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ABSTRACT Previous studies demonstrated that type II
procoflagen Is syntheid by HT-1080 cells that are stably
transfected with c ts of the human COL2AI gene that
contain the promoter and 5' end of either the COL2A1 gene or
the human COLIAI gene. Since the host HT-1080 cells were
from a human tumor line that synthesizs type IV collagen but
not type H or type I procollagen, the results suggested that the
constructs were Integrated near active enhancers or promoters.
Here, however, we demonstrate that a 33-kb construct of the
COL2AI gene conin a5' frant from the same gene was
inserted into both alleles of the endogenous COL2AI gene on
chromosome 12, apparently by homologous recombinatlon by
a noncomervative pathway. In contrast, a simila construct of
the COL2AI gene in which the 5' end was replaced with a
1.9-kb fagment from the 5' end of the COLIAI gene was
inserted into both allels of the locus for the COLIAI gene on
chromosome 17. Therefore, targeted insertion of the gene

truct was not directed by the degree ofsequence homology.
Instead, it was directed by the relatively short S' frgment from
the COLIAI gene that contined the promoter and the Initially
tnscribed sequences of the gene. After insertion, both gene

constructs were expressed from previously inactive loc.

Targeted gene insertion, whereby an exogenous gene is
inserted into the locus of an endogenous gene, generally
occurs by homologous recombination. The process has been
extensively studied in bacteria and fungi (see refs. 1-6) and
more recently in cultured mammalian cells (7-16). The fre-
quency of targeted gene insertion through homologous re-
combination can be increased by increasing the homologous
length of the invading DNA, by cleavage of the invading or
the targetDNA (12), and by transcription ofthe targeted gene
(1, 5, 6, 15, 17).

Several observations indicate that expression of recombi-
nant collagen genes in stably transfected cells (18-21) is
critically dependent on the presence in the host cells of a
series ofcollagen-specific post-translational enzymes (22). In
some of our initial experiments (21), we transfected mouse
NIH 3T3 cells with a hybrid construct of the COL2AJ gene
in which the 5' end of the gene was replaced with a 1.9-kb
fragment from the COLIA) gene. A small fraction of the
stably transfected cells synthesized human type II procolla-
gen, apparently because the COLJA) promoter of the con-
struct was active in the NIH 3T3 cells, which synthesize
mouse type I procollagen but not type II procollagen. More
recently, we found (23) that the same COLIAJ/COL2AJ
hybrid construct could be used to synthesize recombinant

type II procollagen by stable transfection of HT-1080 cells, a
human tumor cell line that synthesizes type IV collagen but
not type I procollagen or type II procollagen. Similar results
were obtained with a construct of the COL2AJ gene in which
the 1.9-kb fiagment from the COLIA) gene was replaced with
the promoter and 5' end of the COL2AJ gene. The results
suggested that the constructs were expressed because they
had integrated near active enhancers or promoters. Here,
however, we demonstrate that the construct containing the
promoter and 5' fragment of the COL2AJ gene was inserted
into both alleles ofthe COL2AJ gene on chromosome 12, and
the construct containing the promoter and 5' fiagment of the
COLJAJ gene was inserted into both alleles of the COLIAJ
locus on chromosome 17.

MATERIALS AND METHODS
DNA Cns and Cell Transfecdon. The COL2AJ mini-

gene and the COLIAJ/COL2AJ hybrid gene (Fig. 1) were
assembled in cosmid clones as described previously (21, 24).
Mouse NIH 3T3 cells and human kidney tumor cells (HT-
1080; American Type Culture Collection CCL 121) were
grown under standard conditions and cotransfected (25) with
the calcium phosphate precipitation method with the procol-
lagen gene constructs cleaved with Sal I but not separated
from the vector together with a 1:200 mixture of BamHI-
linearized plasmid (26) containing a neomycin-resistance
gene with mouse metallothionein promoter, pDMMTNeo. In
a typical experiment, 107 cells were transfected, and 200-300
clones of G418-resistant NIH 3T3 or HT-1080 cells were
obtained. The medium proteins were assayed by Western
blot analysis with rabbit anti-human procollagen II antibodies
(21) and secondary antibodies of anti-rabbit IgG conjugated
to alkaline phosphatase (Promega). Genomic DNA was iso-
lated on a workstation (Genepure 341; Applied Biosystems),
and Southern blot analyses were carried out, using DNA
fiagments labeled with P2P]dCTP by using a random priming
kit (Stratagene). To measure gene copy number, the relative
intensities of the bands were assayed on a Phosphorlmager
(Molecular Dynamics).
Cosmid Cloing and Analyses of the Cods. Genomic

DNA was partially digested with Mbo I, dephosphorylated,
and inserted into the BamHI site of a cosmid vector (Super-
cosl; Stratagene), using the Gigapack II XL packaging ex-
tract and NM554 host cells (Stratagene) to generate about 5
x 105 independent clones. The clones were screened with a
1.9-kb Sal I/Sph I fiagment from the promoter of the

Abbreviations: FISH, fluorescent in situ hybridization; COLIAJ,
gene for proal(I) chains of type I procollagen; COL2AJ, gene for
proal(ll) chains of type II procollagen.
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FIG. 1. Two constructs of the COL2A1 gene. (Upper) The
COL2A1 minigene contained 4 kb ofthe COL2A1 promoter and most
of the COL2A1 gene except for an internal deletion of 5 kb that
facilitated assays for the presence and expression of the gene (24).
The 3' end was truncated so that it contained only the first two ofthe
three polyadenylylation signals (21). (Lower) The COLIAJ/COL2A1
hybrid gene contained 476 bp of the human COLIAI promoter
together with exon 1 (222 bp) and most of intron 1 (1223 bp of a total
of 1453 bp) of the COLIA) gene (21). The COLIAI fragment was
linked to 29.5 kb of the human COL2A1 gene through the second
intron in the COL2A1 gene (23, 24).

COLIAJ gene. The inserts in positive clones were mapped by
digestion with Sac I, Pvu II, and EcoRI and probing the
digests with (i) the 1.9-kb Sal I/Sph I fragment from the 5' end
of the COLIAJ gene (Fig. 1); (ii) the 3.5-kb Sph I/Sal I
fragment from the 3' end of the COL2AJ gene (Fig. 1); (iii) a
2-kb EcoRI/Bgl II fragment from the mouse metallothionein
promoter of the neomycin-resistance gene; and (iv) a 2-kb
BamHI/EcoRI fragment from the ampicillin-resistance gene
present in the plasmid vector. Partial sequencing (Cyclist kit;
Stratagene) was carried out with 21-mer oligonucleotide
primers with sequences ofthe T3 promoter, the T7 promoter,
and part ofthe COLJAJ promoter (AGL-5; 5'-GTCCTCCTG-
GCTGTGCCCCA).

Fluorescent in Situ Hybridization (FISH). Purified DNAs
from cosmids containing either the COL2A1 gene or the
COL2A1 minigene were labeled with biotin-14-dATP (Bio-
Nick; GIBCO/BRL). The probe mixture, preparation of
slides, denaturation, hybridization, and subsequent immu-
nocytochemical detection were as described by Tkachuk et
al. (27). Photographs were taken with Kodak Gold 100 ASA
film.

Assays of Transcription with Nuclear Extracts. Assays of
transcription with nuclear extracts (28) ofHT-1080 cells were
performed with a commercial kit (HeLa nuclear extract in

vitro transcription system; Promega). About 100 ng of each
DNA was used as template in an incubation system of 25 Au
that contained 7 jl ofnuclear extract. Samples were analyzed
by electrophoresis on a denaturing 6% polyacrylamide gel
and autoradiography.

RESULTS
Transfection and Screening of HT-1080 Ceils Syntbeslng

Recombinant Type II Procollagen. As reported previously (23,
24), synthesis and secretion of human type II procollagen
were observed in HT-1080 cells stably transfected with a
neomycin-resistance gene and either the COL2AJ minigene
or the COLJAJ/COL2AJ hybrid gene construct (Fig. 1). Only
about 2% of the neomycin-resistant cells synthesized the
protein, but all produced relatively large amounts of the
protein (Table 1). In contrast, about 88% of NIH 3T3 fibro-
blasts stably transfected with the COLIAJ/COL2AJ hybrid
gene secreted type II procollagen but only about 3% pro-
duced relatively large amounts of the protein.

Southern Blot Analysis of the COUAI and COLlAI Lood.
Two clones of HT-1080 cells expressing the COL2AJ mini-
gene were assayed for Sac I fragments that were present near
the middle of the endogenous COL2AJ gene but absent from
the COL2A1 minigene because of the internal deletion (Figs.
1 and 2). The expected fragments were found in control cells
but not in cells expressing the minigene (Fig. 2). However,
assays for a 4.3-kb EcoRI fragment present only in the 3' end
ofthe endogenous gene and a 3.8-kb EcoRI fragment present
in both genes indicated that the 3' end of the gene was intact.
Also, there was no increase in copy numberofa shared 3.8-kb
fragment (Table 2). Therefore, the COL2AJ minigene was
inserted into both alleles of the endogenous gene, apparently
by homologous recombination through a nonconservative
pathway.
HT-1080 cells expressing the COLIAJ/COL2AJ hybrid

gene were analyzed with a Southern blot assay to detect
unique restriction fragments that were present at the 5' end
of the endogenous COLIA) gene but were not present in the
exogenous gene construct (Fig. 3). A 3.8-kb Sac I fragment
found in the promoter region of the endogenous COLIAJ
gene was absent from two transfected cell lines (HTS and
HTN) expressing the hybrid gene (Fig. 3 Lower Left). Also,
a 1.4-kb Pvu II fragment found in the same region of the
endogenous COLIAJ gene was absent from the cels express-
ing the hybrid gene (Fig. 3 Lower Right). Similar results were
obtained with two additional lines expressing the hybrid gene
(not shown). Hybridization of the same filters with a probe
for an internal 5.4-kb EcoRI fragment of the COL2A1 gene
demonstrated that the observations were not explained by
artifactual differences in migration of the same DNA frag-
ments (not shown). The results indicated, therefore, that the
5'-flanking sequences of both alleles of the endogenous
COLIAI gene had been disrupted in all four clones express-
ing the COLIAJ/COL2AJ hybrid gene.

Table 1. Expression of the COL2A) gene in stably transfected cells

Stably transfected clones

No. clones % low % high
Host cells Invading human gene assayed expression* expression*

Human HT-1080 cells COL2AI minigene 100 0 2.Ott
COLIA1/COL2A1 hybrid gene 314 0 1.9#

Mouse 3T3 fibroblasts COLIAI/COL2AJ hybrid gene 116 85 3.4

*Clones were screened by Western blot assays of culture media with polyclonal antibodies specific for procollagen 1 (21)
and equal amounts ofprotein loaded in each lane. The intensities of the signals from high-expressing clones were 3- to 5-fold
greater than those from clones expressing low levels (for illustrative data, see refs. 21 and 23).
iData from Sieron et al. (24).
*Two of two clones tested had targeted insertion into the COL2AI locus (see Fig. 2 and Table 2).
§Data from Fertala et al. (23).
1Four of four clones tested had targeted insertion in the COLIAI locus (see Fig. 3 and Table 2).

COL2A1 m;n icgneo,22

COL 2A cro.cter
4.0 kb)

Oxor' I-trrr

Sal Sch

7366 Genetics: Ganguly et al.



Proc. Natl. Acad. Sci. USA 91 (1994) 7367

COL2Al GENE

2fS S
2.4

COL2AlMINI-GENE

l 24 C 32

C>

0
t

Z
F

t1.9 [ _2.3 1 L f 1 3 [ PI F

PROBE:-f .,, -: -: , _ = n .........
| 1 2? [ 1 3 r- ° 9 r' " i F

0
r_ T
I ,

A
.1 g

..

..A.0iA'.A ENE

-. Se-- ,-

B kOproo_ e8 ktb Drone

4 Ks Drobe

a-20L A1 COL2A' HYBRID GENE

insertion site c
IA I. =--'---'__

2 8 kb probe
Can *f Drtw

Sac Pvui .

FIG. 2. Southern blot analysis of two clones of cells expressing
the COL2AI minigene. (Upper) Restriction map of the endogenous
COL2A1 gene and the COL2A1 minigene. The Sac I restriction sites
are indicated and fragment sizes are in kb. Asterisks indicate
fragments that hybridized with the probe that consisted of a 10-kb
EcoRI fragment from the middle of the COL2AI gene (Fig. 1).
(Lower) Southern blot of Sac I digest of genomic DNA from non-
transfected HT-1080 cells and two cloned cell lines expressing the
COL2AJ minigene (MINI4 and MINI-7). In the nontransfected HT-
1080 cells, the expected 1.9-kb Sac I fragment is seen together with a
broad band containing both the 2.3- and 2.4-kb Sac I fragments. The
smaller Sac I fiagments of 0.9-1.3 kb comigrated as a broad band at
the bottom of the gel.

Analysis of a Cosmid Clone from a Cell Line Expressing the
COLIA1/COL2AI Hybrid Gene. Because the results sug-
gested an unusual mode ofinsertion ofthe COLIAJ/COL2AJ
hybrid gene, cosmid clones containing the inserted gene were
isolated from the HTN line. One clone of interest (1Al)
contained an insert of about 38 kb (Fig. 4). Sequencing of

Table 2. FISH analysis of transfected HT-1080 cells

Invading human Cell Copy Chromosomal locations
gene line* no. Collagen loci Othert

COL2AJ
minigene MINI-4 2* Both COL2AI One site

alleles on C group
MINI-7 2t Both COL2AJ One site

alleles on E group
COLIAJ/COL2AJ

hybrid gene HTN 2§ Both COLIA) One site
alleles on Ch 3

HTS 10§ Both COLIA) One site
alleles on C group

*Cell lines MINI-4 and MINI-7 were from the same transfection
experiments. The other two lines were from independent transfec-
tions.

tAdditional signals on chromosome 3 (Ch 3) in the HTN line were
from additional integrations of the neomycin-resistance gene only
(see text).
tTotal copies ofthe COL2A1 gene as assayed by detection ofa 4.3-kb
EcoRI fiagment present only at the 3' end of the endogenous
COL2AJ gene and a 3.8-kb EcoRI fiagment present in both the
endogenous and exogenous gene. The observed ratio was 1:1.
lCopies of the exogenous gene only as assayed by the 4.3-kb EcoRP
fragment present only in the endogenous COL2A) gene and a unique
6.6-kb fiagment generated by an EcoRI site at the 3' end of the
exogenous COL2AI gene and another apparently in linked se-
quences from the cosmid vector (see Fig. 4). The observed ratio was
1:1. A 1:1 ratio was also observed with a 1.9-kb Sal I/Sph I probe
(Fig. 1) that detected a 9-kb EcoRI fragment from the 5' end of the
inserted gene and a second EcoRI fiagment of about 20 kb from the
endogenous gene (Fig. 4).
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FIG. 3. Southern blot analysis of two cloned cell lines expressing
COLIAJ/COL2A1 hybrid gene. (Upper) Restriction map for the
endogenous COLIAI gene and the COLIAI/COL2A1 hybrid gene.
S, Sac I; B, BamHI; P. Pvu II. (Lower Left) The 2.8-kb BamHI/Sac
I probe detected a 3.8-kb Sac I fragment from the endogenous
COLIA) gene in nontransfected HT-1080 cells but not in two clones
expressing the COLIA1/COL2A1 hybrid gene. In the HTN line with
a copy number of 2 (Table 2), the probe hybridized only with a
slightly shorter Sac I fragment spanning one Sac I site in the
displaced cellular flanking sequences and a second Sac I site at the
3' end of the neomycin-resistance gene (see Fig. 4). In the HTS line
with a copy number of about 10 (Table 2), the probe hybridized with
additional fragments from multiple copies of the exogenous genes.
(Lower Right) The 1.4-kb Pvu II probe detected a 1.4-kb Pvu II
fragment in nontransfected cells but not in cells expressing the hybrid
gene construct. The shorter Pvu II fragment in the HTN line was
generated by one Pvu II site in the displaced flanking sequences and
a second in the 3' end of the pDMMT gene (Fig. 4).

about 400 bp from the 3' end ofthe insert identified sequences
that were present in the 3' end of COLIAJ/COL2AI gene
construct. Sequencing of about 400 bp from the 5' end of the
insert identified Alu sequences that were not distinctive.
However, a Sac I/Sac I fragment of 3 kb from near the 5' end
of the insert specifically hybridized to a 3.8-kb Sac I/Sac I
fragment that was found in the 5'-flanking region of the
endogenous COLIA) gene but that was not present in the
original COLIAI/COL2AJ gene construct. Sequencing with
an antisense primer for the 5' end of the COLIAJ/COL2AJ
gene construct together with additional Southern blot anal-
yses (not shown) demonstrated that the insert consisted of (i)
a fragment from the 5'-flanking sequences ofthe endogenous
COLIA) gene that was not present in the gene construct used
to transfect the cells; (ii) a single copy of the plasmid
containing the neomycin-resistance gene in- the reverse ori-
entation; (iii) ajunction region that contained 30 bp from the

Genetics: Ganguly et al.
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Fio. 4. First (top) schematic. The 1.9-kb fragmentfrom the 5' end
of the endogenous COLIA) gene, which corresponds to the Sal
I/Sph I fragment that was used to prepare the COLIA1/COL2AJ
hybrid gene (see Fig. 1). Second schematic. The endogenous
COLIA) gene. Third schematic. The structure of the insert in the
cosmid clone isolated from the HTN cell line (see text). Bottom
schematic. Structure ofthe rearranged COLIA) locus. The junction
between the 3' end of the hybrid gene and the endogenous COLIA)
gene was incompletely defined. Restriction sites: K, Kpn I; S, Sac
I; E, EcoRI. Asterisks indicate EcoRI fragments detected with the
1.9-kb Sal I/Sph I probe from the 5' end of the COLIA) gene (see
COLIAJ/COI2AJ hybrid gene in Fig. 1).

cosmid vector used to prepare the COLIAJ/COL2AJ hybrid
gene; and (iv) most of the COLIAJ/COL2AJ hybrid gene.
The endogenous COLIAJ gene was not present in the cosmid
insert. However, Southern blot analysis of genomic DNA
from the HTN line with a 1.9-kb Sal I/Sph I fragment from
the COLIAJ promoter region (Fig. 1) detected EcoRI ag-
ments of 9 kb and about 20 kb of equal intensity. The 9-kb
fragment spanned the junction between the neomycin-
resistance gene plasmid and the hybrid gene (Fig. 4). The
fragment ofabout 20 kb apparently arose from one EcoRI site
at the 3' end of endogenous COLIA) and a second EcoRI in
cosmid vector sequences linked to the 3' end of the hybrid
gene construct (bottom schematic in Fig. 4).
FISH Analysis for the Itegration Sites of the Exogenous

Genes. FISH analysis on the cell line HTN demonstrated
integration of the exogenous COLIAJ/COL2AJ hybrid gene
into both copies of chromosome 17 and near the q21 locus of
the COLIA) gene (Fig. 5). The integration into chromosome
17 was further confirmed by double-labeling for FISH anal-
ysis with specific a-satellite DNA probes (Oncor) for the
centromere of chromosome 17 (not shown). As expected,
there also was a signal at the endogenous locus of the
COL2AJ gene at 12q14. In addition, there was a prominent
signal on one copy ofchromosome 3 that probably arose from
multiple integrations of the neomycin-resistance gene. This
conclusion was confirmed by additional Southern blot assays
with a probe consisting of the pDMMTNeo plasmid, which
contains the neomycin-resistance gene (not shown). Similar
results were obtained with the HTS line, which also ex-
pressed the COLIAJ/COL2AJ hybrid gene (Table 2). Two
cell lines expressing the COL2AJ minigene showed a signal
on both copies of chromosome 12 near the q14 locus of
COL2AI (Table 2) but no signal at the 17q22 locus of
COLIA). Additional signals were seen on one chromosome
of the C group (chromosomes 6-12) in one of the cell lines
(MINI-4) and on one chromosome of the E group (chromo-
somes 16-18) from a second cell line (MINI-7).
Transriptin of the COL1A1/COL2AI Hybrid Gene by

Nuclear Extracs. In transcription assays with nuclear ex-
tracts from HT-1080 cells, the construct of the COLIAJI
COIL2AJ hybrid gene generated a full-length nuclear runoff

FiG. 5. FISH analysis of cells from the HTN cell line that
expressed the COLIAJ/COL2A1 gene and that had a copy number
of 2. The probe was a cosmid clone containing the COL2AJ gene.
Signal was detected in both alleles ofchromosome 12 at about the q14
locus of the endogenous COL2AJ gene (medium arrowhead) and on
both copies ofchromosome 17 at about the q21 locus ofthe COLIA)
gene large arrowhead). The signal in one copy of chromosome 3
(arrowhead with short shaft) was from inserts of the plasmid con-
taining the neomycin-resistance gene (see text).

transcript (lanes 5 and 6 in Fig. 6). Also, the cosmid clone
(WAl) isolated from the HTN cell line (Fig. 4) generated a
fl-length runoff transcript of the hybrid gene (lanes 3 and 4
in Fig. 6). However, no transcript was detected from the
neomycin-resistance gene that was found in the same cosmid
(Fig. 4). In contrast, a transcript was obtained when the
neomycin-resistance gene was present in a 6-fold greater
molar excess (lane 2 in Fig. 6).

Cytogenetic Analysis of Cloned Lina. Hgh-resolution
G-banding of the line HTN (Table 2) indicated there were
42-46 chromosomes per cell, and several structural alter-
nations were consistently found: 5p+ (1qter--q42.1::5p15.3
S-*qter), and 11q+ (llpter-llq24.2::3ql3.2--3qter), and
isol3q (+13). In the line HTS, the chromosome number
ranged between 40 and 46 in nine cells and between 90 and 93
in two cells. Several structural alterations were consistent in
every metaphase analyzed: 5p+(?5qter--5p15.3::1q42.1-.
lqter or 15q22-+15qter), h1q+ [der(h1)t(3;11X3q13.2;11q25)],
and 8p+ [t(8;14)(8qter--8p22::14q13-14qter)]. Three cells
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FIG. 6. Autoradiogram of in vitro transcription assay of the gene
constructs, using HT-1080 nuclear extract. Lane 1, transcription of
100 ng of control DNA containing the cytomegalovirus (CMV)
promoter and aCMV gene fragent (Promega); lane 2, transcript of
100 ng (20 fmol) of the pDMMTNeo plasmid; lane 3, transcript with
100 ng (3 finol) ofcosmid clone 11A1 obtained from the HTN cell line
(see Fig. 4); lane M, DNA marker firgments; lane 4, duplicate of
sample in lane 3; lane 5, transcript with 100 ng (3 fmol) of COLIAII
COL2AI hybrid construct; lane 6, second clone (100 ng) of the
COLIAI/COL2AI hybrid construct. Arrows, full-length transcripts
of the neomycin-resistance gene (Neo) and the COLIA1/COL2AJ
hybrid gene construct (COL).
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had an isol3q, two cells an isol3p, and two cells a 13p+ which
was probably a (15pter::13pter-13q22:).

DISCUSSION
In the experiments described here with the human tumor cells
HT-1080, we observed both targeted insertion oftwo collagen
gene constructs and expression of the gene constructs from
previously inactive loci.
The yield of stably transfected HT-1080 cells was about 1

per 30,000 and, therefore, within the range of yields usually
obtained with a neomycin-resistance gene and the protocol of
calcium phosphate precipitation (25). The exogenous
COL2A1 minigene was inserted into the endogenous locus for
the COL2AJ gene on chromosome 12 in about 2% of the
G418-resistant clones. Comparable frequencies of targeted
gene insertion are commonly seen in experiments with em-
bryonic stem cells, particularly if genes for both positive and
negative selection are employed (see ref. 16). Insertion into
both alleles of a locus is rare, but embryonic stem cells with
an insert containing an antibiotic-resistance gene in one allele
can be used to generate clones with insertions into both
alleles by incubating the cells with increasing concentrations
of the antibiotic (16). Therefore, the observations with the
COL2A1 minigene can be explained by targeted insertion into
the COL2A1 locus on chromosome 12 through homologous
recombination by a nonconservative pathway, and then
conversion ofthe second allele to homozygosity through gene
conversion or other chromosomal rearrangement. It was
unexpected, however, that the targeted insertion was di-
rected to the COLIA) locus on chromosome 17 in stably
transfected cells expressing a similar construct of the
COL2AJ gene in which the 5' end was replaced with a
relatively short fiagment of the COLIAJ gene. Only 1.9 kb of
the COLIAJ/COL2AJ hybrid gene was homologous with the
COLIAJ locus, whereas 30 kb of its sequences were homol-
ogous with the COL2AJ locus. Also, insertion of the hybrid
gene disrupted the 5'-flanking sequences of the endogenous
COLIAJ gene, but the remainder ofthe endogenous gene was
largely intact. Therefore, it is difficult to explain the selective
targeting of the hybrid gene construct simply on the basis of
homologous recombination. Instead, the results suggest the
hypothesis that the gene was transcribed after it entered the
nucleus and that the presence of a transcript or a transcrip-
tionally active region targeted the construct for insertion into
the COLIAI locus. This hypothesis is consistent with the
observation that the COLIA1/COL2AJ hybrid gene was
transcribed by nuclear extracts of the HT-1080 cells effi-
ciently and at a higher rate than the neomycin-resistance gene
driven by the mouse metallothionein promoter. The hypoth-
esis is also consistent with the observations that recombina-
tion of genes is increased by transcriptional activation of the
genes in Escherichia coli (1), in yeast (4-6), and in some
mammalian systems (15, 17).
The targeted insertion observed here probably reflects one

or more fortuitous features of the gene constructs and the
host cell line. The HT-1080 cell line used as a host was
derived from a fibrosarcoma (29) and has been widely em-
ployed for experimental work (see refs. 30 and 31). The cell
line has a modal number of 46 chromosomes and, as con-
firmed here, a minimal number of chromosomal rearrange-
ments. None of the readily apparent chromosomal rearrange-
ments involved the COLIAI and COL2AJ loci. One of the
most obvious characteristics of the HT-1080 cells, however,
was that only a small fraction of the G418-resistant transfec-
tants expressed the cotransfected COL2AJ genes. Therefore,
the gene constructs apparently were not expressed if inte-
grated into any of a large number of sites from which the
neomycin-resistance gene was expressed.

In addition to the targeted insertions, there were two
unexpected observations here. One was that the two gene
constructs were expressed from loci that were previously
inactive. Apparently, the targeted insertions ofthe constructs
either disrupted inhibitory cis-regulatory elements or pro-
duced more subtle conformational changes in the loci. The
further unexpected observation was that the organization of
the exogenous DNA sequences in the cosmid isolated from a
transfected cell line (Fig. 4) was not consistent with the most
common modes of gene insertion or replacement by homol-
ogous recombination (2, 3, 11, 12).

Obviously, it will be of interest to see whether strategies
similar to those we have employed here can be used to target
genes to other loci in the HT-1080 cells or in other mammalian
cells.
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