RED CELLS

Fetal expression of a humaryAlobin transgene rescues globin chain imbalance
but not hemolysis in EKLF null mouse embryos

A. C. Perkins, K. R. Peterson, G. Stamatoyannopoulos, H. E. Witkowska, and S. H. Orkin

Mice lacking the erythroid Kruppel-like
factor (EKLF) die in utero at embryonic
day 15 (E15) from severe anemia. EKLF  ~/~
embryos display a marked deficit in
B-globin gene expression. To test whether
B-globin deficiency was solely respon-
sible for the anemia and intrauterine
death, we corrected the globin chain
imbalance in EKLF —/~ embryos by breed-
ing with a strain of mice that express high

levels of human vy-globin. Despite effi-
cient production of hybrid m  a,-hy, hemo-
globin in the fetal livers of EKLF ~/-
animals, hemolysis was not corrected
and survival was not prolonged. We
concluded that deficiency of nonglobin
EKLF target genes is a major contributor

to the definitive red blood cell abnormali-
ties and prenatal death in EKLF /= em-
bryos. These results suggest that strate-

gies designed to antagonize EKLF
function in adults with hemoglobinopa-
thy, in an attempt to reactivate  -y-globin
gene expression, may adversely affect
other essential aspects of red blood cell
physiology. (Blood. 2000;95:1827-1833)
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Introduction

In adult red blood cells, oxygen is efficiently shuttled betwee@onservation of critical DNA-interacting amino acids with the
tissues and the lungs by the hemoglogin A molecule (HbA), related zinc finger protein, Zif 268, and the crystal structure of the
tetramer of 2x-globin chains and B-globin chains. The- and the  latter bound to DNA suggest EKLF binds to DNA sequences that
B-globin genes are members of separate multigene families. Ta@ within an NCNCNCCCN consensus (where N is any nucleo-
gene order of each cluster correlates with the developmenwe); Thus, EKLF can bind th@-globin (CCACACCCT) but not
sequence of gene expression. In the hutobin locus 5 genes o the y-globin (CTCCACCCA) promoter CACC box elemeht.

are arranged 'Se-Ay-©y-5-8-3' and are sequentially expressed ifrhe NCNCNCCCN consensus occurs in the promoters of many
the yolk sac¢), fetal liver (*y and®y), and bone marrowd(@ndp).  erythroid genes, including the proximal promoters of other globin
The murineB-globin Iocus_alsq contains 5 functional genes that ar&enes, many heme synthesis enzymes, metabolic enzymes, trans-
arranged 5e-Bh0-Bh1ma-gmn-3', but none of them is expressedgembrane proteins, and transcription factors. However, it is not yet

uniquely at the fetal "V'?r stage O‘f development. Instead, the 2 ad éar whether EKLF can bind efficiently to all these CACC sites or
murine globin gene™" and ™3, are expressed in the fetal liver.
ust to a subset of them.

and in the bone marrow. On the other hand, the 2 murine geHeSEKLF is expressed specifically in erythroid cdlland its

most similar to humary-globin in sequence and position in the b Its | defect in definiti th isis with
locus,Bh0 andBh1l, are uniquely expressed in embryonic red cells. sence r(_asu S In a severe defect Iin de 1“1 Ve ery “’Po'es's wi
atal anemia at E15 of developmeé®EKLF~/~ embryos display a

Throughout ontogeny the production aflike globin chains . ) o . )
and p-like globin chains remains balanced through mechanisri€Vere deficit ig-globin gene expression in fetal liver erythroid

that are incompletely understood. In humans, loss3aflobin €IS, whereas:-globin gene expression is unaffected. EKLF
production from gene mutation causgshalassemia, a disease inembryos also accumulate iron in the reticuloendothelial system,
which unbalanceet-globin chain production results in the precipi-consistent with ineffective erythropoiesis or hemolysidn the
tation of globin, red blood cell damage, and shortened red blogther hand, EKLF/~ embryos display no defect in embryonic
cell survivall The disease is accompanied by iron overloairythropoiesis, a developmental time point when@kglobin gene
resulting from a combination of exogenous iron delivery in bloot$ silent.
transfusions and an increased drive to intestinal iron absorption.  Although the stage specificity of the EKLF null phenotype
Erythroid Kruppel-like factor (EKLF) is a member of thereflects the stage specificity ¢§-globin gene expression, the
Kruppel subfamily of transcription factors that are characterized ®pnormal erythroid morphology does not precisely mirror the
the presence of 3 8i,-type zinc finger motifs at the C-terminéis. changes that occur in humg@athalassemia. In particular, most of
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the fetal liver-derived circulating red cells from EKLE embryos EKLF alleles was determined as descriSeRresence of the pLCRO4y
retain a nucleussuggesting either the presence of greater hemol{fansgene was determined by hybridization Wlthg 722-bp AsppTibeH
sis than commonly exists if-thalassemia major or some addi-"uman HS-2 probe derived from pUC19-HSB.1* In most cases, the

. . resence of 1 versus 2 copies of the uLERAy transgene could not be
tional red blood cell defect. Furthermore, gene targeting of both t,a_’%termined with certainty. EKLF- uLCR-2%%y* mice were interbred,

pmin and thep™ma genes leads to perinatal anemia and death, wi d, in some cases, EKEE UL CR-201y* mice were bred with EKLE-
red cell morphologic abnormalities more like those found in humgp cr-2014y- mice. Staged litters were killed at E12 to E17 to examine
B-thalassemia major than those found in EKLF embryos! definitive hematopoiesis. The morning of vaginal plug discovery was
Because many erythroid gene promoters harbor functionally critlesignated EO.
cal CACC box elements?they may also be important EKLF target
genes. Furthermore, defective expression of these putative tafgdfise protection analyses
genes may contribute to the definitive red cell abnormalities ifbtal RNA was prepared from fetal livet$and RNase protection analyses
EKLF~'~ embryos. We have previously examined the expressiorere performed as describ&dOne microgram total RNA was hybridized
of some other potential target genes, including the erythropoietiimultaneously with murinex-globin and humany-globin riboprobe,
receptor (EpoR), porphobilinogen deaminase (PBDG), and GATA-generated as describé’ﬂrhey—globin probe was generate_d_with 5_—f_o|d less
in EKLF—/ fetal liver cells, and we determined that they wer&©!d 'CTP than thea-globin probe, so that the specific activity, and
EKLF independent. However, the expression of other as yeEherefore the signal, was 5_—fold greater. The |nte_n5|ty of b_ands correspond-
. ' . ng to the protected globin mMRNA was quantitated using a Molecular

u.ndgt.ermlned. !E.KLF-deperldent genes may be crucial for t namics Phosphorimager and ImageQuant software (Amersham Pharma-
viability of definitive erythroid cells. cia Biotech, Uppsala, Sweden).

To test directly the hypothesis th@tglobin deficiency was the
principal cause of hemolytic anemia in EKLF null embryos, welemoglobin analysis by immunofluorescence, isoelectric
attempted to restore globin chain balance by the expressionfedusing, and electrospray mass spectrometry

) L . ; - .
B glo.bm like chains in EKLF. fe,tal liver erythrocytes. We Embryos were carefully dissected from the uterus to maintain the integrity
considered the use of transgenic mice that expresseg-ghebin of the uterine and vitelline circulations. The umbilical and vitelline vessels

gene itself for this purpose but opted for an alternative approaglre clamped, the yolk sac was punctured, and whole blood was

becauseB-globin transgene expression was anticipated to @mediately collected from embryos by direct cardiac puncture of the

EKLF dependent. beating heart. Twenty-five microliters whole blood was diluted immediately
The duplicated human-globin genes Ay and y) have an into 75 pL acid-citrate-dextrose and analyzed on a Technicon H-3 auto-

alternate CACC element sequence (CTCCACCCA) in their promdf‘-at‘?d_ blood analyzé_?. Values for hematocrit and hemoglobin were

ers that does not efficiently bind EKL4Moreover,y-globin genes, multiplied by thg dilution factor and reporte/d as the +r}1+ear$SEM from

as they exist in the context of the entire hunfaglobin locus, are embryos of equivalent genotype. Becausg and Ay*'* could not be

oo reliably distinguished, they have been reported togetherydsahimals.
not dependent on EKLF for expressit! Furthermore, human — pety) jivers were surgically resected, and single-cell suspensions were

HbF (a2y,) markedly improves the severity of anemia in humangade in phosphate-buffered saline (PBS) by passage through a 21-gauge
with B-thalassemia when expressed at 5% to 10% of adult Hb#edle. Cells (X 10°) were cytocentrifuged at 5@0and fixed in
(a5B,) levels. Thus, the expression-gfglobin at reasonable levels methanol:acetone (1:1). Specimens were stained with a fluorescein isothio-
in the fetal liver of EKLF/~ embryos was predicted to lead to acyanate (FITC)-conjugated monoclonal antibody specific for huirgto-

marked improvement in anemia and survival if the red cell defeft? chains [9C3, a _ki”dl gift frorln Dr Thoc;“as_ hcamplbe”]d_""s qc‘f_scrﬂzged'
were primarily the result of globin chain imbalance. Specimens were simultaneously stained with 0.01%-diamidino-2-

phenylindole HCI (DAPI; Sigma, St. Louis, MO) to identify all cell nuclei
We report here that a deregulated humartransgene (ULCR- in the field. Fresh fetal liver cells (2@ells in 100uL PBS) were stained for

2014y)12 is expressed at high levels in EKLE embryos, with  hemogiobin by incubation in 0.2% o-dianisidine (D-9143; Sigma) in 0.3%
efficient production of hybrid myhy, hemoglobin molecules in glacial acetic acid/3% D, for 5 minutes. Cells were subsequently
fetal liver erythrocytes. Despite a significant improvement inytocentrifuged (as above) and counterstained in Harris’ hematoxylin
globin chain balance, EKLF- fetal liver erythrocytes remained for 30 seconds.

morphologically defective, and EKLEAy* embryos had no To analyze the component hemoglobins in blood, circulating red cells

significant survival advantage over EKLEAy~ litter mates. We ere isolated by bleeding E14 to E17 embryos into 1.5 mL PBS.
concluded that, in addition to its role Brglobin gene expression Hemolysates were prepared from the packed red cells by freeze-thawing in

| ial role in th . f oth water. Hemoglobins were separated by isoelectric focusing and visualized
EKLF must play an essential role in the expression of other ge r staining in o-dianisidine. Individual hemoglobin bands were excised,

whose protein products are required for the integrity of definitivgyracted with water, and subjected to electrospray mass spectroscopy to
red blood cells. identify constituent globin chains according to their precise average
molecular weights as described befdfeSelected separated hemoglobin
species were analyzed by analytical reverse-phase high-performance liquid

Materials and methods chromatography (HPLC) using the system previously descfib&the
elution gradient was based on a method of Shelton & ahd it was
Generation of mice expressing the human A v transgene optimized to afford separation of murine adult and embryonic globins and

human fetal globins. It consisted of 3 linear steps, from 58%A/42%B to
EKLF*/~ mice were bred with mice containing a single copy of a hufman  5696A/44%B in 20 minutes, then to 44% A in 60 minutes, and then to 15%
transgene linked to the micro locus control region, pL€RY.22 These A in 40 minutes, where A was 20% acetonitrile/0.1% trifluoroacetic acid
transgenic mice expregsy globin at high levels during all 3 waves of and B was 60% acetonitrile/0.1% trifluoroacetic acid. Identity and N-
hematopoiesis—in the yolk sac, the fetal liver, and the bone marrotgrminal processing of the murine embryoiiglobin were confirmed by
EKLF+/~, uLCR2%1Ay* mice were identified by Southern blotting of observing its isolation from hemolysate by analytical reverse-phase HPLC,
Hindlll-digested genomic tail DNA. Presence of the mutant and wild-typeyptic digestion, and LC/MS analysis of proteolytic fragmelits.
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cathode, in Figure 2A). EKLF~ embryos contained less of

Results hemoglobin bands 4 and 5 than EKLF litter mates. These were
isolated from control hemolysates and subjected to electrospray

High-level expression of the ILCR  ~2""Ay-globin transgene mass spectroscopy to confirm the identity of the component globin

in the absence of EKLF chains by determination of their precise molecular masses. They

We previously suggested that the fatal anemia in EKLEembryos Were murinax3™% and murinex,3™", respectively (data not shown).
is primarily caused byB-thalassemid.To improve globin chain This confirmed that the murirg™" gene and th@™ gene are EKLF
balance in EKLF/~ fetal liver erythrocytes and thereby improvedependent in vivo, as expected from the sequence similarity and the
the anemia, EKLE/~ animals were bred with a mouse strain thatélative position of the CACC box elements within the 2 promoters.
contains a single copy of a pLCR!Ay-globin transgené? Hb 2 contained predominant globin chains of molecular mass
EKLF = pLCR 29Ay+ mice were identified by Southern blotting 16 006 and 16 146 kd. The MWt of the first, 16 006 kd, was very
of tail DNA (see “Materials and methods”) and interbred. Weclose to the mass expected for muréag globin (MWt 16 005.5);
could not be certain whether embryos harbored 1%y #ansgene this identification was further confirmed by analytical reverse-
alleles by Southern blotting, so the genotype has been report#tise HPLC (data not shown). The MWt of the second, 16 146 kd,
as+ or — to reflect the presence-(+ or +/—) or absence+/—) did not correspond to the size calculated for murifglobin
of the Ay transgene. Expression of the hunfantransgene in the according to its cDNA-derived protein sequence. However, after
fetal livers of embryos was 30% or greater than that of thgeptide mapping and partial sequencing of the N-terminal peptide
endogenous murinex-globin gene. This was determined by(Ac-Ser-Leu-Met-Lys, MWt 519.3 kd), this species was authenti-
Phosphorimager quantitation of RNase protection analyses of gated as the N-terminally processed murirglobin (removal of
a-globin andy-globin mRNA after a correction was made for thenitiator Met and acetylation of the N-terminus, MWt 16 145.9,
5-fold greater specific activity of thg-globin riboprobe (Figure data notshown). Hb 6 was muringe,. Because murine-y is only
1A). There was no alteration ip-globin mRNA levels in the fetal expressed in the yolk sac, the presence of this band reflected the
livers of EKLF/~ versus EKLFE/~ embryos. Thus, EKLF was not persistence of some circulating yolk sac—derived erythroid cells at
required fory-globin promoter function or for LCR function in its E15. The presence of theyAransgene had no effect on the level of
capacity to interact with thg-globin promoter. Significantly, our o€, (Figure 2A).
experimental objective, which was to generate high-level expres- Two novel hemoglobins were detectable in allAembryos but
sion of B-like mMRNA (in this case?y-globin) in the fetal liver of not in Ay~ litter mates (bands 1 and 3 in Figure 2A). Hb 3
EKLF~/~ embryos, was achieved. contained peaks corresponding to MWt 14 981 kd, 14 996 kd, and
16 009 kd, which identified them as murind, murinea5%, and
humanAy chains (Figure 2C). Thus, Hb 3 is a hybrid murine
a-human”y, hemoglobin (nah Ay,). It was the predominant
To confirm thaty-globin was present in EKLF~ Ay* fetal liver hemoglobin present in EKLFE~ Ay* embryos. The amount of-A
erythrocytes at the protein level, we performed immunofluoreshains normalized to murine-globin chains in the hemolysate was
cence analysis for humanglobin (see “Materials and methods”). 31% in the EKLF/* Ay* embryo (Figure 2A, lane 3), as measured
Most EKLF-/~ Ay* fetal liver cells expressed cytoplasmic humarby reverse-phase HPLC (Figure 2D). Thus, the strategy to amelio-
v-globin (Figure 1B), whereas there was no detectable gregate the globin chain imbalance was successful.
fluorescence in EKLF~ fetal liver cells that harbored no trans- Hb 1 contained a predominant MWt species of 16 009 kd,
gene (not shown). which identified it as humafry. Murine {-globin (see above), with
E15 hemolysates contained 6 different hemoglobin bands (Ha)MWt of 16 146 kd (Figure 2B), was also detectable in isolated Hb
as determined by isoelectric focusing (labeled 1-6, from anode Idut only at 10% to 20% dfy chain levels. Again, Hb 1 was only

Amelioration of globin chain imbalance with production
of mouse—human hybrid hemoglobin
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Figure 1. Expression of human  y-globin in pLCR-Ay*, EKLF~/~ embryos. (A) Human y-globin is highly expressed in the fetal livers of LLCR-Ay* transgenic animals.
RNase protection for human ~-globin and murine a-globin transcripts in E15 fetal liver-derived erythroid cells. The presence of the transgene and the EKLF genotype, as
determined by Southern blotting, is indicated above each lane. The specific activity of the human y-globin probe was 10-fold greater than the murine a-globin probe. Migration
of undigested murine a-globin and human -y-globin riboprobes is indicated by arrows. The protected mRNA species corresponding to murine a-globin and human vy-globin are
indicated by arrowheads. (B) Human vy-globin protein was readily detectable by immunofluorescence in fetal liver cells of embryos harboring the pLCR-Ay transgene.
Cytocentrifuge preparations of E15 fetal liver cells from EKLF~/~ Ay* embryos were stained with a FITC-conjugated monoclonal antibody raised against HbF (see “Materials
and Methods”). There was no detectable green fluorescence in a control sample of EKLF~/~Ay— fetal liver cells (not shown).
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Figure 2. Efficient generation of hybrid human-mouse hemoglobin in mice expressing the pLCR-Avy transgene. (A) Isoelectric focusing of hemolysates from E15

embryos revealed hybrid human-mouse hemoglobins. Presence (+) or absence (—) of the uLCR-Ay transgene and the EKLF genotype (+ or —/— ) is indicated above each
lane. Six hemoglobin (Hb) bands were identifiable, labeled 1 to 6, according to migration from anode to cathode. Hemoglobins 1 and 3 were detectable only in mice that
harbored the pLCR-Ay transgene. They were equally prevalent in EKLF~/~ (lane 4) and * embryos (lanes 1 and 3). Bands 4 and 5 represent murine B-major and B-minor
hemoglobin, respectively; each was markedly and selectively reduced in EKLF~/~ blood. The direction of the anode and cathode is indicated. (B, C) Electrospray mass
spectroscopy on gel-purified bands 1 and 3. Hemoglobin band 1 (B) contained 2 proteins of 16 009 and 16 146 kd, which correspond to the predicted molecular weights of
human Ay-globin and murine {-globin, respectively. Hemoglobin band 3 (C) contained proteins whose molecular masses were consistent with murine « globins, « 1 (Mr
14 981.0), a 5 (Mr 14 995.0), and human A globin (Mr 16 009.3). (D) Reverse-phase HPLC separation of globins expressed by animal 3 in A (genotype EKLF*/* Ay*). Peaks
annotated with dots represent artefacts of sample storage (single dot, mixed disulfides of murine B-major and B-minor with either cysteine of glutathione; double dot,
disulfide-linked murine B-globin dimers).

present in embryos that were subsequently genotypedvds Abut a mobility of theBhl-containing hemoglobin in isoelectric-
Thus, Hb 1 consisted primarily ofy, (HbBarts), with some focusing gels was not established.

comigration of a hybrid rt®y, hemoglobin. HbBarts accounted L

for less than 15% of the total hemoglobin in E15 EKLFAY* Pama," rescue of hemoglobinization of

embryos (see Figure 2A, lane 4), suggesting that the interactiSif" ver—derived erythrocytes

between humarty chains and murine--chains within fetal liver The EKLF null phenotype is highly consistent. Embryos killed at
erythrocytes was efficient but incomplete. Low-level amounts @11 are indistinguishable from wild-type litter mates, embryos
embryonidgdhl globin was observed (by electrospray mass spectrdsiied at E12 have slight pallor, and the severity of pallor increases
copy and reverse-phase HPLC) in E15 hemolysates of all embryastil E15 when the embryos are severely anehide have never
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Figure 3. Improvement in hemoglobinization but persistent hemolysis in EKLF ~/= embryos. (A) Photographs of a litter of E15 embryos (magnification x10). The EKLF

genotype (= and —/— ) and the presence of the transgene (R) are indicated above each photograph. (B) Slight improvement in the crimson hue of an EKLF~/~ fetal liver that
harbors the JLCR— Ay ftransgene (—/—R) compared to 1 that does not (—/—). (C) Slight improvement in the benzidine staining of EKLF—/— fetal liver cells that harbor the
transgene (—/—R) compared with those that do not (—/—). Arrows indicate benzidine-positive cells. (D) May-Gruenwald-Giemsa (MGG) stained cytocentrifuge specimens of
the blood from the same 3 embryos depicted in A indicating some rescue in hemoglobinization of fetal liver-derived erythroid cells. However, morphologically abnormal
nucleated erythrocytes persist. y, yolk sac derived nucleated red cells; PN, pronormoblast; en, early normoblast; In, late normoblast; r, fetal liver-derived enucleate red cell.
Arrows indicate occasional enucleate red cells in EKLF~/~ , uLCR— Ay * fetal liver samples.
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detected a living EKLF/~ embryo at E16. This time course Table 2. Hematology of litters killed at E14 and E15
correlated precisely with the progressive switch from circulating  Genotype Hemoglobin (gmi/L) Hematocrit (%)
embryonic to fetal liver—derived red blood cells.

~ ) . EKLF~/~ Ay* (n = 6) 1.9 + 0.4* 12 + 3.2t

Surprisingly, there were no live-born EKEF Ay* animals of gy p- Ay (n = 4) 17 + 0.4* 11 = 45+

the 98 live-born mice generated from an F2 cross of EKLRY"  gkiLr+- Ay* (n = 9) 9.8+ 0.8 48 = 12.2
animals. Therefore, litters were analyzed at E1l1 to E17 #XLF+- Ay~ (n = 10) 9.4+ 06 47+ 92

determine whether there was any improvement in the severity of , ] . ] .
. —/ b fforded by thestransaene. At E15 The differences in hempglobm (.) qqd hematocrit (t) between EKLF Ay and

anemia in EKLF'~ em ryos aiiorae y "A _g . Ay~ embryos were not statistically significant (P > .1 by Student ¢ test). Again, Ay*/*

there were 2 apparent degrees of pallor in the litters. One setaéd Ay*/~ animals have been grouped together at Ay.

animals displayed pallor typical of EKLE embryos, and the

other set had slightly less pallor (Figure 3A). Southern blot analysis

of carcass DNA subsequently revealed that the pinker animals Finally, there was no S'gn'f"fa”t |+mprovement n hemogl_obln
contained the A transgene. The fetal livers of these EKI/FAy* and hematocrit values of EKLF~ Ay* embryos compared with

. A
embryos were also slightly more crimson than those of tht e EKLF_ _AV I|tt_er mates (Tabl_e 2). We cqnclude tha_t there
as no significant improvement in hemolysis or survival of

EKLF~/= Ay~ litter mates, but not as crimson as those of thrg L .
wild-type embryos (Figure 3B). Furthermore, o-dianisidine stai -KLF~~ embryos afforded by the-ftransgene. In view of the

ing of fetal liver erythrocytes revealed a slight improvement in th@arked benefit even the moderate expressiopgibbin produced

presence of the A transgene (Figure 3C). Taken together, thedd humans with B-thalassemia, we propose that the reduced

results indicated that there was slight improvement in the produ%)-(&refst'ﬁnl(ECEE;?JObAn E}?‘F target genes must play a major role
tion of hemoglobin in EKLF/~ fetal liver erythrocytes that inthefetha phenatype.
expressed high levels of-globin; this was consistent with the

formation of hybrid mouse—human hemoglobin.

Discussion
Persistent hemolysis in EKLF  ~/~ embryos containing
the Ay transgene We found no significant improvement in red blood cell morphol-

L ) L o ogy, level of anemia, or survival in EKLE~ mice in which the
Despl_te |mprovemer_1t n hemogl_oblnlzatlon, there was minimal, globin chain imbalance was significantly reversed by transgene-
any, |mprove_ment In the survival (,)f EKLF Ay™ embryos derived~y-globin chain synthesis. Thus, we concluded that EKLF
Compared with their EKLF™ Ay~ litter mz/ates. At E16, all target genes other thgiglobin alone must play a crucial role in
EKLF™ Ay™ embryos (n=2) and EKLF—_/ Ay embry/os fetal liver erythropoiesis. At first glance, this conclusion appears to
(_n = 3) were dead{ Whereas aI_I ¢13) EKLF™ and EKLF~ oppose that of Lim et & who found that reintroduction of an
litter mates were alive irrespective of the presence or absence Oflt_lfé)?q-globin gene into EKLF/~ ES cells rescues contribution to
transgeng .(Table 1. . circulating erythroid cells in chimeric animals. A close examination

. I_n addition, the peripheral bloqd of EKLF Ay embryos_ Was  of the published data suggested that the level of EKLES cell
similarly abnormal compared with that _Of EKEF Ay~ litter contribution to the blood was still significantly less than the
mates. There were few enucleated fetal liver—derived erythrocy'(fi?ntribution to other tissues. Thus, EKL/F Ay-globin—express-

In EKLF?_F AVT embryqs, whereas_ these account for more the}ﬂg erythroid cells may also be partially defective in these chimeric
80% of circulating cells in EKLF/~ litter mates by E15.Rather, mice. The 2 attempts to rescue the EKLF null phenotype (that
the circulating cells were predominantly nucleated with dyserythrﬂ'escribed here and that of Lim et?3l have some important

poietic, poorly hemoglobinated cytoplasm, though a few cells h%‘?(perimental design differences. First, there may be certain EKLF

pinker cytoplasm than cells in E_KL—F_ Ay Ilt_ter mates_ (Flgure_ target genes that have critical role(s) only at the fetal liver stage of
3D). Furthermore, there was still a marked increase in fetal |IV%I;,

; o . X . thropoiesis. The chimeras could survive this developmental
iron deposition (data not shown), consistent with persistent red CﬁHyase by virtue of blood production from non-ES cell-derived fetal
destruction or ineffective erythropoiesis in the fetal livers olfi

- At emb ver stem cells, whereas the EKLF embryos described in this
EKLF™™ Ay™ embryos. article could not. Alternatively, wild-type stem cells, microenviron-
ment components, or both within the adult bone marrow of

Table 1. Influence of the —201 Ay transgene on the survival chimeric animals may somehow nurture EKLF erythroid cells.
of EKLF =/~ animals That is, there may be a non-cell-autonomous component to the
Genotypet observed survival of EKLF~ Ay* erythroid cells in chimeric
EKLF /- Ay~ EKLF- Ay* animalg! unavailable to erythroid cells within the fetal livers of the

EKLF~'~ Ay* mice.

Litter age* Alive Dead Alive Dead . .

The nature of alternative EKLF target genes remains undeter-
E14 1 0 0 0 . . . ) : .
1 N 0 ) 0 mined. Genes encoding other globin chains, heme biosynthetic
E15 o 1 1 o enzymes, glycolysis pathway enzymes, other transcription factors,
E15 1 0 5 0 transmembrane proteins, and cytoskeletal proteins all have CACC
E15 1 0 1 0 box elements in their promotetd2Many fall within the consensus
E155 0 2 1 0 site for EKLF (NCN-CNC-CCN) predicted by the crystal structure
E15.5 0 0 0 1 of the related protein, Zif268, bound to DN¥Adowever, it remains
E16 0 2 0 1 to be tested whether EKLF binds equally well to all such CACC
E16 0 1 0 1 box elements or just to a subset of them. A detailed examination of

*The morning of vaginal plug discovery was designated EO. the spectrum of CACC sequences able to bind purified recombinant
tAg*/* and Ay*/~ animals have been grouped together at Ay*. EKLF would be helpful in the resolution of the precise EKLF
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binding-site preferences. In short, it is difficult to be sure whethgrossible that defective expression of multiple red cell cytoskeletal
any of the erythroid promoters with important CACC box elemenisroteins could result in a severely anemic phenotype such as that
actually binds EKLF in vivo. present in EKLF/~ embryos.

One approach to the problem of alternative EKLF target genes When considering potential EKLF target genes, it is helpful to
is to examine the expression of candidate genes in fetal liver celsmember that EKLF~ embryonic red cells are morphologically
derived from EKLF'~ embryos. We have previously examined th¢,ormal or nearly so. Thus, it may be reasonable to consider those
expression of GATA-1, EpoR, PBGBh1, and murine-y globin  genes that are selectively expressed in definitive cells as more

genes in EKLF/~ fetal liver cells and found them all to be EKLFIiker candidates for EKLF target genes. One of the major
independent. A possible explanation is that other Kruppel-likeigterances between embryonic and definitive red cells is that
factors are able _to fu_n_ctlon atmany of_these promotgrsm V'\_/O'T finitive red cells extrude their nuclei. It is striking that most
may reflect the inability of EKLF to .bmd to t_he§e sites in vivo .( KLF~/~ erythroid fetal liver cells remain nucleated even in the
promoter context argument), or it may indicate that Slm”a;gresence of high levels of-globin (Figure 3). We originally
Kruppel-like factors, such as basic Kruppel-like factor (BKIE2F), )

can bind these sites and compensate for the loss of EKLF %%Iggested this was secondary to erythroid stress, but it remains

redundancy argument). These alternatives might be resolved %;sible thag EKLF coo_rqmates the pfocess of enuclgatio_n itself.
studying mice null for both EKLF and BKLF. A similar dilemma Embr.yonlc ar_1d_ _def'n't've grythr0|d cells also differ in their
exists for GATA-1 null embryos, which also die from anerffiat metaboll.sm. Deflnl.tlve erythroid cellg rely almost gxcluglvely on
has been suggested that GATA-2 may substitute for GATA-1 gpaerobic metabolism for the production of adenosine triphosphate
many erythroid gene promoters. from glucose. They are also dependent on the pentose-phosphate
One potentially important EKLF target gene is amino-levulini®athway for the generation of reducing power in the form of
acid synthetase (ALAS), the rate-limiting enzyme of the hemfdADPH. Enzymes of the Embden—-Myerhoff glycolysis pathway
biosynthesis pa’[hway There are 2 Over|apping CACC elementsdfe Certainly important for the metabolic function of definitive
the erythroid specific ALAS promoter at49/—3925 with an human erythroid cells. Defects in pyruvate kinase (PK), the
identical sequence (albeit on the reverse strand) to that found in the-limiting enzyme of glycolysis, are common in humans and
humanp-globin promoter. This site binds EKLF in vitro, and theresult in chronic hemolytic anemia. Like many erythroid genes, the
ALAS promoter is activated by EKLF in transient assays in 8K gene contains closely associated CACC and GATA motifs in
CACC element-dependent fashi#nlt remains to be determined the proximal promoter. The CACC site is required for full
whether EKLF is required for ALAS expression in fetal liver cellsexpression in transient transfection assays and it could bind EKLF,
of developing embryos. Interestingly, ALAS null ES cells display ghough this remains to be tested. Additionally, an element 3.7 kb
defect in erythroid cell maturatiol, and a defect in ALAS is upstream of the transcriptional start site of the PK gene has
responsible for the anemic zebrafish mutaatitern®” Neverthe-  erythroid-specific enhancer activity in transgenic mice and harbors
less, it is likely that a significant amount of heme is produced ig duplicated CACC element that fits well with the EKLF consen-
definitive and embryonic erythroid cells in the absence of EKLFEg530 More work must be done to determine whether PK is truly
Although we did not make any direct measurements of heme, tghg| £ dependent in vivo.
positive staining for o-dianisidine suggests the presence of an intacttq make further progress in the identification of putative EKLF

heme moiety. Thus, we suggest that ALAS does not require EKE,qet genes, a cell-based functional assay would be helpful. For

for exBEeSS|on In vivo or that sufficient enzyme is produced _'Qxample, an immortalized EKLF erythroid cell line would allow

EKLF erythroid cell; from reduced mRNA levels to PerMit o nditional reintroduction of EKLF and subtractive approaches to

adequate heme production rates. tia;rget gene discovery. Candidate target genes could also be
Erythroid cytoskeletal genes may also be dependent on EKL ined i h a svstem. Our results suagest that attemofs to

for expression. Moreover, their reduced expression may contribuet)((aam.Ine n SU.C . Y ' gg . . P

to the EKLF null phenotype. The promoters for many of théeactlvatey-globln n adglts that harbor mutaﬂoqs |r1.tBegIol.)|n

erythroid cytoskeletal proteins, including band 4.1, band 3, alq_ene.through_ antagonlsm_of EKLF carry a S|gn|f|cant risk for

kyrin, o- and B-spectrin, and band 7.1 have been cloned adaducmg additional defects in red blood cell function.

sequenced. Many have GC-rich elements in their promoters, but

few fit perfectly with the proposed EKLF consensus. To date, none

of these genes has been tested for their dependence on EKLFﬁ(UknowIedgments

expression in vivo or in transient assays. Many have been disrupted

in ES cells by homologous recombination, and others occur ¥4 thank Carlo Brugnara and Vivian Smith for hemoglobin

spontaneous mouse mutaftdMice null for band 4.1, ankyrin, electrophoresis. We also thank Bing Chuen-Lau and John Kim for

B-spectrin, a-spectrin all have hemolytic anemia of varyingexpert technical assistance, Klar Kleman for hemoglobin isolation

severity (reviewed if-29. The most severe anemia occurs in mic®Y isoelectric focusing, and Cedric Shackleton for his support in

with defective B-spectrin fa/ja mice), with approximately 90% mass spectrometric studies. We thank Y. Fujiwara and K. Cunniff

dying in the first 2 weeks of lifé? In all cases the phenotypes argfor help with animal husbandry and Elise Coghill for critical

milder that the EKLF null phenotype. Nevertheless, it remairsppraisal of this manuscript.
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