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Antigen-dependent immunoglobulin gene alterations such as CSR
and SHM are key events in the adaptation of the B cell response
through the modification of effector function and affinity to antigen,
respectively. CSR and SHM processes share common steps: chromatin
opening of the target regions (immunoglobulin switch (S) and vari-
able (V) regions, respectively) associated with transcription, followed
by DNA cleavage, repair and ligation1,2. The CSR process is initiated by
chromatin opening in S regions located 5′ of the constant (C) region
and mediated by cytokine-inducible germline transcription from the
intron (I) promoter located 5′ of the S regions. Thereafter, the inter-
vening DNA between the two S regions is excised and the functional
transcripts (VH-Cx) are produced after the recombination process3.

Further understanding of these pathways at a molecular level has been
provided by gene identification in part related to the analysis of a pri-
mary immunodeficiency condition, the hyper-IgM syndrome (HIGM).
HIGM is characterized by normal or increased serum IgM concentra-
tions associated with low or absent serum IgG, IgA and IgE concentra-
tions, indicating a defect in the CSR process4. HIGM is a heterogeneous
condition, as several molecular defects result in this syndrome.
Deficiencies in CD40L (HIGM1)5–8 and CD40 (HIGM3)9 result in
impaired T cell–B cell cooperation, leading to defective germinal center
formation and impaired CSR. In another HIGM condition (HIGM2), a
B cell–specific CSR deficiency has been associated with mutations in
AICDA, the gene encoding AID10, which is selectively expressed in 

B cells from germinal centers11. The AID defect leads not only to pro-
foundly impaired CSR but also to defective generation of SHM in the V
region of immunoglobulin genes10. An identical phenotype has been
found in AID-deficient mice12. Strong evidence has been provided for
involvement of AID in the generation of DNA breaks necessary for both
CSR and SHM after germline transcription of the target genes13,14.
However, its mechanism of action remains controversial. AID was origi-
nally proposed to act as an RNA-editing enzyme because of its sequence
similarity to APOBEC-1, a cytidine deaminase with well known RNA-
editing activity12. According to this proposal, endonuclease-encoding
RNA would be the potential substrate of AID. However, evidence for
DNA-editing activity for AID was provided by an increased frequency of
consistent transition mutations in dG-dC pairs in Escherichia coli
expressing human AID15. Moreover, it was demonstrated that in vitro
AID deaminates cytosine to uracil in single-stranded DNA16–18. In addi-
tion, indirect evidence for involvement of AID in deamination of cyto-
sine residues has been provided by the description of the immunological
abnormalities found in UNG-deficient mice, which are characterized by
partially defective CSR and a biased pattern of somatic hypermutation
toward transitions at dG-dC nucleotides19. The phenotype of UNG-
deficient mice could be explained by the defective removal from DNA of
the uracil residues generated by the deamination of cytosine residues by
AID. We show here that UNG deficiency in humans leads to very pro-
found impairment of CSR and a biased pattern of SHM, demonstrating
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Activation-induced cytidine deaminase (AID) is a ‘master molecule’ in immunoglobulin (Ig) class-switch recombination (CSR)
and somatic hypermutation (SHM) generation, AID deficiencies are associated with hyper-IgM phenotypes in humans and mice.
We show here that recessive mutations of the gene encoding uracil–DNA glycosylase (UNG) are associated with profound
impairment in CSR at a DNA precleavage step and with a partial disturbance of the SHM pattern in three patients with hyper-IgM
syndrome. Together with the finding that nuclear UNG expression was induced in activated B cells, these data support a model of
CSR and SHM in which AID deaminates cytosine into uracil in targeted DNA (immunoglobulin switch or variable regions),
followed by uracil removal by UNG.
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that UNG is essential in this process and supporting the DNA-editing
model of AID.

RESULTS
Characterization of molecular defects in UNG–/– humans
We studied three unrelated patients (P1, P2 and P3) affected with
HIGM, which has characteristics very similar to those of AID defi-
ciency (HIGM2), including susceptibility to bacterial infections,
lymphoid hyperplasia, increased serum IgM concentrations and
profoundly decreased serum IgG and IgA concentrations (Table 1).
B cells from these patients were unable to undergo CSR in vitro after
activation with antibody to CD40 (anti-CD40) or with soluble
CD40 ligand (CD40L) plus interleukin 4 (IL-4) or IL-10 (Fig. 1a).
IgG, IgA and IgE molecules as well as IgE functional (VH-Cε) and
excision circle (Cµ-Iε) transcripts were almost undetectable in these

cells (Fig. 1a,b). These results were in contrast to the ability of these
B cells to proliferate and produce large amounts of IgM (data not
shown and Fig. 1a). AICDA RNA transcripts were present, indicat-
ing that the block in CSR was not a consequence of a defect in the
signaling leading to AICDA expression (Fig. 1b). The possibility of
HIGM2 was also excluded, as AICDA was unmutated in the three
patients (data not shown). IL-4 induction of Iε-Cε germline tran-
scription was normal in patient B cells, excluding the possibility of a
defect in the CSR initiation step (Fig. 1b). Formation of double-
stranded DNA breaks (DSBs) in S regions subsequently occurs in
the CSR-associated recombination process14,20,21. in the CSR-
associated recombination process14,20,21. After activation by soluble
CD40 ligand plus IL-4, B cells from both patients tested (P1 and P3)
repeatedly failed to generate DSBs in Sµ regions, in contrast to con-
trol B cells, as shown with a ligation-mediated PCR method21,22
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Figure 2 SHM frequency and pattern in memory
B cells from patients. The frequency and
characteristics of SHM in the VH3-23 region of
the IgM were studied in purified CD19+CD27+

B cells from controls (n = 7) and P1 and P3. 
RT-PCR products amplified by VH3-23 and Cµ
primers amplification were subcloned and
sequenced (13 and 10 different clones for 
P1 and P3, respectively). Bottom, nucleotide
changes, shown as percentages. Means and
ranges are shown for controls.

Figure 1 Defective CSR in patients at a precleavage step. (a) Impaired in vitro CSR in B cells from
patients. PBMCs were activated for 12 d in presence of CD40 monoclonal antibody or soluble CD40L
plus IL-4 or IL-10. Immunoglobulin production was assessed by enzyme-linked immunosorbent assay.
(b) Defective expression of IgE circle and functional transcripts in patient B cells. PBMCs were
activated for 5 d with soluble CD40L (sCD40L) plus IL-4, and transcripts of genes encoding CD19,
AICDA and IgE were detected by RT-PCR. GLT (Iε-Cε), germline transcripts; CT (Cµ-Iε), circle transcripts;
FT (VH-Cε), functional transcripts. (c) Defective CSR-associated DNA double-strand breaks occurrence
in Sµ regions in B cells from patients. Viable B cells (CD19+, propidium iodide–negative) from controls
(C1–C6), P1 and P3 were purified after 5 d of activation with soluble CD40L plus IL-4. Ligation-
mediated PCR products were hybridized with a radiolabeled Sµ probe (exposure time, 18 h).
Hybridization revealed several bands in activated B cells from the six controls (two independent results
were shown for C5 and C6). T cells activated by anti-CD3 plus IL-2 were used as a negative control.
Experiments were done three times for P1 and twice for P3 with same negative results. Ligation-
mediated PCR products from controls were cloned and sequenced, and show actual ligation of the
linker to Sµ regions at different sites in 56% of clones.
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A RT I C L E S

(Fig. 1c). Thus, as with AID deficiency14, this HIGM is character-
ized by defective cleavage of a targeted S region.

Because AID deficiency is also characterized by defective generation
of SHM in the V region of immunoglobulin genes, we analyzed SHM in
the VH3-23 region of IgM in purified B (CD19+) memory (CD27+) cell
populations from P1 and P3. The ratio of mutated to unmutated clones
was within normal range in memory B cells, as was the frequency of
mutations per nucleotide (Fig. 2). However, the SHM pattern was
abnormal, as mutations at dG and dC residues were biased toward
transitions (dG→dA, dC→dT), whereas at dA and dT residues, the
ratio of transitions toward transversions was similar to control values
(Fig. 2). Analysis of SHM in P2 B cells was hampered by limited detec-
tion of CD27+ peripheral B cells (Table 1).

UNG sequence
The HIGM phenotype in these patients resembles the phenotype
described as a consequence of homozygous Ung inactivation in mice19,
although in the latter a much milder CSR defect was found. We there-
fore explored the possibility of UNG deficiency in these three patients.
As in mice, human UNG has two promoters (PB and PA) and two alter-
native splice products: the mitochondrial isoform, which is ubiqui-
tously expressed, and the nuclear isoform, which is strongly expressed
in testis, placenta, thymus and other proliferating cells23,24. We
sequenced genomic DNA encompassing exons IA (nuclear UNG) and
IB-VI. We found deleterious mutations for all three patients (Fig. 3).
We found two heterozygous mutations in P1, both located in the
region encoding the UNG catalytic domain, consisting of a C deletion

in exon II and a TA deletion in exon IV. Both
lead to the generation of premature stop
codons (at codons 141 and 224 of nuclear
UNG, respectively). The mutation in exon II
was inherited from an asymptomatic mother,
whereas the mutation in exon IV was inher-
ited from asymptomatic father and was also
present in healthy sibling. In P2, we found a
homozygous missense mutation in exon V
(T→C), which leads to a substitution of a
phenylalanine (codon 251 of nuclear UNG)

with a serine in the catalytic domain of UNG. We found the mutation
in one allele in each of the healthy parents. To ensure that the mutation
in P2 was not a polymorphism, we sequenced UNG from 100 chromo-
somes, including those from controls from the same ethnic group, and
found it was normal. In P3, UNG analysis showed a homozygous dele-
tion of two nucleotides (AT) in exon II, leading to the generation of a
premature stop codon (at codon 159 of nuclear UNG). Thus, in all
three patients, these recessive mutations were present in the catalytic
domain (codons 84–313 of nuclear UNG) shared by the mitochondrial
and the nuclear isoforms of UNG.

UNG expression and function
We established Epstein-Barr virus–immortalized lymphoid cell lines
(EBV-LCLs) to study UNG expression and function. We were able to
detect mitochondrial UNG and nuclear UNG RNA transcripts by RT-
PCR in EBV-LCLs from controls and patients. We also detected
nuclear UNG in P2 EBV-LCLs, but this was absent or faintly detectable
in P1 and P3 EBV-LCLs, indicating that mutations lead to mRNA
instability (Fig. 4a). However, immunoprecipitation with an antibody
directed to the N-terminal regulatory domain of human UNG
(PU1sub) followed by immunoblot analysis with an antibody directed
to the C-terminal catalytic domain (PU101) did not detect any mater-
ial in EBV-LCLs from the three patients (Fig. 4b), demonstrating that
all mutations lead to protein instability or compromised translation of
the mRNA. Correspondingly, we detected no human UNG activity in
EBV-LCLs from the patients (Fig. 4c), in contrast to results obtained
with control EBV-LCLs.

Specific induction of nuclear UNG expression during CSR
As UNG was required for CSR, we studied the expression of mito-
chondrial UNG and nuclear UNG isoforms in B cells before and after
activation by soluble CD40L plus IL-4. Resting and activated CD19+

and CD19– cells had equal expression of mitochondrial UNG tran-
scripts (Fig. 4d). In contrast, we only detected nuclear UNG tran-
scripts in CSR-induced CD19+ B cells, in correlation with AICDA
expression (Fig. 4d). We were unable to detect nuclear Ung transcripts
in mouse spleen naive (IgM+IgD+) B (B220+) cells. After 5 d of activa-
tion by lipopolysaccharide plus IL-4, they were induced similarly to
Aicda transcripts. In contrast, mitochondrial Ung transcripts were
expressed in nonactivated as well as activated B cells (Fig. 4e).
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Figure 3 UNG mutations in patients. Top, the
human UNG genomic region. UNG has two
different promoters (PB and PA), leading to two
different splice products: the mitochondrial and
nuclear isoforms23. Below, sequence alterations
by mutations and the amino acid changes in the
patients (mutation localization on cDNA of
nuclear UNG). Italics indicate altered nucleotides
and amino acids. del., deletion.

Table 1  Serum immunoglobulin concentrations at diagnosis, and
CD19+ and CD27+ cells

P1 P2 P3 Normal range

Age at diagnosis (years) 7 3 39 3–8 adult

Serum IgM (mg/dl) 740 267 785 50–118 40–230

IgG (mg/dl) 50 <50 209 680–1260 700–1,600

IgA (mg/dl) 48 25 <7 66–162 70–400

CD19+ (/mm3)a 250 860 138 200–2100 100–500

CD27+ (% of CD19+)a 17.0 4.6 17.9 10–20 10–40

aP1, P2 and P3 were tested at 26, 6 and 40 years of age, respectively.
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DISCUSSION
We found UNG deficiency to be linked to a profound inability of
human B cells to undergo immunoglobulin CSR associated with qual-
itative consequences for the pattern of SHM. This recapitulates the
UNG-deficient mouse phenotype, although the CSR defect was much
more pronounced in humans. Indeed, in mice, the CSR defect is par-
tial in vivo, especially found in young mice, whereas it is much more
pronounced in in vitro experiments19. Three possible explanations
accounting for this difference can be proposed: other UNGs exert a
more redundant activity in mouse B cells; the mismatch-repair
enzymes, such as mutS homolog 2 (MSH2) and MSH6, are more
important as a surrogate pathway in mice25,26; and CSR-deficient mice
(such as those deficient in AID, CD40 or CD40L) show a milder phe-
notype than their human counterparts in terms of serum IgG and IgA
isotype concentrations12,27–29.

As in AID-deficient B cells, the CSR defect in the UNG-deficient
B cells seems to occur before S-region cleavage, as evidenced by the
lack of DNA breaks. These results strongly support the CSR model
in which AID directly deaminates cytosine into uracil residues in the
active S regions, followed by uracil removal mediated by UNG, lead-
ing to an abasic site. This abasic site can be attacked by an apyrimi-
dinic endonuclease, thus creating a DNA nick30. Several groups have
concomitantly demonstrated that AID deaminates cytosine in sin-
gle-stranded DNA but not double-stranded DNA, RNA-DNA
hybrids or RNA16–18. Transcription of the S region can generate sec-
ondary structures such as R-loops, which consist of an RNA-DNA

hybrid on the template DNA strand and single-stranded DNA on
the nontemplate strand, which may become a target for AID18,31,32.
It is not known how these DNA breaks on single-stranded DNA
result in the DSBs necessary for inter-S-region recombination. AID
could exert activity on double-stranded DNA in transcription bub-
bles17 or additional, as-yet-unknown factors could be involved33.
The observation that nuclear UNG expression was specifically
induced in human and mouse B cells during CSR activation, in par-
allel with AICDA expression, also strengthens, although indirectly,
the model described above. In accordance with this model30, par-
tially defective transversions at dC-dG sites in the SHM process of
UNG-deficient B cells would be the consequence of defective error-
prone base-excision repair after such site creation at dC residues30.

Given the sequence similarity to the RNA-editing enzyme
APOBEC-1, it has been alternatively proposed that AID edits a puta-
tive recombinase-mRNA required for CSR11. A protein synthesis–
dependent step is downstream from AID activity in CSR, which sup-
ports this hypothesis, although this protein synthesis possibly corre-
sponds to the UNG nuclear isoform induction itself34. In the
RNA-editing hypothesis, UNG might be involved in the base-
excision repair process in conjunction with mismatch-repair enzymes,
which, when defective, lead to partially impaired CSR and SHM in rel-
evant mouse models25,26. Thus, UNG could be part of a complex of
proteins, which allows the holding together of cleaved DNA ends34;
however, this hypothesis does not fit with the defective DSB generation
in S regions of UNG-deficient B cells. It is nevertheless possible that
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Figure 4 Defective expression and function of UNG in EBV-LCLs of patients. (a) UNG RNA transcript expression in EBV-LCLs. Mitochondrial and nuclear 
UNG RNA transcript amounts, as detected by RT-PCR, are diminished or absent in P1 (indicating mRNA instability) and normal in P2 and P3. (b) UNG 
protein expression in EBV-LCLs. Immunoblot (IB) of UNG immunoprecipitates from EBV-LCLs fails to demonstrate any mitochondrial or nuclear UNG protein 
in patients, whereas both forms of UNG are present in the control (C1, C2) cell lines. Identical amounts of total protein were used for immunoprecipitation 
in all experiments. PU1sub, a non-neutralizing polyclonal antibody directed against the human UNG N-terminal regulatory domain, was used for
immunoprecipitation (IP); PU101, a polyclonal antibody against UNG catalytic domain, was used for immunoblot. 0, immunoprecipitation with pre-immune
rabbit IgG. M (far right), molecular size markers. (c) UNG activity in EBV-LCLs. Specific UNG activity was detected with [3H]dUMP-labeled calf thymus DNA as
substrate47. UNG activity is present in control EBV-LCLs (C1, C2) after immunoprecipitation with PU1sub. In contrast, there is no activity in EBV-LCLs from
patients (P1, P2, P3) or in control beads (0). (d) Induction of human nuclear UNG in activated control B cells. Transcripts of CD19, AICDA and UNG in control
purified CD19+ B cells and CD19– non-B cells before and after 5 d of in vitro activation with soluble CD40L plus IL-4, detected by RT-PCR. Mitochondrial UNG
is constitutively expressed, whereas nuclear UNG is only present in activated CD19+ B cells. (e) Induction of mouse nuclear Ung in activated spleen B cells.
Mouse spleen naive B cells (B220+IgM+IgD+) were purified and cultured in the presence of lipopolysaccharide (50 µg/ml) plus IL-4 (50 ng/ml) for 5 d.
Mitochondrial Ung is constitutively expressed, whereas nuclear Ung is expressed only in activated B cells. Mit., mitochondrial; Nuc., nuclear.
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UNG and mismatch-repair enzymes are part of a recombinase com-
plex that mediates additional steps of CSR34. There are, however, con-
siderable phenotypic differences in humans between UNG
deficiencies and deficiencies in mismatch-repair enzymes, such as
mutL homolog 1 (MLH1) and MSH2. Recessive mutations in MLH1
and MSH2 predispose to cancer but not to infections35–38. Although
further studies of CSR status should be done in MLH1- and MSH2-
deficient patients, this discrepancy indicates a much more dominant
function for UNG in CSR than for mismatch repair enzymes. The pro-
found defect of CSR in UNG-deficient human B cells strongly indi-
cates that other enzymes with UNG activity, including cyclin-like
UNG (UNG2)39,40, single-strand-selective monofunctional UNG 1
(SMUG1)41, thymine-DNA glycosylase (TDG)42 and methyl-CpG
binding domain protein 4 (MBD4)43, cannot compensate for UNG
deficiency in humans. Moreover, MBD4 deficiency in mice does not
impair B cell responses44. Although UNG mutations in patients have
not been directly shown to cause HIGM, the possibility that the
nuclear isoform of UNG is involved in CSR is further supported by the
observation of its specific induction during in vitro B cell activation. In
conclusion, the finding that recessive UNG mutations are associated
with impaired CSR in human B cells and a partially modified pattern
of SHM provides further insight into our understanding of the mech-
anisms underlying secondary immunoglobulin gene alterations in the
development of antigen-specific B cell responses.

METHODS
Patients. P1, born to a nonconsanguineous family, presented with recurrent
upper and lower respiratory tract infections that had occurred since early child-
hood. At 7 years of age, the patient was diagnosed with HIGM. A persistent cer-
vical lymph node hyperplasia was noted. The patient is now 27 years old and
well on intravenous immunoglobulin (IVIG) treatment. P2, born to a noncon-
sanguineous family, was diagnosed with HIGM at 3 years of age. The patient is
now 6 years old and well controlled on IVIG treatment. P3, born to first-cousin
parents, had recurrent upper respiratory tract infections and chronic epi-
didymitis. Cervical and mediastinal lymph node hyperplasia was noted.
Antibody titers to pneumococcal and tetanus antigens were found to be
decreased, leading to the diagnosis of HIGM when this patient was 39 years of
age. The patient is now 40 years old and well on IVIG. All patients have normal
T cell counts and functions. Activated T cells had normal expression of CD40L
after activation (data not shown). Informed consent was obtained from P1 and
P3 and from the parents of P2 for this study, which was approved by the Comité
Consultatif de Protection des Personnes participant à une Recherche
Biomedicale (Ile de France Paris-Saint-Antoine).

Activation of B cells. Lymphocyte subsets were analyzed as described45.
Peripheral blood mononuclear cells (PBMCs) were separated by Ficoll-
Hypaque density centrifugation (Lymphoprep; Axis-Shield PoC AS). PBMCs
were activated in vitro with CD32 (FcγRII)-transfected, irradiated L cells (a gift
from F. Brière, Schering-Plough) in the presence of anti-CD40 or control IgG
(500 ng/ml; Diaclone) or soluble CD40L (500 ng/ml; a gift from Immunex) in
combination with IL-4 (100 U/ml; R&D systems) or IL-10 (100 ng/ml, R&D
systems). Proliferation was assessed at 5 d by [3H]thymidine uptake. Expression
of the genes encoding CD19, AICDA and IgE (GLT, Iε-Cε, germline transcripts;
CT, Cµ-Iε, circle transcripts; FT, VH-Cε, functional transcripts) was assessed by
RT-PCR with the conditions and primers described10,45 after 5 d of activation
with soluble CD40L plus IL-4. In vitro production of immunoglobulins (IgM,
IgG, IgA and IgE) was assessed by enzyme-linked immunosorbent assay at day
12 in the culture supernatants45.

Spleen lymphocytes from 6-month-old C57BL/6 mice were isolated by Ficoll-
Hypaque gradient centrifugation (NycoPrep 1.077A, Axis-Shield PoC AS).
Naive B cells (B220+IgM+IgD+) were separated by FACStarPLUS cell sorter
(Becton Dickinson) with the following antibodies: biotinylated anti-mouse
B220/CD45R (RA3-6B2; BD Pharmingen), fluorescein isothiocyanate (FITC)-
conjugated F(ab′)2 fragment goat anti-mouse IgM (Jackson ImmunoResearch

Laboratories), phycoerythrin (PE)-conjugated rat anti-mouse IgD (Southern
Biotechnology Associates) and PE-Cy5-conjugated streptoavidin (BD
Pharmingen). Naive B lymphocytes (1 × 106/ml) were activated for 5 d with
lipopolysaccharide (50 µg/ml, Escherichia coli serotype 026:B6; Sigma) plus
recombinant mouse IL-4 (50 ng/ml; R&D Systems).

Detection of DSBs in the Sµ region of the immunoglobulin locus. PBMCs were
activated with soluble CD40L plus IL-4. After 5 d of culture, CD19+ B cells were
purified by sorting in the presence of propidium iodide to eliminate dead cells.
A ligation-mediated PCR method was used to identify DSBs as described21,22.
Agarose plugs containing genomic DNA (corresponding to 15 × 103 cells/lane)
were ligated to a double-stranded linker. Ligated products were amplified by a
semi-nested PCR with Sµ-specific and linker primers. PCR products were
hybridized with a radiolabeled Sµ probe and detected with phosphorimager
FLA3000 (exposure time, 18 h; Fujifilm). T cells activated for 7 d with anti-CD3
plus IL-2 were used as a negative control. Cloning and sequencing of ligation-
mediated PCR products from controls were cloned and sequenced as
described21.

Somatic hypermutation in the variable region of IgM. The frequency and char-
acteristics of SHM in the VH3-23 region of IgM were studied in purified
CD19+CD27+ B cells as described10. RT-PCR products of the VH3-23 region
obtained with VH3-23 and Cµ primers were subcloned and sequenced with the
Big Dye DNA sequencing kit (Applied Biosystems) and an automated genetic
analyzer (ABI PRISM 377; Applied Biosystems).

Sequence analysis of human UNG. Genomic DNA was amplified by PCR with
primers directed to intronic or noncoding sequences of UNG. PCR products
were directly sequenced (primers and conditions for PCR and sequence have
been published46).

Expression and activity of UNG. UNG mRNA transcripts were detected by 
RT-PCR with primers for mitochondrial UNG (36F, 5′-CCGCTCCAGTTTA
GAACCTA-3′, and 7Rc, 5′-ACAGCAGCTTCTCAAAGGCC-3′) and nuclear
UNG (74F, 5′-ATCGGCCAGAAGACGCTCTA-3′, and 7Rc). PCR was com-
pleted in 40 cycles (94 °C for 1 min; 62 °C for mitochondrial UNG or 65 °C for
nuclear UNG for 1 min; 72 °C for 2 min). In some experiments, AICDA and
UNG transcripts were tested in sorted CD19+ B cells and CD19– non-B cells
before and after 5 d of activation by soluble CD40L plus IL-4.

Mouse Ung mRNA transcripts were detected by RT-PCR with primers for
mouse mitochondrial Ung (45F, 5′-CGGCGGTCTTTGCGGTTG-3′, and
UngR, 5′-GACAACCTTCACATCTCG-3′) and mouse nuclear Ung (72F, 
5′-ATCGGCCAGAAGACCCTATA-3′, and mUng/exIVR, 5′-CCCACCCTGAC
AAATCCCCA-3′). PCR was completed in 40 cycles (94 °C for 1 min; 52 °C for 
1 min; 72 °C for 2 min). Transcripts of mouse Aicda and Hprt (hypoxanthine
guanine phosphoribosyl transferase) were detected as described12.

For analysis of UNG protein, cell-free extracts from EBV-LCLs were
immunoprecipitated with magnetic protein A Dynabeads (Dynal) covalently
attached to a non-neutralizing polyclonal antibody (PU1sub) directed
against the entire human nuclear isoform of UNG and part of the human
mitochondrial UNG N-terminal regulatory sequence. Control beads were
labeled with the same amount of preimmune IgG from the same rabbit. After
polyacrylamide electrophoresis of the eluted immunoprecipitates and elec-
trotransfer to PVDF membranes (Immobilon; Millipore), UNG proteins
were detected with a primary polyclonal antibody (PU101) directed against
the UNG catalytic domain47 and secondary horseradish peroxidase–labeled
swine anti-rabbit IgG (DakoCytomation) and finally with SuperSignal West
femto (Pierce Biotechnology), and were visualized in a Kodak 2000R Image
station (Eastman Kodak Company). For specific analysis of UNG activity, cell
free extracts from EBV-LCLs of controls and patients were incubated with
PU1sub polyclonal antibody or preimmue IgG-labeled beads. After thorough
washing, the beads were analyzed for UNG activity by measurement of the
released uracil from the assay buffer containing [3H]dUMP-labeled calf thy-
mus DNA substrate47.

UniGene accession numbers. Human UNG, Hs.78853; human mitochondrial
UNG, NM_003362; human nuclear UNG, NM_080911; mouse mitochondrial
Ung, X99018; mouse nuclear Ung, Y08975.
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