilm's 

tumor gene product (WT-1) (10), and three early response genes (ERGs) that are 

almost identical in their DNA-binding domains: NGFI-A (14), Krox-20 (13) and NGFI- 

C (18) (Fig. 18). Based on the strong homology of the zinc finger region of this new 

erythroid-cell-derived gene product to this family of DNA binding proteins, it was 

named EKLF for ftrythroid &ruppel-like factor.
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X Y Z
EKLF
SP1
WT1
KRUPPEL

EKLF
SP1
WT1
KROX-20
KRtjPPEL

EKLF
SP1
WT1
KROX-20
KRUPPEL

FIG. 18. Amino acid sequence alignment of the three EKLF zinc fingers with those of four 

closely related proteins. Amino acids identical to those of EKLF are shaded. Human Sp1 

fingers 1, 2, and 3 (34), human Wilm's tumor gene product (WT-1) fingers 1, 2, and 

3 (9), Drosophila Kruppel fingers 2, 3, and 4 (67), and mouse Krox-20 fingers 1 and 

2 (13) are shown. X, Y, and Z denotes positions where basic amino acids have been 

shown to interact with G residues on the DNA in a variety of zinc finger proteins (35) 

and is described in the Discussion.
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The amino terminal portion of EKLF (amino acids 1-292) bears no significant 

homology to any other proteins in the NBRF data base. This region, however, has two 

features characteristic of transcription factors. First, EKLF contains a high percentage 

(15%) of proline residues. By analogy to several other transcription factors (including 

WT-1, CTF (57), and NGFI-C), this region may function as  a transcriptional activation 

domain (57). However, unlike the consecutive proline residues within WT-1, the 

prolines of EKLF seem  to be scattered evenly, with never more than two in a row. In this 

respect, the amino terminal domain of EKLF is more like that of NGFI-C (18). EKLF and 

NGFI-C also share three similarly spaced clusters of four consecutive amino acids 

within the stretch of 71 residues adjacent to the DNA binding domain. Thus, it is 

possible that these two factors have similar or analogous protein interactions. A second 

feature is that the region bounded by amino acids 76-94 contains a  net charge of -8 that 

may also behave a s  a transcriptional activation domain (77). These two features of the 

region adjacent to the zinc fingers are consistent with the notion that EKLF functions as a 

transcription factor.

Expression of EKLF mRNA Is restricted predominantly to the erythroid 

lineage. In order to examine the tissue-specific pattern of EKLF mRNA expression, 

Northern blots of RNA from various mouse tissues were probed with the insert from the 

EKLF cDNA clone (Fig. 19). A transcript migrating slightly faster than the 18S 

ribosomal band and of the sam e size as that in the MEL cell was detected only in the 

samples from bone marrow and spleen (Fig. 19A). As seen in Figure 19C, this 

expression colocalizes with that of the erythroid-specific carbonic anhydrase type I. We
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I

C*-1  a  m

FIG. 19. Northern blot analysis of EKLF m essage distribution in various mouse tissues. 

Total RNA (10 ug) from each indicated tissue was probed with random hexamer-labeled 

cDNA derived from (A) EKLF, (£) rat glyceraldehyde phosphate dehydrogenase (GAPDH; 

used a s  a control for RNA loading), or (£) mouse carbonic anhydrase I (CA-1). The 

sam e filter was used for all analyses. DS-19 is the MEL cell line from which EKLF was 

derived and was included as a  positive control, and J774 is the non-EKLF-containing 

monocyte-macrophage cell line used for the original subtractive hybridization 

procedure and was included as a negative control. Positions of the ribosomal RNA bands 

are indicated in (A).
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conclude that EKLF is expressed within the normal organs of erythropoiesis in the adult 

mouse.

A more refined analysis of EKLF m essage distribution was achieved by probing a 

Northern blot containing RNA from a variety of bone marrow-derived cell lines (Fig. 

20). The EKLF m essage does not appear in macrophage cell line M1, myelomonocytic 

WEHI 3, T cell line EL-4, or Pre-B cell lines F-4 and 3-1. Overexposure of the x-ray 

film reveals that the m essage is present in mast cell lines 10P2, 10P8, 10P12, and 

11P62 (Fig. 20A), although we estimate that level of EKLF m essage is approximately 

twenty- to thirty-fold higher in the erythroid line than in the mast cell tines (data not 

shown). In addition, unlike c-myb, GATA-1, and carbonic anhydrase 1, the level of 

EKLF m essage in undifferentiated MEL cells is the same as the level in MEL cells that 

have been induced to differentiate with HMBA for 48 hours (Fig. 20). Approximately 

62% of the induced cells were producing hemoglobin at that time as assayed by benzidine 

staining (data not shown). These results demonstrate the extraordinary specificity of 

erythroid EKLF expression, with only barely detectable levels present in mast cells. In 

addition, the levels of EKLF do not appear to be influenced by the onset of terminal 

differentiation.

The data in Figure 20 also show analyses of the levels of other transcripts in the bone 

marrow-derived cell lines. The m essage for transcription factor GATA-1, a  factor 

crucial to erythropoiesis (73), is expressed at similar levels in the mast cell lines and 

in the erythroid DS-19 cell lines (Fig. 20B). This strongly contrasts with that of the 

EKLF mRNA, which is much more erythroid-restricted, and indicates that EKLF and 

GATA-1 are independently regulated. To eliminate the possibility that EKLF expression
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FIG. 20. Northern blot analysis of EKLF m essage distribution in mouse bone marrow- 

derived cell lines. Total RNA (10 ug) from each of the indicated cell lines was probed 

with random hexamer-labeled cDNA derived from (A) EKLF, (fl) mouse c-myb and 

mouse GATA-1, (£) rat GAPDH (as a  control for RNA loading), or (£) mouse carbonic 

anhydrase I. The cell lines used were: mouse erythroleukemia cell line DS-19, 

monocyte-macrophage cell line J774, macrophage cell line M1, myelomonocytic cell 

line WEHI-3, Pre-B cell lines 3-1 and F4, T cell line EL-4, and mast cell lines 10P2, 

10P8, 10P12, and 11P62. RNA samples from DS-19 were prepared both before and 

after a 48 hour induction with HMBA. The autoradiograph in (A) was overexposed to 

show the low signal present in the mast cell lines. Positions of the ribosomal RNA bands 

are indicated in (A). Abbreviations are as in Figure 19.
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correlates with the degree of cellular maturation rather than with erythroid identity, 

the panel of cell lines was probed with c-myb as a marker for immature hematopoietic 

cells (48). Again in contrast to EKLF, all of the lines except for J774 express c-myb 

(Fig.20B). Finally, to a sse ss  whether EKLF expression correlates strictly with the 

erythroid phenotype, the cell line panel was probed for carbonic anhydrase I expression 

(Fig. 200). Signal was detected only in MEL cells. This shows that although mast cell 

lines express c-myb and GATA-1 with levels equal to DS-19, the lack of carbonic 

anhydrase I expression argues against the possibility of a leaky erythroid phenotype that 

might have accounted for EKLF expression in these cells.

Evolutionary conservation  of EKLF. A Southern blot of DNA from a variety of 

species was probed with EKLF and washed at high stringency to minimize cross­

hybridization to other zinc finger proteins. A relatively simple pattern of hybridization 

was detected in human and mouse DNA samples as well as in those of more distantly 

related chicken, frog, and fruitfly (Fig. 21). Note, however, that due to the small size of 

the Drosophila genome, twenty times as many genome-equivalents are present in the 

Drosophila lane than in the mouse lane since we loaded the sam e m ass of DNA. No signal 

was detected in the sea  urchin sample. The sam e bands were visible only in the mouse 

and human DNA samples upon reprobing the blot with an EKLF probe that was missing 

the zinc finger region (data not shown). These data indicate that there is probably only 

one or two cross-hybridizing genes in each species examined resulting from 

conservation of the zinc finger region, rather than the proline-rich region of EKLF.
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FIG. 21. Southern blot hybridization of EKLF tc DNA from various species. Eco R1- 

digested DNA (5 ug) from the indicated sources was probed with random hexamer- 

labeled EKLF cDNA and washed at high stringency as described in the text. Positions of 

molecular weight standards (in kB) are indicated to the right of the figure.
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Chromosomal Mapping. Chromosomal mapping by PCR analysis of 

mouse/hamster hybrid cell line DNA samples was carried out to determine whether 

EKLF is a candidate gene for any erythroid phenotypes that have been mapped in the 

mouse. It was tempting to speculate that EKLF and Fv-2 might be colocalized on 

chromosome 9 (46), since Fv-2 plays a  role in the kinetics of erythroid differentiation 

(91) and is one of several loci that govern susceptibility to Friend Virus infection. 

However, results of the analysis excluded EKLF localization on chromosome 9 (data not 

shown).
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IV. D IS C U S S IO N

The molecular events that confer the ability to express lineage-specific genes upon an 

initially uncommitted, pluripotent stem cell continues to be a major question in cell 

differentiation. We have approached this problem by utilizing subtractive hybridization 

to enrich for transcripts specific to the erythroid lineage. The present study describes a 

gene isolated by this approach that, based upon its deduced protein sequence and tissue 

distribution, may be directly involved in the process of erythroid cell specialization.

EKLF is a pu tative  erythroid*specific  tran sc rip tio n  facto r. The EKLF 

cDNA described here encodes a -1500 nt transcript present in moderate amounts in the 

MEL cell. The 5'-end of the transcript is heterogeneous, although two start sites account 

for the large majority of the transcripts detected by either S1 nuclease or primer 

extension analysis of MEL and spleen RNA. Minor initiation sites might also be used as 

evidenced by the fact that the original EKLF clone contains 5'-sequences that were not 

detected by either of the 5'-end analyses above. Multiple transcription start sites are 

not unusual for tissue-regulated genes, as exemplified by the heterogeneous 5'-ends of 

both c-myb (6) and GATA-1 (95).

Inspection of the deduced EKLF protein sequence reveals a number of interesting 

features. First, there are two potential translation initiation sites. The additional 18 

amino acid piece resulting from use of the upstream initiation site could have a 

significant effect on the local charge of the amino terminus, making it more basic. 

However, we feel it is unlikely that the first methionine is used since the surrounding
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sequence is far from optimal for translation initiation. Rather, it is more likely that 

this potential upstream protein start site may fall into the 'encum bered leader 

sequence* phenomena reviewed recently by Kozak (40).

A second feature of the protein is the proline-rich amino domain, which in addition 

contains a short acidic stretch of amino acids. Such regions have been noted in a variety 

of transcription factors. The functional importance of acidic activating regions has been 

extensively studied (77). In addition, the neutral proline-rich region from CTF can 

confer transcriptional activation to an unrelated DNA-binding module and may mediate 

interactions with its own set of transcription adaptors (94).

The EKLF protein is also relatively high in serine/threonine content (15%). Many of 

these residues are potential sites for phosphorylation. Recent experiments have shown 

the importance of both kinase and phosphatase activities in regulation of CREB activity 

(34).

Lastly, the region of the EKLF protein most indicative of its function is the carboxy 

terminus, which contains three TFIIIA-like zinc fingers. In addition to fulfilling the 

conserved amino-acid requirements for a true zinc finger motif (26), the inter-finger 

region homology places the EKLF protein into the Kriippel-like family of transcription 

factors (82). The presence of the zinc finger domain is the most compelling piece of 

evidence that EKLF functions as a transcription factor in vivo. Whether EKLF functions 

as  a  repressor (as Kruppel (45) and WT-1 (50) do) or as  an activator (like Sp1 (38) 

and NGFI-C (18)) is an important question that will be answered by future functional 

studies of EKLF.
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The EKLF zinc-finger structure predicts potential DNA target sites. The

similarity between the DNA binding domains of EKLF and other KrOppel family 

members, especially Sp1, is compelling evidence for proposing a specific role for EKLF 

in binding Sp1 -like target sites. Both Sp1 and EKLF have three zinc fingers. The 

greatest homology between the regions is seen when the fingers are aligned in 

consecutive order (Fig. 18). Between Sp1 and EKLF, the lengths of each homologous 

finger is preserved as  well a s  the spacing between them. Additionally, the Sp1 and EKLF 

fingers have the sam e basic amino acid residues at eight of nine critical X, Y, and Z 

positions (see Figure 18; (39). X-ray crystallography of a complex of the NGFI-A 

(Zif268) finger region bound to DNA (71) has shown that when histidine or arginine 

residues are present in these positions of the finger a-helix, they form hydrogen bonds 

with guanine nucleotides in the target sequence. Thus, it is highly probable that EKLF 

and Sp1 bind to an overlapping set of target sites. Based on Klevit's predictions for 

finger interactions with G residues, EKLF would be predicted to bind a site with the 

sequence (CCN CNC CCN] on the C-rich strand (39).

The literature is replete with observations of Sp1 -like binding sites in erythroid- 

specific gene promoters and locus control regions. The best studied class of Sp1 -like 

elem ents with the potential for being important in cell-specific transcription has the 

core sequence [CACCC]. Some of the erythroid CAC sites in the literature are perfect 

matches to the predicted EKLF target sequence. One of these, the p-globin CAC site in 

mice and humans, [CCA CAC CCT], is located at -90 with respect to the transcription 

start site. In early studies of the mouse 8-globin promoter, an intact CAC site was 

shown to be necessary for efficient transcription both in HeLa cells and in MEL cells, 

based on transient transfection assays (12, 17, 59). Expression in HeLa cells, however,
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was dependent upon linkage of the promoter to the SV40 enhancer element. When the 

corresponding human promoter was linked to the locus control region and assayed in 

stable MEL transfectants, it was found that the proximal CAC box as well as  the CCAAT 

box were required for activity (1). Extracts from erythroid MEL and K562 cells as  

well a s  nonerythroid HeLa cells (21) all confer footprint and band shift patterns to this 

region, but only the extract from induced K562 cells gives rise to a unique, rapidly 

migrating band that is not seen in the nonerythroid cell extract (52). Furthermore, 

this complex is not seen when the promoter contains a  mutant CAC site with the C to G 

transversion that gives rise to a  rare form of (3-thalassemia (67). The activity in HeLa 

cells is probably due to the presence of TEF-2 (19), a nonubiquitous factor present in 

HeLa and CV1 cell extracts that binds selectively to an identical CAC sequence in the GT- 

1C motif of the SV-40 enhancer a s  well as to the mouse (3-globin promoter CAC box.

(98). Consistent with Mantovani's observations in K562 cells, a CAC site (CCC CAC 

CCT] at -135 in the chicken 6-globin promoter has been shown to be preferentially 

protected from DNAse digestion using extracts from transcriptionally active but not 

quiescent erythrocytes (23, 36). Sp1 also binds to this site, but this CAC binding factor 

has been shown to be distinct from Sp1 by virtue of the band pattern it forms in a 

mobility shift assay and by the fact that its binding for CAC is not readily competed by an 

oligonucleotide containing an Sp1 site (36). All of these results imply the existence of 

an erythroid-specific CAC binding factor. Another CAC site with a perfect match to the 

predicted EKLF binding site, [CCC CAC CCT], is found in the erythroid-specific promoter 

for human and mouse porphobilinogen deaminase. This segment contains adjacent CAC 

and GATA-1 sites. Mutation of either one reduces promoter activity ten-fold in
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transient transfection assays (25).

Defining the consensus sequence for an erythroid-specific CAC binding activity is not 

as simple as it would seGm from these studies. Similar target sites have been found in 

other erythroid promoters that have the [CACCC] core but do not match as well to our 

predicted target site. Two of these are found near GATA-1 sites in the promoters of 

human glycophorin and rat pyruvate kinase genes (60). The C-globin promoter also has 

a divergent CAC element, [CAC CAC CCC T], which is found at -95 with respect to the 

transcription start site. This segment has been shown to be both necessary and 

sufficient for activity in MEL but not HeLa cells when combined with the minimal CCAAT 

and TATA box-containing promoter (97). In contrast, a seemingly more ubiquitous 

protein other than Sp1 causes footprinting and mobility shifts of the CAC motifs in the 

promoters of human e-globin [CTC CAC CCC T] (33) and chicken GATA-1 (35), as well 

as in the LCR's of human a-gbbin [CTC CAC CCC C] (see FP3b in (37)) and p-gbbin 

[CCC CAC CCC] (74). To confuse matters more, in the case of the a-gbbin LCR, this 

ubiquitous factor has been shown not to be TEF-2 (37). Some authors have preferred 

the view that the erythroid CAC binding protein is the sam e as TEF-2, yet there is no 

definitive biochemical data that any of the CAC box binding factors in extracts of HeLa, 

CV1, and MEL cells are the sam e proteins. Clearly, further studies are required to 

determine to which (if any) of the aforementioned motifs EKLF binds in vitro and 

whether these sites mediate tran s-activation (or repression) by EKLF in vivo.

EKLF is  prim arily e x p re sse d  in ery th ro id  t is s u e s . The distribution of EKLF 

m essage within normal mouse tissues is consistent with what one would expect for an
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erythroid-specific product. In particular, limitation of EKLF expression to bone 

marrow and spleen coincides with the known sites of aduit murine hematopoiesis (58). 

Use of cell lines to further establish the subpopulation of hematopoietic cells that 

express EKLF reveals that in addition to the erythroid cell, EKLF is present at low levels 

in mast cell lines. Based on the frequency of EKLF-positive clones in the unsubtracted 

cDNA library, the EKLF mRNA frequency is estimated to be about 1:20,000 in the MEL 

cell, which would correlate to an abundance of about 1:500,000 in the mast cell lines. 

EKLF is not in any of the other myeloid or lymphoid lines tested, even though all of these 

(except J774) are expressing c-myb. The close relationship among the erythroid, mast 

cell, and megakaryocyte lineages is underscored by the co-expression in these cells of 

the erythropoietin receptor (EpoR; cf. (101)) and of GATA-1 (54), a transcription 

factor known to be important in regulation of erythroid-specific genes. However, our 

observation that EKLF levels are significantly reduced in mast cells relative to MEL cells 

implies a role for EKLF in further discriminating among the potential patterns of gene 

expression in these close lineages. Investigation of EKLF expression in mouse bone 

marrow cells and spleen tissue sections by in silu methodology will determine whether 

EKLF is expressed in megakaryocytes similar to EpoR and GATA-1.

The mRNA population particular to any cell type is determined in part by its 

characteristic array of transcription factors. Commitment of a common precursor cell 

to the erythroid, mast, and megakaryocyte lineages may thus require a  change in 

expression level of a member of this transcription factor subset. In this context, 

changes in the level of EKLF, in conjunction with that of GATA-1 and NF-E2, may help 

define and maintain the erythroid-specific pattern of gene expression. Thus, it will be 

important to determine when any changes in EKLF expression is first detectable among
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members of this lineage and whether such changes correlate with the onset of lineage 

oommitment. In addition, the ability to interfere with EKLF expression by antisense 

strategies in cultured cells a s  well as  by targeted gene disruption in vivo will illuminate 

the role EKLF plays in this process.
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V. Where To Now?

At this time, the gene products we have identified are of unexamined function. 

Although we can speculate a s  to the role of EKLF, several further studies will be 

required in order to pin down its exact role in erythropoiesis. Most of the other 

cDNAs have not been sequenced to completion, and the decision as to which of the 

clones to pursue will be dictated by their degree of erythroid restriction as well as 

by clues to their function obtained by the homologies detected through further 

sequencing. For example, further analysis of C10A has been begun by purification of 

cross-hybridizing clones from the heart and brain.

As for EKLF, several areas of study should be pursued. The first is a  set of 

experiments to define the biochemical role of the EKLF protein. This function can be 

partly asse ssed  in vitro by evaluating its binding affinity to various specific sites 

using DNA mobility shift and DNAse I footprinting assays and also through the use of 

binding site selection protocols. We have begun these experiments with purified 

GST-EKLF fusion protein expressed in bacteria. In other biochemical studies, 

antibodies generated to this protein can be used to quantify EKLF levels in erythroid 

cells and to determine whether EKLF is post-translationally modified, especially by 

phosphorylation. Another way to examine EKLF function is by altering its
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expression in vivo. After determining its binding site, transfection into 

nonerythroid cells can address its role a s  a transcription factor. Can EKLF activate 

transcription from a globin promoter reporter-construct in transient transfection 

assays or from endogenous erythroid genes in stable transfectants? In a  different set 

of transfection studies, suppressing EKLF function in erythroid cells can possibly be 

achieved by expression of antisense EKLF RNA or by introduction of antisense 

oligonucleotides. Alternatively, overexpression of a mutant EKLF with a 

nonfunctional activation domain might compete with normal EKLF activity. Thus, by 

down-regulation of EKLF or by interference with its function, maybe we will be in a 

position to ask whether EKLF is necessary for terminal differentiation of MEL cells.

A different line of experiments may add to our understanding of the molecular 

events that orchestrate the sequential steps of cellular differentiation. We propose 

that the common precursor to the erythroid, mast cell and megakaryocyte has the 

potential to develop various mutually exclusive arrays of lineage-specific 

transcription factors. The commitment to a specific lineage may be accompanied by a 

change in the expression of a member of this transcription factor subset. In a 

continuation of the Northern blot analyses we have started, the steady-state levels of 

EKLF m essage in the existing human megakaryocyte cell lines and in multipotential 

progenitor cells can easily be assessed . Also, in situ hybridization of normal mouse 

bone marrow and spleen may shed light on the homeostatic distribution of EKLF 

m essage. An alternative way to test this hypothesis is to focus on the temporal order 

of onset of EKLF expression in erythroid progenitors in vivo, especially relative to 

GATA-1, and c-myb. More elegant studies could be done on ES cell embryoid bodies
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to compare onset of expression of EKLF to that of GATA-1 (85). An analogous system 

that may be useful in determining the temporal order of onset of these transcription 

factors using In situ hybridization studies is the spleen colony assay. Irradiated 

mice could be sacrificed at several intervals after bone marrow rescue, possibly 

with cell sorted populations, and checked for expression of various factors. 

Eventually, this knowledge may open up the possibility for reprogramming a myeloid 

cell's identity through an ordered manipulation of its nuclear factors.

Ordering their transcriptional onset may provide indirect evidence for interplay 

among the erythroid transcription factors, but direct clues to the events leading to 

EKLF expression may also be found more quickly through biochemical analysis of the 

EKLF promoter. What are the important protein-binding elem ents? Is EKLF 

autoregulated? EKLF may turn out to be induced after GATA-1, in keeping with its 

more erythroid-limited expression pattern. If so, does GATA-1 promote EKLF 

expression? It is hoped that eventually the information gained regarding the cell- 

specific nuclear factors that control transcription will mesh with our growing 

understanding of extracellular and cytoplasmic signaling events. The result will be a  

cohesive picture of how progenitor cells become committed to the erythroid lineage 

and then maintain a specific identity through the ordered action of multiple hormonal 

stimuli and nuclear factors.
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APPENDIX A

From the binomial distribution, the probability of obtaining a sample of X positive 

results after N trials is dependent upon the probability p of obtaining a positive result 

each time, and is given as:

P(X) - _____ HI  pX (1-p)N X
X! (N-X)l

The odds of getting 0 positive in 6 trials is:

P(0) - _____ tU  p° (1-p)N'°
0! (N-0)!

- ______ £1____ (1-P)6 -  (1-P)6
61

For p = 0.40 , P(0) = 0.05. If 40% of the remaining population contains differentially 

expressed clones, there is a 5% chance of getting 6 nondifferentially expressed clones 

out of 6 samples.

For p -  0.32, P(0) = 0.10
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APPENDIX B

The following sequences were derived using the universal sequencing primers and 

used to scan the Genbank database for sequence homologies.

Clone A10, using M13 Sequencing primer

TnACTAGGTATTAGniCAGGCAGATGOCTGGnCTGOGATCCCTCTCCCrATAGGTCAGAQGATOGGA 

TOGGGTTTCTTCAGAA3AGCCrGrGGQQCTGAGAGTCTGAAOOOCAGQGTCAGAAGCAGAACTQGAAAG 

CCTOCAATACATGTGTTTCCATGTTTOCAGGCTQQQCAGCAGQGAGCtfCAGQOOCATGAC^TQOCMGG 

GCTCTCOGTCAGACAlXAOGGAGGTTTGGrAGGC

Clone A10, using M13 Reverse Sequencing primer

TTQQOCTOGGCAGAATOG&XAGAGAGGnGGCCACOOGAATQCMTCCTTTQGAATGAASACTGrAGQCT

ATCACOOCATCATCTCTOCTGAAGICGOOGCX2TOCrrrQV3TGrrcAGCAGCrQCACQCTOGAGGAGAT

CTGGGACCTCTCTGTGACTTTATAACTGTtXATGCCCCACTOCTGhlWNSlCTCTAOCACAQQCTTCT

GAATGACAGCAGCAiXrrTAGACTCAAGTCTQCAAGAAAGGTGrACAGTQGr^ACrGTQGCTCGWGGA

GGCATTCfTAGATGAAGGTGCCTGCTCi
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Clone 05, using M13 Sequencing primer

CX3GTTQCTCGAflGlGAAGQCTQQGCTGTCAGGAGCAA/'GGATGGATGTTCCTClQQ9GGAAOCACAGGCC

fiCAAGfiCCT

Clone D10,using M13 Sequencing primer

QGrrGAAAAGQQCCTTC^CTATQGflGGGGTTQCCQGAGAGTCGrTCTTDCTCATCTGWQGAMTGTTCA

AOOCTTACTACXX3CTGrrTTGAATATGCTGCTACQGiATAATTACACQCTACAGATM7CCTAACTOQQCT

T

Clone E4, using Ml 3 Sequencing primer

(XSGAAGQGAAACACTCroCXVSAGCCTAAGAGCWTAXCTCCAGGGrcTCTAACTrTATTnCrorAGC

TQOQ9CTTCAGCAGCTQQCATCrrATQC^CAAQQCX3TTTA9CATQGGA30CAGTTA3GAGTC^GTQQCA

AAQCGWCTTAOCAGAACAC^CACTACT(^\CTAGATCTCGrrQC^CTGTCACTCACTAATACGATTTCAC

TGTACTACTCACQCX3CAGn‘CACAAQCTA3GrrCTGATCC
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Clone G1, using M13 Sequencing primer

CTCAAGrrQGAMTTMTDOCAQOGAGOCACrnXATTCTTGTCCTACNCTCTt^AACOGAAQOOOGCA

GCATTCTTMTQQCX3rFCAQCTAA3CTCCATQCAAAATACTACTTA3GTCTQGCAG0CAAGAGAGAGACG

TACA3ATA9GTOQCTT7QGroGGOC/VOGACC^CGCAGTOGCT7QGWAATQCTCATOGATGrnsrACTOC

A0Q3CTAGATGriQGAGATGGriX^QGTOGATMTAAGGA£^GTCCASAGACC^GGAGCTTCTO0GTAA3

TQCTQCATrrQGAGATQGA'nCTGCTTCCCATGCT

Clone H5, using M13 Sequencing primer

OCTTCACAGACGATA3AA^viCNGrrTCAAACH3roCfOXTACCTQCTQCrAOOCAGTC^GTCAQGWGA 

TA3GN0CTCTOACG^A3ATGCXX3TGrTNGCCATCTAACATGrATTGCTAQ0C1TAAGGAAGCAQ0C/V3 

AGMGAGCTGG^GriTTCnNCTCGTGTGATTTTTAMTGGAGnCAAAQGriTGM^GnGNGTfCTCAC 

T O o m j ^ ^ C A G r a r r c ^

Clone H9, using M13 Sequencing primer

GAGrAAAGACATGGATGTTGTGCCATA111ICI111IACAGAT/V3TAT/W3TGGGGAAGACT/VSCTMT 

AQOCTCAAAGTAGiAGiAAGACATCAAQCAAAGGCAACTGAGAAAATSTCTGTGTQGCATTGrrGGCrATQG 

TTOACCA7CTCATTCAGGCTGCTTCTAAAACAGCOCTCfCATCTOrcTACXIAGGAGTTAGCCTATTCT 

TG3TGATOAACATAGGCTGCTCATCAGWACTAACTAGGMTGGGAACAGnCTOCAAACAGTNTGr 

AANGTOADGTQCTUT
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