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ABSTRACT

Withdrawal of interleukin-7 from cultured murine preB
lymphocytes induces cell differentiation including V(D)J
immunoglobulin gene rearrangements and cell cycle
arrest. Advanced steps of the V(D)J recombination
reaction involve processing of coding ends by several
largely unidentified DNA metabolic enzymes. We have
analyzed expression and activity of DNA polymerases a,
B, 6 and ¢, proliferating cell nuclear antigen (PCNA),
topoisomerases | and Il, terminal deoxynucleotidyl
transferase (TdT) and DNA ligases I, lll and IV upon
induction of preB cell differentiation. Despite the immedi-

ate arrest of cell proliferation, DNA polymerase 0 protein
levels remained unchanged for [R days and its activity
was up-regulated several-fold, while PCNA was continu-
ously present. Activity of DNA polymerases a, Band €
decreased. Expression and activity of DNA ligase | were
drastically reduced, while those of DNA ligases Ill and IV
remained virtually constant. No changes in DNA topoi-
somerases | or Il expression and activity occurred and
TdT expression was moderately increased early after
induction. Our results render DNA polymerase 0 a likely
candidate acting in DNA synthesis related to V(D)J
recombination in lymphocytes.

INTRODUCTION

be involved in the early steps of V(D)J redination (for reviews
seel3-16). A similar approach led to the identification of the
XRCC4gene {7), mutants of which are defective in V(D)J
recombination. At later steps, DNA fill-in synthesis of open coding
ends may generate blunt ends and lead to the insertion of
templated nucleotides (P-nucleotides). Subsequent modification
by non-templated N-nucleotide addition through the action of
terminal deoxynucleotidyl transferase (Td®) and nucleolytic
trimming of the DNA ends coupled with DNA repair synthesis
often occurs before the ends are ligated to form the coding join.
At least five different DNA polymerases (pols), cabied, v,
0 ande, are known to exist in higher eukaryotic cells (reviewed
in 19,20). Pola is responsible for initiation of DNA replication
at the origin of replicatior2(l). Polf3 might act preferentially in
base excision repai?®). Poly is the replicase of the mitochondrial
genome. Pob is involved in nuclear DNA replication at the
leading strand and possibly also at the lagging strand of the
replication fork £1). On many DNA substrates, @alequires the
two auxiliary proteins proliferating cell nuclear antigen (PCNA)
and replication factor C (RF-C) for processive synthesis (reviewed
in 23). A function for pole has been proposed in nuclear DNA
repair, but it appears to be important for nuclear DNA replication
as well, possibly as a second lagging strand polymerdsesifice
its gene is essential in yeast. In nucleotide excision repa#, pol
relies, as does pd) on PCNA and RF-C§) and the enzyme has
been identified in a protein complex that repairs DNA double-
strand breaks and deletions by recombinafiéh Finally, pole

The assembly of variable region exons of the antigen receptor l@gipears to have arole in check-point control of the cell &/dle (
[V(D)J rearrangement] is one of two DNA recombination Four DNA ligases have been discovered in mammalian cells
processes which are the key to the generation of a highly diveffer reviews see28,29). DNA ligase | is best known as the
immune repertoirel{ reviewed ir?-5). The V(D)J recombination predominant and replicative, Okazaki fragment joining ligase in
machinery (reviewed i6—11), a complex set of enzymes and many tissues. Less is known about the functions of DNA ligases
accessory proteins, is directed to the V, D and J gene elemelhtdll and IV. DNA ligase Il was found to be the most abundant
through recombination signal sequences (RSS) adjacent to e&lf¥A ligase in mammalian liveB(). DNA ligase Il associates
exon. Initiation of V(D)J recombination, including cleavage atvith XRCC-1, a DNA repair proteirB(), and co-purifies with

the RSS and formation of hairpin coding ends, has recently beis® recombination protein complex RC2B) Furthermore, it is
shown to be catalyzed by purified RAG-1 and RAG-2 proteinthe major high molecular weight DNA joining activity in
(12). From genetic complementation studies with rodent ce$V40-transformed human fibroblasig). A role for DNA ligase
mutants, DNA-dependent protein kinase (DNA-PK) holoenzymBl in meiotic recombination in mammalian cells has also been
with its three subunits, DNA-RK Ku70 and Ku86, was found to postulated §3). Amino acid sequence data suggest that DNA
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Figure 1. DNA polymerase activities before and after induction of preB cell differentiation. Nuclear extracts offB¢cR2B(B) and Pal 1) preB cells and of Bcl
(D) were assayed for pal & ande as described in Materials and Methods. p.i., post-induction.

ligase Il might be encoded by the same gene as DNA ligase I§j heavy chain loci. The cells contirR@&Gexpression, rearrange

(33). The more distantly related DNA ligase IV has been discoverdleir light chain gene loci36,39,40) and become sigB cells

only recently and, so far, nothing is known aboutritvivo  within 2—3 days. This B lymphocyte differentiation system lends

function 34). The cDNAs encoding the mammalian DNA ligasestself to the molecular analysis of V(D)J rearrangement, B cell

[, Il and IV have been isolated and sequenced. development, cell cycle arrest and the DNA metabolic enzymes
The DNA polymerase and ligase involved in processing aissociated with these processes.

V(D)J recombination intermediates have not been specified. It is

also unknown how these enzymes and their accessory factors\esTERIALS AND METHODS

well as other DNA metabolic activities like TdT or topoisomerases ,

are regulated during development of lymphocytes and upon c6iell lines

cycle arrest. A tigsue g:u!ture system has been established for pegl,ma cell/IL-7-dependent preB cell lines were obtained from

Iymphoqytes which mimics many aspects of development of ear, y 16 fetal liver or 4-8-week-old mouse bone marrow and

B cells in the bone marrows%,36). In this system, preB cells cjtyred as described,36). Three different preB cell lines were

proliferate on stromal cells in the presence of interleukin-7 (IL-7),sed in this study: Bel1.1, a wild-typpel2 transgenic mouse

Only heavy chain D to J rearrangements have been completed pggfived line; Pal 1, a wild-type ntwal-2 transgenic line; R2B, a

to this proliferative stage. Upon withdrawal of the cytokinepq|.o transgenic line derived fromRAG2-- mouse 41).

proliferation ceases and differentiation to surface immunoglobulin-

positive (slg) B cells is induced. The non- rephpatmg lympho'lmmunoblotting and immunoprecipitation

cytes are no longer hydroxyurea sensitive. Since most of the

differentiating B lymphocytes normally enter apoptosis and woul@o analyze PCNA, DNA topoisomerases | and I, TdT and DNA

not be available for analysis, preB cell cultures from mice carryirlggases, cytoplasmic and nuclear extract fractions were prepared

the anti-apoptotidoc2 transgene3(?) were established. These from 1 x 10F-5 x 107 cells as describe@,40). Cytoplasmic

bck2 preB cells match wild-type preB cells in all propertiedractions contained 1-5 mg/ml nuclear fraction, 0.2-2 mg/ml

examined, except apoptotic death. Hallmarks of their developmambtein. Total cell lysates were prepared according to Lin and

are up-regulation of expression of the recombination activat@esiderio ¢2). Western blotting was performed according to

genes 1 and RAG 1 andRAG2; 38) and rearrangements of their standard protocols and visualization of signals achieved with the
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glycerol, 0.5 mM EDTA, 0.2 mM PMSF and 1 mM DTT] and the

M, kDa protein adsorbed for 60 min by rotating the tubes in the cold. Then
the phosphocellulose was washed three times with | 200
% - 200 equilibration buffer and the polymerases eluted with 40

equilibration buffer ontaining 0.4 M NaCl. This procedure yields
two fractions containing no PCNA but ol ande (44).

Pol 5 - A—— e - 2 The DNA polymerase assays for pold ands were based on
E ot i e -g; our earlier studiesi@)) with PCNA-free extract. Activated DNA
[ . . i gave an estimation about the total level of DNA polymerases and
| et e T i 6 was used as an indication of successful extraction.
| S el ! A S i st Poly(dA)-oligo(dT) can be used in combination with PCNA and
15 ug Bel1.1 I 3ug Bel1.1 the pol a neutralizing antibody SJK 132-20 to specifically

determine pol, & ande. The rationale behind the assays is:

(i) poly(dA)- oligo(dT) alone gives pal ande (pol o is inactive
Figure 2. Immunoblot analysis of DNA pdb expression before and after without PCNA); (i) poly(dA)-oligo(dT), 100 ng purified PCNA
induction of differentiation. Total cell lysates from wild-type Bcl1.1 preB cells and 3ug SJK 132-20 give pdland pok; (iii) poly(dA)-oligo(dT)
(1_5 and 319 proteina}sindicateq)_were separated by 7.5% SDS—PAGE_Qnd probegnd 3ug SJK 132-20 give p(}:l' (iV) (I) minus (iii) gives pOh'
with a polyclonal antibody specific for the 125 kDa subunit b ¢48). Positions .. . i ’ !
of the 125 kDa pad and of size markers are indicated. p.i., post-induction. (v) (if) minus _('”) gIV(_ES pob. .

Assays with activated DNA or poly(dA)-oligo(dT) were

performed as describedd).

Extraction and determination of DNA polymerdsewvere
performed according to Hibscletral (45). One unit is defined
= as the incorporation of 1 nmol dTTP in 1 h at@and activity

was calculated as U/mg protein.

kDa

DNA ligase assays

3 After thawing aliquots of Bel1.1 cells [2-3LCP cells, day 0 and
day 2 post induction (p.i.)] on ice, crude nuclear extracts were
_ _ _ _ _ prepared according to the method describégd To separate the
Figure 3.Immunoblot analysis of PCNA expression before and after |ndus:t|ontWO 100 kDa DNA Iigases Il and IV from each other, the crude

of differentiation. 1Qug total cell lysate protein were separated by 7.5% SDS— . . .
PAGE and probed with monoclonal antibody PC10. The position of 36 kpahuclear extracts (0.3— 0.7 mg protein) were fractionated by ion

PCNA is indicated. Numbers at the bottom refer to days post-induction.  €xchange chromatograph¥7f. DNA ligases in the individual
fractions were then identified by Western blotting and activity

ECL system (Amersham Ltd). For immunoprecipitation of DNAASSays. .

ligase I1,(B-5x 107 cells were metabolically labeled for 5 h with For Western blots samples @of the nuclear extract fractions,
[35S]methionine, harvested and nuclear and cytoplasmic extragdgngside J1g HelLa cell nuclear extract, were separated by 8%
prepared as outlined above. Antibody (rabbit polyclonal sePS—PAGE (three identical gels each for fractions from day 0 and
TL5) binding was carried out with 1@ extract protein{L x 107 day 2 p.i. cells) anq electrotransferred (1 h, 350 mA in 10%
c.p.m.) in the presence of 0.05% Triton X-100, the antibody—af€thanol, 25 mM Tris, 192 mM glycine) to Protran-Nitrocellulose
tigen complex being precipitated by protein A-Sepharose beadhleicher & Schuell), followed by the standard protocol
(Pharmacia) and, after several wash steps, loaded on a 7.5% Sgipplied with the ECL detection system. Ligase | detection was

polyacrylamide gel. The gel was dried and exposed for autoradehieved by incubation with a rabbit antiserum raised against
graphy. homogeneous bovine DNA ligase!BJ at a dilution of 1:250 for

1 h at 20C. Ligases lll and IV were detected with a rabbit
antiserum against recombinant human DNA ligase Ill and an
affinity purified rabbit antiserum against a synthetic peptide of
Cells were thawed on ice for 30 min, resuspended in 3 vbuman DNA ligase IV respectivelg1).
extraction buffer [10 mM Tris—HCI, pH 7.5, 10% (v/v) glycerol, DNA ligation was assayed with the double-stranded
0.5 mM EDTA, 10 mM KCI, 0.25 M sucrose, 10 mM polynucleotide substrates '{¥?P]oligo(dTg)-poly(dA) and
benzamidine, fig/ml pepstatin, ig/ml leupeptin, 1 mM PMSF  [5'-32P]oligo(dTig)-poly(rA). The substrates were made as
and 1 mM DTT] and sonicated twice for 10 s in a Bransodescribed previouslytf). Samples (41l) of the nuclear extract
Sonifier (setting 5). After 10 min on ice the extract wadractions were incubated in reaction mixturesy{B@ontaining
centrifuged at 12 00@ for 30 min. The supernatant was 60 mM Tris—HCI, pH 8.0, 10 mM Mggl50pug/ml BSA, 5 mM
designated cytoplasmic extract. The pellet was resuspended inERET, 1 mM ATP and 0.jug substrate DNA (20 000-50 000
same volume of extraction buffer containing 0.4 M NaCl, left foc.p.m.) at 37C. Aliquots of 5ul were removed after 15 min and
10 min on ice and centrifuged as above, yielding the nuclear extrabie reactions were stopped by addinglZ0rmamide (90%) dye,
PCNA was removed from the extracts as follows. Aliquots dfieating at 95C for 5 min and immediately cooling on ice.
50l cytoplasmic or nuclear extract were mixed in an EppendofP-Labeled oligo(dT) multimers were resolved by electrophoresis
tube with 20ul phosphocellulose equilibrated in equilibrationthrough denaturing 10% polyacrylamide gels and detected by
buffer [40 mM Tris—HCI, pH 7.8, 50 mM KCI, 20% (v/v) autoradiography.

DNA polymerase assays
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PCNA, DNA topoisomerases and TdT detection

A o9 10 1112 13 9 10 1112 13 C kDa
PCNA.PCNA was detected in Western blotting experiments a: ;
described above, using mouse monoclonal anti-PCNA antibodie _ —===f  <— Ligase|—» i 121
(clone PC-10; Boehringer Mannheim). =B
Day 0 Day 2

Topoisomerase IThe topoisomerase | activity assay relies on e e 55 5 B w0 aw e
relaxation of supercoiled plasmid DNA by cleavage at theB kDa

hexameric topoisomerase | consensus sequence cloned intc B Ligase il / ol -’
plasmid DNA substrate (pHOT; Topogen Inc.). Various amounts - i B
of nuclear extracts derived from Bcl1.1 day O or day 2 p.i. cells Day 0 Day 2

were incubated with 0§83y DNA substrate for 30 min at 3¢ in 67 8 5 10 1 C 67 8 9 10 11 C

the appropriate buffer. Reactions were stopped by addition ¢

SDS (to 0.4%) and proteinase K (to 0.1 mg) and incubation ¢ i - B - 121
37°C for 15 min. Products were visualized by agarose ge j losselv™ oo
electrophoresis and ethidium bromide staining. ‘ Day 0 Day 2

Topoisomerase IATP-dependent decatenation of catenated DNA,
i.e. the resolution of multimeric, intertwined kinetoplast DNA Figure 4. Immunoblot analysis of DNA ligases upon induction of differentiation.
circles Crithidia fasciulatakDNA; Topogen Inc.) into monomers (A) DNA ligase | was probed in chromatography fractions (numbered at top)

: : derived from day O or day 2 p.i. Bcll.1 nuclear extracts. The position of DNA
was used to assay topoisomerase |l acmﬁ@' (The KDNA igase | (1125 kDa) is marked by an arroB) Bcl1.1 day 0 or day 2 p.i. nuclear

ne_tqurk will not migrat? into agarose gels, while the Iib_erape xtract fractions (numbered at top), separated in four identical 7.5% SDS—poly-
minicircles will. Incubation procedures and product visualizatioracrylamide gels, were probed with polyclonal anti-DNA ligase IIl or IV antibody

were as described for topoisomerase | except that the buffes indicated. Protein amounts in the fractions were: fraction 8, 2.2 (day 0) and 1.0
contained ATP. Immunoblotting used human or rabbit polyclonalfd (day2). fraction 10, 5.5 (day 0) and fi(day 2). Size markers are to the right
anti-topoisomerase | or ki(form) antibodies (Topogen Inc.) and in kDa). C, control Hel.a cell nuclear extract fractiomg

10pug nuclear extract prepared from wild-type preB cells before

or after induction of differentiation. Cytoplasmic extracts, finally, yielded very similar results, with

. . . . .only pold activity being enhanced (FigD).
TdT. Detection of TdT was achieved using anti-TdT rabbi Pold protein expression was also monitored in immunoblotting

gl()I%gclonal ant('jbOd'eS (dSupe_rtt)e((:jh,tI)Bethesda, MD) in the Wester) o riments using anti-p@ sera 43) for probing total cell
otling procedure as described above. lysates of wild-type (Bcl 1.1) cells before (day 0) and up to 4 days
after induction of differentiation (Fig). Expression of pd was
RESULTS found to remain unchanged for up to 2 days p.i., after which
protein levels commence to decrease. The decrease in protein
expression kinetically parallels the reduction in activity seen at day
3 p.i. and the completion of V(D)J rearrangements around day 3 p.i.

Cell extracts were prepared and depleted of PCNA from two V(D)J ] . ]
recombination-proficient preB cell lines, Bcl1bck2 transgenic) EXxpression of PCNA upon induction of preB cell
and Pal 1 (nohcl-2 transgenic) and from a V(D)J recombination-differentiation

incompetenRAG 2"~ preB cell line (R2B) at different times post activity of pol & is dependent on the presence of PCIASQ).
differentiation induction. Figur®A shows the activities of DNA Using immunoblotting and a monaclonal anti-PCNA antibody

polymerases, d ande at days 0, 1, 2 and 3 p.i. for wild-type cell gy yression of PCNA before and after induction of preB cell

(Bcl 1.1) nuclear extracts. While the activity levels forqpahd  igterentiation was investigated (F&). Despite the immediate stop
€ remained low or decreased, pahcreased up to almost 8-fold ;, replication, PCNA levels remained high for 2 days and

(on average 4-fold) fromB0 to 460 U/mg protein at day 2. Pol gecreased significantly only at day 3 after induction. The decrease
6act|V|ty Qecreased at day 3 after induction below starting levels, pcnA levels at day 3 paralleled the reduced activity and
The activity of polp was also tested and found to graduallyyrotein levels of pob observed at this time point. It is also

decrease t0b0% of starting levels at day 3 p.i. (not shown).  cqnistent with completion of V(D)J heavy and light chain gene

The pattern of pol activities in nuclear extracts derived frofa a5 rangements afteP davs differentiation3.39.40
RAG2~preB cells (R2B) resembled the situation in wild-type g 4 M36:39.40)-

cell extracts (FiglB). Like wild-type cellsRAG2-~preB cells
stop proliferation upon induction of differentiation. Bolvas
up-regulated several-fold at days 1 and 2, while gpand €
remained at their low starting levels or below. As observed iBxpression of DNA ligases |, Ill and IV was analyzed by
Bcll1.1 cells, the activity of pd decreased at day 3 p.i. immunodetection methods. Immunoprecipitation of DNA ligase |
For a further control, nuclear extracts derived from Pal 1 cella nuclear and cytoplasmic extracts of Bcll.1 cells revealed a
were assayed in parallel (FtC). Since these wild-type preB clear signal at day 0 in both extracts, but the signal completely
cells enter apoptosis after induction, the enzyme activity can desappeared at day 2, indicating a drastic reduction in DNA
assayed only up to day 2 p.i., whereafter massive cell dedifjase | protein levels after induction of differentiation (not
commences. The polymerase activity profiles up to this poinshown). Western blotting experiments (i) confirmed these
however, reflected those seen in Bcll.1 and R2B cell extractesults, with a greatly decreased DNA ligase | signal at day 2 p.i.

Regulation of DNA polymerase activities and expression
upon induction of preB cell differentiation

Expression and activity of DNA ligases upon induction
of preB cell differentiation
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Figure 5.DNA ligase activities before and after induction of preB cell differentiation. DNA ligase activity tested in Bcl1.1 (day O or day 2 p.i.) nuclear extract fraction
(numbers below each assay). The 16mer substrates are indicated at the top; the products are multimers (32mer or 48mer). T4, T4 DNA ligase control reaction (

in chromatography fractions obtained from Bcll.1 cells an®NA ligase Ill (fractions 9—11). This could be explained by a
enriched for that DNA ligase. Separation of DNA ligases IIl andhild reduction in DNA ligase IV activity, present predominantly
IV (47) was achieved by ion exchange chromatography of Bcllith fractions 8 and 9, with a simultaneous increase in DNA ligase
cell nuclear extracts and the DNA ligase protein levels ill activity, enriched in fractions 9-11.
corresponding framns were assayed by Western blotting (Fig. Taken together, the data indicate down-regulation of DNA
4B and C). Protein levels of both DNA ligases appeared modestigase I, but no significant changes in DNA ligase Il and IV
decreased at day 2 p.i., as can be seen for DNA ligase Il activities after induction of differentiation.
fractions 9—11 and for DNA ligase IV in fractions 7-9. However,
the amount _ofday2 derived protein loaded for gel electrophoreﬂﬁtivity and expression of topoisomerases I and Il and
was approximately half of that used for day 0. Therefore, the trge 1 upon induction of preB cell differentiation
levels of DNA ligases Il and IV do not change significantly at
day 2, contrasting with the results obtained for DNA ligase I. As DNA metabolic enzymes have not directly been implicated in
Activity assays were carried out for all three DNA ligases using(D)J recombination, but which nevertheless might be regulated
the above-mentioned chromatography fractions §ridistinct  at the onset of cell differentiation, topoisomerases | and Il were
substrate specificities allowed further distinction between the DNiivestigated. Expression of the enzymes in cytoplasmic and nuclear
ligases. While oligo(dT)-poly(dA) is ligatable by all three DNAextract fractions was monitored by immunoblotting using
ligases, ligase |, in contrast to Ill and IV, does not accemolyclonal antibodies against either topoisomerase biofFibr
oligo(dT)-poly(rA) substrates. Consequently, activity of a certaiboth enzymes, protein levels did not change significantly during the
protein fraction observed with the latter substrate should residefirst 2 days and decreasedB0% at day 3 p.i. (not shown).
either DNA ligase Il or IV. The 16mer oligo(dT)-poly(dA) Enzyme assays for topoisomerases | and Il were performed on
substrate was efficiently converted into 32mer and 48meuclear extracts from wild-type aRRG 2~ preB cells before
products by fractions 5-13 derived from day 0 extracts. Day 2 p(day 0) and after (day 2) induction of differentiation. Titration
derived fractions, however, displayed much less activity. Nexperiments showed similar topoisomerase Il-mediated KDNA
product formation was seen with fractions 5 and 6, but a relativetyinicircle product formation by day 0 and day 2 derived extracts
weak 32mer product signal was observed in fractions 7—13. ThyBig. 6A, left). For topoisomerase | (FigA, right), decreasing
overall ligase activity on this substrate, acceptable to all threenounts of nuclear extract protein derived from Bcll.1 cells
DNA ligases, decreased significantly and, moreover, the loss ether before or at day 2 after induction were added to the reaction.
activity correlated with a reduction in DNA ligase | protein in theNo difference in activity between day 0 and day 2 p.i. could be
corresponding day 2 p.i. fractions (Fy. The remaining activity observed (lanes 1—4 and 5-8). With the highest amount of protein,
was strongest in fractions 8-12, which were shown to contalimited DNA degradation occured. In sum, no gross alterations in
DNA ligases Il (fractions >10) and IV (fractions 8 and 9; Bjg. topoisomerase | and Il activities were observed.
The oligo(dT)-poly(rA) substrate was converted into product The only enzyme known to act specifically at a late step in
only by fractions 8 and 9 in day O derived extracts. At day 2 aft&(D)J recombination is TdTL8). TdT is expressed exclusively
induction, the total amount of product formation from then early stage lymphocytes (reviewedbin We monitored TdT
oligo(dT)-poly(rA) substrate remained unchanged, but the activigxpression in nuclear extracts by immunoblot analysis before and
peaks appeared to be shifted towards the fractions enriched tgrto 4 days after induction of preB cell differentiation (BR).
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Figure 6. (A) Topoisomerase | and Il activities in preB cells before and after
induction of differentiation. Activities of topoisomerases | (right) and Il (left) DNA-Pol B Activity
were determined in day 0 and day 2 p.i. derived Bcl1.1 nuclear extracts. Arrows

— - —

indicate serial dilutions (2.4, 1.2, 0.6 and Qg protein/reaction). Lane 1, DNA-Pol & Activity *
untreated substrate DNA; lane 2—4, 0.08, 0.4 and 4 U topoisomerase | or Il
respectively. S, substrate; P, produB). (nmunoblot analysis of TdT before DNA-Pol ¢ Activity

and after induction of differentiation. 15 (left) ou@ (right) total cell lysate
protein were separated by 7.5% SDS—PAGE. Numbers at the top refer to days PCNA Expression

after induction. The position of TdT is indicated.
TdT Expression

- . . Topoisom. I+l Expr./Activity
To allow accurate quantification, two different amounts of total

cell extracts were loaded (3%, left, and 3ug, right). As Rag-1 & Rag-2 Expression
expected, the enzyme is present at day 0. At day 1 p.i., expression
of the protein was increaséd@-fold, whereafter it decreased

I
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I
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below starting levels. Figure 7. Overview of DNA metabolic proteins in preB cell differentiation.
Data are derived from this and an earlier study (40). Up- or down-directed
DISCUSSION arrows indicate up- or down-regulation of the protein (expression and/or

activity); | indicates no change; n.d., not determined; * indicates appearance of

The advanced steps in V(D)J recombination are characterized By 21-Ku70 cross-reacting polypeptide.
the action of several DNA metabolic enzymes such as TdT, DNA
polymerase(s), nucleases and DNA ligase(s). Specificity of
V(D)J recombination is provided at the initiation of the reactiomddition of N-nucleotides by TdT (reviewedi®,11). Pold has
by RAG-1 and RAG-2 proteind,12). Except for TdT, none of the properties to fill in such short gaps complet2Hy.(
the other enzymes may act exclusively in V(D)J recombination The increase in pdlactivity was not only observed in preB cell
and they may be recruited from the general DNA metaboliines which are wild-type with respect to their ability to rearrange
enzyme pool. There might, however, be only one member of eattteir immunoglobulin loci. It was also found in extracts derived
individual enzyme family, such as the DNA polymerases or DNArom a V(D)J recombination-incompetdRAG2-- preB line.
ligases, which is able to perform the function required to proce&ther studies, however, have demonstrated that R2B cells
V(D)J coding and signal joins. undergo all developmental changes normally associated with
Among the DNA polymerases, we found that palctivity  preB cell differentiation 39,40) except V(D)J recombination.
increased significantly after the onset of preB cell differentiatiorThese cells can even be differentiated to a later stage and inducec
Pol a, B and € remained at low levels or even decreasedo perform class switch recombination (Rolatkal, submitted
Concurrently, pod protein expression levels stayed high[fr for publication). Thus it seems very likely that up-regulation of
days p.i. before diminishing. Since no significant increase in ppbldis part of a developmental program normally correlated with
o protein levels was observed at day 1 and day 2 p.i., up-regulatié(D)J recombination, but not dependent on succesful initiation of
of pol & activity is likely to be a post-translational event. TheV(D)J recombination. Since the activity of poldepends on
increase in pob activity, which is the major replicative DNA PCNA (51,52), we examined expression of this protein during
polymerase already present at high levels in proliferating predfferentiation. PCNA expression is often tightly linked to
cells, is even more remarkable, since the cells arrest and sfmpgression through the cell cycle, so that its expression has been
replication immediately after withdrawal of IL-7. This up-regulationused as a marker for the actively replicating state of 6€|4).
renders pod an interesting candidate to be responsible for DNA he situation in developing preB cells, however, differs. Though
synthesis associated with V(D)J recombination. In the V(D)the cells arrest and enteg iBimediately after induction, PCNA
recombination process, a DNA polymerase is needed to fill jprotein levels stay high faR days. Thus, in preB cells there is
single-stranded regions generated by opening of hairpin intermeslisfficient PCNA available when pélis stimulated in the &
ates, by exonucleolytic degradation at the coding ends and &age. The nuclear presence of PCNA throughout all phases of the
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cell cycle has also been demonstrated in UV-irradiated celtmve been completed that TdT expression starts to be down-
(55,56), indicating a role of the protein in DNA repair, which wasregulated %,35,36).

confirmed in cell-free DNA repair assas). Gap filling DNA An overview of the results presented here in combination with
synthesis in these repair reactions resembles DNA synthesigrevious study on different DNA metabolic proteié@) (s
associated with VV(D)J recombination. given in Figure?. These observations might be helpful for our

Of the four known mammalian DNA ligases, our studies marknderstanding of (i) regulation of DNA metabolic enzymes in
DNA ligase | as the most unlikely candidate to participate in V(D)dssociation with lymphocyte development, (ii) V(D)J recombination
recombination. Protein levels and enzyme activities dropped vivo and consequently (jii) fon vitro reconstitution of the
significantly after the onset of differentiation. Since DNA ligase tomplete V(D)J recombination reaction. Finally, (iv) they also
became known as the major replicative DNA ligase in many cegirovide insights into the regulation of DNA metabolic enzymes
types @9,58), it is not surprising to see the enzyme leveland proteins upon cell cycle arrest, which is coupled to cell
decreasing in non-proliferating cells. DNA ligase Il has mostlifferentiation processes.
often been implicated in DNA recombination and repair
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