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introduction into mice 

Hannah Cohen, Nissim Benvenisty and Lea Reshef 

Department of Developmental Biochemistry, Institute of Biochemistry, Hebrew University, 
Hadassah Medical School, Jerusalem 91010, Israel 

Received 12 August 1987, revised version received 4 September 1987 

Recently we have developed a method for direct introduction of calcium phosphate-precipitated DNA into 
newborn rats. To examine whether the foreign DNA can replicate, a plasmid containing a polyoma origin 
of replication was injected into newborn mice. The plasmid was found intact in liver and spleen and able 
to transform bacteria. The foreign DNA had disappeared by the seventh day after injection. Yet, the plas- 
mid DNA containing the polyoma origin of replication had undergone replication in both the liver and 

the spleen. 
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1. INTRODUCTION 

DNA-mediated gene transfer is an important 
tool for studying the function of its different parts. 
Recently, we have published a method for direct 
introduction of genes into animals [I]. Thus, DNA 
(precipitated in calcium phosphate) has been in- 
jected into the peritoneum of newborn rats. The 
injected plasmids, containing eukaryotic genes, 
have been taken up by the tissues, predominantly 
the liver and spleen, where the foreign genes have 
been transcribed and translated [l]. 

In the present study we have examined whether 
DNA, introduced into animals by the above men- 
tioned method, can replicate when it includes an 
origin of replication. If this is true, the method 
may enable analysis, in whole animal, of DNA 
origin of replication. We have used the well de- 
fined polyoma origin of replication as a model 
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system, since it has’been characterized both in cells 
in culture and in animal tissues. Introduction by 
injection of polyoma virus into animals [2-41 
results in tissue-specific infection and replication 
of the virus [4]. Alternatively, microinjection of a 
recombinant plasmid, containing the polyoma 
origin of replication into mouse fertilized eggs, led 
to the persistence of the DNA in tissues of the 
transgenic mice [5]. When the polyoma-containing 
plasmid DNA was injected directly into animal 
tissues, it replicated yet underwent reorganization 
[3]. We now report that a plasmid containing a 
polyoma origin of replication stays intact and 
episomal in animal tissues following its injection 
into the peritoneum. The plasmid DNA persists in 
the animal tissues for a limited time, yet replication 
associated events can be detected. 

2. EXPERIMENTAL 

2.1. Animals 

lo-day-old Sabra mice were from the Hebrew 
University breeding centre. 

Published by Elsevier Science Publishers B. V. (Biomedical Division) 

00145793/87/$3.50 0 1987 Federation of European Biochemical Societies 347 



Volume 223, number 2 FEBS LETTERS November 1987 

2.2. Preparation of calcium phosphate- abcdrfShf1 
precipitated DNA and its injection in vivo 

Supercoiled plasmid DNA (30 ,ug), dissolved in 
0.5 ml of 125 mM CaC12, was added to 0.5 ml of 
2 x Hepes-buffered saline (280 mM NaCl11.5 mM 
NazHP04/42 mM Hepes, pH 7.1) with continuous 
air bubbling [6]. After 30 min at room temperature 
the fine precipitate was collected by 2-min cen- 
trifugation at 12000 x g. The precipitate was gent- 
ly dispersed in a small volume of saline and 
injected intraperitoneally [l]. 

2.3. Genomic DNA preparation, Southern and 
dot-blot hybridization analyses of the DNA 

DNA from mouse liver and spleen was extracted 
according to Hewish and Burgoyne [7]. Southern 
blot analysis, utilizing GeneScreen Plus mem- 
branes, was performed as described in [8,9]. 
Prehybridization and hybridization were carried 
out under conditions recommended by the sup- 
plier, using appropriate DNA probes 32P-labeled 
by nick-translation [lo]. 

Fig.1. Variation in the copy number of DNA in liver. 
Plasmid pSV5neo (20rg), in calcium phosphate 
precipitates, was injected intraperitoneally into S-day- 
old mice (a-c, f-i). Control animals were injected with 
calcium phosphate alone (d,e,j). Liver DNA extracted 
after 2 days (a-e) and 7 days (f-j) was analyzed by dot 
hybridization, using pSV5neo as probe. Hybridization 
of the plasmid itself at lo8 and lo9 molecules per dot is 

shown in P. 

per cell). Southern blot hybridization of DNA ex- 
tracted from the liver or spleen, demonstrated that 
the polyoma-containing plasmid was intact on day 
2 but undetectable on day 7 after injection (fig.2). 

2.4. Bacterial strains, DNA transformation and In a previously reported case [3], when polyoma- 

plasmid extraction 
E. cofi bacterial strains used were HBlOl (dam+) 

and F42/GM48 (dam-). DNA transformation and 
plasmid extraction were performed as described in 

illI* 

3. RESULTS AND DISCUSSION 

We have previously shown that when DNA is in- 
troduced into newborn rats by a new method 
developed by us, it is distributed in various tissues 
and is transiently expressed [l]. In the present 
study, we have examined whether the introduced 
DNA can replicate. Since the mouse is permissive 
for polyoma replication we injected this animal 
with pSVSneo, a plasmid which contains the 
polyoma origin of replication [12]. DNA was ex- 
tracted from liver and spleen of treated animals. 
Dot blot analysis of this DNA revealed lo-100 
plasmid copies per liver cell 2 days after injection 
(fig.1). Similar amounts were found on the third 
day post-injection (not shown). Yet, no plasmid 
DNA was detected on the seventh day after injec- 
tion (fig. 1) (failure to detect plasmid sequences in- 
dicates that the amount was smaller than one copy 

Fig.2. Southern blot analysis of plasmid DNA in liver 
and spleen. pSV5neo injected as described in fig.1 was 
extracted from liver (a-d) and spleen (e-h), 2 days (a,e) 
or 7 days (b-d, f-h) after injection. 30 pg of DNA were 
cleaved by BarnHI, separated by electrophoresis and 
analyzed by Southern blot hybridization with pSVSneo 
as probe. The size of the hybridized fragment is given in 

kb. 
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containing plasmids have been injected directly in- 
to the liver or spleen, the plasmids underwent 
reorganization excluding prokaryotic sequences. 
To establish that the DNA injected by our method 
remained intact, we have rescued it by transform- 
ing bacteria with DNA extracted from livers of in- 
jected mice. Transformation has been performed 
using 10 pug total liver DNA. The excess DNA, thus 
used, resulted in a low yield of bacterial colonies. 
However, the appearance of colonies resistant to 
ampicillin was indicative of the insertion of 
plasmid DNA into the bacterial host. Restriction 
enzyme analysis has been performed on 4 indepen- 
dent colonies yielding identical restriction pattern. 
A representative analysis (fig.3) indicates that the 
transforming plasmid is pSVSneo, i.e. the one 
which was originally injected into the animals. 

Thus the foreign DNA does not undergo a major 
rearrangement as is evident by its restriction map 

6. 

3. 

Fig.3.’ Rescue in bacteria of plasmid extracted from 
liver. DNA was extracted from the liver of a mouse 2 
days after injection of pSV5neo (see fig.2). To rescue the 
plasmid we have transformed E. coli HBlOl with 1Opg 
of liver DNA. Bacterial colonies, resistant to ampicillin, 
were isolated and their plasmid DNA was extracted and 
analyzed for size by gel electrophoresis without (-) and 
with EcoRI (E) and BumHI (B) digestion (a 
representative restriction assay is given). The size of the 
fragments revealed after ethidium bromide staining is 

given in kb. 

(figs 2 and 3) and is not integrated in the genome 
since no events of integration were noted in the 
Southern blot analysis (fig.2), and since it remains 
supercoiled (as reported before [I]) and could 
transform bacteria (fig.3). The evidence that the 
injected plasmid persisted intact and episomal in 
the animal tissues constitutes a legitimate basis to 
examine whether the plasmid, which contains a 
polyoma origin of replication, can replicate in 
vivo. 

Replication can be identified by monitoring 
changes in the prokaryotic pattern of methylation 
of plasmid DNA. This method takes advantage of 
the different methylation sequences in prokaryotes 
and eukaryotes. Thus, upon replication, in 
eukaryotic cells, the plasmid loses its prokaryotic 
methylation pattern [3,13,14]. Consequently, one 
can take advantage of enzymes which are sensitive 
to methylation in adenine (methylated only in pro- 
karyotes). Such enzymes are DpnI, which. cleaves 
the sequence GATC only when its adenine is 
methylated in both strands, and MboI, which 
cleaves the same sequence only when the adenine is 
not methylated. By utilizing these enzymes one can 
reveal changes in the methylation pattern which in 
turn will suggest a replication event. To faithfully 
map the pattern of methylation of pSVSneo, the 
plasmid was grown in wild type and dam- (defi- 
cient in adenine methylase) strains of E. cofi. In- 
deed when the plasmid is methylated at all of its 
adenine residues in the sequence GATC it is sen- 
sitive to DpnI and resistant to Mb01 digestion, 
while the opposite pattern of digestion was ob- 
tained with the unmethylated plasmid (fig.4). 

To examine whether the prokaryotic methyla- 
tion pattern of the plasmid has been modified dur- 
ing its persistence in the animal tissues, DNA from 
liver and spleen were digested *by DpnI or MboI. 
To ascertain a complete digestion of the DNA, a 
pSV5neo-derived DNA fragment was mixed, with 
a small sample of the genomic DNA and digested 
in parallel. The added fragment was either 
methylated (digestion with DpnI) or unmethylated 
(digestion with MboI). Fluorescent analysis of 
ethidium bromide stained gel revealed the expected 
corresponding fragments in each case (fig.SA). 
Southern blot analysis of the genomic DNA has 
been performed using the polyoma origin of 
replication sequence as a probe. Plasmid DNA in 
the liver, was partially demethylated as shown by 
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Fig.4. Identification of the methylation pattern of the 
plasmid pSVSneo. pSVSneo was grown in wild type or 
GM48 (dam-) E. coli. GM48 is deficient in dam enzyme, 
a methylase of adenine in the sequence GATC. Size 
separation of plasmids extracted from wild type (A-F) 
and dam- (G-L) bacteria, before and after cleavage 
with methyl-sensitive enzymes, is shown: uncleaved 
plasmids (A,G) and plasmids cleaved by DpnI (which 
cleaves the sequence GATC only if adenine is 
methylated) (B,H) and by Mb01 (which cleaves this 
sequence only when adenine is unmethylated) (C,I). In 
addition, the isolated 3.6 kb BarnHI fragment 
(containing the polyoma origin of replication) (D,J), 
cleaved with DpnI (E,K) and Mb01 (F,L) is shown. Size 
markers in kb were obtained by using AfuI cleaved 
pBR322 (M) and Hind111 cleaved X phage (N). A 
schematic map of the GATC sites (D) in the 3.6 kb 
BumHI (B) fragment, containing the polyoma origin of 
replication [12], is given. The size of each DpnI/MboI- 
cleaved fragment in kb is indicated below the scheme. 

the partial digests of both DpnI and Mb01 (fig.SB). 
A more progressive demethylation was revealed in 
the plasmid DNA isolated from the spleen as in- 
dicated by the existence of small sized fragments 
after digestion with Mb01 (fig.SB). The extent of 
demethylation varied among animals, yet, it seems 
that demethylation results from replication. Thus, 
when the plasmid pSV2neo, which is identical to 
pSV5neo but lacks the polyoma origin of replica- 
tion [ 121, has likewise been introduced to animals, 
no change in the prokaryotic methylation pattern 
has been observed (not shown). Although the 
results indicate that the foreign DNA is replicating 
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Fig.5. Methylation patterns of the plasmid in mouse 
tissues. DNA was extracted from the liver and spleen 2 
days after injection of methylated pSV5neo (where 
adenine residues in the sequence GATC are methylated) 
(see fig.4). To follow changes in the methylation pattern 
of the injected plasmid, 3O/cg of the DNA were first 
cleaved overnight with BumHI and then with DpnI 
(which cleaves GATC only when adenine is methylated) 
or with Mb01 (which cleaves only when adenine in the 
sequence GATC is unmethylated). To assess complete 
cleavage of genomic DNA by the methyl-sensitive 
enzymes, we have added to one tenth of the genomic 
DNA a 3.6 kb BumHI fragment of pSVSneo which was 
either methylated for digestion with DpnI (Aa) or 
unmethylated for digestion with Mb01 (Ab). Digestion 
of these samples was complete as revealed by ethidium 
bromide staining of the plasmid sequences, on a 
background of genomic DNA (A). Note that the 
genomic DNA is not digested by DpnI (requiring 
methylation of the sequence) but is digested by Mb01 (as 
it is not methylated in the GATC sequence). Southern 
hybridization analysis of genomic DNA from liver 
(Ba,Bb) and spleen (Bc), digested with BumHI + DpnI 
(Ba) and with BumHI + Mb01 (Bb,c) and probed with 
a sequence containing the polyoma origin of replication. 
The size of the fragments is given in kb. As a reference 
for the expected bands see the DpnI/MboI restriction 

map given in fig.4. 
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its survival time is limited. Thus, degradation of 
the DNA is apparently more pronounced than 
replication. Similar results have been implicated in 
cultured myoblasts [14] and in DNA directly in- 
jected into tissues [3]. Nevertheless, as the DNA, 
which is directly introduced into newborn mice, 
undergoes replication, it appears that this method 
may enable identification in vivo of replication 
events in foreign DNA. 

ACKNOWLEDGEMENTS 

We are indebted to Dr Oded Meyuhas for 
critical reading of the manuscript. This study was 
supported in part by grant 84-00167 from the 
United States-Israel Binational Foundation 
(BSF), Jerusalem, Israel, and in part by a Wolfson 
grant from the Hebrew University, Jerusalem, 
Israel. 

REFERENCES 

[l] Benvenisty, N. and Reshef, L. (1986) Proc. Natl. 
Acad. Sci. USA 83, 9551-9555. 

[2] Israel, M.A., Chan, H.W., Hourihan, S.L., Rowe, 
W.P. and Martin, A.M. (1979) J. Virol. 29, 
990-996. 

131 

[41 

PI 

161 

[71 

PI 
[91 

[lOI 

illI 

WI 

1131 

1141 

Dubensky, T.W., Campbell, B.A. and Villarreal, 
L.P. (1984) Proc. Natl. Acad. Sci. USA 81, 
7529-7533. 
Rochford, R., Campbell, B.A. and Villarreal, L.P. 
(1987) Proc. Natl. Acad. Sci. USA 84, 449-453. 
Rassoulzadegan, M. and Vailly, J. (1985) Cold 
Spring Harbor Symp. 45, 679-684. 
Wigler, M., Pellicer, A., Silverstein, S., Axel, R., 
Urlaub, G. and Chasin, L. (1979) Proc. Natl. 
Acad. Sci. USA 76, 1373-1376. 
Hewish, D.R. and Burgoyne, L.A. (1973) Biochem. 
Biophys. Res. Commun. 52, 504-510. 
Southern, E.M. (1975) J. Mol. Biol. 98, 503-517. 
Benvenisty, N., Mencher, D., Meyuhas, O., Razin, 
A. and Reshef, L. (1985) Proc. Natl. Acad. Sci. 
USA 82, 267-27 1. 
Weinstock, R., Sweet, R., Weiss, M.C., Cedar, H. 
and Axel, R. (1978) Proc. Natl. Acad. Sci. USA 75, 
1299-1302. 
Maniatis, T., Fritsch, E.F. and Sambrook, J. 
(1982) Molecular Cloning: A Laboratory Manual, 
Cold Spring Harbor Laboratory, Cold Spring 
Harbor, NY. 
Southern, P.G. and Berg, P. (1982) J. Mol. Appl. 
Genet. 1, 327-341. 
Cereghini, S. and Yaniv, M. (1984) EMBO J. 3, 
1243-1253. 
Felsani, A., Maione, R., Ricci, L. and Amati, P. 
(1985) Cold Spring Harbor Symp. 45, 753-757. 

351 


