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ABSTRACT We analyzed two functionally defective mouse K
light chain gene variants previously shown to contain novel inser-
tions of repetitive DNA in their intervening sequences IHawley,
R. G., Shulman, M. J., Murialdo, H., Gibson, D. M. & Hozumi,
N. (1982) Procx Nati Acaa Sci USA 79, 7425-7429]. Heteroduplex
analysis of the cloned genes shows that the insertions consist of
intracisternal A-particle (LAP) genetic elements. Each insertion in-
cludes an MAP 5' long terminal repeat (LTR) sequence and extends
to a characteristic LAP internal BamHI site where the LAP se-
quence is interrupted because the mutant genes were cloned from
complete BamHI digests of the cellular DNAs. Restriction enzyme
mapping indicates that the 5' LTR boundaries of the inserted LAP
elements correspond closely to the previously determined rear-
rangement sites in the mutant genes. The LAP insertions in the two
mutants can be distinguished by restriction-site differences and by
the fact that one of them contains a deletion that is absent in the
other. Nucleotide sequence data are presented for the LTRs of
one full-length LAP gene copy randomly selected from a mouse ge-
nomic DNA library. These LTRs show many features typical of
known integrated retroviral terminal repeat units, and the entire
gene is bracketed by short direct repeats within the adjacent cel-
lular DNA. Thus, the findings show that lAP genetic elements can
appear in new locations in mouse cellular DNA and suggest that
this may occur through a process of proviral insertion.

In a previous study (1), K light chain genes were isolated from
two mutant mouse hybridoma cell lines defective in K light chain
production and were compared with the corresponding func-
tional gene in the parental hybridoma line. The mutant genes
were found to contain repetitive DNA elements in their inter-
vening sequences that were not present in the intervening se-
quences of the wild-type K light chain gene. Indirect evidence
indicated that the insertions contained sequences related to the
mouse intracisternal A-particle (LAP) genes, a group of endog-
enous proretroviral-like elements present in about 1,000 copies
per haploid genome of Mus musculus (2-5).

These observations were of interest because the particles
themselves, while found routinely in early mouse embryos (6-
9) and abundant in the cells of many mouse tumors (10), do not
have a recognized extracellular phase and have not been asso-
ciated with any type of biological activity. Horizontal transmis-
sion has not been detected between cells in culture (11), and
IAPs isolated from tumor cells have not proved to be infectious
(10, 12). Although the isolated particles contain polyadenyl-
ylated genomic RNA species (13) and an intrinsic DNA poly-
merase activity (14), their endogenous reverse transcriptase re-
actions are remarkably inefficient in comparison to those as-

sociated with conventional replication-competent retrovi-
ruses (15, 16). Because the IAPs themselves appeared to be
so severely defective, it could be questioned whether the ex-
tensive family of related genetic elements had any potential
functional significance for the cell or organism.

In this paper we describe experiments that have confirmed
the identity of the two K chain gene insertions as UAP genetic
elements and made it clear that the amplified family of IAP-re-
lated genes must be considered a source of insertional muta-
tions in the mouse. Additional evidence presented here is con-
sistent with a process of mutagenesis by proviral insertion
analogous to that observed (17, 18) or indicated (19) in the case
of several type C retroviruses.

MATERIALS AND METHODS
A-Particle and Kc Light Chain Gene Recombinants in A Phage.

Mouse 1AP genes MIA2 and MIA14 were representative ex-
amples of the endogenous IAP gene population selected from
a BALB/c mouse embryo genomic library in A phage Charon
4A (3, 5); these recombinants, AMIA2 and AMIA14, each con-
tained a 7.2-kilobase-pair (kbp) IAP element plus flanking mouse
DNA for total insert lengths of 16.7 and 17.3 kbp, respectively.
Fragments containing the wild-type anti-2,4,6-trinitrophenyl
(TNP) K light chain gene TKJ and the two mutant genes TO2 and
TK3 (1) were cloned in A phage Charon 28 from complete BamHI
digests of cellular DNAs from the respective hybridoma cell lines
Sp603, igk-20, and igk-1 (20). (The insert sizes in the ATK re-
combinants are shown in Fig. 2.) The nucleotide sequence of
the functional gene in TKI is known (1, 21). The positions of the
novel DNA insertions in TK2 and TK3 were established from re-
striction endonuclease cleavage data (1).

Heteroduplex Analysis. Recombinant phage were lysed with
EDTA and alkali, and heteroduplexes were prepared and spread
by the formamide technique of Davis et al. (22) precisely as de-
scribed (5).

Nucleotide Sequence Analysis. Physical maps of MIA2 and
MIA14 have been published (3, 5). For nucleotide sequence
analysis (23) of the IAP LTRs, restriction fragments containing
the terminal portions of the gene .and adjacent flanking DNA
were subcloned from AMIA14 into pBR322: in pMIA9, a 1.6-
kbp HindIII/EcoRI insert included about 1.3 kbp of flanking
sequence, the 5' LAP LTR, and 15 bp of internal LAP sequence;
and in pMIA6, a 1.0-kbp HindIII fragment contained 450 bp of
3' internal LAP sequence, the 3' LTR, and 200 bp of down-
stream flanking DNA. Appropriately cut fragments (see Fig. 4
legend) were labeled at their Pst I ends with cordycepin 5'-[a-

Abbreviations: LTR, long terminal repeat; IAP, intracisternal A particle;
kbp, kilobase pair(s); TNP, 2,4,6-trinitrophenyl.

1992

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertise-
ment" in accordance with 18 U. S. C. § 1734 solely to indicate this fact.



Proc. Natl. Acad. Sci. USA 80 (1983) 1993

32P]triphosphate and terminal deoxynucleotidyltransferase (24)
or at Alu I and EcoRI ends with [y-32P]ATP and T4 polynu-
cleotide kinase (25).

Restriction Site Analysis. A Kpn I/Msp I fragment from pMIA9
(see Fig. 3) was labeled with [a-32P]dATP by nick-translation
(26) to use as a hybridization probe for IAP LTR sequences. A
general LAP sequence probe was prepared by similarly labeling
the 5.2-kbp HindIII/EcoRI fragment from the previously de-
scribed recombinant plasmid pMIA1 (3). DNA from the ATK
recombinants was digested with restriction enzymes (New En-
gland BioLabs), and the digests were electrophoresed in 1.4%
or 2.0% agarose gels. Ethidium bromide-stained fragments were
transferred from agarose gels to diazotized aminophenyl thioether
paper (27) by using the basic method of Alwine et aL (28) as elab-
orated by the manufacturer (Schleicher & Schuell). Hybridiza-
tions were carried out as described (3, 5).

RESULTS
Identification of IAP Homology Regions in Mutant K Light

Chain Genes. When phage DNAs carrying the wild-type and
mutant K light chain genes were applied to nitrocellulose filters
and hybridized with a radiolabeled probe prepared from cloned
mouse IAP sequences (3), both mutant gene recombinants ATK2
and ATK3 gave strong positive reactions, while the recombinant
containing the wild-type gene ATK1 was negative (data not shown).

Heteroduplexes were then prepared between ATK2 and ATK3
and two recombinants, AMIA2 and AMIA14, containing rep-
resentative endogenous 7.2-kbp IAP genes in appropriate ori-
entations (3). An example of each pairing is shown in Fig. 1 A
and B together with drawings that indicate the individual DNA
strands in the heteroduplexes and the known positions of the
IAP gene sequences in the AMIA partners (3). Fig. 1C shows
the portions of theIAP gene which are represented inATK2 and
ATK3. In both cases, the homology region appears to include the
5' IAP LTR. The homologous segment in ATK2 is colinear with
the IAP gene in AMIA2 over a distance of about 4.3 kbp. In
ATK3, the IAP homology region measures 2.3 kbp in length;
however, it contains a deletion of 2.1 kbp with respect to the
complete LAP gene in AMIA14 (asterisks in Fig. 1B), and when
this is taken into account, the overallIAP map distance spanned
by the TK3 homology region is the same as that seen in TK2. In
both cases, the 3' end of the IAP homology region falls at a po-
sition corresponding to a BamHI site typically located 4.2 kbp
from the 5' end of the IAP genes (Fig. 1C). This is consistent
with the fact that the ATK recombinants were prepared from
complete BamHI digests of the respective cellular DNAs (1).
Deleted forms ofIAP genes have been described (4, 5), and Shen-
Ong and Cole (31) have distinguished a particular "TypeII" sub-
class ofIAP genetic elements that contain deletions similar to
that seen in the TK3 LAP segment. However, it is not clear that
the segment in TK3 is actually representative of the type II group
because the heteroduplex analysis failed to reveal the short in-
sertion that characteristically adjoins the deletions in these genes.
The question is of interest because of an indication that type LL
genes were increased in number in the DNA of a BALB/c my-
eloma cell line as compared to the germ-line DNA (31).
The results of the heteroduplex analysis were combined in

Fig. 2 with previous mapping data (1) to show the spatial re-
lationships between the insertedIAP sequences and the K light
chain gene sequences in ATK2 and ATK3. TheIAP sequences
clearly correspond in position, orientation, and general size to
the segments of foreign DNA as they have been described (1).
However, the heteroduplex measurements, with standard er-
rors of 300 bp or more were of limited value in locating the
5' boundaries of theIAP sequences with respect to the rear-
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FIG. 1. Heteroduplex analysis of the LAP sequences in two mutant
K light chain genes. Recombinants ATK2 and ATK3 contained the mu-
tant genes within BamHI fragments cloned intoA phage Charon 28(1).
Heteroduplexes were formed with AMIA2 and AMLA14, which contain
7.2-kbp LAP genes in known positions and appropriate orientations (3);
these genes and adjacent flanking sequenceshadbeen cloned into Charon
4A from a partial EcoRI digest of BALB/c embryo DNA. (A) Electron
micrograph and drawing of a representative heteroduplex between ATK2
and AMIA2. A 4.4-kbp region of homology is delimited by the pointers.
In the drawings, the mouse sequence elements are indicated by con-
tinuous lines, and the phage arms are indicated by heavy or light bro-
ken lines that signify paired or unpaired strands, respectively. Junc-
tion points between the mouse DNA and phage arms are indicated by
open circles; the contributions of the phage arms to the two large sin-
gle-stranded bubbles were calculated from published data on the struc-
tures of the Charon 4A and 28 vectors (29, 30). The known position of
the LAP sequences on the AMLA2 strand is indicated by the heavy solid
line, with short solid boxes representing theIAP LTRs. (B) Similar rep-
resentationsofaheteroduplexbetween ATK3 and AMLA14. The 2.3-kbp
homology region (between pointers) shows a single-stranded loop (*)
indicative of a deletion within the LAP homology region in ATK3. SV
and 4 are simian virus 40 and OX174 DNA molecules added as double-
and single-stranded size markers, respectively. (C) Diagrams showing
a"standard" 7.2-kbpLAP gene and the homologous regions which are
represented in TK2 and TK3. The homology regions in both TK2 and TK3
appear to include a 5' LTR(n) and extend to a position corresponding
to one of the characteristic BamHI sites(W) in the LAP gene (3, 5). The
homology segment in ATK3 contains a deletion (A) of 2.1 kbp with re-
spect to the intactIAP sequence. Dimensions shown for the TK2 and
TK3 homology regions are the means and standard errors derived from
measurements of 20 heteroduplex molecules.

rangement sites in the mutant genes (Fig. 2). Precise infor-
mation on this point was important in considering possible
mechanisms for insertion of the IAP elements; for example,
a clean transition fromlight chain gene to LTR sequence would
be consistent with a proviral insertion, whereas the presence
of additional (non-IAP) sequence at the junction points might

Genetics: Kuff et al.
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FIG. 2. Relationships between the K light chain coding-regions L,
VTNP (variable segment of the Krwgene), and CK(constantregion gene
of the K chain) (open boxes) and the TAP homology regions (stippled
bars with solid LTRregions) in the ATK recombinants. Junctions of the
mouse sequence with the phage arms (o) and the-known positions of
BamHI restriction sites (W) are indicated. The insert in ATK3 contains
a second BamHI fragment of unrelated mouse.sequence (wavy line),
presumably the result of a packaging artefact during preparation of
the recombinant library. Arrows, 5' to 3' orientation of the sequence
elements (the LAP components in TK2 and TK3 lie in opposite orien-
tations); A, location of the deletion in the IAP segment of TK3. The po-
sitions of the light chain gene elements were known from previous
studies (1). - , Locations of the 5' boundaries of the IAPcompo-
nents in TK2 and TK3 as determined from the heteroduplex data (means
and standarderror of the measurements). The actual placement of the
TAP sequences is based on restriction site analysis (see.Fig. 3) of the
regions enclosed by the broken lines.

suggest some other mode of transposition. More detailed in-
formation on the transition regions in Ti2 and TK3 (stippled
boxes in Fig. 2) was obtained by the restriction enzyme anal-
ysis shown in Fig. 3.

Localization ofA-ParticleLTRsby Restriction Enzyme Anal-
ysis of. Mutant Kc Light Chain Genes. Fig. 3 Upper shows rel-
evant restriction sites near the L-VTNPJ5 region of the wild-
type K light chain gene in TK1 (1, 21) and in and around the
5' LTR of IAP gene -MIA14 (3, 5). The closely spaced Pst I
and Xba I sites to the right of the variable region coding se-

quence V in TKI are known to be retained in both TK2 and
TK3 (1) and were used as reference sites for mapping. The 5'
LTR of MIA14 (see below) is similar in size (about 340 bp) to
the LTRs of other isolated LAP genes (32) and contains a highly
conserved Pst I site about 150 bp from its .5' boundary. Other
characteristic features of IAP genes are the Msp I site towards
the 3' end of the LTR and the EcoRl and Xba I sites located
in the body of the IAP gene, 300 bp and 500 bp, respectively,
from the Pst I site in the 5' LTR (5). The MIA14 5' LTR lacks
a HindIII site, which is found near the Pst I site in many other
IAP genes (5). In addition, the EcoRI site just outside the
boundary of the 5' LTR in MIA14 is not a recognized common
feature of other''IAP genes.
DNAs from ATK2 and ATK3 were digested with Xba I alone

or in combination with other restriction endonucleases. The
electrophoretically fractionated fragments were transferred to
o-diazophenyl thioether paper and hybridized with a probe for
LAP LTR sequences (Fig. 3 Upper). Xba I digestion of.TK2
and TK3 DNA yielded single reactive fragments of 1.4 and 1.0
kbp,' respectively (no reaction was seen with digests of TKO
DNA). Two reactive fragments of nearly equal intensity were

found in the combined Xba I/Pst I digests of each mutant
gene: these were 880 and 520 bp in size in the' TK2 digest and
620 and 330 bp in the case of Tx3. These and additional data
(see the legend to Fig. 3) established the restriction maps and
the putative positions of LTR sequences in the rearranged light
chain genes as shown in Fig. 3. Lower. If these LTRs are as-

sumed to be the same size as those-found in the reference IAP
genes MIAJ4, their 5' boundaries map rather precisely to the
rearrangement sites previously determined, by restriction
mapping of TK2 and TO3 (1) and indicated by arrows in Fig.
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FIG. 3. Restriction enzyme analysis of the junction regions be-
tween K light chain sequences and the IAP elements in TK2 and TK3.
(Upper) Relevant restriction endonuclease sites near the 5' end of the
IAP gene contained in MIA14 (stippled bar with solid LTR region) and
near the L-V (variable)-J (joining) exon regions (open boxes) in the
wild-type K light chain gene cloned in TKI. Mouse flanking sequences
5' to the IAP gene are indicated by a dotted line. The restriction en-
zymes were: K, Kpn I;;P, Pst I; M, Msp I; E, EcoRI; and X, Xba I. The
restriction sites were mapped previously (1, 3, 5). *, Sites located from
nucleotide sequence data as well as enzyme cleavage. (Lower) Positions
of the restriction sites in the mutantlight chain genes. DNAs were pre-
pared from ATK2 and ATK3 and digested with Xba I alone or in con-
junction with the other enzymes. One-microgram portions of the di-
gested DNAs were electrophoresed in 1.4 or 2.0% agarose gels, and the
fragments were transferred too-diazophenyl thioether paper. The blots
were hybridized with a 32P-labeled probe consisting of the Kpn I/Msp
I fragment from MIA14 (Upper). The mouse flanking sequences within
this fragment are unique to the MIA14 IAP gene (unpublished data).
The probe is specific for LTR sequence in the present-experiments be-
cause the LAP segments in both TK2 and TK3 could be distinguished
clearly from the MIA14 gene on the basis of their restriction patterns
as well as the deletion in the TK3 insertion..The observed sizes (in bp)
of the LTR-reactive fragments in digests of ATK2 DNA were: X alone,
1.40; X/P, 0.88 and 0.52; X/H, 1.00 and 0.37; X/M, 1.06; and X/E, 1.20.
For ATK3 DNA, the corresponding fragment sizes were: Xalone, 1.00;
X/P, 0.62 and 0.33; X/H, 0.46 (doublet); X/M, 0.55; and X/E, 0.67. With
these data and the approximate positions of the TAP and K chain ele-
ments already determined by hetereduplex analysis, the restriction sites
were ordered (Lower). The segments of LTR sequence were then po-
sitioned with respect to the Pst Iand Msp I sites-as they are in the ref-
erence LAP gene'MIA14. Arrows, sites of transition between wild-type
K light chain sequence and foreign DNA sequence as determined by
restriction enzyme mapping (1 In the caseof TK3,1 (E)indicates anEcoRI
site that was found previously (1) but was not observable with our pres-
ent probe.

3 Lower-i.e., the IAP insertions would appear to have brought
with them little or no. additional flanking sequence.

The three IAP gene segments shown in Fig. 3 could all be
distinguished from one another on the basis of their restric-
tion maps. Thus, MIA14 and the inserted, IAP gene in TK2
each contained the conserved Msp I, EcoRI, and Xba I sites
at 160, 300, and 500 bp, respectively, from their LTR Pst I
site; however,' they differed with respect to a HindIII site
present. in the TK2 LTR and a second EcoRI site in MIA14.
The LTR in TK3 contained a HindIII site in the same position
as that in TK2, but this gene differed from both of the others
in the distance between its Pst I and Xba I sites (640 bp) and
in the placement, of- its two EcoRI sites. These differences,
together with the major deletion found in the LAP segment in
TK3 (Fig. 1) strongly indicate that separate IAP genetic units
were involved in the two insertion events.

Clarification of the insertion mechanism will depend ulti-
mately on detailed knowledge of the nucleotide sequence across

both junction regions between the IAP and light chain ele-
ments in the mutant genes and comparison of these sequences

............... . . . .
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with those of other IAP LTRs. Data on the mutant genes are
not yet available. Meanwhile, however, the sequences of the
LTRs from the TAP gene MIA14 were determined and, as shown
below, they exhibit a number of the features specifically as-
sociated with the formation and insertion of provirus copies
of conventional replication-competent retroviruses.

Nucleotide Sequence of LTRs from a Complete lAP Ge-
netic Unit. The overall length of the LTR sequence (Fig. 4A)
was 338 bp. Eight positions near the Pst I in the 3' LTR were
not determined. However, the two sequences agreed in 323
of the 330 positions that were determined for both LTRs. The
observed single-base differences could have arisen by random
mutations since this gene copy was generated during the evo-
lution of Mus musculus (5).

Although R-looping studies show that the MIA14 gene is
colinear with 35S IAP genomic RNA (5), we do not know
whether this particular IAP copy is functionally competent. In

A.

5' LTR
3 ' LTR

10 20 30 40 50
TGTTGGGAGCCGCGCCCACASTCGCCAGTTACAAGATGGCGCTGACAGCT

60 70 80 90 100 110
GTGTTCTAAGTGGTAAACAAATAATCCGCGCATATGCCGAGGGTGGTTCCCTACTTCATG

PstI

120 130 140 150 160 170
TGCTCATGCCCTCCCCGTGACGTCAACTCGGCCGATGGGCTGCAGCCAATCAGGGAGTGA
-- C xxxxxxxx

180 190 200 210 220 230
CACGTCCTAGGCGAAATATAACTCTCCTAAAAAAGGGACGGGGTTTCGTTTTCTCTCTCT

240 250 260 270 280 290
TGCTTCTTACACTCTTGCTCCTGAAGATGTAAGCAATAAACTTTTGCCGCAGAAGATTCT

MIpIl

300 310 320 330

B.

5 Flank 5' LTR Body of IAP

5'. GATTCTGCAT T ..........AAC ATTGGTGACCGA..

Body of IAP 3' LTR

any event, its LTRs share the following properties with the
proviral LTRs of known infectious retroviruses (33): (i) short
(4 bp) inverted repeats at the ends of each LTR; (ii) a long (17
bp) polypurine stretch immediately upstream from the 3' LTR;
(iii) an A+T-containing sequence reminiscent of the eukary-
otic "TATAA" box (34) at positions 184-191; and (iv) the ca-
nonical polyadenylylation signal A-A-T-A-A-A (35) at positions
265-270. A possible poly(A) acceptor sequence, C-A (36), is
found at positions 280 and 281. The relative positions of these
signal sequences are characteristic of their arrangement in
conventional retroviral LTRs (33). The reference Pst I shown
in Fig. 3 is located at positions 150-155. The position of the
putative TATAA box is consistent with the results of previous
studies (5, 37), which mapped the 5' end of IAP-associated
RNAs to a position just downstream from this Pst I site. Twelve
nucleotides beginning at position 337 of the 5' LTR and ex-
tending into the body of the IAP gene are identical in 11 po-
sitions with 12 nucleotides that begin near the end of the 5'
LTR of the avian sarcoma virus and extend into the tRNA
primer binding site of that virus (38). The tRNA binding sites
in Rous sarcoma virus and other replication-competent retro-
viruses are typically 18-20 bp long (33). Additional sequence
data are required to determine whether a similar-size site oc-
curs in the IAP gene.

The integration of known free proviruses is accompanied by
loss of two nucleotides from the 5' end (U3 region) of the 5'
LTR and two from the 3' end (U5 region) of the 3' LTR (33).
The original sequence of the inverted repeats can be deduced
from that of the integrated provirus, however, because these
two nucleotides appear just preceding the 3' LTR and (in in-
verted complementary form) just following the 5' LTR. From
the data in Fig. 4B, the reconstructed sequence of the in-
verted repeats in the LTRs of a hypothetical MIA14 free pro-
virus would be
5' . . . A-A*T-G-T-T. . . (JAP). . . A-A-C-A*A-T. . . 3',
where asterisks indicate the apparent integration sites. The
sequence A-A*T-G is common to both avian and mammalian
proviral LTRs, and T appears in position 5 of the avian virus
LTR (33).

Short duplications of the target site sequence are charac-
teristically associated with integration of retroviral DNA cop-
ies (33) as well as transposable elements in lower organisms
(39, 40). In the case of MIA14, we observed a 6-bp direct re-
peat of flanking mouse sequences adjacent to the two LTRs
(Fig. 4B).

3' Flank

..ATTAAAAGAAAAGGGGAAAA fGTT.. ........MC CTGCATTTAAAA. .3'

FIG. 4. The nucleotide sequence of the LTRs (A) and immediately
adjacent regions (B) in the IAP gene MIA14. (A) Positions are num-
bered from the 5' end of the LTR sequences. For the 5' LTR, sequence
was determined in both directions from thePst I site at positions 150-
155, in a 3' direction from an Alu I site at positions 47-50, and in a 5'
direction from an EcoRI site within the TAP gene but just to the right
of the LTR (see Fig. 3). The 3' LTR sequence was determined in both
directions outward from thePst I site; the nucleotides corresponding to
positions 152-159 in the 5' LTR were not determined (X). In A, agree-
ment between the individually determined sequences is indicated by
a horizontal line in the 3' LTR sequence; nucleotide differences or open
positions (e) are also shown on the 3' sequence, except at position 21,
where an open position appeared in the 5' LTR sequence. Both LTR
sequences end in a 4-bp inverted repeat (solid overline). In B, 17-bp
polypurine stretch is located within the LAP gene immediately up-
stream from the 3' LTR (broken underline). A 5- or 6-bp sequence (solid
underline) is repeated in the immediate flanking regions; one nucleo-
tide in the 5' sequence could not be determined unambiguously because
of secondary structure hindrance.

DISCUSSION
The findings in this and a previous report (1) provide direct evi-
dence that TAP genetic units can act as movable elements in the
mouse genome. The insertions in TK2 and TK3 can be distin-
guished from one another on the basis of their restriction maps
and the presence of a major deletion in one of them; therefore,
it is likely that they represent two different members of this
multigene family. Our data suggest that, in both instances, the
TAP components were inserted close to or at their LTR bound-
aries. Preliminary sequence data for the junction region in TK2
indicate a clean transition from K chain gene to IAP LTR se-
quence; the first 35 nucleotides after the junction have been
determined and found to have a 91% homology with the MIA14
LTR sequence (Fig. 4) between positions 2 and 38 (unpublished
data). Should this result prove the rule for both the 5' and 3'
junctions of the inserted elements in TK2 and TK3, and should
the analysis also reveal short direct repeats of the target site se-
quences, we would conclude that the IAP elements in the mu-

Genetics: Kuff et al.
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tant genes represent authentic proviral insertions. However,
we still might be unable to distinguish between the transposi-
tion of IAP gene copies already present in the genomic DNA
and the insertion of new proviral forms generated from IAP-as-
sociated RNA in the particle-producing hybridoma cells.
The distinction is important because transpositions that do

not involve an RNA intermediate (39, 40) might be expected
with comparable frequency in both IAP-positive and IAP-neg-
ative cells, whereas cycles of reverse transcription and pro-
viral insertion would clearly be favored in particle-producing
cells. Although direct evidence is lacking, the second possi-
bility seems more likely to us because it involves a well-es-
tablished mechanism, whereas the alternative-the precise
transposition of an integrated retroviral gene copy-has not
yet been demonstrated. Free proviral forms have not been
found when searched for in IAP-rich myeloma (31) or neu-
roblastoma (unpublished data) cells; however, a small but
functionally significant population could well have escaped
detection in these cases, and it may be useful to carry out a
further search in the Sp603 cell line in which the mutant K
chain genes arose. Evidence for an RNA intermediate might
be obtained by detailed structural comparisons of the TK2 and
TK3 insertions with the IAP-associated RNA species present
in the respective cell lines.
We have searched the wild-type K light chain nucleotide

sequence (1, 21) on either side of the IAP target sites in TK2
and TK3 for possible homologies with the LTR sequence. Short
stretches of partial homology were found, but none that ob-
viously could have served to align an incoming provirus in the
precise positions where the recombinations actually occurred.
If the IAP insertions represented in TK2 and TK3 do indeed
represent random attacks, then one might question whether
similar events are not occurring elsewhere in the genome of
the hybridoma cells and, by extension, in the genomes of other
IAP-producing cells. In this way, the IAP gene pool might
provide a significant source of genetic variability in the many
mouse tumors where abundant intracisternal particles are known
to occur (10). The new insertions in TK2 and TK3 were both
associated with defective expression of the K light chain gene
products (1). It would be interesting to examine IAP-produc-
ing cell lines for spontaneous variants in other selectable traits
and determine whether any of these represent a similar kind
of insertional mutation. Insertions of exogenous proviruses
have been shown to promote the expression of nearby cellular
oncogenes (17), and the possibility must be considered that
IAP genetic elements could have the same effect on occasion.
The present results are relevant to the possible amplifi-

cation mechanism(s) by which the TAP genes have achieved
a copy number of 1,000 or more per haploid genome in Mus
musculus DNA. The fact that one randomly chosen endoge-
nous IAP copy shows so many hallmarks of a proviral insertion
and the direct demonstration that IAP elements can appear in
new locations in the cellular DNA together suggest that am-
plification over an evolutionary time scale could result from
the occasional insertion of new proviral copies into the germ-
line DNA. Such a mechanism would be consistent with, and
facilitated by, the observed expression of IAPs in mouse oo-
cytes and preimplantation embryos (6-9). The insertion of new
IAP copies into germ-line DNA could give rise also to specific
mutations, in a manner analogous to the coat-color mutation
associated with integration of an ecotropic murine leukemia
virus genome (19).
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