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ABSTRACT. The chicken lysozyme gene domain is flanked by nuclear matrix attachment regions (MARS)
on each side. We have previously shown that bilaterally flankingARs in stably transfected artificial
genetic units enhance expression of a reporter transgene and dampen position effects of the chromatin
structure at the site of integration. Thé MAR was now dissected into smaller fragments that were
monitored for effects on transgene expression in mouse 3T3 cells by a similar assay. Fragments, which
contain 1.32 and 1.45 kb and represent the upstream and the downstream half, respectively, of the 5
MAR, retained the ability to stimulate transgene expression as well as the ability to reduce the variation
in the level of expression. However, a 452 bp subfragment KidéH), which still exhibits specific

binding to nuclear matrices and contains two high-affinity binding sites for the abundant nuclear matrix
protein ARBP, lost both of those abilities. A dimerized 177 bp sequence from fragmeaHIl which

also binds selectively to nuclear matrices and includes a duplicated ARBP binding site, was also unable
to stimulate reporter gene expression. Furthermore, a 0.65 kb subfragment containing an intrinsically
bent sequence did not affect an elevated reporter gene expression and its dampening. Our results show
that the ability of MAR fragments to bind to nuclear matrices is not sufficient to enhance and insulate
transgene expression in stably transfected cells.

In higher eukaryotes, the genome is organized into A chromatin domain that has been extensively studied in
functional units, called domains, each containing one or the past is that of the chicken lysozyme gene. It includes
several coding regions and flanking regulatory sequences~24 kb of elevated nuclease sensitivity and contains the
(Benyajati & Worcel, 1976). Transcriptionally active do- coding sequence, a total of nine regulatory sites, and AT-
mains are usually characterized by an “open” chromatin rfich MAR sequences (about 3 kb in length each) on each
structure that exhibits an elevated nuclease sensitivity (Wein-flanking side (Phi-Van & Sfiting, 1988; Bonifer et al.,
traub & Groudine, 1976). The important question of how it 1991). The location of the chicken lysozyme MARs at the
is controlled that regulatory sequences act only on the properdomain boundaries encouraged the notion that they have
promoter but not on inappropriate ones in neighboring effects on gene expre_ssion. This_ notion was first tested_by
domains has attracted considerable attention. Domains are/S€ of synthetic domains containing a reporter gene, which

thought to be separated from one another by the attachmentVas controlled by the lysozyme gene promoter, regulated in

of flanking sequences to a proteinaceous framework structure SCMe constructs by the lysozymes.1 kb enhancer, and

called the nuclear matrix in interphase nuclei and the scaﬁoldﬂanke{j by the lysozyme 'SMAR on each side. These

in metaphase chromosomes, thus generating a loop Organiza(_:onstructs were used to stably transfect chicken myelomono-

tion (Paulson & Laemmli, 1977). Such sequences (called cytes. It was found' that the flanking boundary sequences
MARs and SARs) have been identified by in vitro studies (called A-elements in that study) elevate gene expression

L L ; about 10-fold and render it proportional to the number of
for many genes in diverse species, including plants (Gasser.

& Laemmli, 1987 Phi-Van & Sfiting, 1990). They are integrated copies (Stief et al., 1989). Similar experiments

ften localized at the boundari fd . fina th with constructs, which contain a reporter gene controlled by
otten ‘ocalized at the boundaries ot domains, supporting the , herpes simplex virus thymidine kinase gene promoter,

idea that they act by insulating domains against effects of )y, \,5e of rat fibroblasts as recipient cells showed that the
the surrounding chromatin. lysozyme 5MAR can confer transcription-elevating effects
in a position-less dependent manner also on a heterologous
- . ed b s 1o WH.S. from the Deutsch promoter and in heterologous cells (Phi-Van et al., 1990).
IS WOrk was supporte Yy grants to W.H.S. Trom the Deutsche H
Forschungsgemeinschatt. Fur_the_r_more, the chicken Iysozymé BIAR reduces the
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Accession Number X98408. The sequence of fragmenSHd-has , AR
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and X84223) (von Kries et al., 1990; Buhrmester et al., 1995). regulated expression of the whey acidic protein transgene
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1993; Bonifer et al., 1994). A group of proximal regulatory
sites (located betweenl and—3 kb) and a group of two
distal ones (at-6.1 and—7.9 kb) are both required for high-

level and position-independent expression. Deletion of the [/ § = T
MARs had no influence on the copy number dependency of @ i I &=z g X
expression but significantly increased the incidence of ectopic @& kAN e,
expression. Since the effects of MARs are most probably ’ B-1-P1 ’ P"%
mediated by specific proteins and the chromatin encompass- R

ing them, it is significant that proteins that bind to the 5 T X el-Dimer

MAR with high affinity have been identified, purified, and

characterized (von Kries et al., 1991, 1994; Buhrmester et Fragment Fragment

al., 1995) \l/ Enh::ncer IPromoter T—>
. . . [y T 32 P—‘
MAR elements from other genes and species, including  35: . €

plants, have insulating and transcription-enhancing activities Gﬁl Fes
comparable to those of the chicken lysozyme NbAR
(Blasquez et al., 1989; Xu et al., 1989; Mielke et al., 1990; i

. R, ! RGure 1: MAR fragments and vector map. (A) The upper part
Klehr et al., 1991; Breyne et al., 1992; Dietz et al., 1994; gnows a map of the chicken lysozyme gene domain with the coding
Thompson et al., 1994). As an example, the MAR elements sequence (hatched arrow) and the flanking MARs (stippled blocks).
that flank the enhancer of the immunoglobytilmeavy chain ~ Below, the 5 MAR and the relative positions of the fragments

locus are essential for transcription of tmegene in B analyzed are drawn in more detail. The dimer fragment contains a

; . direct repeat of the sequenBalBA-Hadl. The arrowheads indicate
lymphocytes of transgenic mice (Forrest_er _et al., 1994). the location of two binding sites for the nuclear matrix protein
Removal of the MARs decreased transcription-3800- ARBP. FragmenHaell-P2 contains an intrinsically bent sequence

fold and, furthermore, markedly increased the variation in (highlighted by a hatched bar). The restriction enzymes are as
the level of expression among the different mouse lines. follows: B, BanHI; H, Hindlll; P, Puull; and X, Xbal. (B) The
However, it is presently not known how MARs act at the vector (a pML2 derivative) contains the chloramphenicol acetyl-
’ - . transferase (CAT) gene plus a SV40 polyadenylation sequence
_molecular level. Besides MARS, two o_ther types of msula_lt_- open box) controlled by the lysozyme promoter (front4 to
ing elements have been described. First, the hypersensitive-579) (heavy line). The 171 bp polyoma virus enhancer fragment
sites in the locus control region of tifleglobin gene cluster  was inserted into thest site at bp—469 (hatched box). The vector
confer high-level and copy number-dependent expressionalso contains the chicken lysozyme6.1 kb enhancer that is,
(Grosveld et al., 1987). Second, the scs and elesnents however, not active in mouse 3T3 cells. MAR fragments were
flankina the D N hil .h 70 h ’ t shock t sequentially inserted intdba andBanH]| sites. Gel-purifiedClal-
anking the rosophiia hsp eal shock genes at locus ¢y fragments, including 351 bp of vector sequence (thin line),
87A7 decrease position effect variation of reporter gene were introduced into mouse 3T3 cells.
expression (Kellum & Schedl, 1991) and, when positioned . _ _
between an upstream enhancer and the promoter, block thénserted into thést site at—469 upstream of the transcrip-
action of the enhancer (Kellum & Schedl, 1992). Itis likely tion start site. Then, the 2955 bpMAR fragment B-1-X1
that all three types of elements have different underlying Or various subfragments were inserted either by blunt-end
mechanisms of function. ligation or by using synthetic linkers into thébd site at

In contrast to enhancers, MARs are extended sequenceé;he 3 ef‘d O.f the Iysozyme_promoter sequence and, after
containing several hundred to a few thousand bp, e.g. 2.95Subcloning, into thedamHl site at the 3end of the CAT
kb in the case of the lysozyme BIAR. In this study, we gene (see Figure 1B). After identification by res?nchon
therefore address the question of whether the effect of the@@lySis, constructs were selected for transfection that
lysozyme 5 MAR to enhance transgene expression in a contained the MAR fragments at tixba site in the same
position-less dependent manner can be localized to shorteRrientation relative to the direction of transcription as the
sequences. We found that BIAR fragments containing  1YS0Zyme gene domain but the MAR fragments atBaeHl

1.32 or 1.45 kb retained the abilities to stimulate transgene Sit€ in the opposite orientation. The MAR fragments were
expression and to reduce the variation in the level of /SO used as hybridization probes in genomic Southern

expression. However, two shorter fragments that still bind 2nalyses. As a control sequence, we used an AT-rich 0.6
to the nuclear matrix and contain high-affinity binding sites KP fragment (E9-B6) located-6 kb downstream of the’3

for the abundant nuclear matrix protein ARBP proved to be MAR (Phi-Van & Strdling, 1988). The selectable marker
unable to perform these activities. Thus, the ability of MAR pSV2-neo contalngd theec gene controlled by the SV40
fragments to bind the nuclear matrix is not sufficient to ©&ry promoter region (Southern & Berg, 1982).

enhance and insulate transgene expression in stably trans- Cell Culture, CaP_Q Transfection, an_d Microinjection.
fected cells. NIH-3T3 cells, obtained from the American Type Culture

Collection, were grown in Dulbecco’s modified Eagle’s
EXPERIMENTAL PROCEDURES medium (Boehringer, Mannheim) containing 8% fetal calf

serum (Life Technologies Inc.), 0.1 g/L streptomycin, 0.1

Recombinant DNA Plasmids\ plasmid (pLYSCAT2100) unit/L penicillin, 0.1 g/L kanamycin, and 18.9 mM NagO

carrying the bacterial chloramphenicol acetyltransferase geneat 37°C and 5% CQ. Cells were grown to a density of 5
controlled by the chicken lysozyme gene promotet4 to x 10 cells per 85 cm plate. Gel-purifie€lal-Clal
—579) was obtained from A. E. Sippel (Theisen et al., 1986). fragments were CaP@oprecipitated withEcaRl-linearized
An EcoRI-EcoRI 187 bp fragment containing the polyoma pSV2-neo in a molar ratio of 3:1. Transfection using CaPO
virus enhancer [cut out from pMC1Neo (Thomas & Capec- coprecipitation was performed as described previously (Phi-
chi, 1987)], ligated with synthetiEcoRI-Pst adapters, was  Van et al., 1990) using totally 2g of DNA per plate. Use

+

Eco Rf
8amH|
Clal

|
<

633
-5769
579

Pst!

T

b
200 bp



Effects of Lysozyme S5MAR on Transgene Expression Biochemistry, Vol. 35, No. 33, 19960737

of carrier DNA was eliminated in order to keep the number
of integrated copies low (Mielke et al., 1990). Cells were @ chabcdefghik Imnop

grown for 2 days without selection. G418 (GIBCO) was 212- e > it
then added to a final concentration of 80§/mL. Clones -35888%. -ww ' 4 E <
were picked after 2 weeks and cultured at a lower concentra- 51 - wEveEeT 2N’ - rhh
tion of G418 (400ug/mL). 23-= - -z
Microinjections were carried out via glass micropipettes 35- 3
prepared from glass capillaries on a micropipette puller. The 5131686 545131867 44
DNA solution (0.006ug/uL Clal-Clal fragment and 0.0013 chabcde fghikIimnop
ugluL linearized pSV2-neo, equivalent to a molar ratio of 212- 3 &l
approximately 3:1) was injected under visual control of an - T e $ B= -t
inverted phase contrast microscope (Leitz Orthoplanx400 51- o . w_ow- ' «® == -ht
The solution was forced into the cells with the aid of a Leitz 43-7 S e - !l §-ww~&w -hh
micromanipulator by gentle air pressure from a syringe 35- - ™
connected to the micropipette (Graessmann & Graessmann,
1983). 52013 5 4 1014206 1114 4 14 8 4
Isolation of DNA and Genomic Southern AnalysiEo @ chabcde fghikImnop
isolate genomic DNA from G418-resistant clones, cells were 21.2-
washed twice with 1x PBS, harvested, and lysed in a = - ol it
solution containing 20 mM Tris-HCI (pH 7.5), 20 mM 2.13: s URE " v - . E&® & -1h

EDTA, 300 mM NaCl, and 0.4% SDS followed by incuba-
tion with 500ug/mL proteinase K at 37C overnight. The
lysate was extracted successively with phenol/chloroform/ 141041346 4 4 451246 4

isoamyl alcohol (12:12:1) and with chloroform/isoamyl Feure2: Genomic Southern analysis of G418-resistant 3T3 clones.
alcohol (24:1). Resulting probes were precipitated with Genomic DNA was isolated from 3T3 cell clones cotransfected
ethanol, and DNA pellets were washed with 80% ethanol, with the B-1-X1- (A), B-1-P1- (B), and P1-P2-flanked (C) construct,

; i ; in 4500 digested withPst, resolved on 1% agarose gels, and Southern
dried under vacuum, and dissolved overnight in f blotted. The resulting filters were hybridized with a B-1-X1 (A),

TE [10 mM Tris-HCI (_pH 7.5) a_nd 1 mM EDTA]. DNA B-1-P1 (B), and P1-P2 (C) probe, respectively. Lanes marked ch
samples were then digested with BG/mL RNase A for  containedPst-cut genomic chicken DNA. Shown on the left are
2.5 h at 37°C followed by digestion with 10Qug/mL the migration positions of size standards corresponding-tmalll

proteinase K for 2 h at 37C. Then samples were extracted, Plus ECORI digest of bacteriophagé DNA. The band positions
ethanol precipitated, and dissolved as before. characteristic for hh, ht, and tt tandem integrations are indicated

on the right. Copy numbers are shown at the bottom.

Seven-microgram samples were digested A#t, and
fragments were resolved by e|ectr0phoresis on 1% agarosé]umbers of the 3T3 clones after a final correction for the
gels run in TPE [36 mM Tris, 30 mM Nai®Q, (pH 8.0), 2.17 times larger genome of mouse cells.
and 1 mM EDTA] and transferred to nitrocellulose filters ~ Various AssaysCAT activity was measured by incubating
by standard procedures (Sambrook et al., 1989). Filters wereS—80uL of cell extract for 1-5 h (with repeated additions
hybridized to 32P-random oligonucleotide-labeled probes Of acetylcoenzyme A) at 37C as described previously (Phi-
(Sambrook et al., 1989) [specific activity approximately ~ Van et al., 1990). The steady state level of reporter gene
1-2 x 10°® cpmiug DNA (Cerenkov counting)] in buffer ~ transcripts was determined by an RNase protection assay
containing 4 x SSC, 5 x Denhardt's solution (1x (Melton et al., 1984). Poly(A) RNA was isolated using an
Denhardt's = 0.02% (w/v) Ficoll, 0.02% (w/v) poly- ollgo(dT)-ceIIuIc_)se adsorption method (Ra_hmsdorf et al.,
(vinylpyrrolidone), and 0.02% (w/v) bovine serum albumin], 1987). Four micrograms of RNA was hybridized t6*R-
50 mM sodium phosphate buffer (pH 6.5), and 1@gmL Iabe!ed RNA probe covering 364_ nqcleotldes fromEmoR|
salmon sperm carrier DNA at 6% for 20-28 h. Hybrid-  Site in the CAT gene to aAcd site in the lysozyme gene
ized filters were washed at 6& with two changes of X promoter (see map in Figure 1B). Prior to the RNase
SSC, 25 mM sodium phosphate buffer (pH 6.5), and 0.1% Protection assay, the integrity and concentration of_ the poly-
SDS for 60 min and then with two changes ok1SSC, 25 (A)" RNA preparations were controlled by determining the
mM sodium phosphate buffer (pH 6.5), and 0.1% SDS for level of f-actin mRNA in a Northern blot analysis by use
60 min. After washing, air-dried filters were exposed to Of a*P-labeled genomic rat-actin DNA probe containing
Kodak XAR-5 films at—80 °C. As a reference, all filters  the first exon (Figure 4B). Hybridization was performed
contained 7g of Pst-cut genomic chicken DNA (ch lanes according to Fhe method described by Church and Gl!bert
in Figure 2), which harbors the lysozymé&MAR in a 4.8 (1984). _ Binding of labeled fragments to nuclear matrices
kb fragment. To quantitate copy numbers, autoradiograms from chicken HD11 cells was assayed as described previ-
were scanned with a Bio-Rad model 620 video densitometer®Usly (Cockerill & Garrard, 1986; Phi-Van & Stimg,
and the signals were corrected for DNA loading by a factor 1988).
obtained by scanning the negatives of the photographs takerhESULTS
of the ethidium bromide-stained agarose gels and dividing
the resulting value for chicken DNA by those for each sample  Experimental Design. The influence of the chicken
DNA lane. Then the autoradiographic signal for the chicken lysozyme gene '5MAR on gene expression has been
DNA was set as two copies of thé BIAR fragment per previously explored by stable transfection of artificial
diploid genome and was used as a reference to calculate copylomains and monitoring transgene expression in individual
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Table 1: The 5MAR and Its Halves Elevate CAT Transgene Expression in 3T3 Cells

CAT activity [pmol of CA normalized CAT activity
flanking MAR number  acetylatedgg of proteiny*h™l]  mean copy number  (CAT activity/copy)

fragment route of gene transfer of clones (mean+ SD) (variation) (mean+ SD)
control fragment calcium phosphate 40 0:649.61 7.3 (£8) 0.17+0.16
injection 8 0.2%+0.42 5.8 (2-13) 0.12+0.13

B-1-X1 calcium phosphate 66 3.231.70 5.2 (£25) 0.91+ 0.39
injection 22 12.571.89 7.4 (2-14) 1.53+ 0.44

B-1-P1 calcium phosphate 60 4.521.85 6.9 (+-20) 1.05+ 0.33
P1-P2 calcium phosphate 79 54853.09 4.9 (2-13) 1.46+ 0.66
injection 12 3.46+ 2.14 4.3 (212) 1.23+0.61

H1-Hadl calcium phosphate 55 1.0% 1.68 10.7 (6-19) 0.09+ 0.17
Hadl-P2 calcium phosphate 108 0.440.57 8.9 (1-25) 0.06+ 0.10
SalBA-Hadl dimer calcium phosphate 43 0.450.85 7.3 (+14) 0.13+0.13

cell clones (Stief et al., 1989; Phi-Van et al., 1990). The introduce three constructs in order to verify the results
domains used included a reporter gene and flankindAR obtained by CaPtransfection.
elements on each side. It was found that tHeMAR Genomic Southern Analysis Detects Nonrandom Tandem
elevated gene expression in a copy number-dependentntegrations. To determine the number of integrated copies
manner. Compared to enhancer elements, the lysozyme 5and their organization, we performed genomic Southern
MAR s fairly long (2.95 kb) and, furthermore, it exhibits analysis on DNA isolated from 493 G418-resistant, chloram-
several intriguing characteristics. Two high-affinity binding phenicol acetyltransferase-expressing clonBsi, which
sites of the abundant nuclear matrix protein ARBP, marked asymmetrically cuts the constructs at the site of the polyoma
by arrowheads in Figure 1A, are localized in subfragment enhancer insertion into two portions of different sizes (see
H1-Hadl, which efficiently binds to the nuclear matrix  Figure 1B), was used for DNA digestion, and the appropriate
(Buhrmester et al., 1995). The 3’ abutting sequence, which MAR fragment was utilized as the hybridization probe along
binds to the nuclear matrix only weakly, contains an with Psi-cut chicken DNA as a reference for genomic DNA
intrinsically bent sequence, marked by a hatched bar (vonwith two integrated MAR copies per genome. Figure 2
Kries et al., 1990). We therefore attempted to dissect the 5 illustrates such an analysis for some clones containing the
MAR and to identify the constraints that govern the position- construct with the complete’ B1AR (panel A) as well as
independent stimulation of transgene expression. clones containing the constructs with the MAR halves B-1-
In analogy to our previous experiments, we used artificial P1 and P1-P2 (panels B and C). Comparison of the
domains which included the CAT gene with the chicken hybridization signals with that of chicken DNA (ch lanes)
lysozyme gene promotei-(L4 to —579), the polyomavirus  allowed quantitation of the number of integrated copies.
enhancer (inserted at469), and bilaterally flanking"SMAR Typically, this number was found to vary between 1 and 25
elements or various subfragments therefrom (Figure 1B). with a mean of 4.310.7 (Table 1). Head-to-head (hh),
Figure 1A illustrates the subfragments utilized: (i and ii) head-to-tail (ht), and tail-to-tail (tt) tandem integrations would
the halves of the '5SMAR (fragments B-1-P1 and P1-P2), give diagnostic 7.4, 9.0, and 10.6 kb fragments for the B-1-
(i) fragment Haell-P2 containing the intrinsically bent X1 construct, 4.1, 5.7, and 7.3 kb fragments for the B-1-P1
sequence element, (iv) fragment H&el containing the two construct, and 4.4, 6.0, and 7.6 kb fragments for the P1-P2
high-affinity ARBP binding sites, and (v) the dimerized construct. From the data shown, we conclude that most of
fragmentSawBA-Hadl containing the downstream ARBP  the copies were integrated in tandem but that the orientation
binding site. The flanking fragments were inserted in their is highly nonrandom; hh, ht, and hh plus ht tandem
genomic orientations in the upstreafhad site as well as in integrations were significantly preferred in each group of
their reverse orientations in the downstreBanHlI site. As transfected clones (Table 2). By contrast, clones with solely
a control (non-MAR) fragment, we utilized an AT-rich (60%) tt tandem integrations were lacking, and mixed hh plus tt

0.6 kb fragment located6 kb downstream of the' MAR; and ht plus tt tandems were strongly disfavored. The mixture
this fragment does not exhibit any affinity to the nuclear of all three orientations occurred at an intermediate fre-
matrix from hen oviduct (Phi-Van & Stting, 1988). Clal- qguency. Surprisingly, head-to-head tandems were also

Clal fragments, free of vector sequences except 351 bp, werepreferred in those clones, which contained multiple copies
introduced into mouse 3T3 cells by unlinked cotransfection of the constructs (see e.g. Figure 2C). Consequently, these
with plasmid pSV2-neo containing the selectable marker geneclones contained independently integrated head-to-head
for neomycin phosphotransferase using the CabB@pre- doublets of the constructs. The number of these doublets
cipitation technique (Southern & Berg, 1982). This avoids could often be simply estimated by counting the number of
several potential influences: (i) that of prokaryotic sequences, junction bands (see e.g. clones n and o in Figure 2B). Clones
(ii) influences of the MAR fragments on the expression of with single integrations appeared rarely, with the exception
the ned gene and the selection process, (iii) the silencing of the group containing B-1-X1 constructs, where 35% of
effect of thened gene on nearby promoters (Artelt et al., the clones contained single integrations but often at multiple
1991), and (iv) influences by preselection for insertion into sites (see e.g. clones o and p in Figure 2A). For most of the
“active” chromatin expected in linked transfections (Blasquez clones (excluding those containing single integrations), the
etal., 1989). Furthermore, we omitted carrier DNA to obtain diagnostic bands for hh, ht, and tt orientations were the most
low-copy number clones, which are desirable to avoid prominent ones, indicating that intervening integration of the
artifacts by high-copy number integrations (Mielke et al., pSV2-neo plasmid occurred rarely, as expected from the 3:1
1990). We additionally chose microinjection as a means to ratio of experimental transgene/SV2-neo. With three con-
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Table 2: Nonrandom Tandem Integration of Transfected Constructs

flanking orientation
MAR fragment route of gene transfer hh ht Hhht hh+ tt ht + tt hh+ ht+ tt single copy
control fragment calcium phosphate 2 8 10 5 - 15 -
injection 2 5 1 - - - -
B-1-X1 calcium phosphate 5 20 13 1 - 4 23
injection 2 7 - - - 13 -
B-1-P1 calcium phosphate 40 3 3 - - 14 -
P1-P2 calcium phosphate 50 8 11 - - 10 -
injection 4 8 - - - - -
H1-Hadl calcium phosphate 17 14 10 - - 14 -
Hadl-P2 calcium phosphate 53 5 20 6 7 15 2
structs, we also obtained clones by microinjection. The 18 8 8 8 E.coli DNA
distribution of orientations among these generally reflected T 8o % (ug/ml)
that among the clones obtained by CaR@nsfection; tt
alone, hh plus ht, hh plus tt, and ht plus tt integrations were - -vector
disfavored. The basis for the nonrandom distribution of
orientations, in particular the disfavored appearance of tt _P1-P2
integrations, is not clear. It may be speculated that the -' == ~B-1-P1
unequal ends of the constructs, which contained on the 5
side a copy of the repeated MAR sequence but on the 3 g _Sau3A-Haell-
side a unique vector sequence, are responsible for the effect dimer
(see Figure 1B). . “P2-X1

Only the Habes of the 5SMAR Duplicated the Enhancing
Effect on Gene ExpressionTo determine the effects that

the selected MAR subfragments exert on gene expression,

CAT activities were divided on a per clone basis by the
number of integrated copies to obtain normalized CAT
activities. The means of normalized CAT activities for each
MAR fragment are listed in Table 1. The complete MAR
(B-1-X1) resulted in a 5.4-fold enhancement of the mean
level of CAT expression. Statistical analysis by a parametric
analysis (Student’stest) and a nonparametric test (Mann
Whitney U test) revealed that this increase is significant (
< 0.05). These results confirm our previous findings
obtained with different constructs, different cell types, and
a lower number of clones (Stief et al., 1989; Phi-Van et al.,

Ficure 3: SalBA-Hadl dimer fragment binds to the nuclear matrix.

A plasmid containing the completé BIAR sequence B-1-X1 was
cleaved withBanHI and Puull to generate the MAR fragments
B-1-P1, P1-P2, and P2-X1 and a vector fragment. Second, a plasmid
containing theSawBA-Hadl dimer was cleaved withPuull to
generate an 858 bp fragment containing the dimer and a vector
fragment. Labeled fragments were incubated with nuclear matrices
from HD11 cells in the presence of increasing concentrations of
E. coli competitor DNA as indicated. The bound fragments were
separated on agarose gels and autoradiographed. Lane | (input)
contains 5% of the labeled fragments.

and theSawBA-Hadl dimer constructs were 53 and 76%,

1990). When the construct was microinjected, the mean levelrespectively, relative to the control construct, yet these
of normalized CAT expression was elevated 12.7-fold decreases were not statistically significant. We conclude that
relative to those of clones injected with the control construct. the retained ability of shorter MAR fragments to bind to the
Clones containing constructs in which the MAR was replaced nuclear matrix is not sufficient to enhance transgene expres-

by the upstream (B-1-P1) and downstream (P1-P2) half
exhibited a 6.2- and 8.6-fold increase, respectively, in the
mean level of normalized CAT expression. Thus, the halves
of the B MAR duplicated the enhancing effect of the
complete MAR on gene expression.

The 452 bp subfragment Hladl retains the ability to
bind to the nuclear matrix (Phi-Van & Stfimg, 1988), and
furthermore, it contains two high-affinity binding sites for
the abundant nuclear matrix protein ARBP (Buhrmester et
al.,, 1995). Surprisingly, this fragment on the flanks of
integrated constructs did not elevate the level of normalized

sion of stably transfected constructs.

The downstream flank (sequenidad|-P2) of the 3 MAR
exhibits weak binding to the nuclear matrix but contains an
intrinsically bent sequence (von Kries et al., 1990). We
included this sequence in our analysis of the effects’of 5
MAR subsequences on gene expression and found that
fragmentHadI-P2 on the flanks of integrated constructs did
not affect an increase in normalized CAT activity (Table 1).
Thus, sequence bending per se, like nuclear matrix binding
activity, is insufficient to enhance transgene expression in
stably transfected cells.

CAT expression (Table 1). Furthermore, we generated a The relative level of correctly initiated reporter gene

fragment,SalBA-Hadll dimer, that contains two copies of a
downstream 177 bp sequence in fragmentHtéHl and thus
includes two copies of the downstream high-affinity ARBP
binding site (see Figure 1A). Fragme3alBA-Hadl dimer
bound to the nuclear matrix with an activity comparable to
that of the larger fragments B-1-X1 and P1-P2 (Figure 3).
However, on the flanks of stable constructs, this fragment
had no stimulating activity on normalized CAT expression.
In fact, the mean normalized CAT activities for the Hadll

transcripts from four randomly selected clones of each group
of clones was determined in an RNase protection analysis.
After normalization of the CAT transcript signals in Figure
4 per integrated copy, we found that the complete MAR
elevated transcript levels, on the average, 16.9-fold, the
upstream half-fragment B-1-P1 9.3-fold, and the downstream
half-fragment P1-P2 23.0-fold. In contrast, subfragment H1-
Hadl did not increase transcript levels significantly (1.3-
fold). Similar results were obtained with the abutting
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2 variable and dependent on the chromosomal site of integra-
2 Control B-17X1 B-1—P1 P1—P2 Hi1—Haell tion (position effect) (Palmiter & Brinster, 1986). We have
W o - previously shown that clones containing transgenes, which

— - — — e

- *-Ciiﬁ-l--'Qi'—

:4 :

are flanked by 5SMARs, show reduced variation in expres-
sion of the transgene among the clones (Stief et al., 1989;
Phi-Van et al., 1990). In Figure 5 (upper panels), plots of
non-normalized CAT activities versus copy numbers for the
clones containing the control construct and the B-1-X1-
o flanked construct confirm that flanking 31ARs affect a
= ) tight correlation of the level of expression with copy numbers
TYEORNNPgORNQETREe R g pActn (r = 0.937), while expression among the clones with the
control construct is highly variabler (= 0.512) (upper
panels). In the two groups of clones, which contain

. N~ ) . transgenes flanked by the halves of tHeMAAR (B-1-P1
FiGurRE 4: Quantitation of CAT transcripts. In an RNase protection . ; .
analysis (A), 4ug of poly(A)* RNA from four randomly selected and P1-P2), CAT activities also tightly corre]ated W|t_h copy
clones of the indicated groups was hybridized #8Rlabeled RNA ~ numbers ( = 0.954 andr = 0.910, respectively) (middle
probe. The filled arrowhead indicates the position of correctly panels). This shows also that tHeMBAR halves were highly

A)* RNA preparations was controlled by determining the level of : -
é-;ctin meNAE)in a Northern blot analysi)g (B). Copy %umbers for correlation was observed for the clones containing transgenes

= < CAT

1
- = .

5618120204 6204201412 2 413 515 5 6 Copy
number

each clone are indicated below each lane. flanked by subsequences Htadl and Haell-P2 (r = 0.398
andr = 0.320, respectively) (lower panels). Furthermore,
l_ contro . L e Jao no correlation was found for the transgene flanked by the
8 osi2 ] r-0937 duplicated subsequen8alBA-Hadl (data not shown). Thus,
e " 4 s . 20 the activity of the 5 MAR halves to enhance selectively
transgene expression paralleled their specific ability to

410 insulate gene expression from effects of the chromatin
structure at the site of integration. In addition, the ability to
bind to the nuclear matrix is not sufficient to insulate

y f" transgene activity.
E 20 E DISCUSSION
g o ‘5‘ We previously found that the chicken lysozyme gehe 5

MAR that includes 2.95 kb enhances transgene expression
in cultured cells in a copy number-dependent manner (Stief
. et al., 1989; Phi-Van et al., 1990). Here we show that the

gl  Hi-Hael Il Haen-p2 la

r-0398 0320 ' halves of the 5 MAR containing 1.32 and 1.45 kb,
6 ot il . respectively, quantitatively duplicated these effects, while
. * 2 shorter subfragments proved to be inactive. Since the halves
(K of the 8 MAR share no sequence homology, the observed
e kT Ty e e effects on gene expression were not determined by a specific
5 10 15 20 25 5 10 15 20 25 sequence. This feature is reminiscent of a general property
COPY NUMBER of MARs. Although MARs are AT-rich, they do not share
FicurRe 5: 5§ MAR and its halves generate copy number- sufficient sequence similarity to allow cross-hybridization
proportional transgene expression. CAT activities for each group (Gasser & Laemmli, 1987; Phi-Van & Stfimg, 1990).

of clones were plotted versus copy numbers. The individual groups P . . .
of clones are identified by the flanking MAR sequence in the Nevertheless, MARs have significant biological effects in

construct used for transfection. The correlation coefficients are COmmon, e.g. stimulating and insulating effects on transgene
shown. CAT activity units are the same as in Table 1. expression (Blasquez et al., 1989; Xu et al., 1989; Klehr et
al., 1991; Breyne et al., 1992; Dietz et al., 1994; Forrester
subfragmentHa€dl-P2 (data not shown). These results et al., 1994). Surprisingly, the inactive subfragments H1-
reinforce our previous conclusion that the halves of the 5 Hael and SalBA-Hadl dimer exhibit strong nuclear matrix
MAR duplicate the expression enhancing effect of the binding activities in an in vitro binding assay (Cockerill &
complete MAR but that the ability of subfragments to bind Garrard, 1986). Thus, the activity to enhance transgene
to the nuclear matrix is not sufficient to enhance transgene expression in a copy number-dependent manner requires
transcription. Figure 4 also shows that the relative transcript more sequence information than the ability to bind to the
levels on a per copy basis varied among the clones within anuclear matrix. Subfragments Hiadl and SatBA-Haell
group. A similar variation was observed for the level of dimer each contain two high-affinity binding sites for the
CAT activity (see below and Figure 5). However, the nuclear matrix protein ARBP. Most likely, the capacity of
number of clones (four) was too low to determine whether the MARs to bind to the nuclear matrix requires the presence
MARs have an effect on the extent of variation at the of only one or a few DNA binding sites for nuclear matrix
transcript level. constituents. The group of proteins that mediate MAR
The Ability of 5 MAR Subfragments To Enhance Trans- binding includes (among others) SATB1, p120 (also nhamed
gene Expression Correlated with Their Insulating Aityi. SAF-A, SP120, and hnRNP U), and matrin F/G (Dickinson
Expression of stably transfected genes is, in general, highlyet al., 1992; von Kries et al., 1994; Hakes & Berezney, 1991).
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The determinants that govern a stimulation of transgene containing tandem integrations of constructs witiVARs
expression in a copy number-dependent manner are moreon each side may be a likely source of inversions. We also
complex than those that affect binding of MARs to the point out that, since each repeat in an array of tandem
nuclear matrix or purified nuclear matrix proteins. Most integrations is bilaterally flanked by MARs and thus
likely, integrated MARS, when they are active as transgene represents an intact minidomain, different orientations should
stimulators, are packaged into nucleosomes and higher-ordenot affect transcription rates.

structures (Saitoh & Laemmli, 1994). This possibly causes Beyond the basic biological question of how complex
the requirement for longer sequences (three and moregenomes are organized to allow efficient use of the encoded
nucleosomal lengths). As a second explanation, it may beinformation, an understanding of the features that determine
postulated that several different features of MAR DNA are chromatin organization may be of high potential practical
collectively required for the transgene-stimulating effect. If significance. In the emerging fields of human gene therapy
these features reside in different subfragments, it would beand improvement of agricultural crops, the inclusion of
conceivable that longer DNA fragments are required. Be- elements (like MARS) that regulate chromatin structure in
sides binding sites for nuclear matrix proteins, DNA bends transgene constructs may be helpful.

and the property to unwind DNA may be critical (Bode et

al., 1992). Furthermore, several different MAR binding ACKNOWLEDGMENT
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