1296-1302 Nucleic Acids Research, 1997, Vol. 25, No. 6

0 1997 Oxford University Press

Evaluation of [(3-globin gene therapy constructs in

single copy transgenic mice

James E llis*, Peter Pasceri, Kian C. Tan-Un 1+, Xiumei Wu , Alex Harper 18,

Peter Fraserl1 and Frank Gro sveld 1.7

Department of Genetics, Blood Gene Therapy Program and Program in Developmental Biology, Hospital for Sick
Children, 555 University Avenue, Toronto, Ontario M5G1X8, Canada and Department of Molecular and Medical
Genetics, University of Toronto, Toronto, Ontario, Canada and 1Laboratory of Gene Structure and Expression,
National Institute for Medical Research, The Ridgeway, London NW7 1AA, UK

Received August 30, 1996; Revised and Accepted January 16, 1997

ABSTRACT

Effective gene therapy constructs based on retrovirus

or adeno-associated virus vectors will require regula-
tory elements that direct expression of genes trans-
duced at single copy. Most [B-globin constructs
designed for therapy of [-thalassemias are regulated
by the 5'HS2 component of the locus control region
(LCR). Here we show that a human [-globin gene
flanked by two small5 'HS2 core elements or flanked by
a 5'HS3 (footprints 1 —3) core and a 5 'HS2 core are not
reproducibly expressed in single copy transgenic
mice. In addition, low copy transgene concatamers
that contain only dimer 5 'HS2 cores fail to express,
whereas those that contain monomer 5 'HS2 cores
express at 14% per copy. These data suggest that
spacing between HS cores is crucial for LCR activity.
We therefore constructed a novel 3.0 kb LCR cassette

in which the 5 'HS2, 5’'HS3 and 5'HS4 cores are each
separated by [700 bp. When linked to the 815 bp  [3-globin
promoter this LCR directs 45% levels of expression
from four independent single copy transgenes. However,

the 3.0 kb LCR linked to the 265 bp promoter expresses
variable levels, averaging 18%, from three single copy
transgenes. Our findings suggest that sequences in
the distal promoter play a role in single copy transgene
activation and that larger LCR and promoter elements
are most suitable for gene therapy applications.

INTRODUCTION

sites on a 20 kb fragmem@) that is too large to be incorporated
into retrovirus or adeno-associated virus (AAV) vectors designed
for therapy ofp-thalassemias. Therefore, most groups have
concentrated on the 200-300 bp core elements of the individual
hypersensitive sites and in particular thelS2 core element
(9-11) for regulating transduced globin genez-L5). Although

it has proved difficult to obtain stable high titer viruses bearing
these sequences6-20), high titer virus can be produced using
the relatedi-globin HS-40 elemen®(l). Nevertheless, it has yet

to be demonstrated that single copy integration of these vectors in
human hematopoietic stem cells will lead to consistently high levels
of globin gene expression in differentiated erythroid cells.

In order to test expression levels from a potential gene therapy
construct, the construct must be inserted into a viral vector,
transferred into a helper cell line to assemble stable high titer virus
and then successfully transduced into mouse hematopoietic stem
cells 2). Long term repopulation of mice by the infected stem
cells finally produces mature differentiated cells that can be
assessed for expression of the transduced gene. |fegitin
viral vectors can be tested in NOD/SCID mice that have been
reconstituted with transduced bone marrow cells fdnalassemia
patients 23). An alternative method is to test expression from a
potential gene therapy construct present in transgenic mice at a
single copy before the difficulties of assembling a high titer virus
are confronted. In the case§lobin vectors, expression can be
evaluated in erythroid cells derived from stem cells that contain
the construct as a single copy transgene and only fthgiséin
constructs that express appropriately and reproducibly need be
packaged into virus for further studies.

Our previous work demonstrated that a 215 bp syntHet&5

One difficult aspect of gene therapy is in reproducibly obtainingore fails to activate expression from a linigedlobin gene in

high level, tissue-specific and long term expression from singkingle copy founder transgenic mice and therefore is not ideal for
copy genes transferred into stem cell)( The locus control gene therapy construct&4(25). However, these studies also
region (LCR) confers such position-independent activation oshowed that'51S2 elements in multicopy head-to-tail transgene
single copyB-globin transgenes and also directs transgeneoncatamers directed signific@aglobin expression, suggesting
concatamers to express in a copy number-dependent niarier ( that two or more '5IS2 cores interact and cooperate with each
The complete LCR is composed of four DNase | hypersensitiaher to open chromatin and enhance transcription. It may
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DNA analysis

1 B-globin " Fy F Lines

Southern transfer and hybridization were by standard procedures.
M0 61204 10 Copy number determination was performed using a Molecular
Dynamics Phosphorimager and adjusted for loading differences
or the presence of non-intact transgenes (observed after digestion
with BspHI or other diagnostic restriction enzymes). Mosaicism
in the fetal liver of founder 15.5 day transgenic mice was
calculated by quantifying the intensity of bands on a Molecular
Dynamics Phosphorimager and using the formula (B&réqd

432 27/66 3 mThy-1)/(B26 H3 x Tg copy humber/B26 mThy-1), where Tg is
transgenic, 18 is humarp-globin, mThy-1 is mouse Thy-1 and
B26 is one copy bred line B26.
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Figure 1. Map of the transgene constructs (not drawn to scale) and ratios of .
transgenic/total numbers of mice generated by microinjectipo(Breeding RNA analysis

(F1). Constructs FL, DM and Hcontain synthetic'5lS2 cores cloned from . .
the 4m.1 construct (24), shown as grey boxe§. d&ko contains the'BS3 Fetal liver RNA (13.5-15.5 day) was extracteay as hybridized

(footprints 1-3) core from FP1-3 (26), shown as a striped box. In all cases thto kinased double-stranded DNA probes, digested with 75 U S1

hypersensitive sites were cloned into the polylinkesf3he 815 bp human  nuclease and run on a 6% sequencing gel as des&ihdarpbe

B-globin promoter or into thecdRV site 3 of the humaif-globin gene (exons ; ; i

shown in thick black boxes) in GSE 1758. The narrow black box 2 exc?srs was demonStra.‘]:[.ed by.ln(.:lumn]? ﬁ sampl? (E)(_)ntalpmg 3

probe. Numbered arrows correspond to PCR primers (see Materials antf"ta. iver RNA. Specific a—_Ct'Vlt'es .0 umarglobin (HB)

Methods). BsBsHI; B, BanHI; E, EcaRI; H, Hindlll; X, Xbal. relative to the mous@ major @maj) probe was 2:1 unless
otherwise noted. The protected 160 fit &hd 95 n3maj bands
were quantified on a Molecular Dynamics Phosphorlmager and

_ S o o ~ percentage expression levels calculated according to the formula

therefore be possible to mimic this activity by linking multiple(HB/2Bmaj) x 100 to account for specific activity difamces.

5'HS2 cores to B-globin gene to make a construct that would béercentage expression per copy was calculated 8angp

functional at single copy. Here, we evaluate expression of variogenes/number Bitransgenesy % expression.

B-globin constructs containing multiple HS elements present in

mice as single copy transgenes. RESULTS

We built several new constructs to determine whetfeglabin
MATERIALS AND METHODS transgene can be activated by multiple hypersensitive site cores
in various spatial configurations when integrated at single copy
(Fig. 1). Two synthetic $1S2 coresd4) were assembled to flank
’ge humar-globin gene in the FL construct and were dimerized

Plasmid construction

The 3.0 kb LCR in pBGT14 was constructed by sequentiall}
inserting the various HS into the polylinker of pGSE1758 whic |_t|ge2 I?:ch:lreczrg)s;[irt?;rt]é ghfpg;gggqﬁgﬁtr];ezzrggls\?agI;et:)llj;ggg by
contains the 4.2 kb hum@rglobin gene regulated by the 815 bpfootprints 1-3 of the 'BIS3 core 26), leaving the $1S3 and

promoter. The 1.15 kBtu—Spé fragment of 8HS4 was cloned 5HS2 i their natural confi " ith 1t hoth
Into theClal sit, the 0.85 Kisad-Pvul fragment of BS3was 2 L 0 i 'rancgenic mice were generated with each of the
cloned into th&Xhd site and the 0.95 kBma-St fragment of constructs and identified by Southern blotting on tail DNA (Big.

5'HS2 was cloned into ti&pe site. All new restriction sites were R : .
created by blunting overhanging ends with T4 DNA ponmeras'é'owever.' founder transgenic mice are occasionally a mosaic of
ansgenic and non-transgenic cells. Therefore, we bred the

and ligation of appropriate linkers (New England Biolabs). Th ounders to non-transgenic animals to obtain non-mosgic F

?hr:aer;t;?%n ;; ?ﬁ Ct?] eHai\l’éI:[g;S%i(ﬁ;?ﬁgO;é% tg;nsp?rgnmeogr [ﬁtuses representing 18_d|fferent integration events:(}?@'h_e
PBGT15 was cloned by digestion at Sl site and addition CCPY, umber of these lines was unambiguously determined by
of Sal linkers. Southerr) blot ar]aIyS|s on fetal hfead DNA dlge.stedlﬂn:ttRI

and hybridized with a probe specific for huraglobin (Fig.2A).

EcdRI cleaves the transgene downstream of the probe and
Transgenic mice therefore single copy transgenes will be visualized as an end

fragment of random size and higher copy numbers will usually
Transgenic mice (FVB or CBA/C57BL strains) were generatedontain one single copy end fragment and a multicopy head-to-tail
by microinjection of 0.25-0.50 ng/purified DNA as described transgene concatamer. FL transgenes are an exception and
(24) and screened by Southern blot hybridization and PCR on tgiénerate two multicopy transgene concatamer bands dependent
or fetal head DNA by standard procedures. The sequences of P@&Rwhether a monomer or a dimer of tHéS core is formed at
primers (see Fidl) were as follows: (1)'SAAGCACAGCAA-  the junction between two transgenes (Ei).
TGCTGAGTCATG-3; (2) 5-TCAATGGGGTAATCAGTGG- By this process, we identified a range of copy numbers of intact
TGTC-3; (3) 3-GGGTGGGAGAATCAGGAAACTAT-3; (4) transgenes, including a number of single copy lines for the FL and
5-TGTCACATTCTGTCTCAGGCATC-3 (5) B-TGCCAGA-  FLp constructs. The copy number was verified for all lines by
TGTGTCTATCAGAGGT-3; (6) 53-CATGGTTTGACTGTCC-  Southern blot analyses BanHI digested DNA and transgene
TGTGAGC-3; (7) B-GGTGGTTGATGGTAACACTATGC-3  intactness was confirmed by PCR analyses of'trenfl 3-ends
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A - - FLB In contrast to the positive control line 72, the FL construct was
f_-np[;‘,?j;nm I U3 a8 71491182 3 7 8414 11 expressed at <1% per copy in both single copy lines and also in
the two copy line (Fig3). The latter contains two transgenes that
are not in a head-to-tail concatamer but must be present on the
same chromosome (Southern data not shown). However, human
B-globin expression was detected to a mean average of 14% per
copy in the lines containing four or more FL transgenes, all of
e g which contain both monomer and dimer junctions. The DM
Moljvmfrim = “eubl e e construct was expressed at <1% per copy in both three copy lines
and significant huma-globin levels of 6% per copy were only
obtained from the 11 copy line (FB). It is notable that the low
copy DM transgenes (three to seven copies) fail to express to
significant levels, in contrast to the equivalent copy numbers of
the FL construct. The sole difference between the two constructs
at low copy number is that monomer junctions are only found in
B _ FL transgene concatamers. These data demonstrate that dimers o
p-globin p-globin 5'HS2 cores actually inhibit LCR activity in low copy animals and
— k suggest that HS core elements must be spaced apart to function.
Tnjected FL. DNA To test whether the smallest functional core GfiS3

Blunt end licati (footprints 1-3) is able to cooperate with thelS2 core in a
o flanking configuration to reproducibly activate single copy gene
omoess expression, we examined the thre3fines. FIB transgenes

were expressed to a maximum of 10% per copy in one single copy
Tntegrated FL. DNA line, but activation was not reproducible, as shown by the
detection of a single copy line that expresses at <1% per copy

Dimer
junction (Fig. 3). These data demonstrate that footprints 1-3 of 'H83H
core are unable to reproducibly activate single copy transgene
expression.
N We previously showed that the 10.5 kb microlocus construct

composed of all four HS linked to the 15593globin promoter

(28) fully activates single cop§~globin transgene expression in

a reproducible manne2g). However, this construct is too large
Figure 2. Generation of transgenic mice containing hufglobin transgenes  to be packaged into a retrovirus vector for gene therapy. As it is
trf;nu;ggeno:cbifn rg&lgép:ﬁ\ SSS ggtr:rﬂﬁ]nggng?-gg%g%“aﬁzsafaﬁ;iggsghdegg important to find an LCR construct that functions at single copy
DNA digested witiEcaR| and hybridized to thgivs2 probe. The two copy line and IS. of a reduced size, we created a.nOVEI LCR cassette which
contains two end fragments in Southern blotBafHI digests (data not ~ contains 84S2, 3HS3 and 3154 cloned in such a way that each
shown). B) Map of two different head-to-tail FL transgene concatamer core is separated Y00 bp (Fig4A). This 3.0 kb LCR cassette

junctions. Blunt end ligation of two FL transgenes generates a dimer junctionyas cloned %of the 815 big-globin promoter to make the 7.2 kb
containing two adjacentt3S2 cores. Homologous recombination of théS® BGT14 construct

core at the '3end of one FL transgene with thé152 core at the'&®nd of . . . .
another FL transgene generates a monomer junction containing a ‘$igfle 5 Rather than continue with the time consuming process of

core. These junctions can form in the same multicopy transgene concatamer ag$tablishing transgenic lines as described above, we wished to
are identified by diagnostiEccRl fragments (see A). take advantage of a more rapid assay to detect transgene
expression in founder transgenic mice at the fetal liver stage.
Previous reports have demonstrated that passage through the
(primers shown in FigL; data not shown). Transgene intactnesgermline does not affect hum@rglobin transgene expression
was further confirmed by additional Southern bloBsgHl and  levels in mice. For example, the microlocus LCR construct
BanHI/Xba digested DNA for the FL and DM #tindlll/EcaRl  expresses atLl00% levels in single copy founder fetuse3 and
and BanHI/Xba digested DNA for the AR lines (data not to similar levels in single copy transgenic ling8)(In addition,
shown). 5'HS2 fragments fail to express reproducibly in both single copy
S1 nuclease analysis was performed on RNA extracted froipunders 24) and linesZ9). These findings validate the founder
13.5 day transgenic;Fetal livers to examine the expressionapproach for determining whether a transgene construct
status of the transgenes relative to the endogenous fhmagar  reproducibly expresses at alingle copy integration sites.
genes. As a positive control we used fetal liver RNA from line 72Jowever, in this context it is crucial to demonstrate that founder
which contains a single copy of the entire hufigfobin locus  mice are transgenic in the fetal liver.
and expresses humdiglobin mRNA at[(60% of the level Therefore, we microinjected the BGT14 construct into fertilized
produced by the two moufemajor genes, or 100% per copy mouse eggs and dissected potential transgerfiétuses at day
(27). In the S1 analysis shown in Figuehumanf-globin  15.5 to obtain slightly larger fetal livers, which were divided into
expression by line 72 was calculated to be 90% per copy. Glohimo and frozen. Genomic DNA was extracted from the correspon-
genes that are not linked to LCR sequences express at <1% gliag fetal head tissue and screened by slot blot hybridization for
copy 6,26). the transgene. The copy number of positive fetuses was determined

junction
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T2 ng FL DM FLp
Copy number 1 0 1 1 2 4 6 7 14 20 11 18 3 3 7 8 11 1 1 1
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Percopy 90 0.1 1 83 9% 16 19 5 11 16 22 4 3 6 2 6 6 4 10

Figure 3. Expression of globin mRNA in transgenic mice containing multiple HS core elements. S1 nuclease analysis of globin expression in RNA of 13.5 day fe
livers from FL, DM and FP transgenic lines showing that single copy mice do not reproducibly express. Transgenic samples loaded in the same order as in Figure
Transgene copy number is shown at the the top of the figure and transgene expression level at the bottom of ghadignangd-Blobin protected probe fragment;

Bmaj, mouse8 major protected probe fragment; Ntg, non-transgenic.

by Southern blot analysis &fcdRI (Fig. 4B, upper panel) and shown). Mosaic analysis of fetal liver DNA was performed g&ig.
BanHI (data not shown) digested DNA and transgene intactnelsver panel) and showed that the intact single copy animals were
confirmed by Southern blot analysisS#d/Ndd digested DNA 66 and 71% transgenic in the fetal liver, but insufficient DNA was
(data not shown). A total of 14 positive fetuses with intacobtained for accurate quantification of the third single copy
transgenes were identified, four of which were single copy. mouse. This mouse is assumed to be 67% transgenic, as deduce:
To demonstrate the presence of BGT14 transgenes in the fétam fetal head DNA (data not shown).
liver and to assess the degree of mosaicism in that tissue, DNA1 nuclease analysis (Fi) of fetal liver RNA demonstrated
was extracted from half the frozen fetal liver and digested wittiat two of the single copy BGT15 animals expres3ahobin
Acd, which liberates a 1.8 Kiglobin fragment regardless of the levels of 3 and 11% per copy, but 39% expression levels from the
integration site (FigdB, lower panel). The intensity of the B26 third single copy animal increases the mean average to 18% per
single copy bred line2Q) corresponds to 100% transgenic tissuecopy. The multicopy BGT15 transgenes express high levels of
By comparison of the intensity of thed digestedsingle copy  B-globin mMRNA to a mean of 65% per copy. These data show that
BGT14 transgene bands with the B26 standard, it was possibleexpression from single copy BGT15 transgenes containing the
calculate the percentage of transgenic cells in each fetal livé65 bp promoter is low in comparison with the BGT14 construct.
Three of the single copy BGT14 fetuses were fully transgenic ifhis effect could be due to: (i) deletion of crudiahsacting
the fetal liver and only one was a mosaic composed of 29factor sites in the 265 bp promoter; (ii) reduced spacing between
transgenic cells. The mosaic levels deduced for multicogfe LCR and the basal promoter elements. We conclude that
animals may be less accurate as their copy numbe#Brigpper ~ expression directed by the 815 bp promoter in the BGT14
panel) is more difficult to assign with certainty. Nevertheless, aflonstruct is more suitable for gene therapy applications.
the multicopy BGT14 animals were transgenic in the fetal liver.
S1 nuclease analysis was then performed on RNA extractgflscyssion
from the remaining half of the frozen BGT14 fetal livers (549.

As a positive control we used fetal liver RNA fromtitd 4 line,  The LCR is currently defined as an activity that confers copy
which contains a single copy of the microlocus LCR thatumber-dependent, position-independent expression on linked
expresses afL00% per copyd9). The four single copy BGT14 transgenes in micg), In practice, this assay is conducted by
transgenes all expressed between 6 and 34% of the two moyegerating several transgenic mice with a range of copy numbers
Bmaj genes, or 12-68% per copy. Taking into account the levahd the emphasis is on demonstrating expression from multicopy
of mosaicism, the per copy expression ranges from 30 to 71% teinsgenes. A consequence is that the behavior of single copy
the single copy transgenes, with a mean of 45%. The multicopynsgenes is generally considered to be of lesser importance,
transgenes express in a similar range. These data demonstratethah in fact single copy transgenes are a more accurate reflection
the BGT14 construct reproducibly expresses to high levels at afl thein vivo context of a gene and its regulatory elements. In
integration sites and at single copy. order for a putative LCR element to reproducibly direct significant
Finally, we assessed whether the novel LCR cassette functiore@gbression from single copy transgenes at independent integration
at single copy when linked to the 265 Bglobin promoter sites, it must possess both transcriptional enhancement and
commonly used in gene therapy vectdr§ {9). This BGT15 chromatin opening activities29). Both these activities are
construct (FigdA) was microinjected and three single copy 15.5mplicated in LCR activityn vivoand clearly would be of benefit
day transgenic ¢-fetuses were obtained in addition to sixin gene therapy vectors that integrate at single copy.
multicopy animals, as deduced by Southern blot analysis onWe previously showed that the smalHS2 core element
EcaRI (Fig. 4C, upper panel) anBanHI (data not shown) directed copy number-dependent expression of multgapgbin
digested fetal head DNA. Transgene intactness was confirmedtbgnsgene concatamers but failed to direct expression of single
Southern blot analysis ad/Ndd digested DNA (data not copy transgene£4,25). More recently it has been shown that
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Figure 4.Generation of transgenic mice containing the novel 3.0 kb LCR cagsgitia of the 10.5 kb microlocus (28), 7.2 kb BGT14 and 6.7 kb BGT15 constructs.
The 3.0 kb LCR cassette in BGT14 and BGT15 contains the 1St8kBpél fragment of 3HS4, the 0.85 kBad—Pvul fragment of BHS3 and the 0.95 Kbma-Stu

fragment of 3HS2 (see Materials and Methods for cloning strategy). The length of the promoter is shown under each c8asiractA&d; B, BanHl; E, EcaRI; N,

Ndd. (B) (Upper panel) Copy numbers of BGT14 transgenic mice determined by Southern blot anajyfeibfi€ad DNA digested witicaR| and hybridized

to theivs2 probe. (Lower panel) Southern blotAafd digested DNA extracted from BGT14 fetal livers and hybridized witigitre2 (H3) and mouse Thy-1
(mThy-1) probes. The percentage of transgenic cells was calculated by comparisoif ticthe idtensity of each BGT14 transgenic mouse with the one copy bred
line (B26), taking into account copy number and the mouse Thy-1 loading control (see Materials and M&tfidgper(panel) Copy numbers of BGT15 transgenic

mice determined as in (B). (Lower panel) Mosaic analysis of BGT15 transgenic fetal livers determined as in (B). *Percentage transgenic cells in this mouse

calculated using fetal head DNA (see text).

5'HS2 is not essential for high level globin expression in micenportance of $1S3 in control of th@-globin locus in mouse and

(30) and is unable to activafg-globin gene expression from man is controversiaBg).

retroviral vectors microinjected into transgenic mig®.(Here, We also demonstrate that pairs ®152 cores in a dimer (DM)

we evaluate whether multiple hypersensitive sites present esnfiguration fail to direct expression from low copy number
small core elements can reproducibly activate single cogyansgene concatamers. In contrast, expression at low copy
transgene expression. Our results demonstrate that flankingmbers is reproducibly detectable when thS2 cores flank
configurations of two '51S2 cores or of one'3S3 (footprints  (FL) thep-globin gene. The only difference between the DM and
1-3) and one'blS2 core cannot direct reproducible single copyFL constructs when integrated as low copy head-to-tail concatamers
transgene expression. These data indicate 'ti85and 3HS3  is at the junctions between adjacent transgenes. FL transgene
(footprints 1-3) cores are not ideally suited for gene therapy. Tkkencatamers have both dimer and monorité®3 cores at their
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expression at high levels from the 265 bp promoter in single copy
BGT15 transgenes. Therefore, the sequences between —815 anc
—265 bp must either: (i) contain binding sites tfans-acting
factors that participate in single copy transgene activation; (ii) serve
as spacer DNA to facilitate interaction of the LCR with the basal
promoter element3@,35).

Full expression is only obtained from single transgene copies
of the 10.5 kb microlocus construct, which differs from the
BGT14 construct in havingt3S1, the 1555 bp promoter and 2.5 kb
of additional sequences inH52, 3HS3 and 3HS4 (Fig.4A).

The importance of these sequences remains to be assessed i
single copy transgenic mice. The 7.2 kb BGT14 construct itself
is too large to be incorporated into AAV vectors, but is within the
packaging capacity of a retrovirus if the drug resistance gene is
omitted from the vector.

In conclusion, single copy transgenic mice provide the most
comprehensive assay for LCR activity and should be useful for
evaluating in vivo expression from potential gene therapy
constructs while avoiding the vagaries of producing a stable high
titer virus until necessary. We have optimized our microinjection
conditions for generating single copy transgenic founder mice by
merely adjusting the DNA concentration. Although we excluded
mosaic animals from some of our analyses by establishing
transgenic lines, founder animals that contain unique transgene
end fragments in both thé &nd 3 directions and have been
carefully screened on Southern blots for mosaicism in the fetal
liver by comparison with a known single copy transgenic line are
equally useful.
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Figure 5.Expression of globin mRNA in transgenic mice containing the 3.0 kb
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