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ABSTRACT

Gene targeting of the immunoglobulin (Ig) heavy chain
locus is the basis of improved methods of investigat-
ing gene expression and of antibody engineering. The
VH-Cu intron is a convenient region for mediating
homologous recombination events which result in
production of Ig bearing an altered heavy chain. Also,
this segment includes several elements which are
important for gene expression, replication and isotype
switching: in some cases it will be advantageous to
alter these processes by modifying this intron. Con-
sidering that multiple targeting steps might be needed
to accomplish all the requisite changes, it is important
to know whether any of the anticipated modifications
also alter the recombinogenicity of the IgH locus. To
test this possibility we have measured the frequency at

which a mutation in the C p3 exon of the endogenous

K gene is corrected by homologous recombination

with a transfected segment of C 1 DNA. Comparison of

recombination frequencies in several engineered hy-
bridomas indicates that deletion of a 7.1 kb segment
from the VH-C [ intron depresses recombination by
(10-fold.

INTRODUCTION

It has long been observed that genetic recombination does
occur uniformly in the genome. Numerous elements of differe
types and from widely divergent organisms have been found

homologous recombination in yedst {(n mammalian cell$(7)

and inconsistently in bacteria (reviewed3)n The mechanism
linking transcription and recombination is unknown, but it has
been proposed that transcription might render the DNA more
accessible to recombinases or that topoisomerase cleavages
entrained by the unwinding associated with transcription might
create structures which promote recombination.

Gene targeting of the immunoglobulin loci has been studied
intensely, both because this technique permits highly controlled
analysis of gene function and because modified immunoglobulins
have diverse practical and medical applications. The immuno-
globulin heavy chain (IgH) locus contains several elements which
function in transcription, replication and DNA rearrangement. In
constructing recombinant hybridoma cells to analyse the role in
gene expression of elements lying in the intron between the VH
and Gu exons it became important to know whether these
elements also affect the efficiency of gene targeting of the IgH
locus. Here we report that deletion of a major part of this intron
depresses recombination in an adjoining intervallit)/fold.

MATERIALS AND METHODS
Tissue culture

The Sp6 hybridoma cell line and its normal (Sp6/HL) and mutant
(igm482 and igm692) subclones have been descépeaks(have

the derivation of the recombinants 692R1 from igm 692 and
ﬁlthRl from igm4821(0).

0onstruction of plasmids and targeted recombinants

stimulate homologous recombination in nearby genetic intervalBigurel shows construction of the vectoA@u482, which bears
In some cases the molecular basis of such differences the frameshift mutation ini@ and the 7.1 kb intron deletion and

recombinogenicity are understood. Thu&gcherichia colthe

was used to generate thieahd A recombinant hybridomas. An

chisequence (GCTGGTGQG) alters the activity of the RecBC(DJnalogous vector with a normghl&exon was used to construct
protein to reduce exonuclease and enhance helicase activititbg, ER50 cell line (A.E.Oancea and M.J.Shulman, manuscript in
leading to an increased frequency of homologous recombinatipreparation). The pAcd) plasmid was prepared by inserting

in nearby intervalsl). The M26 site infSchizosaccharomyces the 2.4 kbAcd fragment bearing thejCexons into pTZ18. To

pombeg ATGACGT) binds a specific heteromeric protéingnd

control for efficiency of transfection we measured the frequency

appears to be a preferred site of DNA cleavagéHomologous of puromycin-resistant transformants conferred by pPur/sgs, a
recombination is also stimulated in regions which are near aector derived from pBABEDpCMVpuro by A.Cochrane.

origin of replication, perhaps because the nicks or single-strandedRecipient cell lines were grown to a density ®f1ZP cells/ml.
segments which are associated with replication initiate recom-sample of 3.6 10’ cells were electroporated as descrilié) (
bination @). Also, transcription has been seen to increasAfter DNA transfection cells were grown in normal medium for
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Figure 1. Construction of cell lines with the altenedyene for measuring recombination frequency. The top line shows the structune géteeof the hybridoma
cell line Sp6/HL. The second line indicates the the segments in the V&Cet8R, shown after linearization at the unitllal site. Cross-overs in intervals (b) and
(c) yieldgpt* recombinants with a normal intron and the 2 bp deletion injiBeeon. Cross-overs in intervals (a) and (c) yagiti recombinants with a truncated
intron and the 2 bp deletion in the&exon. The sizes of the expected DNA fragments after digestion of genomic DNBawith (BH) andBcll (Bc) enzymes
are indicated. The location of therBostBanHl site lies outside the sequenced region of the hybridoma IgH locus. The 6.7 kb value indicatefl fectinetlinants
corresponds to the actual measurement (see Fig. 3). Considering that the deletion in these recombinants extends for 7.1 kb, the&xesllligfes then predict
13.8 kb for the recombinants. The probes were the 878 Ig-BanH| Cul-2 fragment and the 1960 BpH-Hpal gptfragment. The arrows show the positions
of primers 1-3.

2 days in bulk culture and then distributed in 96 well plates ito Hybond N membrane (Amersham) and hybridized with the
MHX medium forgpt* selection {2) and in medium containing 32P-probes radiolabeled by random priming.

10pg/ml puromycin fopur* selection at the cell concentrations

indicated in Results. ELISAs specific for theuiCand Q4

domains {3) were used to analyze supernatants from

gpt™-positive clones for selection of targeted recombinants. RESULTS

Measurement of recombination frequency The system which we used to measure recombination frequency

To measure the frequency of recombination a mixture pij70 is based on the hybridoma Sp6, which secretesdpsfiecific
plasmid p@(Acd) DNA and 2ug pPur/sgs was transfected intofor trinitrophenyl (TNP) and forms plaques on TNP-coupled
4 x 107 cells, grown as indicated for construction of targete@rythrocytes14). This cell line bears a single copy of fhieeavy
recombinants. Cells were returned to normal medium for 2 day&)ain genel(s). To prepare cell lines with a convenient genetic
after which they were plated at limiting dilution in selectivemarker for measuring recombination frequency we introduced a
medium containing 1Qig/ml puromycin to assess transfectionZ bp deletion into the|@3 exon of the endogenopgiene of the
efficiency. On day 7, as well as several weeks thereafter, thgbridoma cell line, thus causing production of a truncpted
transfected cells were plated to measure plaque-forming cell§avy chain (Figl). Because the resulting IgM is non-cytolytic,
(PFC), and thus recombinants, as describéd ( the recombinant hybridomas do not form plaques. Recombina-
tion between a transfected normal €egment and the mutant
endogenoug gene can restore normal IgM production (B)g.
Our previous analyses indicate that most if not all PFC arise by
PCR analysis was performed usifay DNA polymerase (Boeh- homologous recombinatiofiX,14), so recombination frequency
ringer Mannheim) according to the following protocol for 30 cyclescan be measured by assaying the number of PFC. To assess the
denaturation, 1 min at 9€; re-annealing, 2 min at 85; extension, importance of the VH-{ intron segment we constructed cell
3 min at 72C, which was increased by 3 s/cycle. Oligonucleotidéines in which the 2 bp deletion wiasciswith either a normal or
primers: 1, 5TTACCTGGGTCTATGGCAGT-3 2,3-GTCACT-  atruncated intron and then measured the frequency of PFC which
GTAAATGCTTCGGG-3; 3, 3-GGGCACATGCAGATCTCTG- arise after transfection of the normal €egment, as described
TTTTTGC-3 (3). below. By using a € segment which lies entirely outside the
Genomic DNA for Southern blot analyses was prepared by tligron deletion, each cell line will present the same target for
SDS/proteinase K method ). DNA (7 pg) digested with homologous recombination and any differences in recombination
BanHI or Bcll was electrophoresed in 0.8% agarose, transferredn then be ascribed to differences in recombination efficiency.

Analysis of DNA structure
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Figure 2. Assay for recombination frequency. This diagram depicts recombination between the trangféagthént with hybridomas bearing the normal and
truncated introns.

Construction of materials for measuring recombination from igm692. Thus using thepC-2 probe we found that
transformants*¥S33 and 1/S153 yielded thé13.8 kbBanHlI

To construct the modified hybridomas for measuring recombinand[110.8 kbBcll bands expected for recombinants with an intact

tion frequency we used the vectoA@l482, which lacks a 7.1 intron, while transformants\IS195 and A/S216 and A/6-42

kb segment of the VH4Cintron (Fig.1). Transfection of this Yyielded the correspondifng.7 kb andB.8 kb bands expected for

vector into Sp6/HL or related hybridomas is expected to generaggombinants with the truncated intron. Probing wfihto test

two types of homologous recombinants. Thus cross-overs at {ag 3 junction indicated that all the selected cell lines had the 11.3

and (c) will yield a recombinant with the 7.1 kb deletionkb BamHI and 11.8 kiBcll bands expected for properly targeted

(designated A recombinants); cross-overs at (b) and (c) willlecombinants.

generate recombinants with a normal intron (designated | To prepare DNA for transfection into these cell lines the 2.4 kb

recombinants). The vectoyTp482 was digested witlluland ~ Acd Cp segment was inserted in pTZ18. As illustrated in Figure

transfected into Sp6/HL cells and into the Sp6-derived muta@t the intron deletions do not overlap this segment, so the target

cell line igm692, which lacks theu@ and Q12 exons and part of for homologous recombination is the same in all cell lines.

Sp. After incubating the cells for 2 days in normal medium we

§electe@pt+ t(ansformants by plating thg cells at limiting dilution Preliminary experiments: measurement of plaquing

in MHX medium. Using ELISAs specific for either thelCor  4q transfection efficiency

Cp4 domain we then distinguished transformants bearing ran-

domly inserted vectors (@* transformants) from those which There are two potential problems which could confound the

had targeted the IgH locus|{C" and Qu4~ transformants). In relationship between the frequency of PFC and frequency of

summary, 35 of 16gpt* transformants derived from Sp6/HL and recombination. First, the intron deletion might affect the effi-

eight of 24@pt* transformants of igm692 produced IgM lackingciency of plaque formation. To test this possibility we measured

the Qu4 domain. To establish whether the cross-over in thine plaguing efficiency of variousp@* recombinant cell lines

VH-Cup intron of the Sp6/HL transformants occurréai53 of  which were constructed as described above so that thepVH-C

the deletion we measured the size of the fragments amplifigdron was either normal or lacked the same 7.1 kb segment

using the indicated primers. Thirteen ofgp#, Cu4—transform-  deleted from theA cell lines (Fig4). Thus 482R1, derived from

ants yielded a 2.5 kb segment with primers 1 and 2, implying théite igm482 mutant hybridoma, has an intact inttbd) énd

the cross-over occurretd the 7.1 kb deletion in interval (b); 15 ER50, derived from igm692, lacks the 7.1 kb segment of the

transformants yielded a 2.3 kb segment with primers 1 and BH-Cu intron (A.Oancea and M.J.Shulman, manuscript in

indicating a cross-ovet 8f the deletion in interval (a). We further preparation). We also analyzed the recombinant 692R1, which is

tested that the vector had inserted by homologous recombinatiderived from the igm692 hybridoma and bears a 2.8 kb deletion

by measuring the size of the indicated junction fragments. Figuog part of the 8 region, a deletion which does not affgct

3 shows results for several transformant$S33, I/S153, expressioni(7). Tablel presents the results of plaquing these cell

IA/S195 andA/S216 derived from Sp6/HL and/6-42 derived lines on four occasions using independently prepared assay
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monitor transfection efficiency we included a small amount of the
pPur/sgs plasmid, which confers resistance to puromycin. As
indicated in Tabl@, transformation frequency was approximately
proportional to added DNA when between 0 apdy®Pur/sqs
was included during electroporation under our normal assay
conditions, i.e. in the presence of ®pQu(Acd).

Table 1. Plaque-forming efficiency offland A cell lines

Cell line Plaque-forming efficiency (%)
Sp6/HL 48 92 58 37
e 482R1 55 73 50 35
= 692R1 66 57 49 38
v % A ‘*ﬁf’ar e R ERS50 36 77 42 31

- - - - _{I = Two hundred cells of the indicated cell line were mixed witHl8f cells of the
- 11 non-cytolytic hybridoma igm482, as noted and tested for PFC, as described in
]
-

iy

Materials and Methods. This table presents results for PFC measurements on
four typical occasions.

"
2 el

_ _ _ Measurement of PFC and recombination frequency
Figure 3. Analysis of DNA structure. DNA (@g) from the recombinant cell

lines was digested wittBcll or BanHI, as indicated, fractionated by . . L
electrophoresis and probed withtG2 (upper panel) angt (lower panel) 10 Mmeasure whether the intron deletion affects recombination
probes (described in Fig. 1). The cell line X10, which lackg thene as well  frequency two recombinant cell lines with a normal introi$@3

as thegpt gene, was included as a negative control. The position of markerand t/S153) and three with a truncated intra$1195, /S216
bands is indicated to the left of the blots. The size of the predicted bands (Figynd /6-42) were transfected on one or more occasions with a
1) is shown on the right. The extra band seen igjthprobing of the A/6-42 [r\ormal Gt segment [linearized vector p@cd)] and pPur/sgs

transformant reflects the fact that the subclone of igm692 used as a recipient . . -
these experiments had been previously transformed with pSV2neo,get the O Monitor transfection efficiency. We then measured the

probe detects the pSV2neo DNA, presumably because of common sequencifequency of PFC and of puromycin-resistant transformants
in the probe preparation. The extra band in ER50 represents partial digestioiTable3). As indicated in the table legend, the frequency of PFC
was comparable whether measured 7 days or several weeks
post-transfection. The frequencies of puromycin-resistant trans-
formants imply that on any particular occasion the transfection
efficiency for the 1 and R cell lines was approximately the same.
materials. These results indicate a moderate day-to-day variatidowever, the cell lines bearing the intact intron yielded on
and that the plaquing efficiencies of the intron-deleted (ER5@verage 12-fold more PFC than did the cell lines with the
and other cell lines are in the rafid.8+ 0.2. truncated intron. When corrected for the lower (0.8) plating
A second potential problem is that the efficiency of transfecefficiency of hybridomas with the truncated intron, these results
tion, which depends on unknown aspects of the recipient celisdicate that the intron deletion depresses the frequency of
might vary and thus influence the frequency of recombination. Tecombination in the adjoininguGnterval by[110-fold.
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Figure 4. The structure of thg genes in the recombinant hybridoma cell lines which were used to assay plaque-forming efficiency.
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Table 2. Dependence of transformation (drug resistance) frequency on amount of added DNA

Cell lines Amount {1g/ml) pPur/sgs vector Frequency ¥10-3) of pur’ transformants
1*/S33 0 <0.001

0.36 0.03

2.0 0.17

9.0 0.42
1%/S153 0 <0.001

0.36 0.01

2.0 0.06

9.0 0.24

As described in Materials and Methodss 207 of the indicated recombinant hybridomas were transfected wjithh 0. (Acc1) DNA plus the indicated amount

of pPur/sqs DNA. After incubation for 2 days in normal medium the transfected cells were plated at various cell concentrations in medium cqmaming 10
puromycin. The number of growth-positive wells was determined and the frequency of puromycin-resistant cells was then calculated according to the Poisso
tribution.

Table 3.(A) Frequency of drug resistant transformamsiologous recombination ifi &ndlA cell lines

Cell line Frequency ¥10-3) of pur' transformants
Experiment 1 Experiment 2
1*/S33 0.3
1*/S153 1.0 0.26
1A/S195 0.4
1A/S216 0.9 0.35
1A/6-42 1.7 0.28

(B) Frequency of plaque-forming cells

Cell line Plaque-forming cellsx10-7)
Experiment 1 Average 1 Experiment 2 Average 2 Average all
1*/S33 (30) (28) (25) 27.7 21.0
1*/S153 (13,12,11) (10,9) (13,15) 119 (25) (24) (21) 233
1A/S195 1) (1) 1) 1 18
1A/S216 0,0,2)(2,1,1) (1,2,2) 13 1)@ @ 1
1A/6-42 (1,0,0,4) (4,5,4) (3,3) 3.0 4 (2 2 2.7

As described in the legend to Table 2, the indicated cell lines were transfected with a mixtyng pfJi0Acd) DNA and 2ug pPur/sqs DNA. The transfected

cells were then incubated in normal medium for 2 days. (A) At this time an aliquot of the culture was plated at various cell concentratims puddinmycin

and the frequency of drug-resistant transformants was determined as indicated in Table 1. (B) On day 7 and several weeks thereaftex alifgetisdf@n

the transfected cultures were assayed for PFC, as described (14). This table lists the number of PFC observed on each plate and the results for each occa
the cultures were assayed are grouped within parentheses. No PFC were observed in the absence of transfected DNA.

DISCUSSION tion-specific elements. Neither tblei nor M26 sequences occur
Genetic recombination depends on both enzymatic factors ain he sequenced part of the deleted region. However, the 7.1 kb
' . p enzy {€etion examined here has removed other elements of interest.
cisacting elements. Because the cell lines used to Measititst, the deletion removed a segment which appears to function
recombination bear only a single copy ofiilgene, the increased ' licati iin in B cell Ig 6. S dppth deleti
recombination which we observe to be associated with the intgtt 2 réPication orgin in 5 cetl lines 9. Second, € deletion
removed the switch region|{s which is the preferred site for the

VH-Cu intron could in principle reflect an IgH-derivedns-act- . . . )
ing factor, RNA or protein, as well as the action afsacting ~ é&rrangements which cause isotype switctiop The switch

element. However, only two transcripts have been detected f&9ion also promotes rearrangements involving nearby non-
this region, that which yields mRNA for théieavy chain and the switch DNA _(21). Third, th_e deleted interval contains several
apparently non-codingultranscript, which intiates in the vicinity €lements which greatly stimulate transgene expressionithe E
of the B1 enhancer(@®). It is therefore unlikely that this region enhancer?), the flanking matrix attachment regions (MARs)
encodes a protein which promotes recombination. (23), Su and two other switch-associated elements, RegA and
As summarized in the Introduction, homologous recombinaRegS £4,25).
tion in other systems has been found to be stimulated bylt is still unclear whether these elements function in the
transcription and replication, as well as by seemingly recombingecipient hybridoma cell line and, if so, whether their identified
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