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ABSTRACT

The human gene encoding α1-antitrypsin (α1AT,
gene symbol PI) resides in a cluster of serine
protease inhibitor (serpin) genes on chromosome
14q32.1. α1AT is highly expressed in the liver and in
cultured hepatoma cells. We recently reported the
chromatin structure of a >100 kb region around the
gene, as defined by DNase I-hypersensitive sites
(DHSs) and matrix-attachment regions, in expressing
and non-expressing cells. Transfer of human chromo-
some 14 by microcell fusion from non-expressing
fibroblasts to rat hepatoma cells resulted in activation
of α1AT transcription and chromatin reorganization
of the entire region. In the present study, we stably
introduced cosmids containing α1AT with various
amounts of flanking sequence and a linked neo
selectable marker into rat hepatoma cells. All single-
copy transfectants with >14 kb of 5′ flanking
sequence expressed wild-type levels of α1AT mRNA
in a position-independent manner. In contrast,
expression of transgenes containing only ∼1.5–4 kb
of flanking sequence was highly variable. Long-term
culture of transfectant clones in the absence of
selection resulted in gradual loss of neo expression,
but expression of the linked α1AT gene remained
constant. DHS mapping of cosmid transgenes inte-
grated at ectopic sites revealed a hepatoma-specific
chromatin structure in each transfectant clone. The
implications of these findings are discussed.

INTRODUCTION

The gene encoding human α1-antitrypsin (α1AT, gene symbol
PI) resides in a cluster of serine protease inhibitor (serpin; for
review see 1) genes on chromosome 14q32.1. This ∼320 kb gene
cluster also includes the genes encoding α1-antichymotrypsin
(AACT), protein C inhibitor (PCI), kallistatin (KAL, gene
symbol PI4), corticosteroid-binding globulin (CBG) and an
antitrypsin-related pseudogene (ATR, gene symbol PIL) (2–4).
The six genes are organized into two discrete subclusters of
three genes, which have similar genomic organizations. The

proximal (α1AT-ATR-CBG) and distal (KAL-PCI-AACT)
subclusters are separated by ∼170 kb of genomic DNA (5).

The serpin genes at 14q32.1 are expressed in a tissue-
specific manner: they are all highly expressed in liver and
cultured hepatoma cells, but they are transcriptionally
repressed in most cell types. Other cells, such as monocytes/
macrophages and intestinal epithelial cells, express some but
not all of the serpin genes in the cluster (6,7). Therefore, these
genes provide a useful model system to study the cell-specific
regulation of gene activity and chromatin structure in a large
genomic region.

Mechanisms that regulate gene activity and chromatin
structure seem to be intimately linked (for reviews see 8–14).
To explore these mechanisms within the serpin cluster, we
began by characterizing the chromatin structure of an ∼130 kb
region around α1AT-ATR-CBG. To do this, we mapped
DNase I hypersensitive sites (DHSs) and matrix-attachment
regions (MARs) in the region extending from ∼25 kb upstream
of α1AT to ∼20 kb downstream of CBG in expressing and non-
expressing cells. DHSs are often located at important cis-
regulatory elements (15,16), and MARs may be important
determinants of individual chromatin domains (for reviews see
17,18).

The α1AT-ATR-CBG region contains five MARs. There is
a strong matrix-binding element ∼16 kb upstream of α1AT,
three MARs are located between ATR and CBG, and one
MAR is within CBG intron 1 (19). These MARs were matrix-
associated in all cell types tested. In contrast, most of the DHSs
in this region were cell-specific: there were 29 DHSs in
expressing cells, but only seven of these sites were found in
non-expressing cells. Furthermore, when human chromosome
14 was transferred from non-expressing to expressing cells by
microcell fusion, human α1AT and CBG gene expression was
activated, and the chromatin structure of the entire locus was
reorganized to an expressing cell-typical state (20). Both gene
activation and chromatin remodeling required hepatocyte
nuclear factors-1α and -4 (HNF-1α and HNF-4) (21). These
data indicate that the terminally differentiated recipient cells
used in these chromosome transfer experiments contained all
the trans-acting regulatory factors necessary for both the
establishment and the maintenance of cell-specific patterns and
gene activity and chromatin structure (19,20). As such, this
provides a basis for functional analysis of the locus by targeted
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mutagenesis using recombination-proficient microcell hybrids
(22).

The data summarized above indicate that the human α1AT
gene is expressed in a stable, cell-specific manner when the
locus is transferred to rat hepatoma recipient cells by microcell
fusion, that is, when the human α1AT gene is in its normal
chromosomal context. In contrast, stably integrated transgenes
are generally expressed at highly variable levels, presumably
due to transgene rearrangements and/or chromosomal position
effects at the sites of transgene insertion (23–28). In this study,
we determined the expression patterns and chromatin organi-
zations of large (∼40 kb) α1AT transgenes that were stably
integrated at ectopic chromosomal sites. To do this, human
α1AT cosmids containing various amounts of 5′ flanking
sequence linked to a dominant selectable marker (neo) were
transfected into rat hepatoma cells by electroporation. Trans-
fectant clones were isolated, and the expression phenotypes of
single copy transfectants were compared. Transgenes with
large (∼14–24 kb) 5′ flanking regions were highly expressed in
the hepatoma transfectants, and α1AT gene expression was
position-independent. In contrast, expression of similarly sized
transgenes with less 5′ flanking DNA was more variable.
α1AT expression in six different clones tested was stable in the
absence of selection, although expression of the linked neo
marker was not. DHS mapping experiments indicated that all
transgenes tested displayed expressing cell-typical patterns of
DHSs. These data suggest that α1AT transgenes recapitulate at
least some aspects of the regulation of the normal chromo-
somal allele.

MATERIALS AND METHODS

Cell lines and culture conditions

Fao-1 is a hypoxanthine-guanine phosphoribosyltransferase-
deficient, ouabain-resistant rat hepatoma cell line derived from
H4IIEC3 (29). The human hepatocellular carcinoma cell line
HepG2 and the cervical carcinoma line HeLa S3 were obtained
from the American Type Culture Collection (ATCC, Rockville,
MD). F(14n) series microcell hybrids were prepared by transferring
human chromosome 14 from HDm-5, a mouse fibroblast (3T6)
that contains a neo-marked human chromosome 14 derived from
diploid fibroblasts (30), to Fao-1 rat hepatoma cells, as
described (20,31). R(14n)6 was prepared similarly by transferring
human chromosome 14 from HDm-5 to Rat-2 rat fibroblasts.
All cells were grown in 1:1 Ham’s F12:Dulbecco’s modified
Eagle’s medium (F/DV) supplemented with 10% fetal bovine
serum (FBS; Gibco, Gaithersburg, MD). F(14n) microcell
hybrids and R(14n)6 cells were grown in medium containing
250 µg/ml G418.

Cosmid transfections

The various cosmids containing different parts of the human
α1AT-ATR region were subcloned from YAC305a11 from the
CEPH library (32), as described (5). The SuperCos1 vector
used (Stratagene, La Jolla, CA) contained a neo expression
cassette under the control of the SV40 promoter, allowing
selection in mammalian cells. Transfections into Fao-1 rat
hepatoma cells were performed as follows: exponentially
growing Fao-1 cells (∼1.2 × 107 cells/transfection) were
harvested and resuspended in 1 ml of ice-cold F/DV, and ∼12 µg

of MluI- or PvuI-linearized cosmid DNA was added. The cells
were electroporated at 960 µF and 300 V using a Bio-Rad
Gene Pulser (Hercules, CA). After ∼30 h in non-selective
medium (F/DV + 10% FBS), 500 µg/ml G418 were added, and
pools or individual clones were picked after ∼3 weeks and
expanded.

RNA and DNA blot hybridizations

Cytoplasmic RNAs were isolated from the cells and analyzed
on 1.2% agarose–formaldehyde gels as described (20). The
different probes used were: α1AT, a 567 bp BamHI–DraI frag-
ment from cosmid αATc1 (33) which contained most exon II
of human α1AT; this probe did not cross-hybridize with rat
α1AT mRNA. As loading controls, intensities of the ethidium
bromide-stained ribosomal RNA bands were compared. Alter-
natively, filters were stripped and rehybridized with a rat
cyclophilin cDNA probe (34). The neo probe was an ∼1.3 kb
StuI–SmaI fragment from cosmid vector SuperCos1.

Genotypic analyses of the various transfectant clones were
performed by Southern hybridization as described (20), using a
variety of unique probes from the α1AT-ATR region. All
probes were isolated from a collection of plasmid subclones
derived from individual cosmids as described (5,35). For
example, in Figure 2, probe 1 was an ∼1.1 kb HindIII–NcoI
fragment isolated from an ∼8.6 kb HindIII subclone (19) from
Ycos117 (5); probe 2 was a mixture of an ∼0.7 kb SphI–BamHI
and a 567 bp BamHI–DraI fragment containing most of α1AT
exon II. The rHNF-4 probe was an ∼1.1 kb SphI–BamHI fragment
from pLEN4S (36) containing 3′ untranslated sequences of rat
HNF-4 cDNA.

DNase I hypersensitive site mapping

Nuclei from the various cell lines were isolated and digested
with increasing concentrations of DNase I. Genomic DNAs
were purified, digested with the appropriate restriction
enzyme, and analyzed by Southern hybridization using a
variety of unique-sequence probes from the α1AT-ATR
region, as described (20,21). The same range of DNase I
concentrations was used for each cell line. The following
probes were used for the experiments shown in Figure 5: an
∼0.9 kb SpeI–HindIII fragment from, approximately, map
position +3 kb (Fig. 5A); an ∼1.1 kb HindIII–NcoI fragment
(approximately position –18 kb; Fig. 5B, left); an ∼0.4 kb
HindIII–ClaI fragment (approximately position –4.7 kb;
Fig. 5B, center and right); an ∼1.4 kb ScaI–TaqI fragment
(approximately position +35 kb; Fig. 5C, left), and an ∼1.4 kb
SacI fragment (approximately position +48 kb; Fig. 5C, right).
Most DHSs were mapped using two or more different combi-
nations of probes and/or restriction enzymes, as described (20).
Usually, samples from expressing and non-expressing control
cell lines were analyzed in parallel.

RESULTS

Transfection of human α1AT cosmids into Fao-1 rat
hepatoma cells

Microcell transfer of a neo-tagged human chromosome 14
from non-expressing fibroblasts to Fao-1 rat hepatoma cells
results in activation of human α1AT transcription to high,
recipient cell-typical levels (20). To determine whether α1AT
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cosmid transgenes might be expressed in a similar manner, we
transfected six different, similarly sized cosmids into Fao-1
cells by electroporation. Five of these cosmids contained the
complete α1AT coding region, plus various amounts of 5′ and
3′ flanking DNA (Fig. 1A). Ycos72 contained ∼24 kb of 5′
flanking DNA. Ycos54 and Ycos78 contained ∼19 and ∼14 kb
of 5′ flanking DNA, respectively, and they differed primarily
by the presence or absence of the α1AT 5′ MAR (19). Ycos68
and Ycos65 contained <5 kb of 5′ flanking DNA. Ycos59 did
not contain α1AT coding sequences, but it did contain ATR
and DNA sequences extending ∼26 kb downstream. The
SuperCos vector used to isolate these cosmids contained the
bacterial aminoglycoside phosphotransferase gene (Fig. 1B,
neo, hatched box) under the control of SV40 regulatory
sequences (gray boxes), thus allowing selection in mammalian
cells. Prior to transfection, the cosmids were linearized with
either PvuI (Ycos59) or MluI (others). The positions and orien-
tations of the neo and α1AT transcription units in these linear
DNA molecules, and in presumptive single copy integrants,
are shown in Figure 1C.

Genotypic analysis of cosmid transfectants

The six cosmids (Fig. 1A) were transfected into Fao-1 cells by
electroporation, and pools and individual clones were isolated
and expanded for analysis. Genomic DNAs from the cells were
prepared and analyzed by Southern hybridization to determine
copy number and integrity of the cosmid transgenes. An

example of this analysis for Ycos54 transfectants using two
different probes is shown in Figure 2. Untransfected rat
hepatoma cells (Fao-1) were used as a negative control, and rat
hepatoma [F(14n)2] (31) and fibroblast [R(14n)6] (20) micro-
cell hybrids containing human chromosome 14 served as
positive controls.

Only a subset of the transfectant clones contained intact
transgenes. Rearrangements and/or deletions were observed in
six of the 16 clones analyzed. As the precise arrangements of
transgene sequences in such transfectants are difficult or
impossible to determine, these clones are useless for genotype/
phenotype correlations. Furthermore, transfectants with trans-
gene rearrangements constituted nearly 40% of the clones in
this experiment, so analyses of polyclonal mixtures of trans-
fectant clones would be expected to be similarly uninformative.
These considerations have often been disregarded in the inter-
pretation of the phenotypes of stable transfectants.

A variety of transgene rearrangements were observed in the
Ycos54 transfectants. For example, transfectants 54A and 54N
had deleted virtually all α1AT sequences (Fig. 2 and data not
shown), and retained just enough of the cosmid vector to allow
expression of the selected neo marker. Other clones had deletions
of α1AT coding regions, but contained upstream sequences
(Fig. 2; 54E and 54P). Using the probes shown in Figure 2, 10
of the 16 transfectant clones appeared to contain intact trans-
genes (Fig. 2; 54C, 54D, 54F, 54G, 54H, 54I, 54K, 54L, 54M
and 54O).

Figure 1. Genomic map of the α1AT region and cosmids used in this study. (A) Physical map of the α1AT-ATR region. The map is drawn to scale, with position
zero defined as an EcoRI site in macrophage-specific exon IA of α1AT (5,35). Exons are indicated by black boxes, and MARs as hatched boxes. The positions and
names of relevant cosmids used in this study are shown below the map. Small diamonds on either side of the genomic inserts represent the diagnostic ClaI site of
the cosmid vector. (B) Schematic representation of the SuperCos1 vector ligated to a genomic insert. White boxes indicate λ or plasmid sequences. The bacterial
aminoglycoside phosphotransferase (neo) gene (hatched box) is under the control of SV40 promoter and polyadenylation signals (gray boxes). Relevant restriction
sites used to determine insert orientations and/or to linearize constructs for electroporation are indicated. (C) Diagrammatic representation of various linearized
cosmid clones, showing the presumptive genomic organization of single-copy, intact integrants. The relative positions and orientations of neo (gray boxes) and
α1AT (black boxes) and/or ATR (hatched boxes) in the various linearized templates are indicated.
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To assess transgene copy number in individual transfectant
clones, the filters used in the Southern hybridizations were
stripped and rehybridized with a probe to rat HNF-4 (Fig. 2,
panel rHNF-4), and band intensities among the various α1AT-
and HNF-4-hybridizing fragments were compared. As shown
in Figure 2, it was readily apparent that four of the 16 transfectant
clones contained multiple copies of the α1AT transgene
(Fig. 2; 54C, 54F, 54K and 54L).

Similar genotypic analyses were performed on clones
obtained by transfecting the five other α1AT cosmids (Fig. 1;
Ycos59, Ycos65, Ycos68, Ycos72 and Ycos78) into Fao-1
cells (data not shown). The distributions of clones with single
copy, intact transgenes, multiple copy insertions, and deletions
and/or rearrangements of α1AT coding sequences (as assessed
by the absence of one or both EcoRI fragments that hybridized
with probe 2; Fig. 2) are summarized in Table 1. Transfectant
clones with single copy, intact transgenes generally constituted
only ∼25–50% of the clones. The Ycos59 transfectants,
containing human ATR but not α1AT (Fig. 1), were used in
DHS mapping experiments (below) but not for phenotypic
tests; these clone are not included in Table 1.

Expression of human α1AT mRNA in rat hepatoma
transfectants

To determine whether the cosmid transfectants expressed
human α1AT, cytoplasmic RNAs were prepared, and steady-
state levels of α1AT mRNA were assayed by northern

Figure 2. Genotypic analysis of Ycos54 transfectants. Genomic DNAs from individual cosmid transfectants (54A, 54B, etc.) and from a polyclonal mixture of
approximately 30 clones (54pool) were prepared, and 5 µg of each were digested with EcoRI. The restriction digests were analyzed by Southern hybridization using
various probes in and around the human α1AT gene, as well as with a control rat probe (rHNF-4). Control DNAs were prepared from untransfected rat hepatoma
cells (Fao-1) and from rat hepatoma [F(14n)2] or fibroblast [R(14n)6] microcell hybrids containing human chromosome 14. The map at the bottom of the figure
shows the human α1AT gene with the hepatocyte-specific transcription start site (arrow) and relevant flanking sequences, including genomic EcoRI sites and the
locations of probes 1 and 2. These probes are described in Materials and Methods. The rHNF-4 probe was an ∼1.1 kb SphI–BamHI fragment from pLEN4S (36)
containing 3′ untranslated sequences of rat HNF-4 cDNA. Shaded boxes over individual transfectants indicate clones that contained single copy, intact transgenes.
Arrows beside the gels show the positions (in kb) of size markers (1 kb ladder).

Table 1. Transgene genotypes of cosmid transfectants

aCosmids used (Fig. 1) with the approximate length of the α1AT 5′ flanking
region in parentheses.

Cosmid transfecteda Number of clones

Single-copy Multi-copy Rearranged Total

Ycos72 (23.5 kb) 3 5 3 11

Ycos54 (19 kb) 6 4 6 16

Ycos78 (14 kb) 7 6 3 16

Ycos68 (4 kb) 7 3 5 15

Ycos65 (1.4 kb) 4 3 8 15
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hybridization using a human exon II probe that did not cross-
hybridize with rat α1AT sequences. Neo mRNA levels were
also assessed, as were levels of rat cyclophilin mRNA, which
served as a loading control. Figure 3A shows an example of
this analysis for the five different families of single-copy,
intact cosmid transfectants.

All three Ycos72 transfectants and six Ycos54 transfectants
that contained single, intact transgenes (Fig. 3; 72A, 72D and
72K, and 54D, 54G, 54H, 54I, 54M and 54O), expressed high
levels of human α1AT mRNA. Furthermore, α1AT mRNA
levels in these clones varied only ∼2–3-fold among the clones.
Thus, the α1AT mRNA expression phenotypes of the Ycos72
and Ycos54 transfectants were similar to those of rat hepatoma
microcell hybrids containing human chromosome 14, in which
human α1AT resides in its normal chromosomal context
(Fig. 3B). These data suggest that Ycos72 and Ycos54, with
∼23 and 19 kb of sequences upstream of α1AT and ∼4.9 and
8.5 kb downstream, respectively (Fig. 3C), contain all of the
cis-regulatory sequences necessary for recipient cell-typical,
position-independent α1AT expression in rat hepatoma cells.
α1AT mRNA was also expressed at high levels in the seven

Ycos78 transfectants, although perhaps more variably. Thus,
the presence (in Ycos54) or absence (in Ycos78) of the α1AT
5′ MAR had little effect on α1AT transgene expression in this
assay.

In marked contrast to the α1AT expression phenotypes of
the Ycos72, Ycos54 and Ycos78 transfectants, α1AT mRNA
expression in transfectants that contained similarly sized
trangenes with relatively small 5′ flanking regions was highly
variable (Fig. 3A). For example, Ycos68 and Ycos65 trans-
genes, which contained only ∼4 and 1.4 kb of 5′ flanking DNA,
respectively (Fig. 3C), were expressed at very different levels
in different single copy, intact transfectant clones. Further-
more, some of the Ycos68 and Ycos65 transfectants expressed
very low levels of human α1AT mRNA (Fig. 3A; 68D and
65N). Thus, expression of these transgenes was sensitive to
chromosomal position effects at the site of transgene insertion,
effects that were not observed in transgenes with larger 5′
flanking segments.

Levels of neo mRNA in the various transfectant clones were
also assessed and compared to levels of α1AT mRNA (Fig. 3A
and data not shown). Neo mRNA expression was highly

Figure 3. Expression of human α1AT mRNA in single-copy cosmid transfectants. (A) Cytoplasmic RNAs (5 µg/lane) from the indicated single copy Ycos72,
Ycos54, Ycos78, Ycos68 and Ycos65 transfectant clones or untransfected rat hepatoma cells (Fao-1) were prepared, and steady-state levels of human α1AT mRNA
were analyzed by northern hybridization. The α1AT probe was a human-specific exon II DNA fragment that did not cross-hybridize with rat α1AT sequences.
Aminoglycoside phosphotransferase (neo) mRNA levels from the SuperCos1 vector were also assayed. As a loading control, the filters were stripped and rehybridized
with a rat cyclophilin (cyclo) probe. (B) Seven rat hepatoma microcell hybrids containing an apparently intact human chromosome 14 (31) were analyzed for
human α1AT mRNA levels as above. As loading controls, the intensities of the ethidium bromide-stained ribosomal RNA bands (EtBr) are shown. These images
are composites made from two different gels. (C) The map shows the extent of each cosmid insert, together with the position of the serpin genes and the MARs, as
described in the legend to Figure 1.
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variable among the transfectant clones, and there was no
apparent correlation between α1AT and neo mRNA levels.
Thus, although neo expression appeared to be subject to
chromosomal position effects at the site of transgene insertion,
the linked α1AT gene was not. This was observed whether the
neo expression cassette was positioned upstream or down-
stream of the α1AT gene in the linearized cosmid vector
(Fig. 3A and data not shown).

Finally, all single copy transfectants analyzed that contained
an intact α1AT structural gene expressed α1AT mRNA that
could be detected by northern hybridization. In this sense,
expression of these transgenes, including those with small 5′
flanking segments, appeared position-independent. Clones that
contained multiple α1AT transgenes generally, but not always,
expressed higher levels of α1AT mRNA than single-copy
clones (data not shown).

Stable long-term α1AT expression in the absence of
selection

Transgene expression often decays with time in culture when
selective pressure is removed (for review see 27,28). Further-
more, expression of the selected neo marker was not correlated
with expression of the linked α1AT gene in our cosmid trans-
fectants (Fig. 3A). Therefore, we determined the stability of
neo and human α1AT mRNA expression in the absence of
selection. We were particularly interested in determining
whether the presence or absence of the α1AT 5′ MAR affected
gene silencing in this assay.

Three single-copy, intact Ycos72 transfectants (Fig. 3; 72A,
72D and 72K) and Ycos68 transfectants (Fig. 3; 68H, 68J and
68N), containing ∼23.5 and 4 kb of α1AT 5′ flanking DNA,
respectively (Fig. 1), were cultured in the absence of G418
selection for more than 30 passages by splitting the cells ∼1:10
twice a week. Cytoplasmic RNAs were isolated at intervals
and used in northern hybridizations to assess neo and human
α1AT mRNA levels. As shown in Figure 4, neo mRNA levels
decreased with time in non-selective medium in each of the six
transfectants. In contrast, expression of the linked α1AT gene
was constant over the same time course, and no decay in α1AT
expression was observed for either transgene at the six
different integration sites tested.

Chromatin organization of single-copy cosmid transfectants

We previously mapped 22 DHSs in the ∼85 kb region
extending from ∼30 kb upstream of α1AT to ∼25 kb down-
stream of ATR in expressing cells, but only six of those sites
were found in non-expressing cells. Furthermore, transfer of
human chromosome 14 from non-expressing fibroblasts to
expressing rat hepatoma cells activated α1AT and CBG tran-
scription, and this was accompanied by the de novo formation
of expression-associated DHSs (20). To determine whether
recipient cell-typical patterns of DHSs could be formed on
shorter genomic templates, we mapped DHSs in four single-
copy, intact α1AT cosmid transfectants.

Nuclei from transfectant clones F/cos72A, 78L, 65M and
59F (Figs 1 and 3) were isolated and treated with increasing
concentrations of DNase I. DNA was purified and digested
with appropriate restriction enzymes, and the presence of
specific DHSs was assessed by Southern hybridization, as
described previously (20,21). An example of this analysis is
shown in Figure 5A, where the α1AT promoter region was

analyzed. All three transfectants used in this experiment exhibited
two strong DHSs at, approximately, positions +1.85 and –0.15 kb.
The DHS at about –0.15 kb is a constitutive site that was found
in all cells previously examined (20,21,37), whereas the site at
approximately +1.85 kb, at the liver-specific α1AT promoter,
was expression associated. On this particular blot, the DHS at
about position –2.2 kb was masked by the strength of the two
other sites present in this restriction fragment, but it was easily
observed using other restriction enzyme/probe combinations
(e.g. Fig. 5B and data not shown).

Another example of DHS mapping in α1AT upstream region
is shown in Figure 5B. F/cos72A cells showed two DHSs at,
approximately, positions –18.9 and –5.5 kb (left and middle
panels), whereas in F/cos78L cells, three DHSs, at about
positions –4.1, –3.4 and –2.2 kb (right panel), were observed in
addition to the constitutive site at about –0.15 kb (Fig. 5A and B).
Moving downstream of α1AT, between ATR and CBG, F/cos65M
cells exhibited two DHSs at approximately +37 and +37.5 kb,
typical of expressing cells (Fig. 5C, left panel). Similarly, F/cos59F
cells contained sites at approximately +50.1 and +51.9 kb
(Fig. 5C, right panel).

Similar DHS mapping experiments were performed
throughout the region (from approximately –30 to +55 kb
relative to the macrophage-specific promoter of α1AT) on the

Figure 4. Expression of neo and human α1AT mRNAs in the absence of
selection. Six single-copy, intact cosmid transfectant clones (F/cos72A,
F/cos72D, F/cos72K, F/cos68H, F/cos68J and F/cos68N) were grown in the
absence of G418 selection for more than 30 passages, and cytoplasmic RNAs
(5 µg/lane) were prepared after 3, 6, 12 and 16 weeks (lanes marked 3, 6, 12
and 16) and analyzed for neo, human α1AT and rat cyclophilin mRNA expression
as described in the legend to Figure 3. Lanes marked ‘0’ are two separate RNA
samples from the cell lines prior to removal of G418. Lanes marked F contained
RNA from parental Fao-1 rat hepatoma cells.



Nucleic Acids Research, 2000, Vol. 28, No. 18 3611

four single-copy transfectants. Results of these experiments
are summarized in Figure 6, where the DHS maps of the

cosmid alleles are compared to those of expressing (HepG2),
non-expressing (HeLa S3), activated [F(14n)2] and extinguished

Figure 5. DNase I-hypersensitive site mapping in cosmid transfectants. Nuclei from the indicated single-copy, intact cosmid transfectants were treated with
increasing concentrations of DNase I. DNA was purified, digested with HindIII (A), BglII (B, left and right; C, right), SacI (B, center), or EcoRI (C, left) and
analyzed by Southern hybridization using specific probes around α1AT described in Materials and Methods. The diagrams indicate the positions of relevant restriction
sites, DHSs, probes and α1AT exons, using as coordinate zero an EcoRI site in the middle of exon IA of α1AT. Light gray boxes in (C) indicate a fragment of the
SuperCos1 vector at the 3′ end of the transgene, and restriction sites with an asterisk are either in the vector or at the integration site of the cosmid in the rat genome.
The ∼4.1 kb EcoRI fragment without DHSs (C, left; approximately position +31 to +35.1 kb) only hybridized weakly to the probe used, and is barely visible below
the stronger ∼4.3 kb fragment recognized by the probe. Arrows beside the autoradiographs indicate the positions of sub-fragments generated by DNase I cleavage
at specific DHSs. A 1 kb ladder was used as a size standard, and the positions of diagnostic bands are indicated beside the autoradiographs.
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[R(14n)6] serpin alleles. Most DHSs were mapped using two
different probe/restriction enzyme combinations, and, as
shown in the figure, the DHS maps of the cosmid transfectants
perfectly recapitulated the structures of activated α1AT alleles
in rat hepatoma microcell hybrids (with the exception of two novel,
weak sites at about +20 kb in F/cos78L). Significantly, F/cos59F
cells displayed a hepatoma-typical pattern of DHSs, despite the
fact that this serpin transgene was transcriptionally inactive, as
it contained only the ATR pseudogene (2–4).

Together with a previous study showing that MAR
sequences are matrix associated in cosmid transfectants (19),
the data reported here demonstrate that cosmids containing
various portions of the human 14q32.1serpin gene cluster are
organized into an expressing cell-typical chromatin structure in
transfected cells. Thus, the transgenes contain cis-regulatory
sequences that are sufficient for the formation of stable, liver-
specific chromatin structures, and the differentiated rat
hepatoma recipient cells provide the trans-acting factors that
are required for establishing and maintaining these cell-
specific chromatin structures at ectopic chromosomal sites.

DISCUSSION

The human serpin gene cluster at 14q32.1 is a useful model
system for studying relationships between cell-specific gene
expression and chromatin structure. The five protein-coding
genes of the cluster, α1AT, AACT, CBG, KAL and PCI, are
all expressed in the liver and cultured hepatoma cells, but they
are transcriptionally inactive in most cell types. Other cells

express a subset of the serpin genes; for example, macrophages
and intestinal epithelial cells express α1AT but not CBG (6,7).
In macrophages, a distinct promoter ∼2 kb upstream of the
liver/intestinal promoter is employed (37,38).

Transgenes have been used extensively in both cultured cells
and transgenic animals to study the cell-specific regulation of
gene activity. In stable transfectants, transgene expression is
generally unpredictable, expression levels vary from clone to
clone, and expression does not generally correlate with trans-
gene copy number. It is believed that these variations are
largely due to position effects at the sites of transgene insertion
(for reviews see 23–28). Furthermore, stably integrated trans-
genes are generally expressed at levels that are lower than
those of the corresponding chromosomal alleles. This may be
due to the generally suppressive effects of chromatin structure
on gene expression in mammalian cells (8,24,39). Stable trans-
fectants also tend to delete and/or rearrange transgene
sequences, and many of them contain concatemeric transgene
arrays that are prone to transcriptional silencing (27,40,41). All
of these factors conspire to make phenotype/genotype
correlations in stable transfectants far less straightforward than
they might seem.

In this study, we tested whether cosmids containing the
human α1AT gene and various amounts of flanking DNA were
properly regulated in stable rat hepatoma transfectants. The
experiments were designed to circumvent some of the problems
that are generally encountered in transfection studies, as
follows. First, the transgenes that we employed contained a
selection cassette, neo, at one end of the linearized vector and

Figure 6. Long-range DHS map of α1AT-ATR alleles. The map is drawn to scale, with position zero defined as an EcoRI site in exon IA of α1AT. Exons are indi-
cated as black boxes, with arrows showing the transcriptional orientations of the genes. MARs are shown as hatched boxes. DHSs are depicted above the map as
vertical arrows. Long arrows indicate strong DHSs, and short arrows weak sites in the HepG2 cells. The presence or absence of specific DHSs in various microcell
hybrids containing human chromosome 14 and single-copy cosmid transfectants [HepG2, expressing human hepatoma allele; HeLa S3, non-expressing human
allele; F(14n)2, activated allele in rat hepatoma cells; R(14n)6, extinguished allele in rat fibroblasts; F/cos72A, F/cos78L, F/cos65M and F/cos59F, cosmid trans-
fectants; see Figs 1 and 3] is indicated above the map by + or – signs. Small + indicates a DHS weaker than that of the expressed HepG2 allele. The positions of the
genomic inserts of the four transfectants analyzed are indicated below the map.
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the test gene, human α1AT, as a linked genomic DNA segment
of at least ∼30 kb. Thus, the transfectants contained not only
the α1AT gene itself (∼12 kb), but considerable segments of
flanking DNA. Second, the transgenes were introduced into
Fao-1 rat hepatoma recipient cells by electroporation, which
tends to yield single or low copy number transfectants. This
avoids issues associated with concatemeric transgene arrays.
Third, individual transfectant clones were isolated, and their
transgene genotypes were carefully determined by Southern
hybridization using a variety of specific probes from the
α1AT-ATR region. This allowed us to identify those clones
that contained single, intact transgene insertions. Fourth, we
analyzed the expression phenotypes of several independent,
single copy clones for each transgene used, and we compared
α1AT mRNA levels both within and among the different trans-
fectant classes. In these studies we used human α1AT mRNA
levels in rat hepatoma microcell hybrids, which we showed to
be relatively constant, as the wild-type standard for comparison.

Five different cosmids containing α1AT coding sequences
plus various amounts of 5′ and 3′ flanking DNA yielded multi-
clonal pools of transfectants that expressed comparable levels
of α1AT mRNA, regardless of the flanking sequences in the
transgenes (from ∼24 to ∼1.4 kb upstream and ∼4.8 to ∼27 kb
downstream of α1AT, data not shown). However, only ∼25–50%
of individual transfectant clones contained single copy, intact
transgenes. Once these clones were identified and characterized,
variations in steady-state levels of α1AT mRNA were
apparent. In particular, single copy transfectants containing
short 5′ flanking regions (∼1.4 and ∼4 kb) were expressed
much more variably and usually at lower levels than similarly
sized transgenes with 14–24 kb of 5′ flanking DNA. These data
suggest that chromosomal position effects commonly occur in
transgenes with relatively short 5′ flanking sequences, when
the test gene is near the end of the transgene insertion, but
transgenes with longer 5′ flanking segments are largely
immune to these effects. Accordingly, our α1AT transgenes
with 23.5, 19 and 14 kb of 5′ flanking DNA were all expressed
at high levels in single copy transfectants, levels that were
comparable to those of hepatoma microcell hybrids that
retained an intact human chromosome 14. Whether there are
specific cis-elements that mediate these effects, or whether
non-specific buffering is involved, is not presently known.
Clearly, however, the presence or absence of the α1AT 5′
MAR (19) had little effect on transgene expression in these
assays, and it did not affect the yields of neo-resistant clones in
cosmid transfection experiments.

A caveat in the interpretation of virtually all stable transfection
experiments concerns the effects of the selected marker.
Irrespective of whether the marker under selection is part of the
test vector, as in this study, or is cotransfected as a separate
plasmid, both genes almost invariably become integrated at a
common chromosomal site (for example see 40,42). Those
sites must allow for expression of the selected marker, and this
may bias the kinds of integration sites that can be sampled by
this method. In the transfectants described in this report, there
was no correlation between levels of neo mRNA and α1AT
mRNA in individual transfectant clones, although both genes
were integrated together. Furthermore, the position of the neo
expression cassette, either upstream or downstream of α1AT,
did not affect α1AT mRNA levels (compare Ycos65 and
Ycos68 transfectants in Fig. 3). Similarly, linearizing Ycos54,

Ycos72 and Ycos78 with PvuI instead of MluI gave rise to
transgene insertions with the neo cassette downstream rather
than upstream of α1AT, but this had no effect on α1AT mRNA
levels (data not shown). Finally, α1AT mRNA expression in
these transfectants was stable in the absence of selection, but
neo mRNA expression was not.

There are two aspects of our transfectants’ phenotypes that
are noteworthy. First, in three different families of transfectants
with large (14–24 kb) 5′ flanking regions, α1AT mRNA was
expressed at recipient-typical levels that were mostly invariant
among single copy clones and stable in the absence of
selection. These phenotypes are very different from those of
most stable transfectants (for example see 21,42). Second,
neo and α1AT mRNA levels in the transfectants were not
correlated in either the presence or absence of selection. What
could account for these unusual properties? One important
factor may be the strength of the α1AT promoter/enhancer.
The α1AT gene is one of the most highly expressed genes in
the liver, and the α1AT promoter is strongly activated by two
liver-enriched transactivators, HNF-1α and HNF-4 (43–45).
HNF-1α and HNF-4 bind to specific sites in the hepatocyte
promoter at about –70 and –110 bp, respectively. Strong
activation through this promoter might render the α1AT tran-
scription unit relatively insensitive to chromosomal position
effects, so that high levels of transgene expression might be
observed in most single copy clones. This would also explain
why neo and α1AT mRNA levels were not correlated, as neo
transcription was initiated from a viral promoter that is much
less active than the α1AT promoter in this cell type. Strong
promoter/enhancer combinations are known to make genes
relatively insensitive to position effects in yeast and other
systems (for example see 42,46,47). On the other hand, the
α1AT promoter is not in itself sufficient for high level trans-
gene expression, because cosmid transgenes with only ∼1.4 or
4 kb of 5′ flanking DNA were variably expressed. Thus, the 5′
flanking DNA played a role, either specific or non-specific, in
insulating transgene expression in the transfectants. In trans-
genic mice, α1AT constructs with only ∼2–7 kb of 5′ flanking
DNA were expressed at high levels in the liver, although these
transgenes were usually present in multicopy arrays
(33,48,49).

Relative promoter strength might also explain why α1AT
mRNA expression was stable in the absence of selection, but
neo expression was not. Transgenes integrated at different
chromosomal sites are often subject to gradual silencing in the
absence of selection (27,28,42,47). This process seems to
involve transgene relocalization within the nucleus to a repressive
chromatin environment (for review see 50). Functional
enhancers can suppress transgene silencing (51), and there is
evidence that some chromosomal boundary elements, like the
chicken β-globin HS4, play critical roles in protecting trans-
genes from silencing and/or position effects (42,52–54). We
were interested in determining whether the α1AT 5′ MAR
would protect transgenes from silencing upon cultivation in
non-selective medium. Surprisingly, we found that expression
of all of the α1AT transgenes we tested was stable in the
absence of selection. The relative strength of the α1AT
promoter/enhancer likely plays a dominant role in maintaining
this stable expression phenotype.

The chromatin structure of the α1AT-ATR-CBG region, as
assessed by distributions of DHSs, is correlated with gene
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activity in expressing versus non-expressing cells (20,21,37).
HepG2 cells display 29 DHSs in this ∼130 kb interval, while
non-expressing HeLa S3 cells have only seven of those sites.
Microcell transfer of human chromosome 14 from non-expressing
fibroblasts to rat hepatoma cells resulted in activation of α1AT
and CBG transcription and the formation of expression-associated
DHSs. In hepatic cells, both gene activation and chromatin
remodeling required HNF-1α and HNF-4 (20,21). To assess
whether cell-specific chromatin structures could form on
shorter templates, we mapped DHSs in α1AT cosmid trans-
genes. These experiments revealed that α1AT cosmids integrated
at ectopic chromosomal sites in rat hepatoma cells were appro-
priately structured; the distributions of DHSs in the transgenes
were identical to those of the human α1AT locus in rat
hepatoma microcell hybrids. Significantly, Ycos59F, a cosmid
transfectant that expresses neo but no serpin gene (it contains
the non-expressed ATR pseudogene but no α1AT genomic
sequences), displayed all of the expression-associated DHSs
typical of the region. Thus, cis-acting elements and not tran-
scription per se seem to be sufficient for the formation of cell-
specific DHSs on α1AT templates in an expressing cell
environment. However, this interpretation is subject to the
caveat that transcription of the linked neo marker might play a
role in establishing an open chromatin configuration of the
entire transgene. Further work will be required to address this
issue. Nonetheless, both DHSs and matrix associations of
MARs within α1AT transgenes (19) are recapitulated in
cosmid transfectants.

In summary, the data presented here indicate that transgenes
in cosmid transfectants can be expressed and organized in a
manner similar to the corresponding chromosomal alleles. An
important future goal will be to assess the roles of promoters,
enhancers and other regulatory elements in contributing to
these stable expression phenotypes.
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