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We have analyzed the expression of human y-globin genes during development in F, progeny of transgenic
mice carrying two types of constructs. In the first type, y-globin genes were linked individually to large (~4-kb)
sequence fragments spanning locus control region (LCR) hypersensitive site 2 (HS2) or HS3. These LCR
fragments contained not only the core HS elements but also extensive evolutionarily conserved flanking
sequences. The second type of construct contained tandem +y- and B-globin genes linked to identical HS2 or
HS3 fragments. We show that y-globin expression in transgenic mice carrying HS2y or HS3+y constructs is
highly sensitive to position effects and that such effects override the cis regulatory elements present in these
constructs to produce markedly different developmental patterns of y-globin expression in lines carrying the
same transgene. In contrast, y-globin expression in both HS2yp and HS3yB mice is sheltered from position
effects and the developmental patterns of yy-globin expression in lines carrying the same transgene are identical
and display stage-specific regulation. The results suggest that cis regulatory sequences required for proper
developmental control of fetal globin expression in the presence of an LCR element reside downstream from

the y genes.

The B-like globin genes in humans are organized into a locus
on chromosome 11 that contains coordinately expressed em-
bryonic, fetal, and adult globin genes and an upstream locus
control region (LCR) (see Fig. 1) (49). Within the LCR,
regulatory sequences necessary for high-level globin gene
expression in cell and transgenic assays have been found to
coincide with the presence of focal alterations in chromatin
structure that are hypersensitive (HS) to cleavage by nucleases
such as DNase I (22, 24, 25, 30, 56, 57). These HS elements
have been studied both collectively and individually for their
effects on globin gene expression and its regulation during
development with both erythroleukemia cell (11, 23, 38, 51, 59)
and transgenic systems (3, 18, 30, 51). In particular, the
regulatory elements coinciding with LCR HS sites 2 (HS2) (6,
11, 12, 15, 23, 26, 27, 35, 37, 38, 45, 52, 58) and 3 (HS3) (23, 26,
27, 41, 42) have demonstrated the greatest capacity for stimu-
lating expression from linked y- or B-globin genes. Moreover,
it appears that the developmental regulation of y- and B-globin
expression under the control of the entire LCR (28, 40, 50)
requires complex interactions between DNase HS elements
that, taken individually, support different patterns of globin
gene expression (27, 29).

A number of models have been proposed to explain the role
of the LCR in modulating developmental globin gene switch-
ing; these models have in common the assumption that the y-
and B-globin genes engage one another in competitive inter-
action for enhancer sequences located within the LCR (3, 16,
18, 29, 31, 47, 54). These models were based in part on
experiments demonstrating mutually exclusive expression of
primitive and definitive globin species in the chicken (9). A
competitive basis for human globin switching is compatible
with the increases in adult-stage +y-globin expression that
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accompany the removal or inactivation of the downstream
gene in several naturally occurring deletion mutants, the
3-B-thalassemias and the hereditary persistence of fetal hemo-
globin (5). Recently, such models have received support from
transgenic experiments demonstrating that a human +y-globin
gene situated between an upstream LCR element and a 3' B
gene is expressed at the expense of B-globin during earlier
developmental stages (3, 18, 27, 31, 50). However, extensive
developmental data that address the competition hypothesis
quantitatively have thus far been lacking.

An important concept that has emerged from studies of the
regulation of human transgenes in transgenic animals is that
the heterologous chromatin environment present at a given
site of integration may exert a dominant influence on trans-
gene expression. Such site-of-integration or position effects
manifest as marked variability in transgene expression between
transgenic lines carrying identical constructs when expression
is corrected for the number of integrated copies. With respect
to the globin genes, significant variability in per-copy expres-
sion between different lines of transgenic mice characterizes
the activity of individual human +- and B-globin transgenes (2,
7, 8, 34, 39, 55) or that of a cosmid vector transgene containing
both genes in their natural local environment (27). By contrast,
transgenes comprising a B-globin gene linked either to the
full-length LCR, to a mini-LCR construct, or to individual
LCR HS sites exhibit small coefficients of variation (CV =
o/p) in per-copy B-globin expression between lines carrying
the same construct. A small CV entails that B-globin expres-
sion from such constructs be proportionate to transgene copy
number (copy number dependent) (26, 27, 30, 41, 51, 53).
These results have been interpreted to signify that expression
proceeds independently of negative or positive influences on
transcription stemming from the character of chromatin sur-
rounding the integration site (21). In LCR element-B gene
constructs, copy-proportional expression is observed both dur-
ing the fetal stage, when B-globin expression is low, and in the
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FIG. 1. The B-globin locus and details of HS2, HS3, and vy- and B-globin gene sequence fragments. Fragments of 4.2 kb (KpnI-Hpal) and 4.4
kb (Hpal-Kpnl) from the B-globin LCR spanning HS2 and HS3, respectively, were fused independently with the HindIII fragment spanning the
Ay-globin gene to create the HS2y and HS3y constructs. HS2yB and HS3vyB constructs contained HS sequences linked to a HindIII-Nhel “y

fragment and a Bgl/Il B-globin fragment.

adult stage, when it has risen considerably, indicating that the
determinants of integration site-independent B-globin expres-
sion function independently of changes in the trans environ-
ment. This suggests either that position-independent transgene
expression is entirely a consequence of linkage to an LCR
element or that cis-acting sequences within or flanking the
{3-globin gene interact with an upstream regulatory element to
mediate expression that is sheltered from position effects.

On the basis of chromatin studies and functional data
garnered from experiments with transgenic mouse and eryth-
roleukemia cell systems, a number of properties have been
ascribed to the LCR. These include a capacity for erythroid
tissue-specific activation of both homologous and heterologous
linked genes (31, 59); control over the replication timing of the
globin locus (19, 20); and the propagation of structural changes
to the surrounding chromatin, resulting in increases in gener-
alized DNase sensitivity far removed from the LCR HS sites
themselves (20, 22, 24). Taken together, these observations
have been cited in support of a model of LCR operation which
attributes the ability to override influences from the surround-
ing chromatin environment (position effects) to a dominant
regulatory function intrinsic to its constituent HS site elements
(14, 54). Recent studies, however, indicate that the ability to
effect opening of the surrounding chromatin, with consequent
dampening of position effects on the expression of an approx-
imated gene, is not an inherent property of LCRs (44, 48).
These studies support the notion that position-independent
transgene expression requires the interaction of an LCR with
cis elements within or immediately flanking a linked gene.

We have investigated the control of human fetal globin
genes during development by LCR HS2 and HS3 with two
types of constructs, those that contained HS2 or HS3 linked
independently to a lone “y-globin gene and constructs that
contained the same regulatory elements linked independently
to tandem vy- and B-globin genes. Analysis of per-copy, y-glo-
bin expression in F, progeny of transgenic mice carrying HS2y
or HS3vy transgenes showed that +y-globin expression was
highly sensitive to site-of-integration or position effects at all
developmental stages. Markedly varied developmental pat-

terns were observed among lines transgenic for the same HSy
construct. These data indicate that the surrounding chromatin
environment may exert a dominant influence on the expression
profile of a developmentally regulated gene. By contrast,
analysis of +y-globin expression in F, progeny of transgenic
mice carrying an HS2yB or HS3yp construct revealed that the
vy-globin transgenes in these constructs were sheltered from
position effects throughout development. The developmental
patterns of y-globin expression in these mice showed stage-
specific regulation and were nearly identical in different trans-
genic lines carrying the same construct. In mice carrying an
HS2vyB or HS3yB construct, y-globin expression is sheltered
from position effects at all developmental stages, indicating
that position-independent expression does not depend on
either the absolute level or the relative level of y- or B-globin
gene transcriptional activity. This suggests that the sheltering
of y-globin expression from position effects is a transcription-
independent effect of cis sequences contained in the HSyB
constructs but missing from the HSy constructs. It therefore
appears that the interactions between a fetal globin gene
promoter and an upstream LCR that result in proper devel-
opmental control of fetal globin expression require the pres-
ence of additional regulatory sequences downstream from the
y genes.

MATERIALS AND METHODS

Recombinant constructs (Fig. 1). (i) HS2*y™. A 4.2-kb
Kpnl-Hpal fragment (GenBank Humhbb coordinates 7764 to
11976) containing HS2 was cloned into pBluescript SK (Strat-
agene) and subsequently released by a Clal-Kpnl double
digest. The resulting fragment was ligated into a similarly
digested plasmid containing a 3.3-kb HindlIII fragment span-
ning a marked human “y-globin gene (15). The HS2*y™
fragment was released from the base vector by double diges-
tion with Asp718I and Norl.

(ii) HS3*y™. A 4.4-kb Hpal-Kpnl fragment (coordinates
3375 to 7764) containing HS3 was cloned into the modified
plasmid pUC18. This sequence and part of the flanking
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ampicillin resistance gene were subsequently released by di-
gestion with Scal-Kpnl. The liberated fragment was conjoined
with a Scal-Kpnl fragment containing the distal portion of the
ampicillin resistance gene along with the marked human “y
gene (“y™), and drug-resistant colonies containing properly
ligated constructs were isolated. The HS3*y™ fragment used in
transgenic studies was released by digestion with NotI-Nsil.

(iii) HS2*y™B™ and HS3*y™B™. Assembly of the HS2yB
and HS3vyp constructs was facilitated by the construction of a
cassette containing the human “y- and B-globin genes. A novel
Nrul site was introduced into the polylinker of the pSP73
vector (Promega) containing a marked (-globin gene (coordi-
nates 60630 to 65480) (16). A HindIII-Nhel human “y™
fragment (coordinates 38085 to 43202) was then cloned up-
stream of the B™ gene in the same orientation. The resulting
10-kb yB cassette was linked to either a 4.2-kb HS2 fragment
(coordinates 7764 to 11976) or a 4.4-kb HS3 fragment (coor-
dinates 3375 to 7764), preserving genomic orientation. HSyB
inserts were then released by Nrul-Kpnl (HS2y8) or Nrul-Notl
(HS3vyB) double digestions for use in transgenesis.

Transgenic mice. Fragments utilized in microinjection were
purified by electrophoresis over 0.8% agarose and recovered
on NA45 paper (Schleicher and Schuell). Eluted DNA was
purified through Centrex microfilters (Schleicher and Schuell),
ethanol precipitated, washed, and resuspended in Tris-EDTA
buffer. Transgenic lines carrying HS2y, HS3y, HS2yB, and
HS3vyB fragments (individually) were established at the trans-
genic facility of the University of Washington by microinjection
of male pronuclei of fertilized eggs, with subsequent transfer to
pseudopregnant females. Transgenic founder (F,) animals
were identified by Southern blot with probes directed to y- and
B-globin gene sequences (see below). Founders were bred with
nontransgenic mice, and the resulting F, progeny were screened
for correct integration and the presence of mosaicism in the
founders. F, mice were subsequently bred with nontransgenic
lines to produce the F, animals used in developmental studies.

Copy number determination. DNA from carcasses of F,
progeny in each line was isolated by standard procedures (46).
Either two or three samples were obtained from each of three
animals from each line. Individual samples were then digested
with a different restriction enzyme. For lines carrying HS2y
and HS2vyp transgenes, Sacl and EcoRI and/or PstI were used;
for analysis of HS3y and HS3v8 lines, Spel and EcoRI and/or
PstI were used. Five milligrams of DNA from each enzyme
reaction performed on samples from a given line was loaded
onto a separate gel, and DNA fragments were resolved by
electrophoresis over 0.8% agarose. Southern blots were per-
formed with a 1.6-kb EcoRI-BamHI probe spanning the 5’
portion of the human “y-globin gene and a 0.7-kb BamHI-
EcoRI probe fragment derived from the large intron of the
B-globin gene. Signals were quantitated on a PhosphorImager,
and means were computed from data sets that included
multiple samples (two or three) from three individual animals
from each line. Copy numbers were then determined by
comparing the signals from a given transgenic line with those
of human genomic (i.e., two-copy) DNA (Promega); the use of
human sequences as a standard has the benefit of controlling
for the specific activities of the probes. In cases in which the
computed value was not an integer, the copy number was
rounded to the nearest integer in standard fashion (i.e., =x.5,
round up; <x.5, round down).

To ensure the accuracy of quantitation in cases in which
samples from a given line provided a signal that was signifi-
cantly stronger than that of human genomic DNA (i.e., higher-
copy-number lines), samples were reexamined following serial
dilution with mouse DNA (total DNA remained at 5 mg). The
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TABLE 1. Expression and copy number data for HS2y lines A to C

Li No. of . Ratio of
ine (F,) . Type of sample fetuses/  (y/a)/copy” lobin®
copies animals y-globin

A (4896) 4 d10 YS and blood 6 6422

d12 liver 2 2.1 %028

Adult blood 6 0.08 = 0.03 80
B (4901) 16  d10 YS and blood 6 109 = 041

d14 liver 4 26.6 3.2

Adult blood 3 35x0.12 3.1
C (4890) 1 d9.5 YS and blood 6 159 3.2

d14 liver 3 23+27

Adult blood 5 1.4 £ 0.27 11

“ Data are means and standard deviations derived from a data set that
included multiple determinations by RNase protection on samples from each
fetus or animal.

» Obtained by dividing the peak fetal (d12 to d15) levels by the adult
expression levels.

lack of activity of probes with mouse DNA was confirmed in
separate experiments, and the stringent wash conditions under
which hybridizations were performed effectively eliminated
nonspecific interactions.

RNA isolation and RNase protection assay. Total RNA was
isolated from transgenic tissues by the methods of Karlinsey et
al. (33) and Chomczynski and Sacchi (10). Human and murine
globin RNAs were quantitated by RNase protection assay and
resolved over 6% acrylamide gels. RNA probes were synthe-
sized with either bacteriophage SP6 or T7 RNA polymerases.
Probe pSP6M{, utilized to detect the mouse { transcript, has
been described previously (1). pT7Ma, directed against murine
a-globin mRNA, was derived from pSP6Ma through the
replacement of the SP6 promoter with T7 promoters (1).
Probe pT7B™ (16) was used to identify a 206-bp protected
fragment within the second exon of the human B-globin gene.
A 530-bp Ncol-Pvull fragment (coordinates 39290 to 39820)
encompassing the 5’ region of the vy gene was cloned in pSP73
to generate the plasmid pT7*y(170), which was subsequently
used to identify a 170-bp protected fragment originating from
“y exon 2. The RNA quantities used in protections were as
follows: day 9 (d9) yolk sac (YS), 1,000 ng; d10 YS, 1,000 ng;
d11 YS, 1,500 ng; d12 fetal blood, 80 ng; d12 fetal liver (f/1),
500 ng; d13 f/1, 500 ng; d14 /1, 500 ng; d15 f/1, 200 ng; d16 f/l,
400 ng; adult (>3 weeks) blood, 50 ng. All RNase protection
signals were quantitated on a PhosphorImager.

RESULTS

Analysis of y-globin gene expression in HS2y and HS3y
mice. We established three lines with correctly integrated
HS2y transgenes containing 4, 16, and 1 copies (lines A, B, C,
respectively [Table 1]) and four lines containing 3, 10, 35, and
6 copies (lines D, E, F, and G, respectively [Table 2]) of
correctly integrated HS3+y transgenes. Studies of y gene ex-
pression during development were performed. Pregnant fe-
males were sacrificed at intervals corresponding to embryonic
(up to d11), fetal (d12 to d16), and adult (>3 weeks) devel-
opmental stages. RNA was isolated from the YS, f/l, or blood
of individual animals; RNAse protection was performed on
each sample as described above; and the resulting signals were
quantitated on a PhosporImager (Fig. 2) (Tables 1 and 2). To
minimize experimental error, samples from individual animals
were quantitated independently. In addition, samples from the
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TABLE 2. Expression and copy number data for HS3vy lines D to G

Li No. of No. of Ratio of
ine (F,) . Type of sample fetuses/  y/a copy” lobin®
copies animals y-globin

D (9773) 3 dl11 blood and YS 6 8.4 20

d15 liver 3 13.3 £ 0.99

Adult blood 6 4.7 £0.55 2.8
E (4341) 10 d10 blood and YS 6 242 *44

d16 liver 4 18.4 = 3.7

Adult blood 4 0.89 = 0.17 27.2
F (7089) 35 d10 blood and YS 6 43 +0.82

dl15 liver 2 3.4+ 046

Adult blood 3 2.9 + 0.61 1.5
G (9776) 6 d9YS 2 18.1 = 4.7

d13 liver 3 202 £23

Adult blood 2 18.6 = 0.97 1.1

“ See Table 1, footnote a.
b See Table 1, footnote b.

same animal were subjected to multiple determinations by
RNase protection to ensure the accuracy of results. In total,
human vy-globin expression and murine a- and {-globin expres-
sion levels in YS, f/l, and adult blood samples from 88 different
F, progeny carrying HS2y or HS3vy transgenes were quanti-
tated.

The developmental patterns of y-globin expression in three
lines of HS2y and four lines of HS3y transgenic mice are
shown in Fig. 3. All seven HSvy lines displayed moderate to
high levels of y-globin expression per transgene copy in the
embryo. y gene expression in primitive erythroid cells ranged
from 6.4% *+ 2.2% to 15.9% = 3.2% (mean, 11.1% = 4.8%) of
mouse a- plus {-globin expression per copy in HS2vy lines A to
C and from 4.3% = 0.8% to 24.2% *+ 4.4% (mean, 13.8% *+
9.1%) of mouse a- plus {-globin expression per copy in lines D

FIG. 2. mRNA analysis of F, progeny of transgenic mice carrying
an HS2y or HS3vy transgene. Expression of human +y-globin and
murine a- and {-globin was analyzed by RNase protection. Protected
fragments and sizes are as follows: human *y-globin (Hu v), 170 bp;
mouse {-globin (Mo {), 151 bp; mouse a-globin (Mo a), 128 bp. (For
the RNA quantities used in protection assays, see Materials and
Methods; copy numbers for transgenic lines A to G are indicated in
Table 1.) Data represent a single determination of an individual
embryonic YS (e) or adult blood sample (a) from each line. At each
developmental time point, multiple individual animals were analyzed
in this manner; moreover, at least two independent determinations
were performed on samples from each animal. In total, human vy-like
globin expression and murine o-like globin expression were quanti-
tated by PhosphorImager analysis of RNase protections on YS, f/l, and
adult blood samples from 88 different F, progeny carrying HS2y or
HS3vy transgenes. ex, exon.

MoL. CELL. BioL.

HS2 HS3

25 o E

20} +
C G

15+ L

10} B -

5F AE B F

0 I T W S S

0 5 10 15 20 Adut 0 5 10 15 20 Adult

A

L
0 5 10 15 20 Adut 0 5 10 15 20  Adult

4}t i
30t i

Y % Mouse o+ { / Copy

20 -

—_
o
T
I X

nipl

501
40+
30

X~

10

et

10 15 20 Adut 0 5
Age (days)

B % Mouse o + { / Copy

0 5 10 15 20 Adult

FIG. 3. Developmental patterns of human vy- and B-globin expres-
sion in F, progeny from HS2y, HS3vy, HS2yB, and HS3yp transgenic
mice. Human vy-globin expression per copy (open circles) and -globin
expression per copy (solid circles) are plotted as a percentage of mouse
a-locus output (y axis). Gestational age is indicated on the x axis. The
top pair of graphs shows the developmental pattern of y-globin
expression in HS2y lines A to C and HS3vy lines D to G. Significant
CVs at all developmental stages underlie the markedly different
developmental patterns shown in these figures, indicating that y-globin
transgenes are highly sensitive to site-of-integration effects throughout
development in HS2y and HS3y mice. The middle pair of graphs
shows y-globin expression in HS2yp lines H to K and HS3-y@ lines L
to N. The bottom pair of graphs shows B-globin expression in HS2yf
lines H to K and HS3+ lines L to N. The developmental patterns of
both vy- and B-globin expression in all four HS2+yB lines and in all three
HS3vyB lines are nearly identical. Small CVs at d9, d12, d16, and adult
time points indicate a lack of position effects on the expression of
either human globin gene throughout development. The variable
patterns of y-globin expression evident in the HSv lines compared with
the consistency characteristic of the HSyB lines suggests important
differences between the two types of constructs with respect to
site-of-integration effects on -y-globin expression.

to G carrying the HS3+y transgene (Table 1) (Fig. 3). y-Globin
expression in HS2vy lines A and C was downregulated in the
fetal stage to 2.1% = 0.3% (line A) and 2.3% = 2.7% (line C)
of mouse a- plus {-globin expression, reflecting seven- and
threefold reductions, respectively. Expression in these lines
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TABLE 3. Expression and copy number data for HS2yp lines H to K
. No. of Type of No. of Y/(y + B)

Line (Fo) copies sample fetuses/animals (v/e)copy” (B/a)/copy” (%)

H (3136) 17 d9 YS 3 4.0+ 0.17 0.04 = 0.01 99.0
d12 blood 3 7.6 £0.17 2.0 = 0.04 79.2
d12 liver 3 53 +0.39 9.9 + 0.56 349
d16 liver 2 2.1 £0.05 18.0 = 0.87 10.3
Adult blood 3 0.48 = 0.09 384 =38 1.2

I (3116) 19 d9.5 YS 3 2.6 £ 0.04 0.04 = 0.01 98.3
d12 blood 3 7.8 = 0.41 20*0.13 79.6
d12 liver 3 7.7+1.1 9.1 095 45.9
d16 liver 4 23x0.17 183 = 1.6 11.1
Adult blood 3 0.93 = 0.37 429 *+43 21

J (3122) 7 d9 YS 3 55+0.14 0.17 = 0.03 97.0
d12 blood 1 10.8 = 0.13 44+ 053 71.1
d12 liver 1 39+ 0.70 13.7x 2.6 22.1
d16 liver 2 1.6 = 0.09 16.1 =13 9.1
Adult blood 4 0.73 = 0.11 36.5 2.6 2.0

K (3155) 2 d9 YS 3 7.9 = 0.65 0.08 = 0.01 99.0
d12 blood 4 122 *x20 29 *055 80.8
d12 liver 4 3.5 040 104 £ 29 25.0
d16 liver 3 0.9 +0.03 152 * 0.6 5.6
Adult blood 2 0.6 = 0.05 335 *x32 1.8

“ See Table 1, footnote a.

declined further in the adult stage to 1.4% = 0.3% (line A) and
0.08% = 0.03% (line C) of mouse a-globin. By contrast,
y-globin expression in line B increased substantially in the fetal
stage to 26.6% * 3.2% of mouse a- plus {-globin expression
per copy before declining sharply to a low level (3.5% * 0.1%
of mouse a-globin) in the adult.

v-Globin expression in HS3y line D was upregulated 1.5-
fold in the fetal stage (to 13.3% * 1.0% of mouse a- plus
{-globin expression) and declined to 4.7% * 0.55% of mouse
a-globin in the adult. In HS3vy lines F and G, adult-stage
v-globin expression (2.9% * 0.6% and 18.6% = 0.97% of
mouse a-globin, respectively) did not differ significantly from
corresponding embryonic- (4.3% * 0.8% [line F] and 18.1% *
4.7% [line G] of mouse o- plus {-globin expression) and
fetal-stage values (3.4% = 0.5% [line F] and 20.2% * 2.3%
[line G] of mouse a- plus {-globin expression). The develop-
mental profile of y gene activity in line E diverged markedly
from those of the other HS3y lines. y-Globin expression in line
E declined from a peak of 24.2% * 4.4% of mouse a- plus
{-globin expression in the YS to 18.4% * 3.7% in the f/l before
dropping precipitously to a nearly undetectable value (0.89%
* 0.17% of mouse a-globin) in the adult stage. As such, the
developmental patterns of y-globin expression differed mark-
edly among transgenic lines carrying the same HS2y or HS3y
construct.

v-Globin expression in HS2y and HS3+y mice is sensitive to
position effects. Evaluation of position effects on transgene
expression involves comparisons in expression per copy be-
tween transgenic lines carrying the same construct and there-
fore requires accurate determination of the number of inte-
grated transgene copies. To calculate transgene copy numbers,
we employed a multiply redundant protocol that minimized
several potential sources of experimental error (see Materials
and Methods). The data in Tables 1 and 2 evince pronounced
variability in per-copy, y-globin expression in HS2y and HS3y
mice throughout ontogeny. For example, fetal-stage HS2vy
mice show 12-fold variation in per-copy, y-globin expression

(2.1% = 0.28% to 26.6% * 3.2% of mouse a- plus {-globin
expression). HS3y mice exhibit 6-fold variation in per-copy
expression during the fetal stage and >30-fold variability in the
adult stage. Such variability in copy-corrected transgene ex-
pression is suggestive of pronounced site-of-integration effects
on expression.

A more rigorous statistical measure of variability employed
in the analysis of position effects (41, 53) is the CV between
lines in per-copy transgene expression. This statistic expresses
the standard deviation in per-copy expression as a percentage
of the mean (a/p.). To assess the impact of the site of transgene
integration on vy-globin expression in each construct, we com-
puted the CV in per-copy, y-globin expression at different
developmental stages. The CV is significant (>0.5 or 1 stan-
dard deviation of >50% of mean per-copy expression) for
fetal- and adult-stage HS2y mice and for HS3y mice at
embryonic, fetal, and adult stages of development. A signifi-
cant CV indicates that y-globin expression in mice transgenic
for these constructs is highly sensitive to position effects (13,
41, 53). Consistent with these observations were the markedly
varied developmental patterns of y-globin expression seen in
HS2y and HS3y mice (Fig. 3).

Analysis of y-globin expression in HS2yp and HS3yf mice.
Four lines carrying correctly integrated HS2yB constructs
(lines H to K; Table 3) and three lines carrying correctly
integrated copies of the HS3-yB construct (lines L to N; Table
4) were obtained for developmental studies. Developmental
studies were performed on F, progeny from these lines. RNA
was isolated from the YSs, livers, and blood of individual
fetuses and from the blood of adult mice. RNase protection
assays were performed on these samples, and the levels of
human +v- and B-globin mRNA were quantitated on a Phos-
phorImager (Fig. 4). By following the protocol used with the
HS2y and HS3vy mice, samples from individual fetuses were
quantitated independently to reduce experimental error, and
multiple determinations by RNase protection were performed
on samples from the same fetus to ensure the reliability of



6092 LI AND STAMATOYANNOPOULOS

MoL. CELL. BioL.

TABLE 4. Expression and copy number data for HS3yB lines L to N

. No. of Type of No. of (y +
Line (F,) copies sz)xlrl:lple fetuses/animals (vleg/eopy (B/o)/copy* Y (z%) 2

L (3044) 4 d9 YS 3 213+ 1.6 0.07 = 0.03 99.6

d12 blood 3 246 =39 1.3+0.38 95.1

d12 liver 3 349 +5.0 54+12 86.7

d16 liver 3 23.6 3.5 1.7+ 23 66.8

Adult blood 4 10.7 £ 15 71170 13.1

M (3307) 5 d9 YS 4 155+ 1.1 0.07 = 0.01 99.5

d12 blood 2 18.6 = 0.4 0.72 £ 0.10 96.3

d12 liver 2 279 +0.22 45*0.24 86.0

d16 liver 3 14.5 + 0.52 10.9 = 0.72 57.2

Adult blood 3 8.0 + 0.96 459+ 34 14.9

N (3100) 6 d9.5s YS 3 10.0 = 0.41 0.11 = 0.01 99.0

d12 blood 3 171 =15 32+0.83 84.2

d12 liver 3 22.6 = 0.35 10.1 £ 0.72 69.0

d16 liver 3 11.3+0.73 123+ 1.6 47.8

Adult blood 3 6.6 = 0.11 394+19 14.4

“ See Table 1, footnote a.

measurements. In total, d9 YSs, d12 fetal livers and blood, d16
fetal livers, and adult blood samples from 102 individual
animals from the HS2yB and the HS3yp lines (Fig. 4) were
analyzed in this manner. From these data, the means and
standard deviations of y- and B-globin expression levels in each
line were computed at different developmental stages (Tables
3 and 4).

v-Globin expression at all stages of development was highly
consistent in all lines carrying an HS2yf transgene. y-Globin
was expressed in lines H to K at a moderate level in the embryo
(mean, 5.0% = 2.3% of mouse a- plus {-globin expression at
d9), remained roughly constant in the fetal stage (at d12, 5.1%
* 1.9% of mouse a- plus {-globin expression), and declined
during the progression to the adult stage to a low level (1.73%
*+ 0.62% of mouse a- plus {-globin expression [d16] and 0.69%
* 0.19% of mouse a-globin [adult blood]). The expression of
B-globin in HS2yB mice also exhibited high degree of consis-
tency between lines throughout ontogeny. B-Globin expression
in lines H to K was nearly undetectable in the embryo and rose
steadily with the progression of development, reaching a mean

HS2yB Line

peak of 37.8% * 3.9% of mouse a-globin in the adult.
Qualitatively correct developmental regulation of both y- and
B-globin expression levels was therefore observed. Consistency
in the patterns of globin gene regulation among the HS2vy@
lines is evident when the data from Table 3 are represented
graphically (Fig. 3).

In all lines containing an HS3yB transgene, higher levels of
v-globin expression per copy relative to murine a-like genes
were observed in the embryo (d9 mean, 15.6% = 5.7% of
mouse a- plus {-globin expression). Mean ~y-globin expression
rose to a mean peak of 28.5% * 6.2% of mouse «- plus
{-globin expression at d12. By d16, y-globin mRNA had
declined to a level approximately equal to that found in the
embryo (16.5% =* 6.4% of mouse a- plus {-globin expression)
and fell further to a mean of 8.4% * 2.1% of mouse a-globin
in the adult. B-Globin expression in the HS3yB lines rose
throughout development, from barely detectable levels in the
embryo (0.08% =+ 0.02% of mouse a- plus {-globin expression)
to a high level in the adult (mean, 52.1% * 16.7% of mouse
a-globin).

HS3yf Line
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FIG. 4. mRNA analysis of F, progeny of transgenic mice carrying an HS2yB or HS3yp transgene. Data represent a single determination on
an individual embryonic d9 YS (e), d12 fetal blood (f/b), and f/1 or adult blood (a) sample from each line. Human v- and B-globin expression and
murine a- and {-globin expression levels were analyzed by RNase protection with PhosphorImager quantitation of the resulting signals. Protected
fragments and sizes are as follows: human B-globin (Hu B), 205 bp; human “y-globin (Hu v), 170 bp; mouse {-globin (Mo {), 151 bp; mouse

a-globin (Mo a), 128 bp. ex, exon.
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Both quantitative and qualitative differences in the pattern
of y-globin expression were apparent with respect to the linked
regulatory element. The magnitude of quantitative changes in
y-globin expression during development (i.e., greater range
between the peak and minimum developmental values re-
corded) was significantly higher in the presence of HS3 than of
HS2 (~20% versus ~5% of mouse a- plus {-globin expression,
respectively). In addition, y-globin expression under the con-
trol of HS3 exhibited the rising-and-falling pattern of develop-
mental expression expected from a fetal gene, in spite of the
fact that the endogenous murine erythropoiesis appears to lack
a definitive fetal stage. B-Globin genes both in HS2yf mice
and in HS3yB mice were correctly regulated. However, while
cis-linked +y-globin genes in HS2yB mice were silenced in the
adult stage, y-globin transgenes in HS3yB mice underwent
downregulation after d12 but failed to exhibit appropriate
developmental silencing (Fig. 3).

v-Globin expression in HS2yf and HS3y mice is insu-
lated from position effects. To study position effects on y-glo-
bin expression in lines transgenic for an HS2yB or HS3vyp
construct, the CV in per-copy expression between lines (see
above) was computed at all developmental time points. Small
CVs (<0.5) in y-globin expression between lines carrying the
same transgene are present throughout development. Small
CVs in B-globin expression are likewise present. In contrast to
that in HS2y and HS3y mice, y-globin expression in HS2yp
and HS3+p lines is sheltered from position effects at all stages
of development.

DISCUSSION

In the presence of an LCR, cis sequences 3’ to the *y gene
may provide sheltering from position effects. We employed
two types of constructs to examine how two LCR elements
(HS2 and HS3) that have demonstrated significant activity with
the adult B gene interact with a human fetal y-globin gene
during development in transgenic mice. The first set of con-
structs contained HS2 or HS3 linked independently to a lone
“y-globin gene while the second set of constructs contained
the same regulatory elements linked independently to tandem
v- and B-globin genes. Figure 3 contains a comparison of
v-globin expression in seven lines carrying HS2y or HS3y
transgenes with expression in seven lines carrying HS2yB or
HS3yB transgenes. This comparison highlights the significant
differences between the two types of constructs with respect to
site-of-integration effects on vy-globin expression and their
impact on its developmental profile (Fig. 3). In HS2y and
HS3y constructs (Fig. 3), y-globin expression is sensitive to
position effects throughout development, which results in
different developmental patterns in different lines carrying the
same transgene. In HS2yB and HS3yB constructs, y-globin
expression is sheltered from position effects and all lines
carrying the same transgene display the same pattern of
developmental control.

During the genesis of transgenic mice, DNA carrying the
transgene integrates into the mouse genome at one or more
apparently random locations, with each integration site con-
taining single or multiple transgene copies, usually organized
in a tandem head-to-tail array. By breeding transgenic founder
animals with nontransgenic mice, lines that harbor a single
locus of integration can be established. Integration position
effects represent the impact of heterologous chromatin envi-
ronments on transgene expression. Such effects can be studied
by computing expression per transgene copy in a given line at
a particular developmental time point and comparing this
value with per-copy expression at an analogous time point in
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other lines carrying identical transgenes. The presence of
significant variability in per-copy expression between lines
carrying the same transgene indicates that expression is highly
influenced by the site of genomic integration. A statistical
measure of variability that has been applied to the study of
position effects (41, 53) is the CV. This statistic expresses the
standard deviation in per-copy expression between lines as a
percentage of the mean (a/p). A significant CV, namely, when
the standard deviation exceeds 50% of the mean (CV, >0.5),
is indicative of pronounced position effects on transgene
expression. By contrast, a small CV, reflecting a lack of
significant variability in per-copy expression between lines
transgenic for the same construct, is observed when transgene
expression is independent of integration position. When sev-
eral transgenic lines carrying a wide range of different copy
numbers are analyzed, small CVs in per-copy expression
translate into transgene expression that is positively correlated
with the number of integrated copies (i.e., it is copy number
dependent).

Our results show that y-globin expression in mice carrying
HS+vB constructs is sheltered from position effects throughout
development. As such, y-globin expression is position indepen-
dent, irrespective of the absolute level or the relative level of y-
or B-globin gene activity at a particular developmental stage.
This observation also holds for B-globin expression, indicating
that the mechanism underlying insulation from position effects
does not depend on transgene expression. Differences between
the HSy and HSyB constructs may, therefore, be ascribed to a
transcription-independent effect of cis sequences contained in
HSyB constructs but missing from HSy constructs. Since
identical 4.2-kb (HS2) and 4.4-kb (HS3) LCR fragments were
used in the genesis of both the HSy and HSyB constructs, the
difference between the two construct types with respect to the
sheltering of y-globin expression from position effects should
be due to the presence of a cis element in the additional 3’
sequences (including the B-globin gene) contained in HSyB
constructs but absent from HSvy constructs. Taken together,
the data suggest that sequences external to the promoter
regions of the fetal globin genes are required for appropriate
interaction with elements in the LCR. One possibility is that a
cis element within or flanking the B-globin gene interacts with
the linked HS element to form a stable regulatory domain in
which the normally position-sensitive y gene is sequestered.
Previous studies have demonstrated that a 4.6-kb BglII frag-
ment containing the B-globin gene supplies sufficient sequence
information for appropriate interaction with HS2 or HS3 that
results in expression insulated from position effects. An alter-
native hypothesis is that matrix/scaffold attachment regions
such as that found in the B-globin large intron (32) provide the
basis for positionally stable expression of both «y- and B-globin
genes in the presence of LCR sequences. The y-globin frag-
ment contained in the HS2y and HS3vy constructs was the
standard well-studied 3.3-kb HindlIII fragment (3, 4, 17, 18, 36,
48). In HSyB constructs, a slightly larger y-globin fragment
that contained a putative 3’ regulatory element originally
identified in transient-transfection assays (4, 43) and recently
reported to contain a matrix/scaffold attachment region (11a)
was used.

The fetal pattern of y gene expression may be determined by
HS3. Direct comparisons between the patterns of human
transgene expression in different transgenic lines in this study
were made possible by the standardization of human +y- and
B-globin expression to output from the murine a-globin locus.
Murine a-locus output remains stable on a per-copy basis
throughout development (60), and the calculation of - and
B-globin expression levels as a percentage of mouse a-like
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FIG. 5. Mean v- and B-globin expression levels in HS2yB and
HS3yB lines. Mean d9, d12, d16, and adult blood vy- (circles) and
B-globin (triangles) expression levels from HS2yB (black lines) lines H
to K and HS3yp (gray lines) lines L to N is plotted as a percentage of
murine a-locus output. Data show significant differences between HS2
and HS3 constructs with respect to the patterns of y-globin expression.
By contrast, similar patterns of B-globin expression are seen with both
constructs. Note that -y-globin expression rises and falls with a peak in
the d12 liver and thus exhibits the expression profile expected of a fetal
gene. In contrast, with HS2yB mice, downregulation of +y-globin
expression after d12 does not culminate in adult-stage silencing.

globin has the advantage of showing the absolute expression
profile of each transgene during development (Fig. 3 and 5).
Mean - and B-globin expression levels at different develop-
mental stages for HS2yB and HS3yp transgenics are plotted
on the same axes in Fig. 5. The patterns of -globin expression
observed with the two HSyB constructs are quite similar.
Differences between the HS2 and HS3 constructs with respect
to the pattern of y-globin regulation during development, as
well as the magnitude of expression at different developmental
stages, are readily apparent. The results presented herein
confirm those reported previously by Fraser et al., who ob-
served qualitative differences between HS2 and HS3 with
respect to the patterns of y-globin expression they engender
when they are linked to constructs containing juxtaposed -
and B-globin genes (27). The wider range of developmental
time points sampled in this study exposes two significant
features of y-globin expression under the control of these LCR
HS elements that were not evident previously. Data from the
HSvy and HSyB constructs show that both HS2 and HS3 are
capable of driving moderate to high levels of y-globin expres-
sion in the f/1 (Tables 3 and 4) (Fig. 2 and 4) and thus that
differences in the activity of these two regulatory elements
during development cannot be accounted for satisfactorily by
positing the existence of f/l-specific trans-acting factors. The
developmental profile of y-globin expression under the control
of HS3 exhibits the rising, peaking (at d12), and falling pattern
of expression expected of a genuine fetal-stage-specific gene
(Fig. 5). Compared with the embryonic and fetal patterns seen
in HS2yB mice, the fetal expression profile of y-globin in
HS3vyp mice suggests that the developmental pattern of fetal
globin expression in humans may be due primarily to the
influence of HS3.

The lack of a discrete fetal stage of erythropoiesis in the
mouse that is defined by the expression of a specific fetal
murine B-like globin gene has been cited in support of the
hypothesis that the fetal-stage predominance of y-globin ex-
pression in humans is the result of fetal recruitment of an
embryonic gene via evolutionary changes in the complement of
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trans-acting factors (50). An alternative hypothesis is that
stage-predominant expression of a given B-like globin gene is
due primarily to the activity of different cis regulatory elements
in the LCR during discrete stages of development (16). The
latter hypothesis is compatible with the observation that y-glo-
bin transgenes lacking linked LCR sequences are expressed
(sometimes at high levels) only in YS cells of the embryonic
erythropoiesis (7), whereas linkage to an LCR element ex-
pands the developmental spectrum to include expression in
fetal and adult tissues (17, 48).

Position effects can influence the pattern of developmental
expression. The extension of the analysis of site-of-integration
effects on transgene expression to include a range of develop-
mental time points permits an evaluation of position effects
present during a particular stage of development as well as an
evaluation of the impact of such effects on the overall pattern
of transgene expression during ontogeny. A priori, several
possible outcomes of the effects of different chromosomal
environments on the developmental expression profile of a
position-sensitive transgene can be postulated. One possibility
is that the position effect present in each transgenic line
establishes a baseline upon which developmentally controlled
increases or decreases in transgene expression are superim-
posed. In this scenario, large CVs between lines would be
manifest at all developmental time points because of the
different expression baselines for each line. However, the
developmental patterns of transgene expression, i.e., the abso-
lute changes in expression over successive developmental
intervals that dictate the morphology of the transgene’s devel-
opmental expression curve, would be qualitatively similar
among all lines.

An alternative possibility for the impact of the locus of
integration on the developmental expression pattern of a
susceptible transgene is that the integration position effect
gives rise to large CVs at all developmental time points, but the
nature of the position effect changes during development
(presumably because of developmentally coordinated alter-
ations in the character of chromatin surrounding the integra-
tion site). Yet another possibility is that the response of the
gene to a constant position effect changes in a developmentally
coordinated fashion (presumably mediated by changes in the
trans factors acting at the level of the transgene). These two
alternatives are not mutually exclusive and would be expected
to manifest different developmental patterns of transgene
expression in lines carrying the same transgene. The markedly
varied developmental profiles of y-globin expression observed
in HS2y and HS3+y mice (Fig. 3) are compatible with these last
alternatives.

By contrast, transgenes that are sheltered from site-of-
integration effects throughout ontogeny exhibit small CVs in
per-copy expression at all developmental time points. Since
variability is minimized, the developmental expression patterns
of such transgenes are of necessity highly consistent between
lines. Such consistency characterizes the profiles of y- and
B-globin expression levels in HS2yB and HS3-yB mice (Fig. 3).
The uniformity of developmental patterns among HSyf mice
contrasts sharply with the variable patterns seen in HSy mice
(Fig. 3).

Irrespective of the underlying mechanism, our results dem-
onstrate that different chromosomal environments can exercise
a dominant influence over the pattern of transgene expression
during ontogeny. They suggest further that 3’ cis sequences as
well as those in the promoter region are essential for mediating
the LCR element and <y-globin interactions that determine
correct and consistent patterns of fetal globin expression
during development. Further analyses of the contribution of
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intragenic and 3’ flanking sequence elements to LCR-facili-
tated globin gene expression are clearly required for under-
standing the mechanism of LCR function, and such analyses
should provide important insights into the control of globin
gene regulation.
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