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ABSTRACT

Erythropoietin (EPO) plays a key role in erythropoiesis
and is expressed predominantly in the fetal liver and in

the adult kidney. The EPO gene is up-regulated at the
transcriptional level under hypoxic/anemic conditions.

We studied therole ofthe 5 '-and 3'-flanking sequences
of the mouse EPO gene in its tissue-specific and
hypoxia-induced expression by developing transgenic
mouse lines carrying chimeric ~ EPO-lacZ gene con-
structs. Transgenic mice carrying a 6.5 kb segment of
the 5'-sequence and most of the EPO gene in which
lacZ was substituted for exon 1 (5 '-lacZ—EPO) demon-
strated induction of lacZ expression following hypo-
xia/anemia induction in both the liver and kidney of
adult mice. However, transgenic mice carrying the
above construct along with the 1.2 kb 3 ’-flanking
sequence (5 '-lacZ—EPO-3') showed a high level of lacZ
expression following hypoxia/anemia induction in
adult kidney but not in adult liver. With the aim of
further understanding the role of the 3 '-flanking
sequence in tissue-specific expression of the EPO
gene, we studied the interactions of protein factors
with this 1.2 kb 3 ' region and demonstrated that
multiple sets of protein factors interact tissue specifi-
cally with a 10 bp sequence, TCAAAGATGG, located
downstream of the previously characterized 3 ' hypo-
xia-responsive enhancer element.

INTRODUCTION

exhibited identical phenotypes, indicating that EPO and the EPOR
are crucial for definitive erythropoiesis vivo and that no other
ligand or receptors can replace thén lq most species the liver is
the major site of EPO synthesis during fetal life, whereas late in
gestation the kidney becomes the predominant site of EPO
production and remains so throughout [ifg78).

The enhancer sequences responsible for hypoxia induction of
theEPOgene have been localized in both thehd 3-flanking
sequence of th&PO gene $-13). Hypoxia-inducible protein
factors have been demonstrated to interact with these enhancer
sequenced (3-15). Hypoxia-inducible factor 1 (HIF1) was recently
cloned and characterized as a basic helix-loop—helix—PAS hetero-
dimer (L6). The possible roles of hepatic nuclear factor 4 (HNF-4)
and the COUP family of proteins in tissue-specific and hypoxia-
inducible expression of tHePO gene have also been demon-
strated {7). Maxwellet al.(12), using transgenic mice, showed
that 9.0 kb 5 and 3.5 kb 3flanking sequences contain the
necessary regulatory elements for mdeB® gene expression.
Cooperative interaction between the gfomoter and the'3
enhancer elements for hypoxia induction has been described
before (4,18), but the 5and 3 regulatory elements and their
cooperative interactions in tissue-specific regulati@@R@dgene
expression are not well defined.

In this study we compared the pattern of expression tHdtHe
reporter gene under normoxic and hypoxic conditions in the liver
and kidney of transgenic mice carrying: kheZ reporter linked
to the 6.5 kb 5flanking sequence, the entire first exon and 200
bp of the 5 portion of the first intron (8ac2); the 6.5 kb
5'-flanking sequence and most (except exon 1 and 200 bp of
intron 1) of theEPOgene (5lacZEPO); the 6.5 kb 5flanking

Erythropoietin (EPO) is a glycoprotein hormone and the primarsequence plus most of tB®0O gene and the 1.2 ki-flanking
physiological mediator of erythropoiesi&—8). It binds to sequence (3acZ-EPO-3') of the mous&POgene. We provide
specific cell surface receptors on erythroid progenitor cells araVidence from these transgenic mouse lines that the 1.2 kb
stimulates their proliferation, promotes differentiation and pre3'-flanking region may contain a regulatory element for suppres-
vents apoptosigi’). In a recent report, EPO and EPO receptosing EPO gene induction in response to hypoxia/anemia in the
(EPOR) knockout mice exhibited reduced primitiveadult liver. Also, evidence from our DNA—protein interaction
erythropoiesis and died around embryonic day 13, owing to failugtudies show that sets of protein factors interact in a tissue- and
of definitive fetal liver erythropoiesis. Both of these knockout micelevelopment-specific pattern to a 10 bp sequence (TCAAAG-
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MOUSE ERD GEME LOCUS 1k purified from the agarose gel using a Gene Clean Il kit (Bio 101
- - Inc., La Jolla, CA). Fertilized eggs were harvested from Swiss
He . T Webster Rockefeller (SWR) female mice after superovulation

and mating with SJL mice. We then microinjected 2-5 pl of a 30
ngiul solution of EPOHacZ DNA fragments into the male

— pronucleus, as described previougl) (The injected eggs were
R incubated in Whitten’s medium at 32 and transferred on the
it - same day into the oviduct of a CD-1 pseudopregnant foster

mother. At least four transgenic mice lines of each construct were
generated and three lines were analyzed.

m .
S Jl,r- DNA analysis
£
b R To identify the transgenic mice, tail DNA from 3—-4-week-old
pups was digested witindlll and analyzed by Southern blot
analysis using a 1 kiBanHI-Hincll fragment as a probe
b (indicated by a solid bar underneathEROgene map in Fid.).
‘“1 /; Hypoxia and anemia induction
R s d—

Mice were made hypoxic and anemic as described previously
(19). Briefly, for hypoxia, mice were exposed to£Iar 3—4 min
Figure 1. Schematic representation of the moE&©O gene locus and the  every 24 h for 5 days and the mice killed 10 min following the last
EPOHacZ constructs used for generating transgenic mouse lines. The map o@‘:o2 exposure. Anemia was induced by first anesthetizing the
the mous&POgene shown at the top was derived from the mBR§egene . : : - - .
maps described before (20,21,23). In the constructacZEPO and mice W.Ith a mI.Xture of ketamine hydrochlonde and xyla_zme and
5-lacZ-EPO-3 thelacZ sequence comes from fageogene (22). The five  then withdrawing 0.03 ml blood via cardiac puncture. Mice were

exons (E1-E5) are presented as solid boxes. The open boxes represent 5 bled again 12 h later and killed 6 h following the third bleeding.
3'-untranslated regions. The initiation of transcription begins from tEeG .

gene sequence for all the thrE®OdacZ constructs. The transcription  Histology

initiation site of thé&EPOgene as described before is indicated by an arrow (21). . . . . .

The 1.0 kiBamH1-Hincll fragment used as a probe for Southern blot analysis Liver, kidney, heart, lung, spleen, muscle, brain and intestine of
of DNA is indicated by a solid bar underneath the genomic map of the mouséransgenic mice were stained with X-gal, as previously described
EPOgene. BBanHl; E, EcaRl; N, Narl; H, Hindlll. (19).

ATGG) located B60 bp downstream of the previously described-Galactosidase assay using _
hypoxia-responsive enhancer elemeit) within this 1.2 kb O-nitrophenyl-p-p-galactopyranoside (ONPG)

3-flanking sequence. Kidney extract (10Qlg) or liver extract (100g) were incubated
with the ONPG (Sigma, St Louis, MO) substrate &C3for 16 h
MATERIALS AND METHODS and the absorbance was measured at 420 nm as describec

elsewhere 19,25). Protein extracts of normal kidney and liver

Plasmid constructs and bovine serum albumin (BSA) were used as negative controls.

The plasmid pSG5/EPO has been described before and ; ;
constructed by inserting tiieedR| fragment of the phage cIoneV?E&ﬁ{;g%?ﬂogsnsiii%ﬁé%lCt and electrophoretic

60a (L9-21). In the 5-lacZ construct théacZ gene was placed

downstream of the 7.0 EcaRI-BanHI fragment and has been Adult liver, adult kidney and fetal liver nuclear extracts were
described beforel@). The 6.2 kbEcdRI-Narl and 3.7 kb prepared as described previoust$,27). EMSA was done as
BanHI-EcarI fragments from the pSG5/EPO plasmid weredescribed 47,28) in 25 pl binding mixture containing a
inserted upstream and downstream respectively Bigleegene  5'-32P-end-labeled DNA fragmentu poly(dl-dC) (Boehringer
into the pSAgeo plasmid (a generous gift from Dr PhilippeMannheim, Germany) and g nuclear extract in 10 mM
Soriano, Baylor College of Medicine, Houston, TRP)(to  Tris—HCI, pH 7.1, 0.1 mM EDTA, 10 mM 2-mercaptoethanol,
construct the 'SlacZ—EPO plasmid. TheNarl andBanH]I sites  0.1% Triton X-100, 5% glycerol, 80 mM NaCl and 3 mM MgCl
are located 548 bp upstream and 218 bp downstream of fhieis mixture was incubated at@ for 30 min and then loaded
transcription initiation site ATG respectivel@0j. The Narl-  onto a 4% polyacrylamide gel (acrylamide:bis 30:1) in TBE
BanH| fragment, which harbors the translational initiation site obuffer. For competition experiments, 100 ng unlabeled oligo-
the EPO gene, is missing from both thé-lacZ-EPO and  duplexes were added at the beginning of the binding rea2fpn (
5'-lacZEPQO-3 constructs and uses the translational initiation

site of theB-geogene. 5laczEpo-3' (Fig. 1) was constructed by DNase | footprint analysis

inserting the 1.2 kkcaRI-BanH| fragment from phage 18.cat = ) )
the 3-end of the 5lacZ-EPO construct 23). Binding reactions (50l) were set up using the-3P-end-labeled

DNA fragment and nuclear extract as described for EMSA. After
incubation, the mixture was digested withl 9.2 Ujul DNase |

for 3 min at 20C. The reaction was stopped by addition pf 4
The B-lacz, 5-lacZ-EPO and 5lacZz-EPO-3' constructs were 50 mM EDTA. The mixture was then electrophoresed on a 4%
digested witiNotl and the respectivePO-HacZ fragments were polyacrylamide gel as described for EMSA. The gel was

Generation of transgenic mice
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electroblotted onto a NA45 DEAE membrane (Schleicher & 5.0
Schuell Inc., Keene, NH). Free DNA (free probe) and protein—
DNA complexes (gel retarded bands) were cut out from the
membrane and eluted by incubating in a buffer containing 20 mM
Tris, pH 8.0, 1 mM EDTA and 1.5 M NaCl at®5for 15 min.

The eluted DNA was precipitated with 2 vol. ethanol and loaded
onto a sequencing gel. Equal amounts of radioactivity of free
DNA and DNA—protein complexes were loaded onto an 8%
polyacrylamide sequencing gel. The G, A, T and C sequencing
reactions of the DNA fragment +567/+698 were generated using
a 3-most primer (+567/+589) and AmpliCycle sequencing kit

(Perkin Elmer-Cetus, Branchburg, NJ) and loaded alongside.

UV cross-linking and determination of molecular weight =
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The32P-end-labeled +588/+616 oligoduplex and nuclear extracts
from adult kidney, adult liver or fetal liver were separately

; : igure 2. Relative expression t#cZin the kidney of transgenic mice carrying
incubated and electrophoresed as described for EMSA. FoIIov{C/:BimricEP(H,lez constructs under normoxia. hypoxia by:G@d hypoxia

ing electrophoresis, the wet gel was exposed to 254 nm UV ligh}, pieeding. Kidney extracts (19@) from six transgenic mouse (at least one

for 30 min. After UV cross-linking the gel was exposed to X-raymouse per three to four transgenic lines) were assayetigalactosidase

film. The regions corresponding to the protein—DNA complexe$nzyme expression using ONPG as substrate. The bar graph represents mean
(F1—F4) were cut out and sliced into small pieces and incubatedPP- For detail see Materials and Methods.

with 1x SDS—-PAGE sample buffer (10% glycerol, 0.25% SDS,

62.5 mM Tris, pH 6.8, 2.5%-mercaptoethanol) containing 0.2 M genic mice, but not in any other normal tissues, suggesting that
NaCl at 37C for 2 h and at 95C for 2 min and filtered through X-gal staining of intestine is non-specific and not due to transgene
a glass wool column. The filtrate was counted for radioactivitgxpression.

and equal amounts of each filtrate were loaded onto a 14% ) .
SDS-PAGE gel along with the protein molecular weight!YPOXia responsiveness dPO-lacZ gene constructs in

standards (Sigma, St Louis, MO). adult kidney
Figure2 shows hypoxia induction tdcZ expression by C&or
RESULTS by bleeding in the adult kidney of transgenic mice carrying the

5'-lacz, 5-lacZ-EPOand %lacZEPO-3' constructs. Hypoxia-
induced activation ofacZ expression in kidney was relatively
Figure 1 is a schematic representation of ERROHacZ gene lower in transgenic mice lines carrying thel&gZ (1.4- to
constructs used for generating transgenic mice. At least threelt6-fold) or the 5lacZ-EPO (1.2- to 1.7-fold) constructs. This
four transgenic lines were generated for each of the constructs aesult suggests that whethacZ was placed downstream of the
analyzed for integration of tiePO-acZ fragment by Southern 7.0 kb 5 sequence (consisting of the 6.5 Kfi&nking sequence,

blot analysis (data not shown). Tablshows the X-gal staining exon 1 and 200 bp of intron 1) or inserted downstream of the 6.5 kb
followed by visual examination of different tissues of transgeni§'-flanking sequence (substituting exon 1 and 200 bp of intron 1
mice carrying the 'Sacz, 5-lacZ-EPO and 5lacZEPO3  of the EPO gene) they do not differ significantly in their
constructs. X-Gal staining was detected only in kidneys, livetsypoxia/anemia responsiveness in the adult kidney. However, the
and intestine of transgenic mice, but not in any other tissugansgenic mouse lines carrying&ZEPO-3 showed a 2.7- to
(heart, lung, brain, spleen and muscle) examined. However, X-@gab-fold activation ofacZ expression by hypoxia/anemia when
staining was also detected in the intestine of normal non-transesmpared withacZ expression under normoxic conditions.

Generation and characterization of transgenic mice

Table 1.X-Gal staining of the various tissueskEfPO-lacZ transgenic mouse lines

Transgenic line lacZ expression
Kidney Liver Heart Lung Brain Spleen Muscle Intestine
5'dacz
1 + + - - - - - +
2 + + - - - - - +
3 + + - - - - - +
5'-lacZ-EPO
1 + + - - - - - +
2 + + - - - - - +
3 + + - - - - - +
5'-lacZ-EPO-3
1 + - - - - - - +
2 + - - - - - - +
3 + - - - - - - +

+, X-gal staining; —, no X-gal staining.
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Figure 3. (A) X-Gal staining of the adult liver of transgenic mice carryiAg&-EPO (A) and 5-lacZ-EPO-3' (B) constructs following anemia induction. Livers

of anemic mice carrying$facZ-EPOand 5lacZ-EPO-3' were stained simultaneously in X-gal solution as described previous|y|IRlétive expression tfcZ

in the liver of transgenic mice carryingl&cZ-EPO or 5-lacZ-EPO-3' under normoxia, hypoxia by G@nd hypoxia by bleeding. Liver extracts from three to six
transgenic mouse lines (at least one mouse per transgenic lines) were asfayalddtosidase enzyme expression using ONPG as substrate. Bar graph represents
meant SD. For detail see Materials and Methods.

Differential expression oflacZ in the adult liver of the B-lacZEPO3' construct showed relatively higher levels of
transgenic mice carrying the 5lacZ—EPO and lacZ expression under normoxic conditions and after induction by
5'-lacZ—EPO-3' constructs hypoxia with CQ or bleeding (see Fi@). Taken together these

results suggest that the 1.2 kisflanking sequence appears to
Figure 3A is a representative picture of X-gal staining of anemipossess an adult liver-specific silencer element.
liver of transgenic mice carrying the chimétleG-acZ constructs
without (3-lacZEPQ) or with (3-lacZEPO3) the 1.2 kb pryiein factor interaction with the 1.2 kb 3-flanking
3'-flanking sequence. Transgenic mice carrying tHacZ—EPO sequence of th&PO gene
construct showed a high levellatZ expression in liver, whereas
in the liver of mice carrying thé-acZ-EPO-3' construct there was The lack of induction oflacZ expression in response to
only a trace amount &fcZ expression following anemia induction. hypoxia/anemia in the adult liver of transgenic mice carrying the
Figure3B shows the relative levelslatZ expression (as estimated EPO-HacZ construct that contains the 1.2 kl&8nking sequence
by B-galactosidase enzyme activity using ONPG as substrate) in teggests that this region appears to harbor a regulatory element(s)
liver of transgenic mice carrying thel&cZEPO and 5lacZ  that, through interactions with the liver-specific protein factor(s),
EPO3' constructs under normoxia, hypoxia bys@0d hypoxiaby may suppress induction &PO gene expression. To test this
bleeding conditiondacZ expression in the liver of transgenic micepossibility, we studied the-8anking sequence downstream of
carrying the 5lacZEPGO-3' construct is very low under normoxic the hypoxia-responsive enhancer element described eai)ier (
conditions (and is not detectableléyZ staining; see Tabl® and  for protein factor(s) interactions using nuclear extracts of adult
its inducible expression in response to hypoxia and bleeding is tiekr, fetal liver and adult kidney on an electrophoretic mobility
significant. However, livers of transgenic mice carrying theshift assay (EMSA). We identified a DNA segment, +567/+657,
5'-lacZ-EPO construct (where the 1.2 kbflinking sequence is in the 1.2 kb 3flanking sequence [numbering with reference to
absent) showed a relatively higher levelaaZ expression under the poly(A) site as +1] that interacts with multiple sets of protein
normoxic conditions and a significant level of induction in respondactors in a tissue-specific fashion. Nuclear extracts of adult liver
to bleeding and to a lesser extent in response to hypoxia by C@-1 and F2), fetal liver (F2—F4), adult kidney (F1-F3) and adult
Livers of transgenic mice carryinglacZ as described previously brain (F1) formed different sets of DNA—protein complexes 4Fig.
(19) showed a relatively low level lafcZ expression under hypoxia The F1 complex is formed at a relatively higher level than the F2
induction by CQ when compared withacZ expression under complex with the adult liver nuclear extract. Fetal liver nuclear
hypoxia by bleeding. However, kidneys of transgenic mice carryirextract does not form the F1 complex, but does form the F2—F4
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Figure 4. Electrophoretic gel mobility shift assay (EMSA). T#e-labeled B B . PORSY: Livar. Ao Riasy
+567/+657 [numbering with reference to the poly(A) site as +1] DNA fragment I i 1 1
was incubated with jgg nuclear extract and.g poly(d I-dC) for 30 min a®€ ) et i i T e o
under the conditions described in Materials and Methods. The source of nuclear ; . f - f af < d‘f
extract used in the binding mixture was indicated at the top of each lane. o f W o d.f‘ P
> o & ol ok - ot

complexes at a relatively higher level when compared with the adult

liver nuclear extract. The F1 complex in adult kidney nuclear extract

is formed at a relatively lower level than the F2 and F3 complexes.
These results suggest that in the adult liver in wEBI©

induction in response to hypoxia is relatively low, the F1 complex ATy

is formed at a relatively higher level when compared with the F2

complex. However, in the adult kidney and fetal liver, wE&®

is induced in response to hypoxia, the F1 complex is formed at a -

relatively lower level or not at all when compared with the F2—F4

complexes. Non-EPO-producing tissues, such as adult brain and -

- - F2

==H
adult heart, formed only the F1 complex (data not shown). .
To precisely define the sequences involved in the protein factor
interactions, four oligoduplexes spanning the +567/+657 region
were synthesized and included in the binding reaction foFigure 5. Competition with unlabeled oligoduplexes in EMSA) (The

competition with the +567/+657 probe in EMSA. Unlabeled *P-labeled +567/+657 DNA fragment was used as a p@jsgh¢*2>-labeled
+588/+616 oligoduplex was used. The nuclear extracts used in the binding

oligoduplexes made within the +567/+657 DNA Segmemr action and the oligoduplexes used for competition are indicated at the top of
(+567/+589, +588/+616, +610/+635 and +627/+653) were addeghch lane. EMSA v?/as (?one usingi nuclealPextract under the conditionsp
in the binding reaction to check their capacities to compete withescribed in Figure 4 and Materials and Methods. For competition, 100 ng
the probes for protein factor interactions (Bity). EMSA using unlabeled oligoduplexes were added in the binding reactions as indicated at the
oligoduplex +610/+635 is not shown. All the electrophoretic!?f o each lane. Non-spediiic (NS) oligoduplexes 1 and 2 are oligoduplexes of
mobility shifted bands were competed off by the oligoduplexa ~2¢ bp sequence having no homology with the segment.
+588/+616, but not by any of the other three oligoduplexes,
suggesting that the sequence within the oligoduplex +588/+646th the probes +567/+657 and +588/+616 are similar (compare Fig.
is involved in the DNA—protein interactions. 5A and B), further confirming that the sequence involved for protein
To further confirm the above observation3f-end-labeled the factor interaction lies within the 29 bp +588/+616 sequence.
+588/+616 oligoduplex and used it as a probe instead of theFigure 6A shows DNase | footprint analysis using nuclear
+567/+657 DNA segment and competed it with the unlabeleektract from adult kidney and the3P-end-labeled +567/+698
oligoduplex +588/+616 and two other unrelated oligoduplexe®NA fragment. All three DNA-protein complexes (F1-F3)
(non-specific oligoduplexes 1 and 2) in an EMSA (BB). The  showed the DNase | footprint within a 10 bp sequence
number and patterns of electrophoretic mobility shifted DNA—pro+598-TCAAAGATGG-+607 when compared with the adjacent
tein complexes of fetal liver, adult liver and adult kidney and thiane loaded with free DNA (free probe). A similar DNase |
relative capacities of the unlabeled oligoduplexes for competitidootprint was also detected spanning the same 10 bp sequence
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Figure 6. DNase | footprinting analysis using 'aghd-labeled DNA fragment

(+567/+698) and nuclear extracts from adult kidmeygnd adult liver B).

5'-End-labeled DNA fragment +567/+698 was incubated with the nuclear

extracts under the conditions described for EMSA and then digested with

DNase | and loaded onto a 4% acrylamide gel. Following electrophoresis the - - . -2
gel was transferred to a DEAE membrane and the bands corresponding to F1,

F2 and F3 DNA-protein complexes and free DNA (free probe) were cut out

from the membrane and eluted with 20 mM Tris, pH 8.0, 1 mM EDTA, 1.5 M

NaCl. The DNA was precipitated and boiled in 90% formamide-containing

buffer and loaded onto a 8% sequencing gel. G, A, T and C cycle sequencing

reactions were loaded alongside.
Figure 7. Competition with point-mutated oligoduplexes in EMSA using nuclear

extract from adult kidneyA) and adult liver B). The wild-type oligoduplex

. . . (+588/+616) and the mutated oligoduplexes (m1-m6) used for competition are
using nuclear extracts from adult liver (Fép) and fetal liver jngicated at the top of each lane. Position of the mutation in the oligoduplex is
(data not shown). These footprint data narrowed the bindingdicated on the right hand side of the figure in (A). The m6 oligoduplex is a double
sequence to a 10 bp sequence (+598/+607) and also suggestatint (G+A at position 599 and-+G at positions 605).
that these sets of protein factors may compete for binding to the
same sequence element.

To pinpoint the bases involved in protein factor interactiongities of the oligoduplexes to compete with the probe for protein
point-mutated oligoduplexes within the +588/+616 sequendactor interaction, suggesting that these two bases are critical for
were synthesized and added to the binding reaction to test thibie DNA—protein interaction to occur. However, mutation of the
abilities to compete with th&?P-end-labeled probe +567/+657 base +602 in mutant oligoduplex 3 partially affected competition
for protein factor interactions. Figureshows an EMSA done in with the probe.
the presence of the mutated oligoduplexes. Competition data witiTo estimate the approximate molecular weights of the protein
nuclear extracts from adult kidney (Fid\), adult liver (Fig.7B)  factors interacting with the +588/+616 DNA segment, UV
and fetal liver (data not shown) showed that a mutation in theoss-linking of the DNA-protein complexes was done and
bases +604 and +605 that lie within the footprint regiomnalyzed by 14% SDS—-PAGE (FB). The F1 complex (from
(+598-TCAAAGATGG-+606) dramatically affected the capa-adult liver and kidney) showed two protein—-DNA complexes of



Nucleic Acids Research, 1996, Vol. 24, No. 18627

Ad. Kidney Al Liver Fal,  Liver Maxwell et al. (12), using a transgenic mouse model, reported
g N o O e - earlier thatis-acting sequences that regulate r&#0 lie within
s 1.5-9 kb 5and 3.5 kb 3of the mousd&PO gene. Semenza and
- [ ot colleagues(0,29,30) studied theisregulatory elements in thé 5
BEE D and 3-flanking sequences of the huntaRO gene by generating

transgenic mice carrying 0.4, 6.0 or 14 kb of thdlabking

- J4%
sequences and 0.7 kb of thdl@nking sequence. These transgenic

b ko o . 25 mouse models suggested thatdiseacting sequences involved in
hepatic and renal expression are different. The expresdPCof

M Kd in the kidney appeared to be dependent on the sequences betwee

33 K = 6.0 and 14.0 kb'®f the human gene. A recent report by Magtan

al. (31) also suggested that for appropriate tissue-specific expression
of the humarEPO gene, at least a 9.5 kbftanking sequence and

Figure 8.Determination of molecular weights by UV cross-linking coupled with an 8.5 kb Sflankl_ng Se_quence_ are requ"ed' .
SDS-PAGE analysis. THEP-labeled +588/+616 oligoduplex was incubated ~ OuUr transgenic mice, which carry the 6.5 Khfldnking
with nuclear extract from adult kidney, adult liver and fetal liver and sequence, the body of tBO gene and the 1.2 kb-Banking
elﬁctrophcr)]resed unlder the contéitionj (describt;cfl fo3r0EMSA. dFoIIowingdelectrosequence' expreEEZ ata higher level foIIowing hypoxia/ane-
oresis the wet gel was UV irradiated (254 nm) for 30 min and exposed to X-ray. .. : L . p .

fFi)Im. The bands corresponding to F1, F2, F3 and F4 complexespfrom differer;@la |_nd_uct|on in the adult kldney. thanin the adUIt.Ilve.r' However,
lanes were cut out from the gel and the protein~DNA complexes were extracte®CZ iS induced following hypoxia/anemia induction in both the
and analyzed by 14% SDS-PAGE under the conditions described in Material@dult kidney and liver of transgenic mice that carry the construct
and Methods. The protein-DNA complexes loaded in each lane are indicated gjithout the 1.2 kb '3flanking region (5lacZ-EPO). These
the top. The positions of the protein molecular weight standards are indicated Yosults suggest that the 1.2 Kiflanking region of the mouse
the right and the approximate molecular weights of the DNA—protein complexe% .
are indicated by an arrow on the left hand side of the figure. EPO gene appears to contain a sequence element that may be

involved in suppression &PO gene induction in the adult liver

in response to hypoxia/anemia.

. ._Transgenic mice generated with additioriabhd 3-flankin

[b2 and 56 kDa. As the 52 and 56 kDa proteins were found quen(?es (9.0 kb-gﬂanking, the body of the gene and 3_95 kb

replicate experiments to exist in an equal molar ratio in the F4l 4, 1ing sequence) of the mousBO gene showed induction
complex, it is possible that heterodimerization of the 52 and 0 liver following anemia induction1). It is possible that

kDa proteins is necessary to create the binding domain f
intera%tion with the 10 bp swequence The other posgsibility wou guence dovx_/r_wstream of the 1.2 khnGuseEPO_s equence may
: rbor an additional enhancer element(s), which through interac-

be that the 52 and 56 kDa proteins bind separately with t : . . . .
+588/+616 DNA probe and the resultant DNA—protein com%n of protein factors induced under anemic conditions can act in

o . i concert with the ‘3proximal hypoxia-responsive enhancer el-
plexe.s run at a similar electrophqretlc mob|I|ty|n EMSA. Th_e F%ment () to ove?gome supp);gssion ofpthe silencer sequence
protein—-DNA complex of adult kidney, adult liver and fetal liver esent in the 1.2 kb Begion

was composed of a major 36 kDa protein. In addition, the |-}HIaCZ expression in response to hypoxia and bleeding is 1.4- to

complex of adult kidney and liver was also found t0 bg g 141 5 11 7-fold and 2.2- to 3.9-fold when compared with
a}ccolmpangaq by agotherhprc?)’teseli?Dat a rela_tlvgly Igwﬁz C?:%C?nérﬁe normoxic level dacZ expression in the kidneys of transgenic
tion located just above the a protein band. The adylt - T , _
kidney) and F4 (fetal liver) protein—DNA complexes were 34 an ce carrying slacz, S-lacz-EPO and SlaczEPO3 con

33 kDa respectively. Although equal amounts of radioactivit¥| ructs respectively. The fold activationla€Z in response to

L B ypoxia/anemia is relatively lower than that reported for induc-
were loaded for all the protein-DNA complexes (F1-+4), thﬁ%n of endogenouBPO expression and inta&PO transgene
band intensities of the F3 and F4 complexes were relatively we

§

. : ression (50- to 100-fold) in response to hypoxd). (
fr?énggraeg(;/vgz tgr%{:elina—n[()jl\ll: '3 Zgnrrqlgllg((ii ch;zrﬁz?lgiugfﬁggﬁt %?wever, a recent report indicated that transcriptional induction

. f EPO mRNA accounts for only a 10-fold increase and
cross-linked as those of the F1 and F2 complexes. post-transcriptional stabilizationBPOmMRNA appears to be the
major mechanism of hypoxic induction of EP@2)( It is
DISCUSSION therefore possible that the hybtatZ—EPO mRNA is not as

stable as that oEPO mRNA and could account for the
Analysis oflacZ expression in transgenic mice lines carryingdifferences in hypoxia induction. This discrepancy in induction
EPOHacZconstructs and DNA—protein interaction studies of theould also be due to the presence of an additional hypoxia-respon-
1.2 kb 3-lanking sequence suggest that: (i) the 6.5 kb 5sive enhancer element(s) outside the boundary of the 6/5 kb 5
sequence, the body of BPOgene and 1.2 kB-Banking region  and 1.2 kb 3flanking sequences of the mo&d@Ogene used for
contain sufficientcis-acting sequences for tissue-specific eximaking theEPO-HacZ constructs.
pression of th&PO gene; (i) the 1.2 kb'&equence appears to By analyzing the 1.2 kb'-8lanking sequence, we identified a
possess a silencer sequence capable of suppressing hyp®tiA segment, +567/+657 [numbering with reference to the
induction of EPO in the adult liver; (i) a 10 bp sequence, poly(A) site as +1], downstream of the previously described
TCAAAGATGG, located downstream of the previously charhypoxia-responsive enhancer elemédr) that forms multiple
acterized hypoxia-rpsnsive enhancer elemeht)and withinthe  sets of protein—-DNA complexes in EMSA using nuclear extracts
1.2 kb 3 region interacts with different sets of protein factors fronfrom adult liver (F1 and F2 complexes), adult kidney (F1-F3
adult liver, adult kidney and fetal liver nuclear extracts. complexes), fetal liver (F2—F4 complexes) and adult brain (F1
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