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Locus control region activity by'51S3 requires a functional interaction
with -globin gene regulatory elements: expression of novel
B/y-globin hybrid transgenes

Joel E. Rubin, Peter Pasceri, Xiumei Wu, Philippe Leboulch, and James Ellis

The human B-globin locus control region
(LCR) contains chromatin opening and
transcriptional enhancement activities
that are important to include in  B-globin
gene therapy vectors. We previously
used single-copy transgenic mice to map
chromatin opening activity to the 5 'HS3
LCR element. Here, we test novel hybrid

genes. To identify the B-globin gene
sequences required for LCR activity by
5'HS3, we linked the 815-bp B-globin
promoter to A y-globin coding sequences
(BGT34), together with either the  B-globin
intron 2 (BGT35), the p-globin 3’ en-
hancer (BGT54), or both intron 2 and the
3’ enhancer (BGT50). Of these trans-

B-globin intron 2. We conclude that LCR
activity by 5 'HS3 on globin promoters
requires the simultaneous presence of
B-globin intron 2 sequences and the
260-bp 3’ B-globin enhancer. The BGT50
construct extends the utility of the 5 'HS3
element to include erythroid expression

of nonadult B-globin coding sequences in

transgenic animals and its ability to
express antisickling  +y-globin coding se-
quences at single copy are ideal charac-
teristics for a gene therapy cassette.
(Blood. 2000;95:3242-3249)

genes, only BGT50 reproducibly ex-
presses A «y-globin RNA (including 7 of 7
single-copy animals, averaging 71% per
copy). Modifications to BGT50 show that
LCR activity is detected after replacing
the B-globin promoter with the 700-bp
A+vy-globin promoter, but is abrogated
when an AT-rich region is deleted from

globin genes to identify  B-globin gene
sequences that functionally interact with
5'HS3. First, we show that an 850-base
pair (bp) 5'HS3 element activates high-
level B-globin gene expression in fetal
livers of 17 of 17 transgenic mice, includ-
ing 3 single-copy animals, but fails to

reproducibly activate A +y-globin trans- © 2000 by The American Society of Hematology

Introduction

One difficult aspect of gene therapy is in reproducibly obtaininmtegrate at single copy, it will be crucial to characterize the gene
high-level, tissue-specific, and long-term expression from genpximal cis-acting sequences that functionally interact with the
transferred into stem cells® Because commonly used retrovirusLCR to make any given expression cassette LCR-responsive.

and adeno-associated virus (AAV) vectors integrate at single copy, LCR activity is operationally defined as the ability to direct
their transduced genes should be regulated by tissue-spedifigh-level position-independent transgene expression in mice and
elements that function at single copy. Locus control regions (LCR®quires 2 functions: chromatin opening activity that directs
are well suited for this task, as they direct reproducible expressibbansgene expression at all integration sites and transcriptional
from all integration sites and transgene copy numbers. Fenhancement activity that boosts levels of transgene expres-
example, the humam-globin LCR directs high-leveB-globin  sion1416In the humarng-globin locus, DNA elements that confer
transgene expression in erythroid cells of transgenic mice, regatdzR activity are located 6 to 18 kilobase (kb) upstream of the
less of the integration site, in genefaLCRs have also been e-globin gene and comprise at least 4 DNasel hypersensitive sites
identified in other tissue-specific loci such as the chicken lysozynidSs) that are developmentally stable and erythroid spéefcifit®
locu$ and immunoglobulin mu locusHowever, simple addition Analysis of the humag-globin LCR using linked cosmid or yeast

of minimal LCR elements to a transgene does not necessarily resitificial chromosome (YAC) transgenes in mice, in which indi-
in reproducible expression at all sites and copy numbers. In facidual HSs have been deleted or replaced with other HS elements,
recent findings show that LCR activity requires linkBeblobin indicates that each HS contributes to LCR activity and may
gene sequences, and suggest that the utility of the LCR is limitedggnergize via DNA looping to form a holocomplék?®In contrast

the expression oB-globin. For example, the fulB-globin LCR to the transgenic approaches described above, deletion of HSs by
cannot confer reproducible transgene expression in mice on otlgene targeting suggests that the LCR is not required for chromatin
gene sequences, such as thacZ marker gené? y-globin opening of the endogenous murine or hungaglobin loci?27
geneg 1! or evenB-globin genes that lack a’ &lement?21¥To These findings have prompted some researchers to look for
successfully use LCR elements in gene therapy vectors tleatditional regulatory elements upstream of the known murine and
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human LCR#% and to propose alternative binary/linking models foelement, and are required for reproducible single-copy transgene

LCR function1429 expression. In addition, we have extended the utility of the
The ability of small LCR elements to open chromatin at ectopig-globin LCR to include expression of theyAglobin gene. Such a

sites and direct high-level transgene expression has great pronfisg-globin hybrid gene with single-copy expression characteristics

for gene therapy. Our studies have revealed that chromatin openisiifeally suited for gene therapy of sickle cell anemia because the

by the B-globin LCR does not require all 4 HSs. We have useg-globin protein has better antisickling properties tigaglobin#

single-copy transgenic mouse lines to map chromatin opening

activity to a 1.9-kb BHS3 element when it is linked to tigeglobin

gene® but expression levels are reduced to about 26% pkaterials and methods

copy. DNasel digestion experiments demonstrated thEISS,

but not BHS2, could open chromatin at all integration site

tested®® However, this study did not indicate whethéH®3 was Transgene constructs were derived from the plasmids pGSE%£758,

sufficient for reproducible single-copy transgene expression pBGT1437p14143and pAy-globin (provided by S. Philipsen). pGSE1758

whether this element requires a functional interaction \Bithlo-  contains a polylinker Sof the 4.2-kbHpal-EcoRV -globin gene fragment

bin gene sequences. regulated by the 815-bp promoter. pBGT14 contains a 3.0-kb LCR cassette
There are several candidate regulatory elements within tRgd the 4.2-kbHpal-EcoRv B-globin gene fragment regulated by the

B-globin gene that might conceivably interact with#53 to confer 815-/bp promoter. The 3.0-kb LCR contains the 1.158ki}-Spé fragment

LCR responsiveness. These include fhelobin promoter ele- of 5'HS4, the 0.85-kbSad-Pvul fragment of BHS3, and the 0.95-kb

. . . . Sma-Stu fragment of BHS2. p141 contains &nal-Pst B-globin gene
ment?! the intragenic enhancéy?2and matrix attachment region g P k-9 g

33 i 1323435 - fragment that includes a 372-isd-Rsd deletion in intron 2.
(MAR)® in intron 2, and the 3enhancef!32335The B-globin BGT9 was constructed by inserting the 850%gd-Pvul fragment of

promoter and enhancers have been extensively analyzed, but t88iis3 into theXhd site of pGSE1758 usinghd linkers. The 5.0-kb
role in LCR activation has not been systematically evaluated iransgene was purified as EooRV fragment.

single-copy transgenic mice. The miningaglobin promoter maps BGT26 replaces all thB-globin gene sequences in BGT9 between the
to a 103-base pair (bp) fragment that is inducible by the LCR iBal-Xbd sites with the 4.3-kiBsgHI fragment of Ay-globin by blunt end
stable transfection studies and that has been fully footprinted figiation. The 5.2-kb transgene was purified a€aoRV fragment.
transcription factor binding sité8.We previously noted that the =~ BGT34 inserts the 1.9-khicd—Hindlll fragment from Ay-globin into
265-bpp-globin promoter commonly used in gene therapy vectOItE,e Ncad-EcaRV sites of BGT9 using arNth linker at the incompatible

. . L Hindlll and EcoRV overhangs. The A-globin sequences extend from the
does not direct reproducible expression in single-copy transge

. ) 'ATG translation start site located at thed site used for subcloning, to
mice regulated by a 3.0-kb (8S2-4) LCR cassett€.In contrast, 375-bp 3 of exon 3, including the polyA site but not theyAglobin 3

the same LCR cassette directed single-copy expression from th@ancer. The 3.7-kb transgene was purified dscaRv-Nhd fragment.

815-bpp-promoter. Similarly, LCR activation of multicopy-glo- BGT35 inserts thed-globin intron 2 sequences asBanHI-EcoRrl

bin transgenes is dependent on the length of+kgobin pro- fragment into the compatibl®anHI-EcoR| sites of BGT34. These

moter3® These findings suggest theis-acting sequences in proxi- changes also replace 4yAglobin codons (101-104) witB-globin exon 2

mal globin promoters may have a role in LCR activation ansequences, and 16vAglobin codons (105-119) witlB-globin exon 3

should be included in gene therapy cassettes. sequences. Of these Beglobin codons, 17 encpde the same amino-acid as
With regard to the3-globin enhancers, we have recently showf\y-globin. The 3 altered codons are described in the text. The 3.7-kb

that reproducible expression from single-cdpylobin transgenes Ta1Sgene was purified as BBoRV-Nhd fragment.

regulated by a 4.0-kb (B1S1-4) LCR cassette requires 1.65 kb OEC

3’ sequences .that 'nCque the known.ZGO-Bf:gIobln 3 €N~ fragment containing thp-globin 3 enhancer was cloned into théhd site

hancer? In addition, deletion of th@-globin 3" enhancer in YAC sing linkers. The 3.9-kb transgene was purified @ahfragment.

transgenic mice causes a reductiongiglobin gene expression,  BGT54 contains the 3.0-kBlal-EcoRI fragment of BGT34 linked to

indicating that the3-globin 3 enhancer influences globin switch-the 850-bpEcaRI-Clal fragment of BGT50. The 3.9-kb transgene was

ing.13 These in vivo data suggest thdtsequences may have a rolepurified as &Clal fragment.

in LCR activation by 3HS3 and should also be included in gene BGT76 contains the 2.1-kBlal-BanHI fragment of BGT26 linked to

therapy vectors. This conclusion differs from earlier studig§€ 1.7-kbBamHI-Clal fragment of BGTS0. The 3.8-kb transgene was

showing that thep-globin gene enhancers have no role iffurified aslal fragment.

LCR-mediated induction of the promoter in stable transfectiog, BGTE4 contains the 2.2-kiClal-Bantl fragment and the 820-bp

. . - . oRI-Clal fragment of BGT50 linked by the 540-bpanHI-EcoRl
6,39,40
studies and that led to their omission from mogtglobin B-globin intron 2 fragment of p141. The 3.5-kb transgene was purified as a

gene therapy vectof8:*3 The importance of3-globin intron 2 cja fragment.
sequences (that include the intragenic enhancer and MAR) for LCR
activity by 5HS3 has yet to be determined in transgenic mice.
In this study, we show that an 850-bpH53 element confers
reproducible expression on a link@dglobin transgene in mice. Transgene DNA was prepared using Plasmid Maxi Kits (Qiagen, Santa
However, BHS3 is incapable of similarly activating a linkedClara, CA). Transgene fragments were liberated from their plasmid
A~v-globin transgene, demonstrating a requirement@aglobin backbones by digestion with the stated restriction enzymes. DNA fragments
sequences in the reproducible activation of transgenes by W recovered from 0.7% Tris-Acetate-EDTA (TAE) agarose gel slices
element. To identify the critica-globin gene sequences Weusing GeneClean Il or GeneClean Spin Column Kits (Bio101, Vista, CA)

. . . S and Elutip-d columns (Schleicher and Schuell, Keene, NH), and resus-
replaced A-globin sequences with various combinations of candb- nded in injection buffer (10 mmol/L Tris-HCI pH 7.5, 0.2 mmol/L

date. B-globin re.gulatory elements. Thgse hybrid transgenes @b jenediamine tetraacetic acid [EDTA]). DNA concentration was deter-
retain the Ay coding sequences and are linked to the 85088  mined by comparison with DNA standards run on agarose gels, and the
element. We show here that tigeglobin intron 2 and 260-bp’3 injection fragment was diluted to 0.5-1 ng/uL in injection buffer. The
enhancer are involved in LCR activity mediated by tH&1S3 diluted DNA was prespun for 20 minutes and aliquots removed for

glasmid construction

BGT50 contains a polylinker at thelhd site of BGT35 that adds
oRV, Agd, andClal sites 3 of the hybrid globin gene. The 260-5st

Generation of transgenic mice
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microinjection into fertilized FVB mouse eggs. Injected eggs were tranand run on a 6% sequencing gel as descriBeBrobe excess was

ferred into recipient CD1 female animals. Fetal mice were dissected 1%5l8monstrated by including a sample that contains 3 pg fetal liver RNA.

days after injection and DNA extracted from head tissue while the fet8pecific activities of humamB-globin (HB) or human Ay-globin (Hy)

livers were saved frozen in halves for future analysis. Head DNA waslative to the mousp major (MB) probe is described for each S1 nuclease

extracted by Proteinase K digestion overnight, a single phenol/chlorofoerperiment in the corresponding figure legend. The protected 170 nucleo-

extraction and isopropanol precipitation. Transgenic fetuses were identifiade (nt) Hy, 160 nt H3, and 95 nt MB bands were quantified on a Molecular

by slot blot hybridization with the 5S3 probe, using standard proceduresDynamics Phosphorimager and the percentage expression levels calculated
according to the formula (Blory/ MB) X 100% and corrected for specific

DNA analysis activity differences between the probe preparations. Expression per trans-

Southern transfer and hybridization were by standard procedures. Cogg—ne copy was calculated as (2pMgenes/number Bl or vy trans-

number determination was performed using a Molecular Dynamics PhG&ENES)< (% expression) / (% transgenicity) 100%.

phorlmager (Sunnyvale, CA). Single-copy animals showed a single random-

sized end-fragment iBanH!| and EcoRl| digests, hybridized with the

5'HS3, B-globin intron 2, or Ay-globin 3 probes (Figure 1; Fragments Results

A-C). With multicopy animals, the intensity of the end-fragment was

defined as 1 transgene copy and was used to calculate the copy numbérfdetermine whether the 850-bpHS3 element can direct
the multicopy junction-fragment in the same lane. The intactness of thégh-level position-independent transgene expression when linked
transgene in the DNA sample was verified by Southern blot analysis using the 8-globin gene, we created the BGT9 construct (Figure 1).
sets of digests, 1 for'Sntactness and 1 for'3ntactness, appropriate for ThepB-globin gene sequences in BGTY include the 81&-gobin

each construct. The resulting fragments were hybridized to eitht8% f)romoter, the entirgd-globin coding sequences, including both

B-globin intron 2, or Ay-globin 3 probes. Nonintact transgenes were no p : . -
included in the calculation of copy number. Mice that were mosaic for thntrons, and 1.65 kb of ‘3sequences, including the 260-bp 3

transgene were excluded from the study after demonstration ofinsignificﬁﬁglObIn enhancer. To determine whether the 850-5piSB

transgene contribution to fetal liver DNA by Southern blot analysis. element requireg-globin gene sequences for such LCR activity,
we also linked it to the A-globin gene (BGT26 construct). BGT26
RNA analysis includes the 700-bp #4xglobin promoter, the entire »globin

Fetal liver (embryonic day 15.5) RNA was extracted using Trizol Reageﬁpdmg Squence§, including bf)th introns, and 2.0 kb of 3

(Gibco BRL, Gaithersburg, MD), 1 pg was hybridized tp-3gP]ATP- sequences, including thé &y-globin enhancer.

labeled double-stranded®NA probe for humarg-globin detectior?! or a . o

[a-32P]dATP-labeled double-stranded BNA probe (theEcoR| fragment ~Generation of transgenic mice

containing exon 3) for detection of humanyAjlobin*® A [y-*P]JATP-  These DNA constructs were purified as linear fragments and

labeled double-stranded[BNA probe was used for mougglobin major  microinjected into fertilized FVB mouse eggs to create transgenic

d,etecnon as a Ioa(_img contiél. RNA/DNA hyb”ds were subsequently mice. The fetuses derived from these eggs were dissected at

digested with 75 units S1 nuclease (Roche Diagnostics, Laval, PQ, Canagr‘ﬁbryonic day 15.5 and genomic DNA extracted from head tissue,
while the fetal livers were frozen in halves for future analyses.

Prom AT Enh Enh Positive transient transgenic founder animals were identified by
‘ ‘ ‘ 'v slot blot hybridization, and transgene copy number subsequently
BGTY [ |l —  gcne deduced by genomic Southern blots after digestion &R and
A U’ B G BanHI, which we have previously shown can unambiguously
BGT26 [} {H1 } ¥ gene identify junction fragments that define single-copy transgenic

C mice3” All founder animals were characterized to determine
BGT3 [ ! CH ] whether they harbored intact transgenes by Southern blot analysis
¥ -

with multiple diagnostic restriction enzymes (Southern data not

‘ ‘ v'v shown). Finally, the proportion of transgenic cells in the fetal liver
BGT35 [ e - o — was compared with a bred line control by Southern blot analysis.
‘ ,', DNA derived from half of the frozen fetal livers was digested with
BGTS54 [ e H — | Acd (BGT9) or Pst (Avy-globin transgenes) and the transgene
. ‘r ‘ detected by thg-globin intron 2 or 3HS3 probes, respectively
BGTS0 ) ) 'm ! (data not shown). Only animals containing at least 1 intact
$ transgene were analyzed and highly mosaic animals (less than 10%
@ transgenic cells in the fetal liver) were excluded from this study.
BGT76 | —_H Dﬁl l—i
‘ ‘ ‘ Requirement for B-globin gene sequences
BGT64 [ sl 1 o s | Expression from BGT9 and 26 was assayed in transgenic mice by

) , ) ) S1 nuclease protection analysis in the fetal liver of 15.5-day
Figure 1. Map of transgene constructs designed to determine the importance of t ientt . . For the BGT9 ¢ t .
specific human B-globin gene sequences in LCR activity conferred by the ransien ra_nSgemC mice. For the - construct, expression was
5'HS3 element. The sequences used in each construct are outlined in “Materiaisand ~ @analyzed using B and M3 probes (Figure 2). As a standard sample
methods.” The B-globin gene is indicated as a thick line with exons as black boxes.  for quantitation of HB RNA levels, we included fetal liver RNA
B-globin gene regulatory elements are indicated by black arrows and include the : : : 0,
815-bp B-globin promoter (Prom), the AT-rich region (AT) that coincides with a known from “D14 tranSgemC mice that express to apprOX|mater 100%
MAR and intragenic enhancer (Enh) located in intron 2, and the 260-bp 3’ enhancer  1€VEIS on a per copy basi$.The BGT9 construct expresses
(Enh) located downstream of the gene. Ay-globin gene sequences are represented  significant levels of humai-globin mRNA in 17/17 transgenic
orobe ragments cotespond to Xho ol fragment o 1S3 1 8679 (4, Bamss. TCC: EXpression from 3 of 3 single-copy BGTO mice ranges from

- i , - .

EcoRI fragment of B-globin intron 2 in BGT9 (B), and EcoRI-EcoRI fragment of 46% to 109% per copy of the MRNA’ demonstratlng that the

Ay-globin 3’ sequences in BGT26 (C). 850-bp BHS3 element directs reproducible single-copy transgene
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BGT 9 founders

Mouse N 35 8 138 97 30 116 122 84 110 127 100 125 87 96 136 95 82 D14
CopyNumber ¢ 1 1 1 2 3 3 3 3 4 5 5 7 9 10 12 12 12 1
% TGN 0

78 73 79 55 63 63 37 14 30 69 68 147 96 45 150 71 44 100

HB ==

Mp —

18 19 43 62 89 28 62 178 64 114 212 237275 254 900 329 535 53
46 52 109 112 94 30 112 445 85 66 104 46 64 113100 77 203 106

% Expression ¢
Per TgCopy 0

Figure 2. Expression of human  B-globin mRNA in transgenic mice containing
the BGT9 construct.  S1 nuclease analysis on fetal liver RNA of 15.5-day founder
BGT9 transgenic mice showing that BGT9 is expressed in all 17 animals, including 3
single-copy mice. These data show that the 850-bp 5'HS3 element can express
reproducible levels of B-globin transcripts. Relative specific activity of H3/MB probes
is 1:1. HB, human B-globin protected probe fragment; MB, mouse 8 major protected
probe fragment; N, nontransgenic; uD, 1 copy pD14 microlocus line (discussed
in text).
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activity. The remaining constructs are modifications of BGT34 that
all retain theB-globin promoter. BGT35 has a replacement of the
Av-globin intron 2 sequences wiftglobin intron 2. This adds the
B-globin intron 2 enhancer and MAR, but also alters 3 amino acids
in the Ay-globin coding sequences to their equivalents in the
B-globin gene (K104R, T112K, 1116H). These changes do not alter
amino acids known to be important for antisickling effetts.
BGT54 is essentially the same as BGT34 but with the addition of
the 260-bp B-globin 3 enhancer 375-bp downstream of the
Av-globin coding sequences. Finally, BGT50 contains both the
B-globin intron 2 sequences and the 260fsglobin 3 enhancer
inserted 375-bp downstream of theyAlobin exon 3. BGT50
also contains the 3 amino acid alteration in the-@lobin cod-

ing sequences.

Expression of 5 "HS3 B/y-globin hybrid transgenes
Expression from each of the'l3S3 B/y-globin constructs was

expression when linked to the entfeglobin gene. In addition, the @ssayed in transgenic mice with S1 nuclease protection analysis in
BGT9 construct appears to express to a higher level at single cdpg fetal liver of 15.5-day transient transgenic mice as above.
than the previously described 26% levels per copy from the 1.9-kiiiman Ay-globin messenger RNA (mMRNA) was detected in 4 of 7

5'HS3 element?

BGT34 transgenic mice (Figure 3). These included 5 animals

Similar expression analysis was performed on the BGTZ®ntaining an intact single-copy BGT34 transgene, and 1 animal

transgene using theyHand M3 probes (Figure 3). As a s’[andard(34-71) that contained an intact copy and a partial transgene
RNA sample for all the B S1 nuclease experiments, we includedindicated by the asterisk). Only 3 of these 6 single-copy BGT34
BGT50-48 RNA (labeled C in all figures). Expression by BGT50-48nimals expressed detectable levels, with a range of 0% to 74% per
is equivalent to the highest expressing single-copy BGT9 mouse G@py- This finding demonstrates that fieglobin promoter is not
that it contains 1 intact copy of the BGT50 construct (describegtfficient to rescue LCR activity by’ BIS3.

later) and expressesglobin at 109% per copy of the level of p/ Other candidateB-globin sequences that may functionally
(mean value from 8 experiments). S1 analysis of fetal liver RNjAteract with 8HS3 include the elements {#rglobin intron 2 and
from BGT26 transgenic mice shows that low to moderate levé| of the gene. Therefore, we analyze53~y-globin transgenes
expression is obtained in 2 of 3 animals with an undetectable le&ntaining the 815-bp-globin promoter and eithgd-globin intron

in the third animal. These data demonstrate thatS8 cannot 2 (BGT 35) or the 260-bf3-globin 3 enhancer (BGT 54) or both
direct position independent transgene expression on a linkdGT 50). A total of 6 of 7 BGT35 animals expressed the
Av-globin gene, and suggest that LCR activity Bi53 requires a transgene, including 2 of 3 single-copy animals that ranged from

functional interaction witl-globin gene sequences.

Design of novel 5 "HS3 B/y-globin hybrid transgenes

To identify thep-globin gene sequences required for LCR activity

0% to 39% per copy (Figure 4). These data show thaBtigéobin
promoter and3-globin intron 2 are not sufficient to rescue LCR
activity directed by 5HS3.

Similarly, BGT54 transgenes express significant levels of

by 5’HS3, we created several novel hybrid globin genes (Figure £)¥-globin mRNA in 5 of 6 single-copy animals (range 0%-76%
BGT34 contains SHS3 linked to theB-globin 815-bp promoter Per copy) and in 8 of 9 multicopy animals (Figure 5). Of the 6
and the A-globin coding sequences terminating 375-bp dowrsingle-copy BGT54 animals, 2 contained an intact transgene and a

stream of exon 3. This construct does not contain theghobin 3

partial transgene (indicated by asterisks), and 1 sample represents a

enhancer, and the 4Aglobin intron 2 has no known enhancerSingle-copy bred line in which RNA expression was assayed in the

X 3X BGT 26 BGT 34

Mouse c c N 1112 50 8 1277 9 11 T1 4§

Copy Number 1 1 0 1 2 3 1 1t 1 1 1* 4

%TGN 93 93 0 75 107 26 75 84 93 116 71 30 37
L7 Hy —
MB —

% Expression 51 0 2 0 8 0 23 0 40 19 0 21

Per Tg Copy 109 0 7 0 21 0 5S4 0 74 353 0 29

Figure 3. Expression of human A y-globin mRNA in transgenic mice containing

the BGT26 and BGT34 constructs. S1 nuclease analysis on fetal liver RNA of
15.5-day founder transgenic mice showing that BGT26 is expressed to low or
undetectable levels and that BGT34 is expressed at significant levels in 4 of the 7
transgenic mice. These data show that 3-globin gene sequences are required for
reproducible single-copy transgene activation by 5'HS3 and that the B-globin
promoter element is not sufficient for this activity. Relative specific activities of Hy/MB
probes is shown. Hy, human Ay-globin protected probe fragment; M@, mouse 8 major
protected probe fragment; N, nontransgenic; C, 50-48, the highest expressing
BGT50 single-copy transgenic mouse (discussed in text; see Figure 6); 3 X , probe
excess control. Copy # = 1*, 1 intact copy plus a partial copy of the transgene.

adult blood (indicated as the “line”). However, 1 single-copy and a
3-copy animal express undetectable levels gfglobin mRNA.

X 3K BGT 35 founders

Mouse c c N 6 37 3% 20 29 2 19

Copy Number 11 ¢ i 1 1 5 6 10 10

%TGN 93 93 0 100 98 56 80 43 67 87
26Hy -—
MP —

% Bxpression 51 ] 9 ¢ 3 8 12 71 35

Per TgCopy 109 0 3 ¢ 9 41 9 21 8

Figure 4. Expression of human A y-globin mRNA in transgenic mice containing

the BGT35 construct.  S1 nuclease analysis on fetal liver RNA of 15.5-day founder
transgenic mice showing BGT35 is expressed at significant levels in 5 of the 7
transgenic mice. These data show that the B-globin promoter element and intron 2
sequence are not sufficient for reproducible single-copy transgene expression.
Abbreviations as described in Figure 3.
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BGT 54 founders

Mouse

o

214 204 87 122 14 102 27 25 99 76 61 83 111 96 line
1 11 1* 1* 2 3 3 3 5 5 5 8 25 1
106 104 47 113 81 45 96 61 31 148 42 85 105 71 10(

—-

Copy Number 0
% TGN 0 93

40 Hy —

Mp—

31 207 73 273 576 632 27
66 56 69 128 137 71 54

% Expression O 51 0 14 18
Per Tg copy 6 109 0 26 76

35 10 38 46 ©
63 24 84 32 0

Figure 5. Expression of human A y-globin mMRNA in transgenic mice containing

the BGT54 construct. S1 nuclease analysis on fetal liver RNA of 15.5-day founder
transgenic mice showing that BGT54 is expressed at significant levels in 13 of the 15
transgenic mice. These data show that the B-globin promoter element and 3’
enhancer sequence are not sufficient for reproducible single-copy transgene expres-
sion. Abbreviations as described in Figure 3.
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BGT 76 founders

Mouse N C 369218 50 174 145 25 178 47 280 300173166 216 317 223 353 259

Copy Number 0 1 1 1 1% 1%# 1+ 2 2 2 3 3 3 3 6 12 14 23 25

% TGN 0 93 48 64 118 42 82 10710 95 76 55 53 62 110 112 115 106 102
e R o — - s .

1.1 Hy ==

Mp -—

27 22 48 50 44 21 32 38 66 141 92 80 73
0 109 12 72 69 27 350 27 46 53 39 26 40 40 20 21 11 7 6

% Expression ¢ 51
per Tg copy

3 23 41 6

Figure 7. Expression of human A +y-globin mRNA in transgenic mice containing

the BGT76 construct. S1 nuclease analysis on fetal liver RNA of 15.5-day founder
transgenic mice showing that BGT76 is expressed in all 17 animals, including 5
single-copy mice. These data show that activation of single-copy transgenes by a
functional interaction between 5'HS3, the B-globin intron 2, and 3’ enhancer ele-
ments is not specific for the B-globin promoter. Abbreviations as described in Figure 3.

This finding demonstrates that tBeglobin promoter an@-globin  strates that the LCR activity by’'HS3 is not dependent on the
3’ enhancer are not sufficient to rescue LCR activity biyS3. presence of th@-globin promoter. We conclude that thgAylobin
Finally, the BGT50 construct was tested in transgenic mice, apgomoter can also be activated by a functional interaction between

significant expression was detected in all 8 transgenic mice (Figdrd1S3, B-globin intron 2, and the 260-kp-globin 3 enhancer.

6). Seven single-copy animals were generated, 2 of which can- . . . i
. . . o . equirement for an AT-rich region within

tained an intact and a partial transgene (indicated by asterisks). One

animal (50-225) is a single-copy bred line sample in which RNAO determine whether the AT-rich region {globin intron 2

was assayed in the fetal liver. The average expression of singf@cated within a known MAR element) is required for LCR

copy BGT50 transgenes is 71% per copy of Mvels and ranges activity by 5HS3, we created a derivative of BGT50 called BGT64

from 40% to 109% per copy. Because only BGT50 was reprodud=igure 1). BGT64 contains a 372-bp deletiorghglobin intron 2.

ibly expressed in all transgenic mice, including all 7 single-copyhe deleted sequence is deleterious to the retrovirus life-cycle

animals, we conclude that LCR activity byH5S3 on the3-globin  When included irB-globin inserts as part of recombinant retrovirus

promoter requires a functional interaction with boBaglobin — vectorst43 Expression from BGT64 was assayed in transgenic

intron 2 and the 260-bp-globin 3 enhancer. mice by S1 nuclease protection analysis in the fetal liver of

15.5-day transient transgenic mice as described above. Thirteen of

17 BGT64 transgenic mice expressed detectable levels~of H

To determine whether thp-globin promoter is required, or that MRNA (Figure 8), including 2 of 4 single-copy animals (range

B-globin intron 2 sequences and tigeglobin 3 enhancer are 0%-22% per copy). The 2 expressing single-copy animals con-

themselves sufficient for LCR activity by’BS3, we created the tained an intact transgene and a partial transgene (indicated by

BGT76 construct (Figure 1). BGT76 is essentially the same asterisks). Of the 4 mice that did not express detectable levels of

BGT50 with the replacement of the 815-pgylobin promoter with transcript, 2 animals contained a single intact copy of the transgene

the 700-bp A-globin promoter. Expression from BGT76 wasand 2 animals contained multiple copies of the transgene. These

assayed in transgenic mice by S1 nuclease protection analysié@ta show that the 372-bp AT-rich segment deleted ffegiobin

the fetal liver of 15.5-day transient transgenic mice as above. All fitron 2in BGT64 is important for LCR activity by’ BIS3.

BGT76 transgenic mice expressed detectable levels of human

A~v-globin mRNA (Figure 7). Five single-copy animals were_. .

generated, 3 of which also contained a partial transgene (indical@#FCUSSIon

by asterisks). These single-copy transgenic mice expressed a rTBgﬁnition of the B-globin gene regulatory elements capable of

0, i 0, 0, i i i -
46% Mp levels ranging from 12% to 72%. This finding demon conferring responsiveness to the LCRIS3 element in transgenic

B-globin intron 2

Expression from the A y-globin promoter

BGT 50 founders
BGT 64 founders

Mouse N 225 207 40 42 48 57 193 197
Cooy Numb Mouse N C 262 295 309 64 343 327 73 334 209 90 161 50 247 194 341364 156
O Number * *
Py ] 1 1 1 1 1 1} 1 10 Copy Number 0 1 1 1 1*+1*x 2 3 3 3 45 56 1010 10 12 12
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Figure 6. Expression of human A y-globin mRNA in transgenic mice containing
the BGT50 construct.  S1 nuclease analysis on fetal liver RNA of 15.5-day founder
transgenic mice showing that BGT50 is expressed in all 8 animals, including 7
single-copy mice. These data show that the B-globin intron 2 and 3’ enhancer
elements are sufficient for reproducible transgene expression when linked to the
5'HS3 element and the B-globin promoter. Abbreviations as described in Figure 3.

MB —
% Expression 0 51 0 0 14 7 30 49 28 32 65 69 0 69 0 138216 223 151
perTgecopy 0 109 0 0 22 2230 42 45 23 38 32 0 22 0 29 37 37 19

Figure 8. Expression of human A y-globin mRNA in transgenic mice containing
the BGT 64 construct. S1 nuclease analysis on fetal liver RNA of 15.5-day founder
transgenic mice showing that the BGT64 is expressed at significant levels in 13 of the
17 transgenic mice. These data show that the AT-rich region in B-globin intron 2 is
necessary for the single-copy expression characteristics of BGT50. Abbreviations as
described in Figure 3.
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mice serves the dual purpose of (1) examining the functional asthgle-copy mice. In the additional presence of eitherdtgobin
cooperative interactions of these elements, as well as (2) creatingtaon 2 or the 3enhancer, expression improves to 2 of 3 (BGT35)
transgene cassette in which the expression levels are well suiteddnd 4 of 5 (BGT54) single-copy animals, respectively. Both of
gene therapy purposes. In this study, we define the mininthlese constructs provide more evidence thet33 responsiveness
combination of B-globin gene sequences capable of directingg not an inevitable consequence of tBeglobin promoter, but
position-independent transgene expression when linkedH83%, rather suggest that the likelihood of expression at any given
and we place special emphasis on data obtained from single-capiyegration site is increased by the presence of intragenic or
transgenes. Our results demonstrate that LCR activity directed dhgwnstream elements.

5'HS3 is only obtained in the presence of b@tylobin intron 2 In contrast to the effect of th@-globin promoter, position-
and 3 enhancer elements. The BGT50 hybrid globin transgeneiiglependent transgene expression directed H$3 was conferred
ideal for gene therapy of hemoglobinopathies because it expresbgsthe simultaneous presence of tpeglobin intron 2 and 3
reproducibly at single-copy and expresses thgglobin gene enhancer in the BGT50 and BGT76 constructs. These constructs
underB-globin gene regulatiory-globin protein has better antisick- expressed in all 7 and all 5 single-copy animals, respectively, and at
ling properties thanB-globin?* and low-level expression of high levels ranging from 40% to 109% per copy for BGT50 and
v-globin is known to ameliorate the symptoms of both sickle cell2% to 72% per copy for BGT76. The range of single-copy
anemia an@-thalassemia. transgene expression from BGT50 is equivalent to that from BGT9
(46%-109%) that contains the entigeglobin gene, showing that

no otherB-globin gene sequences are required for fulHS3
responsiveness. Although tBeglobin promoter is not required for
The BGT9 construct demonstrates that the 850-bp fragmentIafR activity as seen by the reproducible expression in all 17
5'HS3 contains LCR activity on both multicopy and single-cop8BGT76 mice that contain the+Aglobin promoter, the3-globin
B-globin transgenes. This fragment is considerably smaller than p@moter may account for the slightly higher levels of expression
1.9-kb SHS3 element previously shown to possess chromatifetected in the BGT50 and BGT9 mice. Thg-§lobin promoter is
opening activity on single-copy transgenes. In addition, the 850-bpt autonomously silenced by 15.5 days in BGT76 mice, but the
5'HS3 element directs approximately 70% levelgeglobin gene artificial configuration of 3-globin intron 2 and 3 enhancer
expression at single copy. As reproducible single-copy transgeseguences in this construct provides no information on sequences
expression is not obtained from a 125-bp minimaHS3 core required for Ay-globin silencing.

element’ our data demonstrate that sequences flanking the Together, these results show that a functional interaction
minimal core in the 850-bp’61S3 element are important for LCR between 8HS3, theB-globin intron 2, and 3enhancer elements is
function. Flanking sequences extending beyond the 850-bp elhsolutely required for single-copy transgene activation from
ment may actually reduce single-copyglobin transgene expres- globin promoters. These findings are the first to support a role for
sion to approximately 26% per copy as observed with the 1.9-lgglobin intron 2 in LCR activity in transgenic mice, and agree
5'HS3 fragment® However, results from the BGT26 transgeniawith reports that LCR activity requires sequences that acd the
mice establish that the 850-bpHES3 element cannot reproducibly g-globin gene. For example, we have previously demonstrated that
express the A-globin gene. These data agree with publishegingle-copyB-globin transgene expression from a 4.0-kiiHS1-4)
findings47 and demonstrate that'3S3 LCR activity requires LCR requires a fragment that includes 1.65 kb 6f@globin
linked B-globin gene sequences. sequence¥ Here, we refine the mapping of the required 3
sequences to the minimal 260-bp@globin enhancer.

5'HS3 locus control region activity requires linked B-globin
gene sequences

B-globin intron 2 and 3 ' enhancer synergize to confer5 'HS3
responsiveness.

A series ofg/y-globin hybrid genes were constructed to define the'Hs3 responsiveness requires AT-rich intron 2 sequences

minimal combination oB-globin gene sequences required for LC ) - .
activity directed by 8HS3. The hybrid transgenes and the?ro more finely map the sequences within piglobin intron 2 that

expression in transgenic mice are summarized in Table 1. Fromt%q? required for LCR activity by '5iS3, we deleted a 372-bp

P , . ; . rich region in the BGT64 construct (Table 1). The results
analysis, it is clear that'61S3 responsiveness is not dictated by the Lo C .
y P y sgow expression in only 13 of the 17 BGT64 mice, including 2 of

romoter alone. For example, BGT34 expresses in only 3 of the ) . o
P P P y the 4 single-copy animals. These findings demonstrate that a
combination of the intragenic enhancer and theghancer is not
Table 1. Descriptipn of locus control. region_ (LCR) and globin gene regulatory sufficient to direct LCR activity from 84S3, even in the presence
elements present in each ~ B/y-globin hybrid transgene and a summary of of the B-globin promoter. Our conclusions therefore differ from
single-copy and total mice expressing these constructs R K X . .
previous reports that AT-rich deletions do not distgtglobin

expression in murine erythroleukemia (MEL) céflg® The AT-

Mice Expressing

BGT  SHSs  Prom  pivs2  p3'enh Single Copy ol rich deletion lies outside of sequences that are required for splicing
34 + B - - 3/6 (0%-74%) 417 or polyadenylation op-globin transcript$8 As the AT-rich region

35 + B + - 2/3 (0%-39%) 67 is completely embedded within a 540-fBanHI-Dral fragment

54 + B - + 5/6 (0%-76%) 1315 that has MAR activity® our results may suggest that a MAR
50 N B N * [T(a0%-109%) - 88 - element s required for reproducible single-copy transgene expres-
I * i N - 515 (12%-72%) YT sion in conjunction with the presence of the@globin enhancer.

64 + B A + 214 (0%-22%) 1317

Similar functional interactions between MARSs/facilitators and

The range of expression in single-copy animals for each construct is listed asa  enhancers have been described for the immunoglobulit§ emd
percentage of Ay-globin transcripts to endogenous mouse B-globin major transcripts ADA LCRs .50
on a per copy basis. Prom, promoter (either B or vy); Bivs2, B-globin intron 2; B3’enh, . . . . .
B-globin 3" enhancer; A, B-globin intron 2 present but containing a 372-bp AT-rich The precise mechanism of these functional interactions among

region deletion. LCR elements such asi3S3, MARs, and enhancers has not been
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elucidated to date. We note that the Holocomplex model of LCBoth erythroid-specific transgene expression cassettes in animals
function does not predict a requirement for gene-specific elemeatsd for gene therapy. For example, BGT50 is the first description of
other than for promoters. Our finding thaglobin intron 2 and the  Ay-globin coding sequences controlled by fhglobin regulatory

3’ enhancer sequences are required for LCR activity 83 at  elements, and is well suited for DNA- or viral-mediated gene
ectopic sites suggests that either these elements are involveqh'@(apy of both sickle cell anemia adthalassemia. Given that
chromatin opening or participate in additional DNA looping events GT50 hybrid transgenes express reproducibly in the fetal livers of
with the LCR or promoter. Alternatively, binding by transactinqransgenic mice, we predict that they will also function when
factors to elements spread throughoutfhglobin gene is compat- ansferred directly into stem cells from cord blood or adult bone
ible with binary or linking models of LCR function. The Holocom- 5o\, 1ts 3.9-kb size is small enough for insertion into AAV and
plex and binary/linking models are not necessarily mutuallyy,irys gene therapy vectors. However, the AT-rich region in
exclusive as a phyS|c_aI mteract!on betwegn LCR e!ements %TSO has been reported to be deleterious to retrovirus replica-
promoters would not interfere with a functional requirement fotrion,41'43 and, in fact, we have been unable to generate high titer
factors bound through the rest of the gene. stable retrovirus vectors containing the hybrid transgenes (J.R. and

The fgnctlon Of. the AT_.nCh region of th?-glopln intron 2 n P.L., unpublished data). Deletion of the AT-rich region compro-
LCR activity remains elusive. An MAR activity is located in this . ) . ;
mises expression at single copy as observed with the BGT64

region and may be important in vivo for the transgene DNA t? ruct. Wi t that viral-mediated t f f
interact with the nuclear matrix. However, theyAylobin 3 ransgene construct. We suggest that vira-medialed transter o

enhancer fragment also contains an MABut is not sufficient to BGTS0 hybrid genes for gene therapy might be best accomplished

rescue LCR activity in the BGT26 construct, suggesting that tPﬁé’th a_Iternatlve v_ectors such as Semliki Forest Virus (P.L. manu-
AT-rich region in B-globin intron 2 may have other importantSCTiPtin preparation). N
functions. One possibility to consider is that AT-rich regions play Finally, the BGTS0 and BGT76 constructs extend the utility of
roles in both transcription and the initiation of DNAreplicat®f?  the B-globin LCR in transgenic mice to include reproducible
As theB-globin intron 2 and 3enhancer sequences are located withigXpression of A-globin transgenes. We suggest that any gene
important core and auxiliary elements of the hurBagiobin origin of ~ could be expressed to high levels in erythroid cells by inserting its
DNA replication®* we suggest that LCR activity directed byHB3 CDNA or genomic exon/intron sequences (from the ATG site'to 3
may, in fact, require a linked origin of DNA replication that is itselfuntranslated sequences) between Nwol and BarHI sites of
LCR-responsive. This latter hypothesis is testable. BGT50. In this manner, th@-globin intron 2 would function as
part of a 3 untranslated region, and tifieglobin polyadenylation
sites would be used for transcription termination. Such an expres-
The ability of our novel hybrid globin transgenes to express to highion cassette may be extremely useful for directing high-level
levels at all integration sites and at single copy can be appliedaoythroid expression of nonglobin transgenes in animals.

Novel 5 "HS3 B/y-globin transgenes used for gene therapy
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