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ABSTRACT Thef locus control regio3LCR), is located 5-20 kb upstream

_ i o ) of thef-globin gene locus and consists of four erythroid-specific
We have investigated the transcriptional regulation of DNase | hypersensitive site ). TheLCR can confer high
the human embryonic  {-globin gene promoter. First, level expression to a linkgt or a-globin gene in a position-
we examined the effect that deletion of sequences5 ~ "to  independent, copy number-dependent manner in transgenic mice
¢-globin’s CCAAT box have on  {-promoter activity in (2-6). A region with some of these properties has been localised
erythroid cell lines. Deletions of sequences between 40 kb 5 to the human-globin gene cluster. Like tfg.CR, this
—116 and -556 (cap = 0) had little effect while further region (HS —40) confers high levels of erythroid-specific expression
deletion to —84 reduced {-promoter activity by only to a linkeda- or Z-globin gene in transgenic micé-{.0).
2-3-fold in both transiently and stably transfected When a 70 kb fragment containing the whole ofctkgtobin
erythroid cells. Constructs containing 67, 84 and 556 bp cluster including HS —40 is expressed in transgenic mice, the
of {-globin 5 * flanking region linked toa  B-galactosidase  hymanZ-globin gene is developmentally regulated and matches
reporter gene (lacZ) and hypersensitive site —40 (HS —40) that of the endogenous mousglobin gene 11). This correct
of the human  a-globin gene cluster were then employed developmental regulation is also seen wherd-tijiebin gene is
for the generation qf transgenic mice. LacZ _expression attatched to an HS —4@ene fragmen®j as well as witlLCR
from all constructs, including a 67 bp ~ -globin promoter, and BLCR HS2 constructs1@,13). These results suggest that
was erythroid-specific and most active between 8.5 and developmental regulation is controlled by sequences in and
10.5 days pqst-fertlllsatlon. By 16.5 days gestation, around the-globin gene itself.
lacZ expression dropped 40-100-fold. These results Deletions of the-globin gene promoter in HZonstructs
suggest that embryonic-specific activation of the human have suggested that as little as 128 bp of the promoter are sufficient
¢-globin promoter is conferred by a 67 bp  {-promoter g confer embryonic expression on this gend. (Furthermore,
fragment containing only a CCAAT and TATA box. we and others have demonstrated that a 5&&jbgbin promoter

fragment is sufficient to confer embryonic-specific expression to

INTRODUCTION a linked lacZ reporter gen&((15). The sensitivity of this assay,

together with its ability to provide quantitative data on expression
The human haemoglobin molecule is encoded by genes within legels and intercellular variability, led us to use it to better define
a- andB-globin gene clusters. The-cluster consists of three the promoter sequences that confer embryonic expression.
functional genes arrangetig2-02-a1-3 at the tip of chromosome  In the present study, we first examined the effect that deletion
16p while theB-globin gene cluster consists of five functionalof progressive amounts gfglobin 3 flanking region had on
genes arranged'-&-Cy-Ay-3-B-3 on chromosome 11p. The Z-globin gene expression in transiently transfected versus stably
expression of genes within each cluster is regulated in a tissue- émeégrated erythroid cells{-globin promoter/lacZ deletion
developmental stage-specific manner to produce embryondenstructs were then employed for the generation of transgenic
(Qog2, a2ep, Coyo), foetal fioy2) and adult @2B2 and 028)  mice followed by analysis of lacZ staining pattern and expression
globins. While the mechanism(s) responsible for the co-ordinatéslels in transgenic embryos and foetuses.
expression of these genes is hypothesised to occur at the
transcriptional levell), little is known about the specific sequencedVATERIALS AND METHODS
W|th|n ;hese genes that may play a role in the regulation of tPBJNA constructs
switching process.

High level expression of tlie andB-like globin genes in stably To produce-globin/CAT constructs containing varying amounts

transfected cell lines and transgenic mice is dependent upoh(-globin 5 flanking regionBal31 digestion of-globin's 8
sequences located far upstream of each respective gene clufitaiking region was employed as previously describEg). (
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EH.5 of transgene determined as previously describ@d lemizygous
.l =20 o 20 a0 lines were established by mating transgenic founders toGEHN
L = B F1 mice.
Ae L _____._____!_.7 To generate transgenic foetuses containireg@globin promoter/
= T lacZ construcy575/lacZ/HS —40 was cut witksy 18 ancHindlll.
'Bi! Pl €4 - The released fragment was purified as previously descfibed (
ST _,E,_ OO0 ,._._._;_1._-_1._.--“1!.;,1,,1-,“;”-“-“\(-“;.x-m.x;.f and injected into fertilised F1 eggs followed by embryo transfer
| |'4.:.l:"\l"\l:'-C'Il;,iI'.1.I.'-TJ..\.l:ilul:iI.i'-I.I.l.'II.q.iiJ.H.J.'!u.'\.uL'.'-iT-'\ll.'l'-'\l.r'- into pseudo-pregnant pathology outbred (PO) mice. After 16.5 days
3! g!, ' of gestation, the foetuses were removed and subjected to lacZ

analysis (see below).

Histochemical analysis of-promoter activity in transgenic
embryos and foetuses

Transgenic males from each line were mated to female wild-type
556 ;5 _ F1 mice. The appearance of a vaginal copulation plug was
c [t T e considered day 0.5. At day 8.5-9.5 post-fertilisation, whole embryos
) were fixed and assayed for lacZ activity employing 5-bromo-4-
o, ] T I ¢ o chloro.—3—indoyIB-D-gaIactopyranoside (X—ga!)'as previously
described0). To assay fof-globin promoter activity at day 16.5,
LT . transgenic foetuses were identified, their livers removed, fixed and
E = £ | KED subjected to lacZ analysis as above. Whole embryos and livers
e were photographed on a dissection microscope. For more detailed
F. | CAT * MED histochemical analysis, embryos and livers were embedded in
paraffin, sectioned (Bm) and counter stained with cresyl violet
or eosin.
Figure 1. (A) Humana-globin gene locus showing the position of erythroid To ana|ys@575/|acZ/HS -40 expression, livers from 16.5 day

specific HS —40 (E.H.S.) and the sequence of 88 bp of h{xgiahin 5 flanking : :
region.{-globin promoter/CAT/HS —40 constructs containiBy @, (C) 556, old transgenic foetuses were removed and fixed, followed by

(D) 195, E) 116 and ) 84 bp ofZ-globin 5 flanking region. incubation in X-gal as previously describ&d)( _
To determine the percentage of lacZ positive cells in the blood

of transgenic embryos and foetuses contaiaingr {-globin/
¢-globin 8 flanking regions containing 84, 116, 195 or 556 bp ofacZ/HS —40 constructs, peripheral blood from 10.5 and 16.5 day
DNA (cap = 0) were ligated into tifema site of the vector old embryos and foetuses was isolated and stained with X-gal as
pCATO (16). A 4 kb Hindlll fragment BanHI linkered)  previously described ). The number of lacZ positive cells were
containing HS —40 was then cloned into BaerH| site of each  counted employing a haematocytometer.
construct. To employ these constructs for the generation of stable .~ . .
erythroid cell lines, a 2.7 kb fragment containing the SV40 ear'%‘am'tat'on of {-promoter/lacZ/HS —40 expression

and late promoter driving Neo resistance was cloned into ti#!fing development

Hindlll sites of the above CAT constructs (Fi,). _In order to quantitaté&-promoter/lacZ/HS —40 expression levels
The construaf556/lacZ/HS —40 has previously been describeduring development, peripheral blood from 10.5-16.5 day old

(10) (Fig. 3B). To produce the constru¢B4/lacZ/HS —40, a transgenic embryos and foetuses was obtained as above. Blood
Pst-Sty restriction fragment containing 86 bp &@lobin 3 celis were pelleted by centrifugation and re-suspended in 250 mMm
flanking region (cap = 0) was isolated from the vector pCATEZyis pH 7.5. The cells were subjected to freeze—thaw three times
(16). The fragment was blunt-ended with T4 DNA polymerasgo|lowed by a 10 min centrifugation in a microfuge. The supernatant
and cloned into th&ma site of pGEM 7Z(f)+. The insert was was removed and assayed for protein concentration using a
then excised witlBty—EcdRl, blunt-ended with Klenow and BjoRad protein assay kit. Analysis of lacZ activity in extracts was
cloned into the blunt-endétindlll site of the vector lacZ/HS —40 performed as previously reported),
(Fig. 3C). To quantitate lacZ activity i575/lacZ/HS —40 transgenic

To produce the construéé7/lacZ/HS —40, complementary foetuses, blood from 16.5 day old transgenic foetuses was isolated
oligonucleotides containing #s¥18 site followed by 67 bp of and lacz activity assayed as above.

¢-globin 5 flanking region (cap = 0) were annealed and ligated into_ .
the blunt-endedindlll site of the vector lacZ/HS —40 (FigD). Tissue culture and transfection

The constructa575/lacz/HS —40 was produced by first k567 cells were maintained in DMEM supplemented with 10%
excising a 575 bp humanglobin promoter fragment (cap = 0) foetq) calf serum, 100g/ml penicillin, 100 U/ml streptomycin

cloned into theincll/Pst site of pUCY wittPvul-BanHI. The 4,4 2 mM glutamine. Putko cells were maintained in RPMI 1640
fragment was blunt-ended with T4 DNA polymerase and Clone;cﬂpplemented with 10% foetal calf serum, igfml penicillin
into the blunt-endeHlindlll site of lacZ/HS —40 (FigBE). and 100 U/ml streptomycin.

Generation and screening of transgenic mice Pools of K562 clones stably transfected Wibromoter/lacz/

HS —40/Neo constructs were generated as previously described
Transgenic mice were generated by micro injection of linedf8). For transient transfections, Putko cells were electroporated
DNA fragments into pronuclei of fertilised eggs from CB857  with {-promoter/lacZ/HS —40 constructs as previously described
crossesX7). Transgenic progeny were identified and copy numbef9). Plasmid pIRV Z0) (5ug) was employed as a co-transfection
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Figure 2.CAT assays from erythroid cells stably) @nd transiently transfected e i
(B) with ¢-globin/CAT/HS —40 deletion constructs containing 556, 195, 116
and 84 bp of-globin 3 flanking region. CATO is a promoterless background E. =57 ful’ Kpai
control. CAT activity represents an average from four independent pools of r - i __l_|
stably transfected K562 cells (>100 clones per pool) per construct and fou e Feairi

independent sets of transiently transfected Putko cells per construct.

Figure 3. Structure of lacZ/HS —40 expression constru@$. Expression

. . asmid pSDKlacZpa containing an SV40 poly A site and HS —40. pSDKlacZpa
control. Forty-eight hours after transfection, cells were harveste@<pressi0n constructs containim) 656, C) 84 and D) 67 bp of-globin 5

and extracts produced as above. CAT and lacZ analysis Wagnking region. E) pSDKlacZpa expression construct containing 575 bp of

performed as outlined in Pondglal. (19). humana-globin B flanking region.

RESULTS

{-promoter activity in transiently and stably transfected Histochemical analysis of lacZ expression in transgenic
erythroid cell lines embryos and foetuses

We previously showed that deletion of sequencestbe human In the developing mouse, erythropoiesis first occurs in yolk sac
a-globin CCAAT box caused a significant decrease-giobin  blood islands between 8 and 14 days gestation. Megksbin
promoter activity when linked to HS —40. Interestingly, thisexpression at this site reaches its peak.&tdays of development
decrease in expression occurred in stably but not transienéipd then gradually decreases to almost undetectable levels by
transfected cellsL@). In order to determine how much sequence 5-16 days of gestatioB3). We previously showed that 556 bp
5' to the-globin gene was required to give readily detectablef humart-globin 5 flanking region linked to lacZ and HS —40 was
expression,{-globin/CAT/HS —40 deletion constructs were sufficient to direct a similar pattern of lacZ activity in transgenic
employed for the generation of stably transfected erythroid ceflice (LO). In order to more clearly define sequences that direct
lines (Fig. 1B—F). Since HS —40 does not confer completembryonic specific expression of the huntaglobin gene,
position independent expression to a linkedlobin gene transgenic lines containing 556, 84 or 67 bp of huérglobin
(8-10,15), CAT assays were performed on extracts from pools & flanking region linked to lacZ and HS —40 (556, 84 and
G418 resistant clones (>100 clones per pool). By analysing CAl7/lacZ/HS —40) were generated (Fp.Southern blot analysis
activity from complex pools of clones, the effect position ofdentified six transgenic lines containing 12—150 copies of the
integration has od-promoter activity should be averaged out{84/lacZ/HS —40 construct and nine transgenic lines containing
amongst the clones. The results of these experiments are depicteBHBOO copies df67/lacZ/HS —40 construct (Taklg). Embryos
Figure2. Deletion of sequences between —116 and —556 (cap =f@m three lines containing84/lacZ/HS —40 and two lines
caused no significant decreasé-oromoter/CAT/HS —40 activity. containing the{67/lacZ/HS —40 construct showed no lacZ
When an additional 32 bp were deleté84(lacZ/HS —40), a activity (Tablel1A). Southern blot analysis did not reveal any
2-3-fold drop in promoter activity was observed. obvious rearrangement or deletion of the above constructs in
When the above constructs (minus SV40-Neo) were transientlyese mice suggesting that the absenéepobmoter activity is
transfected into erythroid cells, the effect of the deletions odue to position effects. Two transgenic lines containing 12 copies
(-globin promoter activity was similar to that found in stablyof { 556/lacZ/HS —401(0) were employed as a control for correct
transfected cells. This contrasts results reported by Satbalth developmental regulation.
(21) who found that the deletion of sequences between —207 and he results of X-gal staining of transgenic embryos can be seen
—417 caused a 95% decreasépromoter activity in transiently in Figure 4. In 8.5 day old transgenic embryos containing
transfected erythroid cells. These conflicting results may be d4é7/lacZ/HS —40 of556/lacZ/HS —40, lacZ expression formed
to the use of different reporter genes or different cell lines. As oarring around the yolk sac corresponding with the position of
results suggest that sequence® §-globin’'s CCAAT box may blood islands formed at this stage of development4Rignd D).
not be required for high level expression of a reporter gene in eitligy 9.5 days post-fertilisation, lacZ activity was observed in the
transiently or stably transfected erythroid cells, we examined thood vessels covering the yolk sac of embryos with either
expression of similar small promoter constructs in transgenic miegnstruct (Fig4B and E) as well as in the blood vessels of each
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Figure 4. Histochemical analysis of lacZ expression during embryonic development. X-gal staining of whole embryos &%86itang/HS —40 aty) 8.5 days
and B andC) 9.5 days. X-gal staining of embryos containi6g/lacZ/HS —40 at¥) 8.5 days andq andF) 9.5 days.® andH) Sections (5um) from 9.5 day old
embryos containing556/lacZ/HS —40 o£67/lacZ/HS —40, respectively. Mhaternal decidu&('S, yolk sac; H, heart.
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Table 1. transgenic embryos and foetuses was isolated. Half of each
A B T pesiive celis Bl seEALy rliiree Brotels sample was employed for histochemical staining and the other
Ling o d10.8 P A=Y die.s half for quantitativg-galactosidase assays. We observed a marked
=4 7 0 . Ieaamao: BOEOL variation (0.1-100%) in the percentage of lacZ expressitiy eid
- 1 i as P e B 44 cells in 10.5 day old embryos from different transgenic lines
ge-d ] <10 N 220 o _(Table _1A). This variation was consistent even aft_gr o_vernight
845 15 Ho e 0 o incubation of blood in ngal. By de_ly 16.5 post-fertilisation, the
671 si0 ro KO SO ) percentage of lacZ positive cells in peripheral blood from all
S i Ty TgRlic-YRERE IR TAZE transgenic lines dropped significantly. In contrast, day 16.5
i : g - e a peripheral blood from all transgenic foetuses containing the
a7 1 TEELINE 15205 1MOid0  20she cx57§/lacZ/HS —40 construct showed high proportions of lacZ
:za_g 3 _".-.".-Itus.l.: K ?';hj-l'-.li'f Mo positive cells (TabléB). _
Robertsoret al (15) reported that expression &fpromoter/
lacZ/HS —40 constructs in erythroid cells of transgenic mice was
g : on. it bi-modal (on/off). In contrast, we see heterogenicity of intercellular
Txamaach ik £l lacZ expression (data not shown) in all of our transgenic mice.
-l 7] i5 This suggests thgtpromoter activity is variable in the erythroid
et ;E EE cells of any given transgenic mouse.

LacZ assays on peripheral blood lysates showed-tjlabin
promoter activity was highly variable between different transgenic
€-promoter/lacZ/HS —40 copy number, quantitative lacZ assays and % of lacZines (TablelA). Expression levels in each line did not appear to
positive cells in peripheral blood @k embryos (d10.5) and foetuses (d16.5) be correlated with copy number. However, statistical analysis
gom t'?j;‘sge”ic lines Comain"@%l' 524 ande67/ 'gﬁg”s‘w (ND= o r(%vealed a significant correlatio €0.911) between the number

etected). Data represents average lacZ activity in transgenic embryos al L . .
foetuses from eaclil transgenic Iir?e. (B) foetust)és (d16.5) cont%&?ﬁjacZ/ry 8 lacz ppsmve cells and lacZ expression levels in 10.5 day old
HS40. LacZ activity is reported in mU/mg of protein. transgenic embryos. By 16.5 days of development, lacZ express-
ion in peripheral blood of all transgenic lines dropped significant-
ly. In contrast, peripheral blood from transgenic foetuses

embryo (Fig.4C and F). After sectioning, staining was agair‘containing0(575/IacZ/HS —40 showedandant levels of lacZ

observed to be limited to the erythroid cells in the yolk sac, tr@(pression in cell lysates (TatiB).

heart and various blood vessels (FIG and H). Transgenic T : . o

. 0 carry out a more detailed analysis{gbromoter activity
%mbtr_y OT’ th"f[ltt cont?med it .I/ Iacﬁ/ ":S _4,[0 chonstructshowed ar]during development, additional lacZ analysis was performed on five
identical pattern of expression (data not shown). high-level lacZ expressing transgenic lines at four developmental

m;?ﬁg‘;gggecsiigg %imoﬁlf??gntﬁ;%:girogtgu&":gﬁﬁ}’gé%ﬁ’éﬁtjg]e points (Fig6). Peripheral blood lysates from all transgenic
from the yolk sac to the foetal liver. We previously showed '[hﬁyes analysed showed a 2-3-fold reductidjmomoter activity

. - 12.5 days post-fertilisation. By 14.5 days of development, lacZ
ﬁ\)/(grregf'ct’;;rsrgﬁii/ lfg)Z/ ?c? :ji(t)e\:vrﬁisnzuFi)fpr:xssriisl?o:]hefrféﬁt xpression dropped on average, 11-fold. An additional 7-fold
167/lacZ/HS _940 and8 4./IacZ/HS 40 was alsg suppressed rop in lacZ acti\_/ity occurred between 145 and 16.5 days of
foetal sta f devel i f 165 784 and evelopment. Thl_s pattern of suppression matches that of the

ges of development, livers from 16.5¢6¢84 and = o 454en0ug-globin gene as well as that of the intact human
(556/lacZ/HS —40 transgenic foetuses were removed, fixed a@_ lobin gene in transgenic mic&9)
incubated in X-gal. Transgenic foetuses contaigti (Fig.5A '
and B) or{67/lacZ/HS —40 (FighC and D) showed little to no
lacZ expression in the foetal liver. Similarly low levels of lacZDISCUSSION
expression were observed in the foetal livers of mice containing
the{84/lacZ/HS —40 construct (data not shown). During normal mouse development, expression of #yebin

To serve as a positive control for foetal g|ob|n gene expressi(ﬂﬁ’ne is essentially limited to the primitive erythroid cells produced
the construct575/lacZ/HS —40 (Fig3E) was produced and in the blood islands of the embryor]ic yolk-sac. The results
injected into fertilised eggs. Shargeal. (8,9) showed that the Presented here demonstrate that as little as 67 bp of the human
humaro-globin gene when linked to HS —40 is active in the foetal-globin promoter, in the presence of HS —40, appears to be
liver. After 16.5 days of gestation in pseudo-pregnant PO femaléifficient to confer embryonic stage specificity on a linked lacZ
the foetuses were removed and individual livers assayed for latgporter gene. Erythroid specific, high level expression of the
expression. LacZ expression in a foetus contarfii@/lacZ/HS ~ reporter was observed in embryonic erythroblasts in several lines
—40 was evident throughout the liver (F§.and F). The above Of transgenic mice. LacZ expression levels declined 40-100-fold
results suggest, therefore, that sequences present within 67 bpy#ay 16.5 of gestation. These results extend those of abhth
Z-globin B flanking region are sufficient to direct embryonic (14) who obtained similar results witl{ aylobin gene containing
specific activation of thé-globin promoter 128 bp oft-globin 5 flanking region, albeit under the control of
the BLCR HS2.

Robertsoret al (23) have also usetpromoter/lacZ/HS —-40
constructs and reported a much smaller decrease in expressior
(only 1.5-15-fold) between days 12.5 and 17.5 witlg thiebin
To determine the degree to whiéhpromoter activity was promoter truncated to either —550 or —127 bp. However, in these
suppressed at foetal stages of development, peripheral blood froases, the HS —40 fragment was in the opposite orientation

Quantitative analysis of lacZ expression in transgenic
embryos and foetuses
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Figure 5. Histochemical analysis of lacZ expression in foetal livers. X-Gal staining in whole liverspan@géctions from transgenic foetuses containing
(A andB) {67/lacZ/HS —40¢ andD) {556/lacZ/HS —4QE andF) a575/lacZ/HS —40.
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promoter that direct its embryonic-specific transcriptiongiac
Alternatively, the¢-globin CCAAT and/or TATA box may be
interacting with developmental stage specific transcription factors

. e e that regulate the switching process. Our delineation of a small
= WL region capable of directing correct temporal transcriptional
£33 wd Mgy activity of theZ-globin promoter should facilitate the identification
35 i L 5;'3 of such sequences or core promoter elements. We will then be in
=E w e a position to study their interaction with nuclear regulatory factors
b4 f that play an important role in directing theto a-globin switch.

) =
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