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Correct Cell- and Differentiation-Specific
Expression of a Murine a1(I) Collagen
Minigene in In Vitro Differentiating
Embryonal Carcinoma Cells
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HALEH RAZZAGHI, AND MICHAEL BREINDL?
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An in vitro differentiation system utilizing retinoic acid (RA) treatment of pluripotent murine P19 em-
bryonal carcinoma (EC) cells, which can be induced to differentiate into various cell types, was optimized
for maximal induction of «1 type I collagen (Collal) gene expression. Differentiation was associated with
apoptotic death of the majority of cells, indicating that this in vitro system faithfully mimics the in vivo
differentiation process. Col/llal mRNA became detectable by RNase protection assay after 3 days of RA
treatment and, after 6 days, reached a level comparable to that in NIH 3T3 fibroblasts. After induction of
differentiation the Collal gene remained transcriptionally active for extended periods of time even in the
absence of RA. A minigene version of the murine Collal gene was constructed that contains all of the so
far known Collal regulatory elements. This construct exhibited the correct expression pattern in stable
transfection experiments: it was expressed in fibroblasts, but not in undifferentiated P19 EC cells, and it
was transcriptionally activated after induction of differentiation. This experimental system should be a
useful tool for dissecting the molecular mechanisms involved in the developmental activation and stage-
and tissue-specific expression of the murine Collal gene.

Murine «l type I collagen Collal In vitro differentiation P19 EC cells Retinoic acid

TYPE I collagen, the most abundant of the colla- sic tissue-specific expression to reporter gene or
gens, is expressed in a variety of cell types, at vari- minigene constructs in transfection experiments
ous stages of development, and under various and transgenic animals (31,34,37,40). In addition,
physiological conditions, and its regulation is ac- cis-regulatory elements have been identified that
cordingly complex [for reviews, see (6,8,26,38, mediate the effect of various modulators of type I
43)]. Numerous studies have addressed the molec- collagen expression (15,32,39) or are required for
ular mechanisms involved in the regulation of the high levels of expression in different collagen-
genes coding for the ol and o2 chains of type I producing cell types (3,4,33,34). However, the
collagen in various species, including human, rat, functional significance of additional regulatory el-
mouse, and chicken. However, despite consider- ements, particularly in the first introns of the hu-
able efforts, the details of type I collagen gene man and the murine ol genes (5,17,20,24,31,
regulation remain elusive. It has generally been 39,41), but also other putative elements located
reported that the «l and o2 promoters confer ba- within the coding or the 3’ -flanking sequences (8),
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remains unclear and controversial and warrants
further studies. Moreover, to our knowledge,
none of the minigene or reporter gene constructs
reported to date showed position-independent,
copy number-dependent expression in transfection
experiments or transgenic animals. It is conceiv-
able that DNase-hypersensitive sites in the distal
5’-and 3’-flanking regions of the human (2) and
murine (M. Breindl, unpublished observation) «1
genes contain elements with insulating or domain-
opening functions, which are necessary for posi-
tion independence and warrant further analysis.
Furthermore, in addition to interactions between
proximal and distal cis-regulatory elements and
trans-acting factors, chromatin structure and
DNA methylation constitute important mecha-
nisms in the developmental activation and tissue-
specific expression of mammalian genes. Whereas
several previous studies have addressed the devel-
opmentally regulated changes in the chromatin
structure and methylation pattern of the murine
ol type I collagen (Collal) promoter (7,9,29,30),
the molecular mechanisms involved in mediating
these changes are virtually unknown and require
additional experimentation.

The most commonly used experimental ap-
proach to the identification and functional analy-
sis of regulatory elements is to molecularly clone
them into reporter or minigene constructs and in-
troduce the constructs into tissue culture cells and,
ultimately, into transgenic animals. However,
transient or stable transfection assays frequently
do not reveal the function of certain regulatory
elements, specifically when they are not left in
their normal context and spatial arrangement, and
the production of transgenic animals is expensive
and time consuming. Moreover, it is difficult to
study the molecular mechanisms involved in devel-
opmental changes in chromatin structure and
DNA methylation in vivo because of the limited
availability of cellular material needed for bio-
chemical analyses and, more importantly, because
most tissues are mixtures of collagen-producing
and nonproducing cells, which may exhibit hetero-
geneity in their chromatin structure and methyla-
tion pattern. We have therefore developed an al-
ternative experimental approach to study the
developmental activation and tissue-specific regu-
lation of the Collal gene using in vitro differenti-
ation of pluripotent P19 embryonal carcinoma
(EC) cells and a murine Collal minigene con-
struct that maintains all so far known Collal reg-
ulatory sequences in their normal spatial orienta-
tion. We show here that P19 EC cells can be
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induced by retinoic acid (RA) to differentiate into
cells that transcriptionally activate the endogenous
Collal gene and produce high levels of Collal
mRNA for extended periods of time, and that the
minigene shows the same differentiation-specific
transcriptional activation as the endogenous gene.

MATERIALS AND METHODS
Cell Lines and In Vitro Differentiation

P19 EC cells (kindly provided by E. Adamson)
and NIH 3T3 fibroblasts were grown as previously
described (30). For in vitro differentiation, P19
EC cells were seeded into 100-mm plastic tissue
culture plates at a density of 0.5 x 10° cells/plate
and RA was immediately added at a concentration
of 5 x 10" M. Plates were incubated for 48 h, at
which time the medium was removed and fresh
medium with RA was added. Medium was then
changed every 24 h until all dead cells had been
removed. After 4-5 days, the differentiated cells
remaining on the plate were passed and grown at
subconfluent density in the presence or absence of
RA for further analysis.

Immunofiuorescent Staining

NIH 3T3 fibroblasts and P19 cells that had
been differentiated with RA for 6 days were fixed
in 95% ethanol containing 1% acetic acid at
—20°C for 20 min and then treated with 150 mM
NH,CI for 15 min. The cells were permeabilized
with 0.2% Triton X-100 and blocked in a solution
of 1% normal goat serum, 1% bovine serum albu-
min, 1% gelatin from cold water fish skin, and
0.05 M glycine in PBS. The primary antiserum
was a rabbit anti-mouse type I collagen polyclonal
antiserum (purchased from Chemicon Interna-
tional) and the secondary antibody was fluores-
cein-conjugated goat anti-rabbit IgG, F(ab'),
fragment (Jackson ImmunoResearch Labora-
tories).

Stable Transfections

NIH 3T3 fibroblasts were transfected using
standard calcium phosphate coprecipitation as de-
scribed (30). Undifferentiated P19 EC cells were
transfected using DOTAP (Boehringer). The Col-
Ial minigene plasmid was cotransfected in a 5:1
molar ratio with a plasmid carrying a neomycin
resistance gene, and neomycin-resistant colonies
were selected in the presence of 500 pg/ml genet-
icin (Gibco BRL) in the growth medium as pre-
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viously described (9). To compensate for possible
position effects, all experiments were performed
with populations of stably transfected clones and
only populations containing > 20 clones were in-
cluded in the analyses. Pools of stably transfected
clones were expanded and used for further anal-
yses.

Preparation of RNA and RNase
Protection Assays

RNA was prepared by a modified acid phenol
procedure (11), and the concentration and struc-
tural integrity of all samples were determined by
agarose gel electrophoresis and ethidium bromide
staining. Two different Collal-specific probes
were used in RNase protection assays. In initial
experiments (data shown in Fig. 3) a probe was
used that protects 112 bp from the first exon of
the Collal gene, as previously described (9). To
analyze expression of the transfected Collal mini-
gene we constructed a probe that can discriminate
between transcripts from the endogenous Collal
gene and the minigene as follows: RNA from NIH
3T3 fibroblasts was reverse transcribed with AMV
reverse transcriptase (Promega) using a primer
that spans the junction of exons 9 and 10 of the
Collal gene (primer 1). The resulting cDNA was
then amplified by PCR with Taq polymerase (Per-
kin Elmer) using a primer complementary to exon
5 (primer 2) and a second, nested primer also
spanning the junction of exons 9 and 10 (primer
3) of the Collal gene. The latter two primers con-
tained recognition sequences for restriction endo-
nucleases that were subsequently used to molecu-
larly clone the PCR product into the plasmid
vector pGEM-4Z (Promega), which contains Sp6
and T7 bacteriophage promoters to produce the
plasmid COLEX5-10. For probe preparation plas-
mid COLEX5-10 was linearized with Nhe I and
transcribed with Sp6 polymerase. The resulting
transcripts are 348 nucleotides long and protect
288 nucleotides of transcripts from the endoge-
nous Collal gene and 124 nucleotides of tran-
scripts from the minigene. In these latter experi-
ments (data shown in Fig. 5) a GAPDH probe was
included that was prepared using plasmid pTRI-
GAPDH-Mouse (Ambion). This probe protects
316 nucleotides of GAPDH transcripts and was
used as a loading control. All enzymatic reactions
were performed following the recommendations
of the suppliers and standard recombinant DNA
procedures (36). The protected fragments were
separated on a 6% acrylamide, 7 M urea denatur-

ing gel and visualized and quantitated using a
phosphoimager (Molecular Dynamics).

DNA Sequences

The DNA sequences referred to in this article
have been published (19) or are accessible in the
EMBL (accession number X54876) or Gene Bank
data libraries (accession numbers U38307,
U38544, and U50767). The nucleotide sequences
of the primers were as follows:
primer 1: 5-GCTTCCCCATCATCTCC-3’
primer 2: 5'-TCTAAGCTTACTTCCTGGTCCTCC

TG-3’
primer 3: 5'-CTCCTGCAGCCCCATCATCTCCAT
TC-3".

RESULTS

Optimization of an In Vitro Differentiation
System for Maximal Collal Gene Transcription

Previous studies have shown that P19 EC cells
can be induced to differentiate into a variety of
different cell types (16,22,23,35). The differentia-
tion protocols used in those studies involved the
aggregation of the cells into embryoid bodies by
culture in bacterial-grade plastic dishes to which
the cells do not adhere prior to differentiation. In
the presence of dimethyl sulfoxide (DMSO) aggre-
gates of P19 cells formed cardiac and skeletal
muscle, whereas in the presence of RA the cells
differentiated into neuronal, glial, and fibroblast-
like cells. However, it was not previously known
whether the Collal gene is transcriptionally acti-
vated under these latter conditions. We therefore
first optimized the differentiation process for our
purpose (i.e., maximal induction of Collal gene
transcription) by varying the concentrations of
DMSO and RA and by differentiating the cells
with and without prior aggregation. Expression of
Collal mRNA was determined by RNase protec-
tion assay and immunostaining with a type I colla-
gen-specific antiserum. The results of these initial
experiments showed that maximal Collal expres-
sion was achieved when the cells were treated with
5 x 1077 M RA without prior aggregation, and
when cells were kept at subconfluent cell densities
throughout the differentiation process (data not
shown). In a typical experiment, P19 EC cells
were seeded onto 100-mm tissue culture plates at a
density of 0.5 x 10° cells per plate and RA was
added. After 2-3 days the majority of the cells
(between 40% and 70% in different experiments)
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The Collal Gene Is Transcriptionally Activated
and Stably Expressed at High Levels in the
Differentiated Cells

We next monitored the transcriptional activa-
tion of the Collal gene throughout the differenti-
ation. RNA was isolated from the living, attached
portion of the RA-treated cells at different times
after induction of differentiation, and Collal
transcription was determined by RNase protection
assay using a radiolabeled riboprobe that protects
112 nucleotides from the first exon of the Collal
gene. Figure 3 shows that undifferentiated P19 EC
cells did not express Collal mRNA, confirming
previous results (9,13,29). However, after 3 days
of RA treatment Collal transcripts became de-
tectable. The amount of Collal mMRNA increased
with continued RA treatment and after 6 days
reached a level comparable to that in NIH 3T3
fibroblasts (Fig. 3A). Similarly, the amount of
type | collagen stainable with a type I-specific anti-
serum was comparable to that in 3T3 fibroblasts
(Fig. IE, F). Additional experiments showed that
the differentiated cells continued to express
Collal mRNA at levels comparable to that in 3T3
cells for at least 2 weeks, even when RA treatment
was discontinued after 6 days (Fig 3B), although
we did observe variation in the levels of Collal
mRNA between experiments (see the Discussion
section). These results show that the endogenous
Collal gene is stably activated and expressed at
high levels in the in vitro differentiated P19 EC
cells.

A Collal Minigene Exhibits Correct
Transcriptional Activation in Differentiating
P19 Cells

The Collal minigene construct used in these
studies is schematically shown in Fig. 4, and the
design of this and several other Collal minigene
versions containing different combinations of reg-
ulatory elements will be described in detail else-
where (manuscript in preparation). Briefly, the
minigene contains 4 kb of 5'-flanking sequence,
exons 1-6 from the 5' end, exons 49-52 from the
3" end, and 3 kb of 3'-flanking sequence. The role
of the different regulatory elements in the 5'-
flanking region, first intron, and 3'-flanking re-
gion of the Collal gene has been discussed in sev-
eral recent reviews [(6,8,26,38,43); manuscript
submitted for publication]. The 5' and 3' por-
tions of the minigene were joined at intron se-
quences (introns 6 and 48) to maintain correct
splicing signals and translational reading frame.
Unique restriction sites for Not 1 and Srf | were
added at the 5' and 3' ends of the minigene, re-
spectively, to allow cloning into the minigene ad-
ditional regulatory elements (putative remote reg-
ulatory elements, nuclear matrix binding sites). A
similar minigene construct of the human COL1A1
gene has been described (24).

To determine whether the Collal minigene
showed the same transcriptional repression in un-
differentiated P19 cells and differentiation-depen-
dent transcriptional activation as the endogenous
Collal gene, we stably transfected the Collal

FIG. 3. RA-induced differentiation results in transcriptional activation of the murine Collal gene. Total RNA was isolated from
3T3 cells, undifferentiated P19 EC cells, and P19 EC cells treated with RA for the indicated lengths of time in days and analyzed by
RNase protection assay using a probe that protects 112 nucleotides of Collal mMRNA as described (9). (A) P19 EC cells were
differentiated with RA for 1-6 days as described in the Materials and Methods section. On the original autoradiogram Collal mRNA
was first detectable after 3 days of RA treatment. (B) P19 EC cells were differentiated with RA for 6 days and grown for 6 more
days in the absence or presence of RA as indicated and analyzed by RNase protection assay. The concentration and integrity of the
RNA preparations were determined by agarose gel electrophoresis (not shown), and equal amounts of RNA were assayed in each
lane. With this probe we usually see in RNase protection assays a main band at 112 nucleotides and a lower band or smear, the
intensity of which varies in different experiments (9,29,30). The origin of this lower band has not been determined, but it is assumed
to result from inaccurate initiation of transcription and/or technical artefacts such as breathing of the hybrid molecules or unspecific
degradation during RNase digestion.
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FIG. 4. Schematic representation of the murine Collal minigene. The mini-
gene used in these experiments contains 4 kb of 5’-flanking sequence, exons
1-6 from the 5’ end, exons 49-52 from the 3’ end, and 3 kb of 3’-flanking
sequence. The 5’ and 3’ portions of the minigene were joined at intron
sequences (a unique SnaBl site in intron 6 and a blunted HindlIII site in
intron 48) to maintain correct splicing signals and translational reading
frame. Unique restriction sites for Not 1 and Srf I were added at the 5’
and 3’ ends of the minigene, respectively, to allow subsequent addition of
additional, putative remote regulatory elements as they are identified.

minigene into undifferentiated P19 EC cells and
analyzed its expression before and after in vitro
differentiation. As a control, NIH 3T3 fibroblasts
were transfected with the same minigene con-
struct. Collal mRNA expression was analyzed by
RNase protection assay using a probe that differ-
entiated between transcripts from the endogenous
and the minigene (see the Materials and Methods
section). We also included a murine GAPDH
probe in these assays as an RNA loading control.
The results of a representative experiment are
shown in Fig. 5. To compensate for possible posi-
tion effects, all experiments were performed with
populations of stably transfected clones and only
populations containing > 20 clones were included
in the analyses. Upon stable transfection, the
Collal minigene exhibited the expected expression
pattern: it was expressed at relatively high levels in
fibroblasts (Fig. SA), but at undetectable levels in
undifferentiated P19 EC cells (Fig. 5B). More-
over, when the transfected P19 cells were induced
to differentiate, the minigene showed the same
time course of transcriptional activation as the en-
dogenous gene: transcripts became detectable be-
tween 4 and 6 days after the induction of differen-
tiation (Fig. 5B). Similar results were obtained
with five independently transfected cell popula-
tions. In both 3T3 fibroblasts and differentiated
P19 cells the level of minigene expression was con-
siderably lower when normalized to copy numbers
than that of the endogenous gene, presumably due
to position effects (see the Discussion section).
These results indicate that the minigene has the
regulatory elements necessary for the develop-
mental activation and cell-specific expression of
the Collal promoter but that it lacks additional
elements that are required for high level, position-
independent expression of the Col/lal gene.

DISCUSSION

Embryonal carcinoma cells are an excellent
model to study many biochemical and cell and
molecular biological aspects of cell differentiation
because they can be grown in large amounts in
tissue culture in an undifferentiated state and can
be induced to differentiate into various cell types
(10,16,21-23,35,42,44). P19 EC cells have pre-
viously been shown to differentiate in the presence
of RA into fibroblast-like cells (23,35), and we
have used a modified differentiation protocol for
these cells that allows us to analyze molecular
mechanisms involved in the transcriptional dere-
pression of the murine Collal gene. Our results
show that after induction of differentiation a large
fraction of the cells undergo apoptotic cell death,
as characterized by cell shrinking and rounding
(Fig. 1) and endogenous internucleosomal DNA
degradation (Fig. 2). Because apoptotic cell death
is a common event during normal embryonic de-
velopment (25,27), this indicates that the in vitro
differentiation faithfully mimics the in vivo differ-
entiation process. This observation is in contrast
to a previous report, which indicated that RA does
not induce cell death in P19 EC cell cultures at
the concentrations used (35). The reason for this
discrepancy is not known but presumably reflects
different properties of specific subpopulations of
P19 EC cells or variations between the differentia-
tion protocols used. More recent studies by others
have confirmed our observation and have shown
that induction of differentiation in embryonic
cells (12), including the P19 EC cells used in this
study (14), is frequently associated with apop-
tosis.

Under optimal conditions RA-induced differ-
entiation of P19 EC cells without prior aggrega-



DEVELOPMENTAL ACTIVATION OF MURINE Collal GENE 41

A

GADPH

Endogenous

Minigene

al')

-0
<X

B
‘0 '50°00 0oy
A O XOO

oc CH

«- GADPH
«- Endogenous

«- Minigene

FIG. 5. RA-induced differentiation of P19 EC cells results in transcriptional acti-
vation of the endogenous Collal gene and the minigene. Total RNA was isolated
from P19 EC and NIH 3T3 fibroblasts and analyzed by RNase protection assay
using a probe that differentiates between the endogenous and minigene transcripts
and a GAPDH probe as loading control (see the Materials and Methods section).
The position of the GAPDH signal and the Collal endogenous and minigene
signals are indicated by arrows. The integrity of the probes used in these assays is
shown in the two rightmost lanes. (A) Minigene-transfected and untransfected
NIH 3T3 fibroblasts. (B) Minigene-transfected, undifferentiated, and RA differ-
entiated P19 cells analyzed 4 and 6 days after induction of differentiation as
indicated; the cells analyzed in the 6d P#2 lane had been passed twice after induc-
tion of differentiation and show a relative higher expression of both the endoge-

nous Collal gene and the minigene.

tion of the cells into embryoid bodies is sufficient
to stably activate transcription of Collal mRNA,
and the differentiated cells continue to transcribe
the gene at levels comparable to, or even in excess
of, that of murine 3T3 fibroblasts for extended
periods of time (Fig. 3). However, we have ob-
served some variation in the levels of Collal
MRNA expressed in the differentiated P19 cells
between experiments. Whereas early passage P19
cells (stored in liquid nitrogen) reproducibly acti-
vate Collal mRNA under the experimental condi-
tions described here to levels comparable to those
shown in Figs. 3and 5, it seems that upon continu-
ous and prolonged passage in culture P19 EC cells
lose the ability to differentiate into type I collagen-
producing cells but they can still be induced to
differentiate into other cell types. The reason for
this is not clear but may reflect changes in the
DNA methylation pattern of the Collal gene or
other genes that need to be expressed during the
differentiation process. Such changes in the meth-
ylation pattern of nonessential genes have actually
been observed to occur in many cell lines in culture

(1). Alternatively, some so far unidentified serum
factor may influence the differentiation process by
promoting or inhibiting the growth of collagen-
producing cells. The identity of such a putative
regulatory factor is not known. Preliminary exper-
iments have shown that addition of the fibrogenic
cytokines TGF-/3, bFGF, PDGF, or TNFa to the
culture medium of late passage P19 cells during
differentiation has no effect on the level of Collal
MRNA in this system (K. Hall, unpublished obser-
vation).

The minigene construct used in these experi-
ments maintains in a correct spatial orientation all
of the Collal regulatory elements known so far
(6,8,26,38,43). In addition to the well-studied ele-
ments in the promoter, 5'-flanking region, and
first intron, it also contains intragenic sequences
through exon 6, including the fifth intron, which
harbors a constitutive DNase I-hypersensitive site
of unknown function (7), as well as 3 kb of 3'-
flanking sequence, which has recently been found
to have a moderate stimulatory effect on the
Collal promoter and to contain binding sites for
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several transcription factors, including USF and
AP-1 (R. A. Rippe et al., manuscript submitted).
Despite the presence of all of these regulatory ele-
ments the Collal minigene is expressed at levels
lower than the endogenous Collal gene. Phos-
phoimager quantification of minigene expression
in several independent transfections has shown
that in 3T3 fibroblasts the level of minigene
mRNA is between 10% and 40% of that of the
endogenous gene when calculated per copy num-
ber (data not shown). This indicates that expres-
sion of the transfected minigene is subject to posi-
tion effects and suggests that, although the
construct contains cis-regulatory elements that
confer basic cell and differentiation specificity to
the Collal promoter, additional, so far unidenti-
fied, elements are necessary for a position inde-
pendence and copy number dependence of the
transgenes. Candidate sequences for such ele-
ments are DNase-hypersensitive sites in the distal
5’- and 3’-flanking regions, which have been
identified in the human (2) and murine (M.
Breindl, unpublished observation) Collal genes
and may have insulating or domain-opening func-
tions.

Previous studies have shown that the develop-
mental activation of the murine Collal gene in
vivo is accompanied by changes in its chromatin
structure and DNA methylation pattern. Its pro-
moter is transcriptionally repressed, in an inactive
chromatin conformation, and methylated in early
embryonic cells, whereas it is transcriptionally ac-
tive in a hypersensitive chromatin conformation
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and unmethylated in collagen-producing cells
(7,9,13,29,30). Although numerous studies in a
wide variety of experimental systems underscore
the important regulatory functions of chromatin
structure and DNA methylation in mammalian
gene expression (18,28), the molecular mecha-
nisms involved in these changes are only poorly
understood. In the case of stage- and tissue-
specifically expressed genes such as the Collal
gene it is difficult to study these events in vivo,
mainly because tissues are usually mixtures of col-
lagen-producing and nonproducing cells in which
chromatin structure and methylation pattern of
the Collal promoter differ and are therefore re-
fractory to experimental analysis. These questions
are nevertheless of considerable interest for under-
standing the complex mechanisms regulating
Collal gene expression and are now amenable to
experimental analysis using the in vitro differenti-
ation system described here. Moreover, similar in
vitro differentiation systems should prove useful
for dissecting the molecular mechanisms involved
in the developmental activation and stage- and tis-
sue-specific expression of other mammalian genes.
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