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The stage- and tissue-specific expression of many eukaryotic genes is regulated by c/s-regulatory elements, some 
of which are located in proximity to the start site of transcription whereas others have been identified at consider
able distances. In previous studies we have identified far upstream DNase I-hypersensitive sites in the murine 
a l(I) collagen (C ollal) gene, which may play a role in the regulation of this abundantly expressed gene. Here 
we have cloned several of these sites into reporter gene constructs containing the Collal promoter driving the 
green fluorescent protein (GFP) reporter gene and tested their possible functions in transfection experiments and 
transgenic mice. In transient and stable transfections none of the hypersensitive sites had a significant effect on 
Collal promoter activity, indicating that they do not contain a classical transcriptional enhancer. In transgenic 
animals one element located at -1 8  to -19.5 kb enhanced the position-independent activity of the linked Collal 
promoter and may be part of a locus control region. Another element located at -7  to -8  kb specifically enhanced 
reporter gene expression in the uteri of transgenic mice, suggesting that it contains a novel transcriptional 
enhancer that may be involved in the regulation of type I collagen expression in tissue remodeling in the uterus 
during the estrous cycle. Our studies also demonstrate the versatility of the GFP reporter gene for use in trans
genic animals because it can be analyzed in live animals, whole mount embryos, histological thin sections, or 
primary cell cultures, and it can be quantified very sensitively in tissue or cell extracts using a fluorometer.

a l(I) collagen Green fluorescent protein Transgenic mice Distal regulatory elements Enhancer 
Uterus

THE collagen superfamily contains at least 19 differ
ent collageneous proteins, and several more proteins 
are known that contain collagen-like domains (22). 
Type I collagen, a fibrillar collagen, is the most abun
dant of the collagens and probably the most abundant 
protein in vertebrates. It has diverse biological func
tions: it provides tensile strength to connective tissues 
such as bone, skin, tendons, and ligaments; it forms 
supporting frameworks of connective tissue in all ma
jor internal organs such as liver, spleen, heart, and

the vascular system; it promotes cell migration and 
differentiation during embryonic development; and it 
is the major substance produced during wound heal
ing and in tissue repair processes. Thus, the Collal 
and Colla2 genes, which code for the a l  and a2  
subunits of type I collagen, respectively, are ex
pressed during embryonic development, in a variety 
of cell types, and under various physiological condi
tions, and their regulation is accordingly complex
(4,7,33,38). Moreover, various human disorders are
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associated with under- or overexpression of type I 
collagen (22). An elucidation of the complex molecu
lar mechanisms involved in the stage- and tissue-spe
cific regulation of type I collagen expression is there
fore not only essential for understanding normal 
mammalian development and morphogenesis, but 
also human disease processes.

Numerous studies have addressed the molecular 
mechanisms involved in the regulation of type I col
lagen genes in various species, including human, rat, 
mouse, and chicken. However, despite considerable 
efforts, many details of type I collagen gene regula
tion remain elusive. It has generally been reported 
that the ocl and a2 promoters confer basic tissue-spe
cific expression to reporter gene or minigene con
structs in transfection experiments and transgenic ani
mals (25,26,29,33,36). In addition, c/s-regulatory 
elements have been identified that mediate the effect 
of various modulators of type I collagen expression
(17,28,34) or are required for high levels of expres
sion in different collagen-producing cell types (2,29,30).

Several lines of evidence indicate that, in addition 
to regulatory elements in the proximal promoter, 
more distal regulatory elements in both 5'- and 3'- 
flanking region may contribute to the correct stage- 
and tissue-specific expression of the type I collagen 
genes. A cluster of DNase I-hypersensitive sites in 
the distal 5'-flanking sequence of the murine Colla2 
gene has been shown to have transcriptional enhancer 
activity in transgenic mice (5). A chromatin structure 
analysis of the murine Collal gene has revealed the 
presence of several distal 5' and 3' DNase I-hypersen
sitive sites at positions very similar to hypersensitive 
sites in the homologous human COL1A1 gene (1,31). 
An E-box in the 3'-flanking region of the Collal 
gene binds transcription factors USF-1 and USF-2 
and stimulates Collal gene transcription (27). The 
fact that several of the distal 5'-hypersensitive sites 
are present in collagen-producing but not in nonpro
ducing cells (31) suggests that they function in 
Collal gene regulation. In a first attempt to elucidate 
their function we have used reporter gene constructs 
containing the Collal promoter driving the firefly lu- 
ciferase or green fluorescent protein (GFP) reporter 
genes in transient and stable transfection experiments 
and to generate transgenic mouse lines. We report 
here that a novel regulatory element located 7-8 kb 
upstream of the start site of transcription specifically 
enhances reporter gene expression in the uterus of 
transgenic animals and that another element located 
18-19.5 kb upstream of the start site of transcription 
enhances position-independent expression of the re
porter gene. Moreover, our studies demonstrate the 
versatility of the GFP reporter gene for use in trans
genic animals.

MATERIALS AND METHODS

Reporter Gene Constructs

The construction of the reporter genes used in this 
study required multiple cloning steps, the details of 
which have been described (19) and/or will be made 
available upon request. Briefly, two different sets of 
reporter genes were used. The first set contained the 
Collal promoter from -1622 (P^I) to +111 (Xbal), 
the luciferase reporter gene, and various combina
tions of upstream DNase-hypersensitive sites. These 
constructs were made by replacing the SV40 pro
moter in the plasmid pGL2 (Promega) with the 
C ollal promoter. A unique Notl site was then in
serted upstream of the promoter into which Notl cas
settes containing the upstream hypersensitive sites 
were cloned. The second set of reporter genes was 
constructed by cloning the Collal promoter from 
-3122 (Kpnl) to +111 (Xbal) and the EGFP reporter 
gene from the plasmid pEGFP-1 (Clontech) into 
pPCR-Script (Stratagene). This plasmid (pCol9GFP) 
was then further modified to allow insertion of the 
Notl cassettes containing the upstream hypersensitive 
sites into a unique Notl site, and the subsequent re
moval of all vector sequences using two newly intro
duced Srfl sites to prepare DNA constructs for the 
generation of transgenic mice. Various DNA frag
ments containing the previously described Collal 
upstream hypersensitive sites (31) were cloned into 
pBluescript (Stratagene). Second Notl sites were then 
inserted into the plasmids so that the inserts were 
flanked by two Notl sites and could be recovered and 
cloned into the reporter genes as Notl cassettes. Ori
entation of all inserts and identity of the constructs 
were verified by multiple restriction enzyme digests 
and DNA sequence analysis when necessary. The 
plasmid pSVCol9GFP was made by cloning the 
Collal promoter from -3122 (Kpnl) to +111 (Xbal) 
into the plasmid pEGFP-1 (Clontech), which contains 
the SV40 enhancer. A schematic representation of the 
GFP reporter constructs is shown in Fig. 1. The lucif
erase reporter constructs were used only in transient 
transfection assays, the results of which are not 
shown (see the text), and they are therefore not in
cluded in Fig. 1.

Transient and Stable Transfections and Reporter 
Gene Assays

Transient and stable transfections and luciferase 
reporter gene assays were performed as previously 
described (24,25). GFP reporter gene expression in 
transfected cells was analyzed by visual inspection 
using an Olympus inverted fluorescent microscope, 
by determining fluorescence in cell extracts using a 
TD700 fluorometer, or by fluorescence-activated cell
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FIG. 1. Reporter gene constructs. The vertical arrows in the uppermost line show the location of previously mapped DNase I-hypersensitive 
sites 3 -9  in the 5'-flanking region of the murine C o lla l  gene (6,30). The vertical bar shows part of the first exon and the horizontal arrow 
the start of transcription. Below the reporter gene constructs used in this study are shown schematically. pCol9GFP contains 3.2 kb of the 
C o l la l  promoter linked to the EGF reporter gene. The other constructs contain the various hypersensitive sites as indicated.

sorting using a FACScan (Becton-Dickinson). Cell 
extracts for fluorescence measurements were pre
pared as described below for tissue extracts. For fluo
rescence-activated cell sorting the cells were trypsin- 
ized and resuspended in PBS.

Generation of Transgenic Mice

Transgenic mice were generated at the UNC 
Transgenic Facility. DNA sequences containing the 
various reporter gene constructs were isolated from 
vector sequences by gel purification and injected into 
single-cell mouse embryos. The embryos were then 
reimplanted into pseudopregnant C3H x C57B1 foster 
mothers. At approximately 3 weeks of age tail clip
pings were obtained from the pups and analyzed for 
GFP expression using a fluorescent microscope. Sub
sequently, DNA was extracted from the tail clippings 
and presence of the transgene was determined using 
PCR and GFP-specific primers. Transgene copy 
numbers were determined by Southern blot analysis 
of liver DNA using standard procedures.

GFP Expression in Whole Mount Embryos,
Tissues, and Primary Fibroblast Cultures From 
Transgenic Mice

Embryos were collected at different stages of de
velopment, day 1 being the day after the vaginal plug. 
The embryos were fixed in PBS containing 4% para
formaldehyde and 0.2% Tween 20 and stored at 4°C. 
Fluorescence was stable under these conditions for

many months. For GFP analysis in tissue thin 
sections of the tissues were fixed for 24 h at 4°C 
in PBS containing 4% paraformaldehyde. Blocks of 
tissues were mounted in O.C.T. compound (Lab-Tek) 
on specimen holders, frozen in liquid nitrogen, and 
cut into thin sections using a cryotome. Sections 
were mounted on Superfrost/Plus microscope slides 
(Fisher), stained with DAPI for 30 s, covered with 
FluorSave reagent (Calbiochem), and analyzed under 
a fluorescent microscope using DAPI and GFP-spe
cific filter sets. To analyze transgene expression in 
tissues animals were sacrificed at between 4 and 20 
weeks of age and tissues harvested and homogenized 
with a polytron homogenizer in 1 ml PBS containing
0.5% Triton X100, 10 |Lig/ml leupeptin, 20 pg/ml 
aprotinin, and 0.1 mM PMSF. Homogenates were 
microcentrifuged for 20 min and the supernatants re
moved to determine protein concentrations using a 
BCA protein assay reagent (Pierce) and fluorescence 
using a TD700 fluorometer. To prepare primary fi
broblast cultures small pieces of skin were obtained 
from the ears of mice, sterilized in 70% ethanol, 
washed in PBS, and minced into small pieces with a 
scalpel. The pieces were then incubated in 200 U/ml 
collagenase at 37°C for 24 h and subsequently in 
trypsin at 37°C for 30 min, and cells were collected 
by centrifugation and grown in minimal essential me
dium containing 10% fetal calf serum. In later experi
ments cells from ear biopsies were prepared using 
collagenase/dispase (Boehringer) as recommended by 
the supplier.
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RESULTS

The C ollal Upstream DNase-Hypersensitive Sites 
Have No Significant Effect on C ollal Promoter 
Activity in Transient or Stable Transfections

We have recently identified a series of distal 
DNase-hypersensitive sites in the 5'-flanking region 
of the murine Collal gene (31) (Fig. 1). The fact that 
most of these sites were found in collagen-producing 
3T3 fibroblasts and osteoblasts but not in nonproduc
ing WEHI 3B myelomonocytic leukemia cells 
strongly suggests that they function in the regulation 
of Collal gene expression. To analyze their possible 
functions we have constructed a series of reporter 
genes containing the Collal promoter from -1622 to 
+111, the luciferase reporter gene, and the individual 
DNase-hypersensitive sites 4, 5, 6, 7, and 8 in both 
orientations as well as DNase-hypersensitive sites 
4+5 and 6+7 in both orientations. The reporter genes 
were transiently transfected into NIH 3T3 fibroblasts 
and luciferase activity was determined after 48 h, 
normalized to transfection efficiency using a cotrans
fected (J-gal reporter plasmid as described (24), and 
compared to luciferase activity of a reporter gene 
containing the Collal promoter only. None of the 
DNase-hypersensitive sites tested in this series of ex
periments had a significant effect on Collal pro
moter activity; HS 6 showed an approximately two
fold reduction and HS 8 an approximately twofold 
stimulation of reporter gene expression (data not 
shown).

Some regulatory elements exert their effect through 
an alteration of chromatin structure and can therefore 
only be detected in stable transfections after integra
tion into the host cell DNA. Other elements regulate 
gene expression in very specialized tissues or cell 
types and cannot be detected in transfection experi
ments at all, but require introduction into transgenic 
animals. We therefore wished to analyze the Collal 
upstream hypersensitive sites in stable transfections 
and transgenic animals. However, after the construc
tion of the luciferase reporter genes used in the exper
iments described in the previous paragraph, new reg
ulatory elements important for expression in some 
tissues in transgenic animals were discovered in the 
Collal promoter between -900  and -3200 (29). We 
therefore decided to construct a new series of reporter 
genes that included these additional promoter se
quences for use in stable transfections and transgenic 
mice. These elements have no effect on Collal pro
moter activity in skin fibroblasts (29) and therefore 
should not have affected the results of the transient 
transfection experiments, which were performed in 
fibroblasts. We also took advantage of the availability 
of the EGFP reporter gene, which is optimized for

expression in mammalian cells. We thus constructed 
the reporter gene pCol9GFP, which contains the 
Collal promoter from -3122 to +111 and the EGFP 
reporter gene and several derivatives containing the 
various upstream DNase-hypersensitive sites as 
shown in Fig. 1, or the SV40 enhancer, and per
formed transient and stable transfection experiments. 
As for the luciferase reporter constructs described in 
the previous paragraph, none of the upstream DNase- 
hypersensitive sites showed a significant effect on 
Collal promoter activity in transient transfections 
(data not shown). When the constructs were stably 
transfected into NIH 3T3 cells and GFP expression 
analyzed by FACS analysis we found that the SV40 
enhancer had a slightly stimulating effect on Collal 
promoter activity whereas the various upstream 
DNase-hypersensitive sites showed a slightly inhibi
tory effect on the level of GFP expression and little 
or no effect on the number of GFP-expressing cells 
(Fig. 2).

Generation of Transgenic Mice and Analysis 
of Transgene-Expressing Animals

We chose three of the reporter constructs for initial 
introduction into transgenic mice: 1) the promoter-only 
construct pCol9GFP as a control; 2) pCol9GFPHS-4,5 
because we had preliminary evidence that DNase-hy
persensitive sites 4 and/or 5 may contain a transcrip
tional enhancer; and 3) pCol9GFP-HS8,9 because HS 
8 contains a topoisomerase II cleavage site and HS 9 
a nuclear matrix attachment region (MAR), and 
these sites therefore resemble chromatin domain bor
der elements or locus control regions (LCRs; a manu
script describing these findings is in preparation). 
Multiple transgenic mouse lines were established for 
each of the constructs and GFP expression was ana
lyzed during embryonic development and in adult an
imals. Transgene-positive founder animals were iden
tified by PCR amplification of GFP sequences in tail 
DNA, and transgene-expressing founders and off
spring were identified by inspection of GFP expres
sion in tail clippings, toe clippings, or whole live ani
mals under a fluorescent stereomicroscope (in some 
very highly expressing animals GFP was detectable 
as a greenish stain with the naked eye without fluo
rescent light). Expression in the tail was higher than 
in any other tissue in all founders with all three con
structs and in all offspring analyzed (except in the 
uteri of some animals containing pCol9GFPHS-4,5; 
see below). Moreover, an analysis of a large number 
of PCR-positive but tail expression-negative animals 
revealed no indication of aberrant transgene expres
sion in any of the lines (i.e., no animal lacking micro-
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FIG. 2. Upstream hypersensitive sites show marginal effect on C o l la l  promoter activity in stable transfections. The indicated reporter 
constructs were stably transfected into NIH 3T43 fibroblasts and GFP expression analyzed by FACS and compared to untransfected cells 
as described in Materials and Methods.

scopically detectable fluorescence in the tail ex
pressed the transgenes in other tissues when assayed 
by the very sensitive fluorimetric analysis of tissue 
extracts). Thus, fluorescence in the tail was a very 
reliable indicator of transgene expression for all three 
constructs.

Transgene copy numbers in expressing lines were 
determined by Southern blot analysis of liver DNA. 
Different lines harbored between 1 and >100 trans
gene copies (Table 1), and in most lines the Southern

blot hybridization patterns were consistent with mul
tiple transgene copies arranged in a head-to-tail fash
ion at a single integration site (data not shown).

Upstream Hypersensitive Sites Enhance 
Position-Independent Activity of the 
C ollal Promoter

We compared GFP expression in the tail of all 
founders at similar ages and found that expression in
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TABLE 1
COPY NUMBER AND GFP EXPRESSION IN 
TRANSGENIC MOUSE LINES HARBORING 

DIFFERENT REPORTER CONSTRUCTS

Mouse Line
rel

GFP*
%

Cellsf
Copy
No.

GFP/
Copy

pCo!9GFP
2111 5.1 12 4 1.3
2116 10.7 17 2 5.3
2118 28.6 14 10 2.9
2125 11.5 35 2 5.8
2131 9.0 15 2 4.5
2132 4.2 3 6 7.0

pCol9GFP-HS4.5
2018 83.9 73 7 12.0
2023 11.7 8 ~ 3 5 0.3
2024 8.2 60 1 8.2
2025 18.3 35 6 3.1
2027 17.7 37 <100 0.2
2031 3.4 15 20 0.2
2033 100 90 50 2.0
2036 93.3 77 50 1.9
2048 31.4 37 10 3.1
2052 3.0 0 4 0.8

pCol9GFP-HS8.9
2063 14.0 52 1 14.0
2606 11.0 30 14 0.8
2608 6.7 0 2 3.4
2610 40.6 31 10 4.1
2617 50.0 50 5 10.0
2623 23.3 43 3 7.8
2624 0.9 0 6 0.2

*GFP expression was measured in tail extracts from 
each individual founder animal and normalized to ex
pression in the highest expressor 2033 (100%).

fPercent of GFP-expressing cells in primary dermal 
fibroblast cultures from each of the founders.

FIG. 3. Upstream hypersensitive site HS8,9 significantly enhanced 
position-independent transgene expression. Transgene-containing 
animals were identified by PCR amplification of GFP sequences 
in tail DNA and transgene-expressing animals by fluorescence 
analysis in tail and other tissues as described in the text.

The C ollal Promoter Directs Basal Stage- 
and Tissue-Specific Expression of the 
GFP Reporter Gene

the different lines varied ~100-fold (Table 1). The 
relative level of expression in a given line was stable 
(i.e., was very similar in several generations of off
spring) (data not shown). We found that the level of 
GFP expression showed a good correlation to the pro
portion of cells in primary dermal fibroblasts that ex
press the transgene (Table 1, see below). There was 
no classical enhancement of expression by HS4,5 or 
HS8,9 (Table 1) and GFP expression per copy num
ber varied greatly in the different lines with each of 
the constructs (i.e., there was no copy number de
pendence of expression). There was, however, a sig
nificant increase in the position-independent trans
gene expression in mouse lines harboring the 
construct pCol9GFP-HS8,9 (Fig. 3). While construct 
pCol9GFP was expressed in 16.7% (6/36) and 
pCol9GFP-HS4,5 in 31.3% (10/31) of the PCR-posi- 
tive founders, construct pCol9GFP-HS8,9 was ex
pressed in 66.7% (8/12) of the PCR-positive 
founders.

A typical example of a transgenic embryo and a 
negative littermate at day 18 of embryonic develop
ment is shown in Fig. 4. High levels of expression 
can be seen in tendon (tail), bone (calvarium, ossifi
cation centers in the digits), and skin. Expression pat
terns at this level of analysis were undistinguishable 
in embryos containing the different constructs (com
pare the animal in Fig. 4 containing pCol9GFPHS-4,5 
with those in Fig. 5D containing pCol9GFP and Fig. 
5E containing pCol9GFPHS-8,9). Transgene expres
sion at different stages of development is shown in 
Fig. 5. Expression was detectable throughout em
bryos at days 12 and 14 of development (Fig. 5A, B). 
At day 16 the highest expression was seen in bone 
(Fig. 5C) and at days 17 and 18 in tail, skin, and bone 
(Fig. 5D, E). Because several previous studies have 
shown that reporter genes driven by type I collagen 
promoters are expressed in a correct stage- and tis
sue-specific manner (3,25,29,30,35,36), and the re
sults shown here confirm these earlier reports, we 
have so far not analyzed expression of our constructs
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FIG. 4. GFP expression in a whole mount embryo containing the reporter gene pCol9GFP-HS4,5 and a negative littermate at day 18 of 
embryonic development.

during embryonic development in any more details 
than shown here.

Expression of the three reporter constructs was 
also analyzed in adult mice, and our results (Table 2) 
confirm previous reports that the C o l la l  promoter is 
sufficient for correct tissue-specific activity in adult 
animals (29,30,35,36). Highest expression of all con
structs was seen in the tail, followed by skin and 
bone; all major internal organs expressed at much 
lower, although clearly detectable, levels. Again, 
there were no significant differences in the relative 
levels of expression of the three different constructs 
in different tissues except for the significant higher 
levels of GFP in the uteri of mice containing the con
struct pCol9GFPHS-4,5 (see next paragraph).

U pstream  D N ase-H ypersensitive  S ites 4 ,5  
Specifica lly  E nhance  Collal P rom oter A ctiv ity  
in the U teri o f  Transgenic M ice

Female mice containing the construct 
pCol9GFP-HS4,5 showed a significant enhancement 
of GFP expression in the uterus relative to GFP ex
pression in the tail (91.0%) compared to mice con
taining the promoter-only construct pCol9GFP 
(9.6%; Table 2, Fig. 6). The level of expression in

uterus in these mice exceeded that in skin and bone 
of the same mice and was seen in offspring of all the 
different founders (i.e., was not position dependent). 
Moreover, no enhancement of uterus-specific ex
pression was seen in mice containing construct 
pCol9GFP-HS-8,9 (13.0%, Table 1, Fig. 6), and the 
enhancement was thus specific for pCol9GFP-HS4,5. 
These results suggest that DNase-hypersensitive sites 
4 and/or 5 contain a novel transcriptional enhancer 
that may be involved in the regulation of type I colla
gen expression in tissue remodeling in the uterus dur
ing the estrous cycle.

To determine which uterine cells expressed the 
GFP reporter gene we prepared thin sections from the 
uteri of sexually mature female transgenic mice and 
analyzed them by fluorescent microscopy. A typical 
example of GFP expression in the uterus of a mouse 
containing pCol9GFP-HS4,5 is shown in Fig. 7. High 
levels of GFP were detectable in endometrial stromal 
cells and the myometrium, but not in luminal epithe
lial cells or uterine glands. Similar expression pat
terns were observed in the uteri of transgenic mice 
containing the other constructs, although expression 
was less intense (not shown). We do not know at 
what stage of the estrous cycle the mice were at the 
time of analysis and how GFP expression might
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FIG. 5. GFP expression in whole mount embryos containing the different reporter genes (see the text) at various stages of embryonic 
development. (A) day 12, (B) day 14, (C) day 16, (D) day 17, (E) day 18 (p.c.).

change throughout the estrous cycle. We are currently 
performing more detailed analyses of the effect of 
female sex steroid hormones on the expression of the 
different reporter constructs.

Different Levels o f Trans gene Expression Result 
From Different Degrees of Variegation

Different levels of transgene expression in differ
ent cell or mouse lines can result either from different

levels of expression in every cell of a given popula
tion or from different proportions of cells within a 
given population expressing the transgene (variegated 
expression). Several c/s-regulatory elements have 
been described that prevent variegated expression
(12,37,39). In order to find out what determines the 
different expression levels of our constructs in the 
different lines (which was not related to transgene 
copy number, Table 1) and to examine whether the 
DNase-hypersensitive sites analyzed here had any ef-
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TABLE 2
GFP EXPRESSION IN TISSUE EXTRACTS OF ADULT TRANSGENIC 

MICE HARBORING DIFFERENT REPORTER CONSTRUCTS

Construct pCol9GFP pCol9GFP-HS4,5 PCol9GFP-HS 8.9

Tail 100 100 100
Bone 16.9 (12.8) 23.5 (7.7) 21.7 (7.3)
Skin 10.5 (7.8) 41.8(15.2) 33.8(14.1)
Muscle 0.7 (0.3) 1.7 (0.8) 1.3 0.4)
Heart 0.3 (0.2) 0.7 (0.5) 0.8 (1.4)
Spleen 0.3 (0.1) 0.7 (0.3) 0.2 (0.2)
Kidney 0.3 (0.6) 1.1 (0.9) 1.8 (1.6)
Liver 0.3 (0.2) 0.2 (0.1) 0.1 (0.0)
Lung 0.1 (0.1) 1.3 (0.8) 0.2 (0.2)
Brain 0.3 (0.0) 0.6 (0.4) 0.4 (0.2)
Thymus n.d. n.d. 0.3 (0.1)
Uterus 9.6 (5.1) 91.0 (41.3) 13.0(19.8)

GFP expression was measured in tissue extracts from one or 
several offspring of each of the founder animals and normalized 
to expression in the tail (100%). For each tissue the mean relative 
expression is shown with the SD in parentheses, n.d. = not deter
mined.

feet on variegated expression of the linked Collal 
promoter, we prepared primary fibroblast cultures 
from each of the founders and quantified the propor
tions of GFP-expressing cells for each line. The re
sults are shown in Table 1 and Fig. 8. With some 
exceptions, there was a good correlation between the 
relative fluorescence in tail extracts and the number 
of GFP-positive cells, indicating that the level of 
transgene expression in most of the lines is deter
mined primarily by variegation. Moreover, this corre
lation was seen with all three constructs used (i.e., 
none of the DNase-hypersensitive sites analyzed af
fected variegated expression of the linked transgene).

DISCUSSION

The expression of eukaryotic genes is regulated 
by the concerted actions of proximal and distal cis- 
regulatory elements. While the proximal elements in
teract directly with the basic transcription machinery 
and trans-activating factors, distal elements are 
thought to exert their effects by establishing and 
maintaining a transcription-competent chromatin en
vironment. A complete understanding of the stage- 
and tissue-specific regulation of a particular gene re
quires knowledge of the functions, modes of action 
of, and interaction between both types of elements. 
In the work described here we have analyzed the role 
of far upstream DNA sequences in the regulation of 
the murine Collal gene expression. These sequences 
are candidates for cw-regulatory elements because 
they were identified as DNase-hypersensitive sites in 
chromatin from collagen-expressing but not from

i
i

FIG. 6. HS4,5 enhanced GFP expression in uterus of transgenic 
mice. Extracts were prepared from tails and uteri of transgenic 
animals and GFP expression determined by fluorometry as de
scribed in Materials and Methods. The data are derived from com
paring GFP expression in age-matched offspring from all six 
founders containing construct pCol9GFP with offspring from 
seven founders containing pCol9GFP-HS4,5 and offspring from 
all seven founders containing pCol9GFP-HS8,9 and are shown as 
expression in uterus in percent of expression in tail of the same 
animal. The enhanced uterus-specific expression in animals con
taining HS4,5 is statistically highly significant {p  < 0.001).

nonexpressing cells [except HS 8 (31)]. We have now 
inserted several of these upstream hypersensitive sites 
individually or in combinations into reporter gene 
constructs and have performed transient and stable 
transfections and generated transgenic mice. In a se
ries of transient transfection experiments using the 
luciferase reporter gene driven by ~1 .6  kb of the 
Collal promoter we found no significant effect of 
these elements on Collal promoter activity (data not 
shown). We then inserted several combinations of hy
persensitive sites into construct pCol9GFP, which 
contains 3.2 kb of Collal promoter sequence (Fig. 
1) and thus all previously identified Collal promoter 
regulatory elements (29). In stable transfections most 
of the constructs showed somewhat reduced levels of 
expression compared to pCol9GFP, but the numbers 
of expressing cells remained similar (Fig. 2). This in-
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FIG. 7. GFP expression in the uterus of a transgenic animal. Thin sections of the uterus of an offspring of founder 2033 containing the 
construct pCol9GFP-HS4,5 were prepared as described in Materials and Methods and analyzed under the fluorescent microscope with filters 
specific for DAPI stain (A) or GFP (B). Strong fluorescence can be seen in the endometrium (E) and myometrium (M), but not in the 
epithelial cells lining the uterine lumen (L) or uterine glands (G).

dicates that none of the upstream hypersensitive sites 
tested shows classical enhancer activity, which would 
have either increased levels of Collal promoter ac
tivity or the number of transfected cells expressing 
the constructs. Similarly, the hypersensitive site-con
taining constructs analyzed so far in transgenic mice 
(HS4,5 and HS8,9) are on the average not expressed 
at higher levels than the construct containing the pro
moter only (i.e., they show no enhancer activity) (Ta
ble 1). The Collal gene thus may differ from the 
Colla2 gene, which has recently been shown to have 
a potent far upstream enhancer located between 13.5 
and 19.5 kb 5' of the Colla2 start site of transcription
(5) (i.e., at a similar location as the hypersensitive 
sites 6-9 tested here). However, the Colla2 enhancer 
was tested in transgenic animals and it was not re
ported whether it is active in stable transfection 
assays. Therefore, it remains possible, although un
likely considering the results of the transfection ex
periments (Fig. 2), that hypersensitive sites 6 and/or 
7 or a combination of sites 6 through 9 contain en
hancer activity in transgenic mice. We are currently 
generating additional strains of transgenic mice to 
test this. Other possibilities are that a Collal en
hancer is located elsewhere (further upstream or in 
the 3'-flanking region) or that the Collal gene does 
not contain a classical transcriptional enhancer.

We did, however, observe a significant increase in 
the proportion of transgene-positive animals express
ing the construct containing hypersensitive sites 8 
and 9 (Fig. 3). This indicates that in vivo these sites

at least in part shield the linked Collal promoter 
from position effects. We have recently found that 
these sites contain an in vivo topoisomerase II cleav
age site and a nuclear matrix attachment region and 
could therefore constitute the locus control region 
(LCR) of the Collal domain (manuscript in prepara-
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FIG. 8. Correlation between relative GFP expression in the tails 
of transgenic animals and percentage of GFP-expressing cells in 
primary dermal fibroblast cultures. Primary dermal fibroblast cul
tures were established from each of the founders as described in 
Materials and Methods and the number of expressing cells deter
mined by microscopy and plotted against the relative level of GFP 
expression in the tails of each animal.
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tion). LCRs are modular c/s-regulatory elements, 
which are thought to be necessary for a position-inde
pendent, copy number-dependent, stage- and tissue- 
specific, and high-level expression of a linked trans
gene (14,18). However, a recent report that the much 
studied p-globin LCR is not necessary for an open 
chromatin structure or developmentally regulated 
transcription (11) raises new questions about the ex
act nature and function of LCRs. In many cases 
LCRs are composed of multiple DNase-hypersensiti- 
tive sites with different functions (enhancers, insu- 
laters, chromatin opening elements, nuclear matrix at
tachment regions) that act in a synergistic manner. 
Because position independence of pCol9GFP-HS8,9 
was significantly enhanced, although not to 100%, 
and the construct was not expressed in a copy num
ber-dependent fashion (Table 1), the most likely in
terpretation is that hypersensitive sites 8 and 9 are 
part of an LCR and need additional sequences for full 
activity. While HS 6 and 7 are good candidates for 
being such additionally required sequences, their 
presence in reporter constructs did not have the ex
pected effect in stable transfections (Fig. 2). This 
may suggest that other, so far unidentified, sequences 
located further upstream may be required for full 
LCR function. We are currently pursuing these ques
tions.

Expression of a gene or transgene is said to be 
variegated when it is expressed only in a certain pro
portion of cells in a population of a given cell type, 
and the degree of variegation is position dependent 
and is thought to spread from regions of heterochro
matin. In several instances c/s-regulatory elements 
(enhancers, LCRs) have been shown to function by 
overcoming such heterochromatin-mediated position 
effect variegation (12,37,39). With some exceptions 
we have observed a good correlation between the rel
ative intensity of GFP expression in tail and other 
tissues and the number of GFP-expressing cells in 
primary fibroblast cultures (Table 1, Fig. 8), indicat
ing that the overall level of transgene expression in 
most strains is determined by different degrees of 
variegation. The Collal upstream regulatory ele
ments studied here, notably HS8,9, which may be 
part of a Collal LCR (see above), were not able to 
prevent variegation. This confirms that they do not 
constitute an enhancer of the type that can overcome 
variegated expression (37,39) or a fully functional 
LCR. Moreover, variegation showed a tendency to 
increase with age of the animals (data not shown), an 
observation also reported by others (37). The phe
nomenon of variegated expression is of interest be
cause it is possible that the regulation not only of 
transgenes, but also of endogenous tissue-specific

genes, occurs through this mode (i.e., the number of 
cells in a given tissue modulating expression of a 
gene in response to physiological stimuli may vary 
rather than the level at which the gene is expressed 
in every cell). Similarly, it has been proposed that 
variegation may be involved in the acquisition and 
maintenance of particular cellular phenotypes (lin
eage commitment) during differentiation (12,18). The 
transgenic mice described in this article allow us to 
address these interesting questions.

The most intriguing result of this study was the 
finding that the construct pCol9GFP-HS4,5 was ex
pressed at approximately 10-fold higher levels in the 
uteri of transgenic mice than the other constructs (Ta
ble 2, Fig. 6). This suggests that hypersensitive sites
4 and/or 5 contain a tissue-specific enhancer that may 
be involved in the steroid hormone-dependent stro
mal cell proliferation and extracellular collagen depo
sition during the estrous cycle in the uterus and possi
bly in other organs or tissues. During the proestrous 
phase of the estrous cycle the ovarian hormones es
trogen and progesterone stimulate growth and prolif
eration of the endometrium, which decreases in size 
in the postestrous phase and is sloughed unless im
plantation occurs. Thus, there is a constant remodel
ing of connective tissue, blood vessels, glands, and 
other parts of the uterus throughout the estrous cycle. 
The transgenic mice analyzed in this study presum
ably were in various stages of the estrous cycle and 
were synthesizing connective tissue at widely varying 
rates at the times of analysis. That would explain the 
large variation in GFP expression observed in the 
uteri (Table 2). Estrogen is known to affect type I 
collagen synthesis in the uterus (10,21), osteoblasts 
and osteosarcoma cells (20,23), and other tissues 
(8,10,13). Estrogen also induces expression of the 
progesterone receptor, and progesterone plays a role 
in the proliferation and differentiation of the endome
trial stroma (15). It is not known whether this effect 
of estrogen or progesterone on collagen synthesis is 
direct or requires other mediators. The DNA se
quences requirements for estrogen receptor binding 
to estrogen response elements have been very well 
defined (9), while progesterone response elements are 
less well characterized (15). A sequence analysis of
1.3 kb of DNA containing hypersensitive sites 4 and
5 has not revealed the presence of estrogen or proges
terone response elements (unpublished sequence 
data). We are currently performing experiments to 
more precisely identify the cw-regulatory elements 
within HS4,5 and the trans-acting factors involved in 
mediating the effect of steroid hormones on Collal 
gene expression.

The use of the GFP gene as a reporter gene in



162 KREMPEN ET AL.

transgenic mice offers several advantages over the 
use of other reporter genes such as the CAT, P-galac- 
tosidase, or luciferase genes. Because fluorescence 
analysis requires no fixation or staining it is readily 
detectable using a fluorescent microscope (or a hand
held lamp with appropriate filters) in live newborn or 
adult animals. It can be microscopically analyzed in 
unfixed or fixed whole mount embryos (Figs. 4, 5), 
in whole organs or tissues such as tail, toes, uterus, 
skin, and bone, or (in highly expressing animals) kid
ney, heart, lung, and muscle. In fixed embryos and 
frozen organs or tissues fluorescence remains detect
able for many months. GFP can also be easily de
tected in histological analyses of thin sections of dif
ferent organs (Fig. 7) or quantified very sensitively 
in tissue or cell extracts using a fluorometer (Tables

1 and 2). Finally, GFP expression can be observed in 
live transfected cells or primary cell cultures such as 
dermal fibroblasts or marrow stromal cells, and the 
effect of modulators of (in this instance) Collal pro
moter activity can be monitored over long periods 
of time in such cultures. The transgenic mouse lines 
expressing the GFP gene driven by the Collal pro
moter described here should prove useful tools to 
study many aspects of the regulation of type I colla
gen and other extracellular matrix components.
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