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Abstract
Previous studies demonstrated that DNase I hypersensitive site −40 (HS-40) of the α-globin locus is
capable of greatly enhancing expression of a hybrid β/γ-globin transcriptional unit in plasmid-
transfected murine erythroleukemia (MEL) cells. However, as reported here, this same γ-globin gene
expression cassette was only transcribed at trace amounts in erythroid cells of transgenic mice. This
lack of expression was not directly attributable to the β/γ-globin transcriptional unit, since this same
unit linked to a composite β-globin locus control region was expressed at high levels in transgenic
mice. This lack of expression was also not directly attributable to chromosomal position effects, since
addition of chromatin insulators failed to increase the frequency of expression. DNase I
hypersensitivity and chromatin immunoprecipitation assays demonstrated that the lack of expression
was correlated with a closed chromatin structure. We hypothesize that transgenes undergo dynamic
changes in chromatin conformation following chromosomal integration and that the discrepant
results reported here can be attributed to the relatively high level of chromatin remodeling that occurs
in the transgenic mouse model, coupled with the relative inability of the HS-40 element to maintain
an open chromatin state under such conditions.

Introduction
Several studies suggest that DNase hypersensitive site −40 (HS-40) of the human α-globin
locus may prove useful for enhancing expression of recombinant virus vectors encoding human
β-globin or γ-globin designed to treat patients with β-chain hemoglobinopathies. This element
has been shown to elevate expression of linked α-globin genes in a variety of settings, including
cells lines and transgenic mice,1–4 as well as linked γ-globin and β-globin genes in cell lines.
5,6 The HS-40 element can also be included in recombinant oncoretrovirus vectors for human
γ-globin without diminishing vector titers and genetic stability,5–7 a significant problem with
similar elements from the β-globin locus control region (LCR).8 In previous studies we
reported development of an optimized expression cassette for human γ-globin consisting of
the HS-40 enhancer linked to a truncated β-globin promoter (βpr) and γ-globin coding segment
containing a partial deletion of the second intron.6 Using a stable plasmid transfection assay
in a murine erythroleukemia (MEL) cell line, we found that this cassette expressed γ-globin at
166% of endogenous mouse α-globin per copy in 6 pools and 105% in 9 clones.6 Following
minor modifications, this cassette was introduced into a genetically stable, high-titer
oncoretrovirus vector, which was capable of expressing γ-globin at up to 66% per copy of α-
globin in MEL studies.7,9 To investigate how well the γ-globin gene of this optimized
expression cassette would be expressed in erythroid cells we produced transgenic mice. In
contrast with the high-level expression in stably transfected MEL cells, this γ-globin gene was
only transcribed in a trace amount in the erythroid cells of transgenic mice. This unexpected
result prompted us to perform a systematic study of expression potential of the γ-globin gene
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expression cassette in transgenic mice. These studies suggest that it is a failure of the HS-40
element, rather than elements of the hybrid βpr/γ gene transcriptional unit, that accounts for
the gene silencing observed in vivo. Further, these studies suggest that this failure reflects an
inherent property of the HS-40 element rather than the influence of silencing chromosomal
position effects, since inclusions of chromatin insulators fail to rescue expression. We
hypothesize that transgenes undergo dynamic changes in chromatin conformation after
integration into target cell chromosomes and that differences in transgene expression in
transfected MEL cells and transgenic mice can be explained by differences in the kinetics or
degree of chromatin remodeling or both which occur in these 2 settings, coupled with the
inability of the HS-40 element to maintain an open chromatin structure during the high level
of chromatin remodeling that occurs during embryogenesis.

Materials and methods
Transgene constructs

All constructs were generated in the plasmid vector pBluescript (Stratagene, La Jolla, CA) with
the use of standard molecular cloning procedures and are diagramed in Figure 1. As previously
described, construct HS-40/βpr/γ gene contains the HS-40 element from the human α-globin
locus as a 356–base pair (bp) TaqI/XmnI fragment, the human β-globin promoter as a 178-bp
RsaI/NcoI fragment spanning from the CACCC box to the ATG starting codon, and the
human Aγ-globin coding gene as a 1185-bp NcoI/HindIII fragment with a 714-bp XhoI/HpaI
deletion within the second intron.6 For construct HS-40(mut)/βpr/γ gene a G-to-T transversion
was introduced into the 3′ NF-E2 motif of HS-40 with the use of the QuickChange site-directed
mutagenesis kit (Stratagene) and was verified by DNA sequencing. For construct μLCR/βpr/
γ gene the HS-40 element was replaced with a previously described 2.5-kb composite of the
β-globin LCR (μLCR) that comprises 5′ HS1 (GenBank humhbb 13062–13769), HS2 (8486–
9218), HS3 (4608–5172), and HS4 (1182–1702).10 For construct HS-40/βpr/γ gene/hHS5 a
previously described 3.2-kilobase (kb) BglII/BamHI fragment containing HS5 of the human
β-globin LCR (accession number L22754) was added 3′ of the γ-globin coding segment.11 For
construct cHS4/HS-40/βpr/γ gene a previously described 1.2-kb XbaI fragment containing HS4
of the chicken β-globin LCR (accession number U78775) was added 5′ of the HS-40 element.
12

Transgenic mice
The construct fragments were released from plasmid sequences by restriction digestion and
were purified by agarose gel electrophoresis. The purified fragments were injected into
fertilized eggs from B6/C3F1 donors, which were then transferred to pseudopregnant B6/D2F1
foster recipients. Founder animals were identified by hybridizing Southern slot blots
with 32P-labeled probes for construct-specific sequences. F1 progeny were obtained by
breeding founder animals with nontransgenic B6/D2F1 mates and were screened for correct
integration and to exclude the presence of mosaicism in the founders.

Transgene structural analysis
DNA was isolated by standard procedures and digested with NcoI, which cuts once within each
transgene. DNA (10 μg) was loaded onto an 0.8% agarose gel, and DNA fragments were
resolved by electrophoresis. Southern blot hybridization was performed with 32P-labeled
probes and quantified on a PhosphorImager (Molecular Dynamics, Sunnyvale, CA). For copy
number measurements the blots were hybridized with a mixture of 2 probes for the recombinant
construct and 1 probe for the murine α-globin gene as a loading control. Copy numbers were
determined by comparing the signals from a given transgenic line with those from human
genomic DNA.
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RNA analysis
Total RNA was prepared from peripheral blood of 3- to 5-week-old transgenic mice with the
use of guanidine thiocyanate-acid–phenol. Human γ-globin transgene transcripts were
analyzed by RNase protection as previously described by using the following probes: pT7Mα
(128) linearized with HindIII to give a 128-bp protected fragment within exon 1 of the mouse
α-globin gene and pT7Aγ (170) linearized with BstEII to give a 170-bp protected fragment
within exon 2 of the human Aγ-globin gene.13 A total of 50 ng RNA was hybridized overnight
at 48°C with 106 counts per minute (cpm) of each radiolabeled probe. A pilot experiment
confirmed that probe was in excess under these conditions. After digestion with RNase A and
T1, the protected fragments were separated on 6% polyacrylamide-8M urea gels, and
autoradiography was performed without intensifying screens. Signal intensities were
quantified by PhosphorImager (Molecular Dynamics). Expression levels of γ-globin were
calculated as a percentage per copy of mouse α-globin by using the following formula: human
γ-globin mRNA/γ-globin copy number/murine α-globin mRNA/4. To minimize experimental
error, multiple measurements were performed on individual animals.

DNase I hypersensitivity analysis
Nuclei were prepared from the spleens of cHS4/HS-40/βpr/γ gene transgenic mice as
previously described14 and subject to limited DNase I treatment. DNA was then purified,
digested with EcoRI, separated by electrophoresis, blotted, and hybridized with a probe for the
3′ end of the γ-globin gene.

Chromatin immunoprecipitation analysis
These assays were performed as described with minor modifications.14 In short, splenocytes
from cHS4/HS-40/βpr/γ gene transgenic mice were collected and cross-linked with
formaldehyde. After sonication, soluble chromatin was immunoprecipitated with rabbit
polyclonal antibodies against histone H3 acetylated at lysines 9 and 14 (catalog 06-599) or
histone H4 acetylated at lysines 5, 8, 12, and 16 (catalog 06-866) purchased from Upstate
Biotechnology (Lake Placid, NY). The level of transgene sequences in the precipitated fraction
was then determined by real-time polymerase chain reaction (PCR). Controls included the
mouse Aire gene, which is not expressed in spleen, and the mouse βmaj, which is expressed at
high levels in spleen. Primers used in PCR include the following: αHS-40,
CTGCTGATTACAACCTCTGGTG and TCAGCTCCAGATGAAGAACGTA; β-globin
promoter, ACGGCTGTCATCACTTAGACCT and GAACACAGTTGTGTCAGAAGCA; γ-
globin exon 1, GCCATGGGTCATTTCACAG and TGGTCACCAGAGCCTACCTT; cHS4,
AAGCCCCCAGGGATGTAAT and CGAGAAGCGTTCAGAGGAAAG; mouse Aire gene,
CACACAGGCAATTTGTCCAC and AGAGGAAGCGGGAAAGTTGT; and mouse βmaj

gene, GTCATCACCGAAGCCTGATT and TGTCTGTTTCTGGGGTTGTG.

Immunofluorescence staining and flow cytometry
As previously described, peripheral blood cells were suspended in 1 mL Hanks buffered saline
solution with 4% formaldehyde and incubated at room temperature for 30 minutes.9,15 The
cells were then permeabilized by serial washes in cold acetone, washed once with cold Hanks
buffered saline solution (HBSS)–2% fetal bovine serum (FBS), and stained with a
phycoerythrin-conjugated anti–hemoglobin F (HbF) monoclonal antibody (BD Biosciences,
San Diego, CA) for 30 minutes on ice. The cells were washed again with HBSS-2% FBS and
analyzed by flow cytometry on a FACScan (BD Biosciences) using CellQuest software (BD
Biosciences).

Li et al. Page 3

Blood. Author manuscript; available in PMC 2010 January 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Results
Expression of original cassette

Our previous studies revealed that an optimized expression cassette for human γ-globin could
promote high-level expression in stably transfected MEL cells.6 To assess whether this γ-globin
expression cassette has similar potential to promote high-level expression in erythroid cells,
we sought to analyze expression of this cassette in transgenic mice. As diagramed in Figure 1,
this original construct (designated HS-40/βpr/γ gene) consists of the HS-40 regulatory element
from the human α-globin locus linked to a truncated β-globin promoter and γ-globin coding
segment containing a partial deletion of the second intron. Eight founders were identified by
slot blot hybridization of mouse tail DNA by using a γ-globin gene probe. However, RNase-
protection analysis of peripheral blood from these founders revealed barely detectable levels
of γ-globin (data not shown). To exclude the possibility that the low expression was due to
mosaicism of the transgene in the founder mice, F1 transgenic mouse lines were established.
The structure of the transgene in the 4 lines was analyzed by Southern blot hybridization.
Genomic DNA was digested with NcoI, which cuts once within the transgene. As seen in the
top panel of Figure 2 and in Table 1, a 1.7-kb fragment was detected in all lines with the use
of an HS-40 probe, indicating that the transgene was arranged in head-to-tail repeats. In addition
to the repeat band, 1 to 4 other bands, which represent end fragments of the transgene, were
detected in each line, suggesting that the transgene integrated in a limited number of sites. The
copy numbers of the transgene ranged from 3 to 26. Expression of the γ-globin transgene in
peripheral blood was analyzed by RNase protection. As seen in the bottom panel of Figure 2
and in Table 1, γ-globin mRNA levels were very low in the adult blood of all 4 lines, averaging
less than 0.1% of endogenous murine α-globin mRNA. The γ-globin gene was also poorly
expressed in the 12-day yolk sacs and fetal livers of transgenic mice (data not shown). These
results sharply contrast with the expression studies that used this same cassette in stably
transfected MEL cells and suggest an even more profound level of gene inactivation than that
observed in oncoretrovirus vector transduction studies with an uninsulated version of this
cassette following bone marrow transduction and transplantation in mice.6,9

Expression following mutation of HS-40
It has been reported that a G-to-T transversion in the NF-E2 motif of the αHS-40 enhancer is
able to derepress expression of a reporter gene transcribed by the ξ-globin gene promoter in
the adult blood of transgenic mice.16 This observation prompted us to test whether introduction
of the same mutation could activate expression of our hybrid β(pr)/γ gene transcription unit.
As diagramed in Figure 1, this G-to-T transversion was introduced into the HS-40 enhancer of
our original γ-globin expression cassette to generate construct HS-40(mut)/βpr/γ gene, and this
construct was used to generate 2 transgenic mouse lines. As seen in the left panel of Figure 3
and Table 1, structural analyses by Southern blot hybridization showed that the transgene was
integrated as head-to-tail repeats in 1 or 2 sites. As seen in the right panel of Figure 3 and Table
1, RNase protection analysis of adult peripheral blood indicated that the γ-globin transgene
was still expressed at an extremely low level, ranging from 0.01% to 0.11% of murine α mRNA
per copy. These results demonstrate that modifying the NF-E2 motif of the HS-40 element is
not sufficient to activate expression of the hybrid β(pr)/γ gene transcription unit and by
inference that the mechanism of this transcriptional inactivity is distinct from mechanism by
which adult ζ-globin gene expression is silenced.

Expression following replacement of HS-40 by a μLCR
To determine whether the failure of the original HS-40/βpr/γ gene cassette to activate in
transgenic mice could be attributed to some aspect of the hybrid β (pr)/γ gene transcription unit
(such as the juxtaposition of the β-globin promoter and the γ-globin coding gene or the partial
deletion within the second intron of the γ-globin coding gene), we sought to test this
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transcription cassette in a setting independent of the HS-40 element. Several studies have
demonstrated that linking intact genes for either γ-globin or β-globin to a recombinant version
of the β-globin LCR, termed a “μLCR,” results in high levels of expression in blood of adult
mice.17 As diagramed in Figure 1, the HS-40 regulatory element was replaced with a 2.5-kb
μLCR to generate construct μLCR/βpr/γ gene. As summarized in Table 1, this construct was
used to generate 4 lines containing transgene copies ranging from 2 to 13 (Southern data not
shown). As seen in Figure 4 and Table 1, RNase protection analysis of adult peripheral blood
indicated that, when linked to the μLCR, per-copy expression of the hybrid β(pr)/γ gene
transcription unit ranged from 2.1% to 45.6% of murine α mRNA. These results indicate that
the hybrid β(pr)/γ gene transcription unit, although sensitive to chromosomal position effects,
is fully capable of high-level expression in transgenic mice and that neither the hybrid
promoter-gene combination or the internal deletion of γ-globin intron 2 can, by themselves,
explain the lack of expression when this cassette is linked to the HS-40 element.

Expression with chromatin insulators
To assess the role of chromosomal position effects on expression of the original HS-40/βpr/γ
gene cassette in the context of transgenic mice, we added to this cassette either the HS5
chromatin insulator from the human β-globin LCR11 or the HS4 chromatin insulator from the
chicken β-globin LCR (termed cHS4).9,12 As diagramed in Figure 1, the first construct,
designated HS-40/βpr/γ gene/hHS5, contained a 3.2-kb fragment encompassing the human
HS5 insulator element located at the 3′ end. Previous studies showed that this fragment is able
to protect a position-sensitive γ-globin gene from position effects in transgenic mice.11 The
top panel of Figure 5 and Table 1 show the results of the structural analyses by Southern blot
hybridization of the 5 transgenic lines generated with this construct. By digesting with NcoI,
which cuts once within the construct, it was again possible to demonstrate that the vast majority
of the transgenes were integrated in head-to-tail repeats in all of these lines. In such arrangement
each copy of the HS-40/βpr/γ gene expression cassette was bracketed by the hHS5 chromatin
insulator except for the first upstream copy, effectively protecting most copies of this cassette
from the silencing effects of flanking chromatin. As seen in the bottom panel of Figure 5 and
accompanying summary, this construct was still expressed at a very low level, ranging from
0.02% to 3.6% of murine α-globin mRNA per copy. Although the mean value of γ-globin
expression was 20-fold higher in these transgenic lines than in the 4 lines containing the γ-
globin expression cassette without the hHS5 insulator, this difference was not statistically
significant and was much lower then the level of expression seen when the HS-40/βpr/γ gene
cassette was linked to the μLCR. This level of expression was also much lower than that seen
with the HS-40/βpr/γ gene cassette in plasmid-transfected MEL cells or retrovirus vector-
transduced mouse bone marrow.

As diagramed in Figure 1, the second construct, designated cHS4/HS-40/βpr/γ gene, contained
a 1.2-kb fragment encompassing the cHS4 insulator element located at the 5′ end. Previous
studies showed that this fragment is able to protect a number of position-sensitive genes from
silencing position effects in transfected cell lines, retrovirus vector-transduced bone marrow,
and transgenic mice and is the most well-characterized mammalian insulator to date.9,12,18

The top panel of Figure 6 and Table 1 show the results of the structural analyses by Southern
blot hybridization of the 4 transgenic lines generated with this construct. This analysis
demonstrated that the vast majority of the transgenes were integrated in head-to-tail repeats in
all of these lines, so that most copies of the HS-40/βpr/γ gene expression cassette were
bracketed with the cHS4 chromatin insulator. As seen in the bottom panel of Figure 5 and in
Table 1, this construct was also expressed at a very low level, ranging from 0.01% to 0.12%
of murine α-globin mRNA per copy. Combined with the studies described earlier in this section
with the hHS5 insulator, these results indicate that the lack of expression for the HS-40/βpr/γ
gene expression cassette in transgenic mice cannot be contributed solely on a sensitivity to
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chromosomal position effects but must instead reflect some innate property of the expression
cassette itself.

The insulated transgene chromatin is in closed conformation
To determine whether the lack of transgene expression was associated with a specific chromatin
structure, the cHS4/HS-40/βpr/γ gene construct was analyzed for DNase I hypersensitivity in
transgenic splenocytes. As seen in Figure 7A (right panel), a faint subband from DNase I
digestion could be detected at a position corresponding to the human β gene promoter.
However, the sensitivity of this subband was 8- to 10-fold less than that of the endogenous
βmaj gene promoter (Figure 7A, left panel). The chromatin structure of this construct in
transgenic splenocytes was also assessed by ChIP with an antibody for acetylated H3, a
hallmark of open chromatin. As seen in Figure 7B, all portions of the transgene analyzed
exhibited very low levels of acetylated H3, ranging from 0.5- to 0.8-fold of the level associated
with the endogenous mouse Aire gene used as a transcriptionally silent control. This is in
contrast to the endogenous βmaj loci, which exhibited acetylated H3 at a 3.3-fold higher level
then the control Aire gene. Similar results were obtained when the antibody against acetylated
histone H4 was used (data not shown). Collectively, these results indicate that the chromatin
of the transgene is in a closed state, even when flanked by the cHS4 chromatin insulator.

Expression is heterocellular
Finally, we sought to determine whether the HS-40/βpr/γ gene constructs were expressed in a
pancellular pattern, indicating that the transgene was always transcriptionally active but at a
very low level, or in a heterocellular pattern, indicating that the transgene was sometimes active
and sometimes completely silent. For this purpose we analyzed RBCs from F3 progeny of
transgenic line R containing the cHS4/HS-40/βpr/γ gene transgene by immunofluorescent
staining and flow cytometry. As seen in Figure 7C, all 6 mice analyzed exhibited a
heterocellular pattern of expression, with the fraction of RBCs expressing γ-globin ranging
from 1.6% to 6.1%. These results indicate that the very-low overall levels of γ-globin
expression observed in these animals arose in large part from a complete failure of the transgene
to become transcriptionally active in most cases during erythropoiesis. In addition, comparison
of the RNase protection and flow cytometric analysis suggest that the transgene was only
expressed at about 1% to 4% of murine α-globin mRNA per copy in the rare cells in which the
cassette was transcriptionally active.

Discussion
Several previous studies led us to believe that the HS-40/βpr/γ gene cassette would be expressed
in transgenic mice. HS-40 has been identified as the major tissue-specific regulator of the α-
globin gene locus.1 Naturally occurring deletions of this element result in α-thalassemia,19

while addition of this element to a minimal coding cassette for α-globin results in high levels
of tissue-specific expression in transgenic mice and both transiently and stably transfected
MEL cells.2–4,20 Our own previous studies demonstrated that this element could efficiently
enhance expression of the hybrid βpr/γ gene transcription unit in MEL cells6,7 and, to a lesser
degree, mice that received transplants with oncoretrovirus vector-transduced marrow.9
However, it is clear that the HS-40 element does not possess the robust chromatin opening
activity of other regulatory elements such as the β-globin LCR.21 The α-globin gene cluster
exists within a naturally occurring open chromosomal environment that is independent of the
HS-40 element.1,21 As a result, the HS-40 element need not create or maintain chromatin in
an open, transcriptionally active state but merely enhance transcription from preformed
transcriptional complexes at the α-globin gene promoters.1 Indeed, naturally occurring
deletions, which simply result in the juxtaposition of the HS-40 element next to silent
chromatin, can result in α-thalassemia.22 Even the studies with transgenic mice mentioned
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here2–4,20 revealed that the HS-40 element cannot direct copy number dependent or
developmentally stable expression in vivo. Further, our own previous studies and those of
others found that the HS-40 element frequently failed to activate expression of recombinant
γ-globin cassettes following oncoretrovirus vector transduction of mouse bone marrow,7,23,
24 even when the vector was flanked with chromatin insulators.9

Nevertheless, we were still surprised by the degree to which the HS-40 element failed to
activate the βpr/γ gene transcription unit in transgenic mice. This outcome cannot be attributed
solely to the recombinant βpr/γ gene transcription unit, since this same unit, when linked to a
μLCR, was expressed at relatively high levels. Likewise, this outcome cannot be attributed
solely to the effects of the chromatin environment surrounding the sites of integration, since
inclusion of either the hHS5 or cHS4 chromatin insulators failed to increase the level of
expression. Rather, the failure of the HS-40/βpr/γ gene cassette to become transcriptionally
active in transgenic mice must reflect either some inherent property of the HS-40 element itself
or a unique interaction between this element and the βpr/γ gene transcription unit.

There are several possible explanations for the notable discrepancy in the pattern and level of
expression for the HS-40/βpr/γ gene cassette in transfected MEL cells, mice that received
transplants with oncoretrovirus vector-transduced bone marrow, and transgenic mice. It is
unlikely that this discrepancy is due to differences in the milieu of transcription factors present
during the later stages of in vivo erythropoiesis and MEL cell differentiation, since both
environments are capable of supporting expression of β-globin, γ-globin, and α-globin. It is
possible that this discrepancy is somehow related to differences in the amount of time between
gene transfer and expression analysis, which typically ranged from 2 to 4 weeks for the MEL
cell studies, 1 to 6 months for the bone marrow transduction studies, and 2 generations for the
transgenic animal studies. However, extended MEL cell culture studies and secondary bone
marrow transplantation studies revealed a stable pattern of expression, indicating that time
alone cannot provide a complete explanation. It is also possible that the discrepancy between
the in vitro and in vivo results may reflect the fact that plasmid-transfected and oncoretrovirus
vector-transduced MEL cells, clones, and pools were isolated according to expression of a
selectable drug-resistance marker, while no such selection was exerted in the bone marrow
transduction and transgenic mouse studies. In theory, this approach could bias the repertoire
of integration events, effectively enriching for integration events that occurred in
transcriptionally permissive sites and excluding integration events that failed to support
expression of the transferred genes. Indeed, the studies with oncoretrovirus vectors indicate
that expression of the HS-40/βpr/γ gene cassette can be highly sensitive to the silencing effects
of chromatin surrounding the sites of integration. However, both the previous studies with
oncoretrovirus vectors and the transgenic mouse studies reported here clearly demonstrate that
inactivity of the HS-40/βpr/γ gene cassette cannot be blamed solely on silencing chromosomal
position effects, since this inactivity can, at best, be only partially corrected through the use of
chromatin insulators.

Finally, it is possible that the discrepancy between the results in transfected MEL cells, mice
that received transplants with oncoretrovirus vector-transduced bone marrow, and transgenic
mice may reflect differences in the amount of differentiation and chromatin remodeling that
occurs in these different systems. MEL cells represent a nearly fully differentiated state of the
erythroid lineage and, thus, are likely to have a relatively stable global chromatin structure. In
contrast, the retrovirus vector studies involved gene transfer into primitive progenitor or even
more primitive hematopoietic stem cells.9,24 Several lines of evidence indicate that these more
primitive cell populations undergo significant changes in global patterns of chromatin
structure, involving active chromatin remodeling.25,26 Indeed, the high rate of oncoretrovirus
vector silencing in the context of bone marrow transduction and transplantation has been
attributed in large part to the high degree of chromatin remodeling that takes place in
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hematopoietic stem cells.26,27 Even more profound changes in differentiation and global
patterns of chromatin structure occur during germ line transmission and embryogenesis that
can effect expression of introduced genes.26,28,29

Under this scenario, the differences in the various patterns of expression could be explained
as follows. In the case of MEL cells, the transferred cassette would immediately find itself in
a transcriptionally supportive cellular erythroid environment, allowing for the early
establishment of immature, transcriptionally open chromatin structure.30 Without a high degree
of chromatin remodeling, this transcriptionally active state could readily become fixed, leading
to a stable pattern of cassette expression. In the case of gene transfer into repopulating bone
marrow, the target cells need to undergo several rounds of division and differentiation before
reaching a developmental stage that provides the appropriate cellular erythroid environment
to support active expression of the transferred cassette. During this period, the lack of
transcriptional activity and a relatively high level of global chromatin remodeling can readily
lead to the formation of condensed, transcriptionally silent heterochromatin on the transferred
DNA. Without the ability to open such condensed heterochromatin, the HS-40 element would
be powerless to activate transcription of the linked expression cassette. In the case of transgenic
mice, the rounds of cell division and differentiation, as well as degree of global remodeling,
prior to the generation of an erythroid environment are even greater, leading to an even higher
frequency of transcriptional inactivity.

Also under this scenario, the intermediate pattern of expression observed in the case of
oncoretrovirus vector–transduced bone marrow could either be explained by the status of
hematopoietic stem cells as developmental intermediates between germ cells and MEL cells
or by the presence of a second regulatory element, the viral long terminal repeat, within the
oncoretrovirus vector construct. This element, which contains a potent enhancer and promoter
that are transcriptionally active in primitive hematopoietic lineages, may serve to maintain the
vector provirus in a relatively open chromatin conformation during the early stages of
differentiation. This, in turn, would increase the chances that the accompanying HS-40/βpr/γ
gene cassette would exist in a transcriptionally open chromatin state once the critical stage of
erythropoiesis is reached. This latter interpretation is consistent with studies from others,
indicating that linkage of recombinant β-globin and γ-globin genes to extended elements from
the β-globin LCR with bone fide chromatin-opening activity are relatively resistant to gene
silencing and are expressed at high levels following lentivirus-mediated transduction and
transplantation of mouse bone marrow.31–33 Future studies will be needed to determine
whether addition of elements with chromatin-opening activity to our HS-40/βpr/γ gene cassette
will lead to similar results in bone marrow transduction and transgenic mouse models.

It is also difficult to explain why the HS-40 element is able to activate expression of some
genes but not others in transgenic mice. For example, minimal transgenes for α-globin,2 as
well as LacZ or human growth hormone transcribed by a ζ-globin gene promoter,16,34 are
efficiently activated when linked to HS-40 in transgenic mice. However, we failed to observe
similar levels of activation when HS-40 was linked to the hybrid βpr/γ gene coding cassette.
Other studies involving transduction of bone marrow with oncoretrovirus vectors suggest that
HS-40 is also incapable of efficiently activating expression of a minimal coding cassette for
γ-globin in vivo.24 Taken together, these results suggest that there are inherent differences
between the various transcriptional cassettes, such as the presence of specific CpG (cytosine-
phosphate-guanosine) islands in the α-globin genes or as yet unidentified regulatory elements,
which influence either the formation of silent heterochromatin or the ability to interact with
the HS-40 element. Additional research will be required to distinguish between these 2
possibilities.
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Finally, these studies provide an important insight into the strengths and weaknesses of the
various methods used to study gene regulation. Many experimental systems are available for
this purpose, including in vitro transcription, transient or stable transfection of somatic cells,
and germ line transfer in mice. Likewise, many reporter gene systems have been designed to
improve both the efficiency and sensitivity of detecting gene expression. In vitro transcription
and transient transfection assays are popular because of their ease and rapidity. However, these
systems generally rely on the use of naked DNA templates and as such are not suitable for
studying gene activity regulated by chromatin. At the other extreme, transgenic mouse models
provide the ability to analyze gene expression in a developmentally normal regulatory
environment. However, such models are costly and time-consuming, making them impractical
for detailed analysis of cis regulatory elements. As an intermediate approach, gene expression
studies are also carried out by stable transfection of primary tissues or model cells lines. This
approach allows for the relatively efficient and high-throughput analysis of engineered
sequences in the context of intact chromatin and often serves as a good predictor of behavior
in vivo. However, as demonstrated in the studies presented here, results observed by stable
transfection in vitro do not always recapitulate results observed in vivo, indicating that care
should be taken when interpreting such results. Indeed, differences in results observed in stably
transfected cell lines and transgenic animals could provide important clues for studying how
gene activity is regulated in vivo.
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Figure 1. Transgene constructs
All transgene constructs contain a transcription unit that comprises a truncated β-globin
promoter (βpr; □) and γ-globin coding segment (γ gene) containing a partial deletion (▽) of
the second intron (■, exons; black line, untranslated regions). Construct HS-40/βpr/γ gene
contains the HS-40 element from the human α-globin locus (αHS-40; ). Construct HS-40
(mut)/βpr/γ gene contains the HS-40 element with a G-to-T transversion in the 3′ NF-E2
(nuclear factor-erythroid 2) motif. Construct μLCR/βpr/γ gene contains a 2.5-kb composite
μLCR (▩). Construct HS-40/βpr/γ gene/hHS5 contains HS-40 and a 3.2-kb fragment
encompassing the hHS5 chromatin insulator (▨). Construct cHS4/HS-40/βpr/γ gene contains
HS-40 and a 1.2-kb fragment encompassing the cHS4 chromatin insulator (▧).
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Figure 2. Analyses of structure and expression of construct HS-40/βpr/γ gene in transgenic mice
Four lines (A–D) carrying this transgene were established. (Top) Structure analysis. DNA from
2 individual animals of each line was digested with NcoI, which cuts once within the construct,
and analyzed by Southern blotting with the use of a probe for HS-40. The arrow to the left
indicates the 1.7-kb repetitive fragments generated from head-to-tail repeats of the construct.
Other bands were from the end fragments containing the HS-40 fragment of the construct and
various sequences from the mouse genome. (Bottom) RNA analysis. Total RNA was prepared
from the blood of 3- to 4-week-old mice, and RNase protection assay was performed with the
use of RNA probes for human γ-globin (Hu γ) and mouse α-globin mRNAs (Mu α). The
leftmost lane contains control RNA from cells expressing human γ-globin mRNA at 1.5% of
mouse 3-globin mRNA.
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Figure 3. Analyses of structure and expression of construct HS-40(mutant)/βpr/γ gene in transgenic
mice
Two lines (E–F) carrying this transgene were established. (Left) Structure analysis. (Right)
RNA analysis. See the legend of Figure 2 for details.
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Figure 4. Analyses of structure and expression of construct μLCR/βpr/γ gene in transgenic mice
Four lines (G–J) carrying this transgene were established. RNA analysis is shown. See the
legend of Figure 2 for details.
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Figure 5. Analyses of structure and expression of construct HS-40/βpr/γ gene/HS5 in transgenic
mice
Five lines (K–O) carrying this transgene were established. (Top) Structure analysis. (Bottom)
RNA analysis. See the legend of Figure 2 for details.
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Figure 6. Analyses of structure and expression of the construct HS4/HS-40/βpr/γ gene in transgenic
mice
Four lines (P–S) carrying this transgene were established. (Top) Structure analysis. (Bottom)
RNA analysis. See the legend of Figure 2 for details.
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Figure 7. Nature of transgene silencing
(A) DNase I hypersensitivity assay. Nuclei from splenocytes containing the cHS4/HS-40/βpr/
γ gene transgene were treated with increasing amounts of DNase I, and then purified DNA was
digested completely with EcoRI (right) or ScaI (left), Southern blotted, and hybridized with a
probe for 3′ γ-globin (right) or a probe for the mouse βmaj gene (left). The arrow indicates the
subband corresponding to specific digestion at the human β gene promoter (Hu β) and the
mouse βmaj gene (Mo βmaj). (B) Chromatin immunoprecipitation (ChIP) assay. Splenocytes
containing the cHS4/HS-40/βpr/γ gene transgene were cross-linked with formaldehyde and
sonicated, and the soluble chromatin was immunoprecipitated with an antibody against
acetylated histone H3. The immunoprecipitated DNA was purified and quantified by real-time
PCR with the use of primers specific for the indicated portions of the transgene, the endogenous
mouse βmaj gene (as a positive control), and the endogenous mouse Aire gene (as an
unexpressed negative control). All data are expressed as fold differences compared with the
mouse Aire gene. Error bars indicate standard deviation (SD). (C) Immunofluorescent analysis
of γ-globin transgene expression. Red blood cells (RBCs) from mice containing the HS4/
HS-40/βpr/γ gene were fixed, permeabilized, stained with a phycoerythrin–conjugated anti-
HbF antibody, and analyzed by flow cytometry. Profiles for transgenic animals (unfilled
histogram with bold line) are overlaid on a profile from a nontransgenic control (filled
histogram, thin line). The percentage of positive cells is presented above the indicated gates.
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