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into Neuron-like Cells in vitro

Takuji Iwasato1, Takeyuki Shimizu, Yasuyoshi Kanari and Hideo Yamagishi*
Department of Biophysics, Faculty of Science, Kyoto University, Kyoto 606, Japan

Key words: P19 EC cell/RA-induction/neuron-like cell/circular DNA

ABSTRACT.Extrachromosomal circular DNAsisolated from a P19 embryonal carcinoma cell line were in-
duced to differentiate into neuron-like cells by retinoic acid and cloned into an EcoRI site of a phage vector. Of
the 26 DNAinserts (2.1 kb in average length) analyzed, 16 contained repetitive sequences. Out of 10 DNAin-
serts with unique sequence, 6 carried linear chromosomalsequences and 4 showed chromosomal rearrangements
in Southern blots. Twounique fragments with germline configuration were enriched in circular DNAclone li-

braries. Weassigned the breakpoints of 3 circular DNAfragments to positions in the germline sequence. Patchy
short inverted repeats were found in the vicinity of breakpoints. An intrastrand loop structure between such in-
verted short homology region maybe required for the circularization of excised DNA.

The discovery of extrachromosomal circular DNAs
found in a number of eukaryotic cells suggests that they
are derived from chromosomal DNA(Rush and Misra,
1985: Yamagishi, 1986). Among extrachromosomal

circular DNAsisolated from lymphoid cells, chromo-
somal excision products generated by intrachromo-
somal recombination mediated by V(D)J or class switch
signal sequences have been reported (Fujimoto and
Yamagishi, 1987; Okazaki et al., 1987; Toda et al.,

1989; von Schwedler et al., 1990; Iwasato et al., 1990;
Matsuoka et al., 1990; Harada and Yamagishi, 1991;
Iwasato and Yamagishi, 1991; Shimizu and Yamagishi,
1992). The recombination activating genes, RAG-1and
RAG-2,are thought to encode components of the
V(D)J site specific recombination machinery (Schatz et
al., 1989; Oettinger et al., 1990). The finding of tran-
scripts of RAG-1in embryonic and postnatal neurons
(Chun et al., 1991) encouraged us to investigate the ex-
trachromosomal circular DNAsin an embryonal carcin-
oma (EC) cell line induced to differentiate to neuron-
like cells in vitro.
We chose a murine EC cell line P19 which is capable
of being induced to differentiate to neuron and glial
cells with retinoic acid (RA) stimulation (McBurney and
Rogers, 1982; Jones-Villeneuve et al., 1982; Edwards

and McBurney, 1983). Wecloned extrachromosomal
circular DNAsobtained from P19 cells during in vitro
differentiation and examined the nucleotide sequence of
* To whomcorrespondence should be addressed.
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Cancer Research, Massachusetts Institute of Technology, Cam-
bridge, Massachusetts 02139, USA

several circular DNAclones and the chromosomal re-
gions from which they were derived. This paper reports
the relative abundanceof particular unique sequences
and the nature of recombinational events for circular
DNAformation.

MATERIALS AND METHODS

Cell preparation. P19 cells were grown in a-MEM

(GIBCO) supplemented with 10% fetal bovine serum (Flow
Laboratories) and 0.1 mg/ml kanamycin. Induction was
carried out as described by Rudnicki and McBurney (1987).
Briefly, P19 cells were monodispersed and seeded at a density
of 1 x 105 cells per ml in medium containing 1 pM RAin 90
mmbacterial-grade plastic dishes. After 2 days they were
transferred into dishes with fresh medium containing 1 //M
RA. On day 4 after the induction cell aggregates were dis-
persed and plated on 150 mmtissue culture-grade plastic
dishes without RA. Mediumwas changed every other day.
The cells were harvested on day 8, when all the cells had differ-
entiated into neuron-like cells.
Construction of circular DNAclone library. Extrachro-
mosomalcircular DNAmolecules were prepared from P19
cells induced by RAand purified by use of ATP-dependent ex-
onuclease to remove contaminating linear DNAas described
previously (Yamagishi et al., 1983). They were digested by
EcoRI, ligated to calf intestinal alkaline phosphatase-treated
EcoRI arms of ^gtlO phage vector and packaged in vitro.
Recombinant phage formed clear plaques on E. coli C600
hflA150 but plaque formation of non-recombinant parent
phage was suppressed (Hoyt et al. , 1982). Recombinant phage
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titers per microgram of vector DNAwas 2 x 105.
DNAhybridization. Plaque and Southern hybridizations
were performed according to the methods of Maniatis et al.
(1982). The mitochondrial DNAprobe was a 0.2 kb and a 2.0
kb EcoRI fragment of BALB/cmouse mitochondrial DNA.
DNAprobes used for Southern hybridizations were circular
DNAfragments shown in Table I. All DNAprobes were used
as purified inserts. All post-hybridization washes were at high
stringency (0.2 x SSC, 0A% SDS, 68°C). In plaque hybridiza-
tion, every probe-positive clone was confirmed by a duplicate
membrane.

DNA sequence analysis. EcoRI-digested circular DNA

and genomic DNAclones were recloned into the pHSG399
plasmid vector. Nucleotide sequences were determined by the
dideoxy chain termination method (Sanger, 1981) using the
universal M13primer M4, reverse primer RV, or appropriate
specific primers synthesized based on available sequences as
shown in Figure 2A. Specific primers were as follows:

TCCTTGATCGCCAGCGTTAG (SPS 1 5),
TTGCAGAGCTGCTGAAGCAC (SPS1 6),
GAGAAGGCACTTGAGTTAGC (SPS 17),
TTATACGCCCAGGTGAGAAG (SPS 1 8),
CTGCTGACTTTGGTTCA (FS 1),

TTATCTGGGGCCGTTCT (FS2),
AACAAGATCTACTTGCAG (FS5) ,
TTGAGATGGATTCCTTG (FS 1 1) and
ATATCTATCACTCACA (FS 17).

The sequence data in this paper are available from the
EMBL,Gen-Bank and DDBJNucleotide sequence Databases
under the accession number D17298-17308.

RESULTS

Chromosomal organization of circular DNAclones
isolated from RA-treated PI9 cells. Extrachromo-
somal circular DNAswere prepared from P19 cells
differentiated into neuron-like cells. A circular DNA
library was made by cloning EcoRI-digested circular
DNAinto ^gtlO phage vector (cloning capacity up to
7.6 kb). Weselected 352 clear plaque-forming units at
random and further characterized them by DNArestric-
tion analysis and hybridization with mitochondrial
DNAprobes. Of these phage clones, 283 (80%) carried
mitochondrial DNAsequences and 24 were found to
have 26 DNAinserts of various length (Table 1).
These DNAinserts were used as hybridization probes
for Southern blots of undifferentiated P19 DNAthat
had been digested with EcoRI. Out of 26 DNAinserts
of 2.1 kb in average length, 16 contained repetitive se-
quences mostly showing a hybridization smear. A chro-
mosomal DNAfragment corresponding in size to the
probe used was detected for 6 clones (PR10, 17, 14, 15,
ll, 4) and discrete bands different from the probe were
observed for 4 clones (PR2, 19, 12, 214). Two discrete

bands 7.8 and 1.7 kb were observed with the probe PR2
(0.5 kb), 6.0 and 2.2 kb bands for PR19 probe (1.0kb),
7.5 and 1.8 kb bands for PR12 probe (1.9 kb) and only
a single 8.2 kb band for PR214 probe (5.0 kb) (Fig. 1).
The partner band of 8.2 kb supposed to be hybridizable
to PR214 probe may be too short to be detected. These
results strongly suggest that the circularization joint is
located within these four fragments derived from circu-
lar DNA.
Breakpoints on circular DNAfragments. To deter-
mine the joint for circle formation, we prepared a geno-
mic library of P19 DNAwhich was digested with EcoRI
and cloned into the >?gtlO phage vector, and screened
for germline sequence fragments homologousto the re-
arranged fragment of circular DNAclones. Among 7
Southern bands shown in Fig. 1, 4 fragments of a rela-
tively small size were recovered (PR8, 1.7 kb; PR23,
2.2 kb; PR24, 6.0 kb; PR21, 1.8 kb) usingprobes of cir-
cle clones PR2, PR19 and PR12, respectively. Three

Table I. Characterization of cloned P19 circular
DNA FRAGMENTS.

F ragm en ts
Genomic Bandsa)

clo ne      size (k b)

P R   1 0         6 . 0 6.0

1 2 0         6 . 0 R

2 14        5.0 8.2

17        4.3 4.3

13        3.7 R

20 1         3.5 R

206        3.3 R

223        2.8 R

235        2.5 R

108        2.1 R

12         1.9 7.5, 1.8

18         1.7 R

14         1.6 1.6

15         1.3 1.3

202         1.2 R

225         1.2 R

227         1.2 R

19         1.0 6 .0, 2 .2

2 0 3         0 . 9 R

0.6 R

0.5 7.8, 1.7

ll          0 . 4 0.4

0.2 R

0.2 0.2

Il l          0 . 2 R

106        0.1 R

a) Every Southern banding pattern of EcoRI-digested genomic DNA
was either unique sequences (shown by kb) or repetitive sequences

(R).
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Fig. 1. Genomic Southern blots of EcoRI-digested P19 DNAprobed with circular DNAfragments, PR2, PR19, PR12 and PR214. Molecular
sizes, estimated with marker DNA(v?-HindIII fragments and 0X174-HaeIII fragments), are indicated in kb on the left of each lane. Arrowheads
indicate the estimated positions of DNAprobes.

larger fragments (7.8kb; 7.5kb; 8.2kb) were not

found in this library possibly due to the upper limit of
cloning capacity. However, we isolated a germline 4.0
kb fragment (PR9) homologous to the rearranged circu-
lar DNAfragments of 0.5 kb (PR2) which may have
been derived from the expected 7.8 kb fragment by dele-
tional events during DNAcloning. We compared the
restriction fragments of circular DNAwith the corre-
sponding germline restriction maps (Fig. 2A) and se-
quenced the expected breakpoints with sequence prim-
ers (Fig. 2B). Wedetermined the nucleotide sequences
surrounding the breakpoints of 3 fragments (PR2, 19,
12) as shown in Fig. 2B. The homology between recom-

bined germline sequences at the breakpoints wasone or
two bases. Patchy or very limited inverted repeats were
found in close proximity to recombinant junctions.
Homology among circular DNAclones. Wetested
for the enrichment of unique sequences of circular
DNAfragments in circular DNAlibraries. Out of 3.7 x
105 phage containing 80% mitochondrial DNAfrac-
tions, we obtained 3 PR4-positive clones and 2 PR17-
positive clones (data not shown). However, there were
no clones hybridizable with other unique sequences in-
cluding the rearranged fragments, PR2, PR19, PR12

and PR214. PR4 contained a sequence 65% homolo-
gous to the 3' half of the Bl consensus sequence (Kayev

Fig. 2. Breakpoints on circular DNAclones. A) Restriction maps of circular DNAfragments (PR2, 19, 12) are compared with those of their
germline counterparts. Dotted vertical lines indicate the breakpoints. Orientations of sequencing primers are shown by arrows starting from
the primer sequence. E, EcoRI; X, Xbal; Av, Aval; Ac, AccI; B, BamHI; H, Hindlll. B) Nucleotide sequences surrounding breakpoints of cir-
cular DNAfragments. The recombinant structure is comparedwith the corresponding germline sequences. Nucleotides which are homologousto
circular DNAfragments are indicated by a dash. Inverted repeats of interest are marked by a pair of divergent superscript arrows and cross-over
junctions by dotted lines.
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AAAGATAAAG ATGCAGGCAA CTTCAGCATC CACAGCAGTA GCCAGCACTG TGGAGAGAGT

AGTCTGCTTG AAGTTATGAA AGCAGAGCAG GCTGATCCAA TTACATAAGA AAAGTGCTCA

PR2 TCjqACACAGG ACCATCTGGG CTGTGAATGC TGGGCTCTCT GAACCAAAGT CAGCAGCTTC
PR8 -i-jCCCGCAC ATTTCCTGAT GCTGAGCTTA GCAGTCTCTG AAGCTCACGT GGGGGGAAAG
PR9 GTj-j

i i

PR19
PR23
PR24GCAGTATTAT TTGGTTTAAA CTAGATTAGjC TjAATTATAAG AGGGAGTTGGGTTTGGTGAG

GCTAAAAAAA AACTAAAGCA
GAGACAAAAGAGATAAAAGT AACATCAAAJ j--! jGCCATTTCT

PR12 ATGAGAGAGA CACGGTTGAG ATGGATTCCT TGTTTTCAGC AGGAATGACC GTGAGACTGG
PR21

PR21

PR12 ACTGTGGGGJT TTTGCTGAGG TAGACCTGTG GGAGGAAATG TGATGTTTGG AGAGAGTATC
C AGAAACGAGG AACTAGGAAA GGGAAGTGTT TTTGTGGGGG AGAGGGCAAG

Fig.2.
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PR4 GAATTCTGGG CTAGCCTTGG CTACTTATCA AGTTCAAGGC TAGCCCAGAT TA CCTGA GA C
Bl CONSENSUS -G GA- -C G-T AG-GTG C A C AG-GC -A-A-AA-AA-

PR4 CCTGTiAGGGT TTGCTCACCA GGTCTGTCTT CACCATGTTA AACCCAAGTC TGGCAGGCTC
Bl CONSENSUS iCT

PR4

PR4

CCTTCCCCAG CCCTCTGTGG GCCTACCTCA AAGAGCCAGA CGAGAAGTGT GACGACGCCC

ATGGAATTC

Fig. 3. Nucleotide sequence of PR4 compared with Bl consensus sequence (Krayev et al. , 1980). Sequences are aligned to give maximal homol-
ogy by introducing gaps. Dash indicates the homologous base.

et al. , 1980) (Fig. 3) but several hundred base stretches
sequenced from both ends of PR17 had no homologue
in the EMBLDNAdatabase.

DISCUSSION

The presence of extrachromosomal circular DNAs
composed of chromosomal sequences seems to reflect
the plasticity of eukaryotic genomes. However, their
presence does not necessarily meanthe reciprocal re-
combination product of any rearranging chromosomal
DNA as verified in V(D)J recombination and class
switch recombination in immunesystem (Fujimoto and
Yamagishi, 1987; Okazaki et al., 1987; Toda et al.,

1989; von Schwedler et al., 1990; Iwasato et al., 1990;
Matsuoka et al., 1990; Harada and Yamagishi, 1991;
Iwasato and Yamagishi, 1991; Shimizu and Yamagishi,
1992). Extrachromosomal fragments may be also gener-
ated by other mechanisms, such as retrotranscription
and replicon-misfiring as reviewed previously (Rush and
Misra, 1985; Yamagishi, 1986).

Extrachromosomal circular DNAwas purified in the
presence of ATP-dependentexonuclease and hence free
from linear DNAas assessed by electron microscopy
(Yamagishi et al., 1983). EcoRI DNAfragments from
the circular DNAspurified from differentiated P19 EC
cells were cloned into igtlO phage vector. Weselected
26 non-mitochondrial DNAfragments at random. Of
these fragments, 16 contained repetitive sequences and
10 contained unique sequences. Their size distribution
ranged from 0.1 kb to 6.0 kb, with amean length of2.1
kb. We identified 4 chromosomal breakpoints in 10 cir-
cular DNAfragments covering a total 22 kb unique
chromosomal sequence. The high incidence of break-
points suggests that the average size of intact circular
DNAs must be no longer than 17kb for an extra-
chromosomal circular DNAfrom mouse thymocytes
(Fujimoto et al. , 1985) that has been characterized as an
excision product of T-cell receptor V(D)J gene rear-
rangements (Fujimoto and Yamagishi, 1987).

Nascent fragments derived from chromosomemay be
linear or circularized with the two ends occasionally
modified by base deletion or addition. Therefore, the
breakpoints identified on circular DNAfragments mere-
ly represent the junction of circle formation. To deter-
mine whether chromosomalDNAwas actually rearrang-
ing, we amplified the DNAsequences surrounding the
breakpoint of circular DNAfragments by the polymer-
ase chain reaction (PCR) method (Saiki et al., 1988)
with the use of appropriate primers pairs from PR8/
PR9 and PR23/PR24 as shown in Fig. 2A. However,
we have obtained no evidence so far for deletional
events (data not shown). Since extrachromosomal circu-
lar DNAsare only a small fraction of the total cellular
DNAand the least abundant in the neonatal brain
so far examined by electron microscopy (Yamagishi,
1986), chromosomal deletion maybe rare, accidental
events and hard to be proven even by the PCRmethod.
Patchy short inverted repeats as we saw in the cir-
cularization junctions (Fig. 2B) were often found in nov-
el joints as non-homologous deletions in the human
/3-globin gene cluster (Orkin and Kazazaian, 1984) and
inversions of a myelin basic protein (MBP) fragment
(Okano et al., 1988), and truncations in retroposon
sequences (Fujimoto et al., 1985; Schindler and Rush,
1985; Jones and Potter, 1985). The canonical signal se-
quences of V(D)J recombination can be classified as one
of the patchy short inverted repeats. Intrastrand loop
structure between such inverted short homology regions
may be maintained, presumably by DNA-binding pro-
teins such as DNAtopoisomerase binding to the loop
and then excised. Yet we have obtained no evidence of
circular DNAfragments indicating V(D)J-like recombi-
nation in neuron-like EC cells as reported in transgenic
mouse brain cells (Matsuoka et al., 1991). The relative
abundance of two circular DNAfragments PR4 and
PR17in circular DNAlibraries may reflect the illegiti-
mate recombination occurring in the unstabilized chro-
mosomalregion such as fragile sites.
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