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seals. Although the two harbor seals with prov- 
en influenza B virus infection displayed respi- 
ratory symptoms during their rehabilitation pe- 
riod, this occurred at a time when many of the 
admitted juvenile seals suffered from lung- 
worm (Otostrongylus circumlitus and Para$- 
laroides gymnurus) infections (1 7). Associa- 
tion of lungworm infections in pigs with influ- 
enza A virus pathogenesis and transmission has 
been described (25), but the evidence was con- 
sidered weak (26). 

The combined serological and virological 
data obtained from seal 99-012 indicate that 
shedding of influenza B virus in seals was 
prolonged as compared to shedding in hu- 
mans (27, 28) and that IgG antibody respons- 
es to NP and HA/NA were delayed. Possible 
explanations for this apparent suboptimal im- 
mune response upon infection may be asso- 
ciated with xenobiotic-related irnmunosup-
pression (11) or the therapeutic use of corti- 
costeroids to combat the lungworm infections 
(17). Prolonged virus shedding in addition to 
the limited spreading of influenza B virus 
among seals (as shown in the SRRC and 
indicated by the limited seroprevalence of 
specific antibodies in the wild) may explain 
why little or no genetic and antigenic drift of 
influenza B virus is observed in seals. 

Our data not only highlight the fact that 
influenza B virus infections can emerge in 
seal populations but also show that seals may 
constitute an animal reservoir from which 
humans may be exposed to influenza B vi- 
ruses that have circulated in the past. 
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Noxa, a BH3-Only Member of 
the Bcl-2 Family and Candidate 

Mediator of p53-Induced 
Apoptosis 

Eri Oda,'* Rieko Ohki,'* Hideki Murasawa,' Jiro ~emoto, '  
Tsukasa Shibue,' Toshiharu Yamashita,' Takashi Tokino,' 

Tadatsugu Taniguchi,'? Nobuyuki Tanaka' 

A critical function of tumor suppressor p53 is the induction of apoptosis in cells 
exposed to noxious stresses. We report a previously unidentified pro-apoptotic 
gene, Noxa. Expression of Noxa induction in primary mouse cells exposed to 
x-ray irradiation was dependent on p53. Noxa encodes a Bcl-2 homology 3 
(BH3)-only member of the Bcl-2 family of proteins; this member contains the 
BH3 region but not other BH domains. When ectopically expressed, Noxa 
underwent BH3 motif-dependent localization to mitochondria and interacted 
with anti-apoptotic Bcl-2 family members, resulting in the activation of 
caspase-9. We also demonstrate that blocking the endogenous Noxa induction 
results in the suppression of apoptosis. Noxa may thus represent a mediator 
of p53-dependent apoptosis. 

The mechanism of p53-induced apoptosis has 
been extensively studied in the context of tumor 
suppression (I). p53-dependent apoptosis is 
regulated, at least in part, by transcriptional 
activation of its target genes ( I ) ,  and this pro- 
cess is dependent on the Apaf-licaspase-9 ac- 
tivation pathway (2). Among the identified tar-
get genes of p53, Bar encodes a pro-apoptotic 

Bcl-2 family of proteins that can activate this 
pathway (3). However, in Bar-deficient mice, 
DNA damage-induced apoptosis occurs nor- 
mally in thymocytes, and apoptosis induced by 
treatment with anticancer drugs is only partly 
inhibited in mouse embryo fibroblasts (MEFs) 
expressing the adenovirus oncoprotein E1A 
(4). Furthermore, thymocytes from p53-defi- 
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Fig. 1. Primary sequence 
of Noxa and ib exprer A 1 MPGRKARRNA PVNPT-LP PEFAAQLRKI GDKVYCTWSA PDITWLAQM D 

A Ad-p53 
(A) Predicted 51 PGKSQKSRMR SPSPTRVPAD LKDECAQLRR IGDKVNLRQK LLNLISKLFN -

acid seauence of Noxa - Time(hrs) 0 6 12 18 24 
(28). T ~ Oputative BH3 101 L~~ 
motifs are underlined (re-
gions A and B). (B) ~ l i g n -
ment of the Noxa BH3 B 
motifs with the BH3 do-
mains of Bcl- 2 family pro-
teins; anti-apoptotic Bcl-2 
subfamily proteins (human 
Bcl-2, CenBank accession 
number M14745; human 
Bcl-XL, CenBank accession 
number 223115; human 
Mcl-I, CenBank accession 
number Q07820), pro-ap-
optotic Bax subfamily pro-
teins (human Bax, Cen-
Bank accession number 
L22473; human Bak, Cen-
Bank accession number 
U23765), and pro-apopto-
tic BH3-only subfamily 
proteins (mouse Bad, Cen-
Bank accession number 
L37296; human Bik, Cen-
Bank accession number 
U34584 mouse Bid. Cen-

Noxa A 27 mmw 35 
B 78 B m 8 6 

Bcl-2 94 ~ A ~ F S102 
Bcl-XL 90 B A - F E  98 
MCl-1 213 221 
Bax 63 & ~ L D71 
Bak 78 ~ 1 ~ 1 ~86 
Bad 151 mwFE 159 
Bik 74 ~ C ~ M D82 
B i d  90 m Q m M D  98 

C WTMEFs p53J' MEFs - -
Time(hrs) 0 1 3 6 9 0 1 3 6 9  

Noxa 

Fig. 2. Activation of the 
Noxa promoter by p53. 
(A) The Noxa promoter 
and luciferase reporter 
gene constructs. Putative 
p53-recognition sequence 
and p53-consensus bind-
ing sequence (p53 CBS) 
are shown. The following 
reporter plasmids using 
this assay are also indi-
cated: Noxa-luc contain-
ing Noxa promoter and 
putative p53-recognition 
sequence, Noxa-Aluc 
lacking putative p53-rec-
ognition sequence, and 
Noxa-mt-luc in which 
four critical nucleotide 
residues for p53 binding 
were altered (indicated by 

Bank accession number U75506). Amino acids identical to Noxa's BH3 
motifs are shaded. (C) Expressionof Noxa mRNA following x-ray irradiation 
in MEFs. Noxa ~ R N A W ~ Sanalyzed by RNA blottingwith RNA~6 p gin each 
lane) isolated from wild-tv~eIWT) and ~53-deficientl~53-/-)MEFs follow-
ingx-ray irradiation[20g;~s (Cy)l time after radiatioryis indLated in hours. 
The same filter was probed with MDM2 or P-actin cDNA. (D) Expressionof 
Noxa mRNA in p53-I- MEFs following p53 expression. Cells were infected 
with p53-expressing adenovirus (Ad-p53) for the indicated time periods, 

WT thymocytes ~ 5 3 ~ 'thymocytes 
n n 

Noxa '4 i i -.. 

F WT thymocytes -
nme(hrs) o 4 8 

Noxa pmteln --

and RNA blotting was performed'as in (C). The same filter was probed with 
P-adin cDNA. (E) Expressionof Noxa mRNA in thymocytes following x-ray 
irradiation. Noxa mRNA was analyzed by RNA blotting with RNAs (5 k g  in 
each lane) isolated from WT and p53-I- thymocytes following x-ray irradi-
ation (5 Cy). The same filter was probed with P-actin cDNA. (F) Expression 
of Noxa protein. Noxa proteinwas determined by immunoblot analysiswith 
antibody to  Noxa in WT thymocytes following x-ray irradiation (5 Cy); time 
after radiation is indicated. 

A p53 CBS: RRRCWFiGYYYRRRCWWGYYY 

1 1 1 1 1 1 1 1 1 1  I I I I I I I I  
-174 AGGCTTGCCCC-GTTG 

Noxagene 
r l / >  

I I 

Noxa-Aluc I 
I 

lowercase letters). (B) 
Transient cotransfection ~ ~ ~ ~ - l ~ ~ 
analysis of p53. p53 ex- [; 
pression vector (pEF-p53) Noxa-Aluc [ -
(0.05 kg) was transfected + 
into 8 X lo4  p53-" MEFs Noxa-mt-luc -
with 0.2 k g  of each re- + 
porter plasmid. Luciferase 
activity was measured 24 RGC-luc 
hours after transfection. 

r:; 
RCC-luc (29) containing 0 2 4 6 8 10 
synthetic p53-binding se- Relative luctferaseacthrity 
quences was used as a 
positive control. Histogram showsthe mean of three independentexperiments, and error bars show 
standard deviations. The assay was repeated three times, and the results were reproducible. 

cient mice with a Bar transgene nevertheless 
showed resistance similar to that of thymocytes 
without the transgene to DNA damageinduced 
apoptosis (5). Therefore, the existence of at 
least one other target gene appears to be neces-
sary to explainthe full p53-dependent apoptotic 
response. 

p53 and interferon regulatory factor-1 (IRF-
I), a critical transcription factor in the interferon 
response, cooperate in tumor suppressionand in 
regulation of the cell cycle and apoptosis (6). 
These observations prompted us to search for 
target genes of IRF-1, p53, or both that show 
increased transcription in response to DNA 
damage. We used a mRNA differential display 
method (7) to isolate cDNAs whose mRNA 
expressionprofiles differed between the x-ray-
irradiated wild-type and ZW-Ilp53 doubly de-
ficient MEFs. We identified a gene termed 
Noxa (for damage). Its cDNA encodes a 103-
amino acid protein (Fig. IA), and it lacks any 
known motif except for two mutually related 
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Fig. 3. Functionalcharacterizationof Noxa. (A) Induction of apoptosis by 
Noxa and the effect of mutations in its BH3 motifs. HeLa cells were 
infected with control adenovirus (control) (solid circles), adenovirus 
expressing Noxa (Noxa) (open circles), and adenoviruses expressing a 
mutant form of Noxa: A mt  (open triangles), B mt  (solid triangles), and 
AB mt  (squares). Percentage of TUNEL-negative cells was determined at 
the indicated times in hours (left). One of two similar results is shown. 
The expression of Noxa and its mutant proteins in the same cells was 
determined by immunoblot analysiswith antibody to  HA at the indicated 
time (right). (B) Subcellular localization of Noxa protein. Twelve hours 
after infection in HeLa cells by adenovirus expressing Noxa, the HA-
tagged Noxa protein was stained with antibody to  HA (green), and 
mitochondria were stained with CMTMRos (red) (Molecular Probes); 
the two images were overlaid (Noxa + mitochondria) by confocal 
laser microscopy radiance, Bio-Rad). (C) Subcellular distribution of 
the Noxa protein. HeLa cells infected with adenovirus expressing 
Noxa (Ad-Noxa) for 12 hours were separated into cytosol (soluble 
fraction, S), plasma membrane (light membrane fraction, LM), mito-
chondria-rich (heavy membrane fraction, HM), and nuclear (contain-
ing nuclei and some mitochondria) (low-speed pellet, PI) fractions. All 
fractions were adjusted t o  the same volume and analyzed by immu-
noblotting with antibodies t o  HA (Noxa), cytochrome oxidase subunit 
IV (Cyt. Oxidase) (as a mitochondria1 marker), and Bax. Ad-control, 
control adenovirus; Ad-AB mt, adenovirus expressing mutant forms 
of Noxa. (D) Noxa protein is associated with Bcl-XL and Bcl-2. HeLa 

Ad-control Ad-Noxa 

rime(hrs) logCMTMRos(mlaUvefluomcem) 

cells were transfected with Bcl-XL or Bcl-2 expression vectors (pEF-
Bcl-XL or pEF-Bcl-2, respectively). After 36 hours, these cells infected 
with Ad-Noxa or Ad-AB m t  for 12 hours. Cell extracts were immu-
noprecipitated (IP) with antibodies t o  Bcl-XL (a-Bcl-XL) or Bcl-2 
(a-Bcl-2) and subjected to  immunoblot (IB) analysis with antibodies 
t o  HA (a-HA), Bcl-XL, or Bcl-2. Essentially identical results were 
obtained when the same extracts were analyzed by IB with a-Bcl-XL 
followed by IP with a-HA. Ectopically expressed protein is indicated as 
+. (E) Cytochrome c release and caspase-9 activation by Noxa. 
Cytosolic extracts were prepared from HeLa cells that were mock-
infected (-), or they were prepared 12 hours after infection with the 
indicated adenoviruses. Cytosolic extracts (cytosol) and extracts from 
the residual pelleted fraction (pellet) were subjected t o  immunoblot 
analysis using antibody cytochrome c (Cyt. c) (Left). Caspase-9 acti-
vation was determined with extracts from HeLa cells at the indicated 
time after infection with Ad-Noxa or Ad-AB m t  by immunoblot 
analysis with antibody t o  caspase-9 (right). The unprocessed 
caspase-9 precursor (procas 9) and the cleaved 37-kD product of 
active caspase-9 (p37,casp 9P are indicated. (F) Reduction in A'Ym by 
Noxa. A'Ym was measured by fluorescence of the cationic Lipophilic 
dye CMTMRos with a flow cytometer at the indicated time after 
infection with Ad-control, Ad-Noxa, and Ad-AB mt. A reduction in 
A'Ym is observed as "A'Ym Low." The reduction was inhibited by the 
addition of a caspase inhibitor, z-VAD fmk, su gesting that the 
permeability change may be a postcaspase event f9). 

%amino acid sequences (A and B) character- Noxa mRNA was constitutively expressed irradiation of wild-type MEFs increased expres-
istic to the Bcl-2 homology 3 (BH3) motif of in small amounts in the brain, thymus, spleen, sion of Noxa mRNA about fivefold (Fig. lC), 
the Bcl-2 family of proteins (Fig. 1B) (8). lung, kidney, and testis of adult mice (9).X-ray with kinetics similar to those of the p53-depen-
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dent gene MDM2 (I). In contrast, expression of of Noxa mRNA in p53-deficient MEFs (Fig. 
the Noxa gene was totally abolished in p53- ID). Thyrnocytes undergo DNA darnage-in-
deficient MEFs but not in IRF-1-deficient duced apoptosis in a p53-dependent manner 
MEFs (Fig. 1C) (9, 10). Moreover, ectopic ex- (11). Increased expression of Noxa rnRNA in 
pression of p53 resulted in increased expression response to x-ray irradiation also occurred in 

A BH3(A) 
mouse K P m f l T V L P P E F A A Q L R K I G D K V Y  50 

human MPGICKARKNAQPSPARA--------------------------------- 17 

BH3(B) 
mouse PGKSQKSRMRSPSPTRVPy4KDECA-QLRRIGDKVNF 99*** **** *** * ************ 

mouse NLY103 

hUlllan CSGT 54 

B Ad-p53 D -
Tlme(hrs) 0 6 12 18 24 

Noxa 

pactin 1 

C P) cn- e 
g $ 

s 40-
S E 
o m
+ + 20. 

$ 9 9 n n '+ 
z z z z  0 - . 

Noxa protein 7- -a 0 10 20 30 40 
Tlme(hrs) 

E - E 
0g '7 80 

oligonucleotide - - X 
X-irradiation - + + + 
Noxa proteln L .  

Fig.4. Role of Noxa in p53-induced apoptosis. 

" 1 , y
(A) Comparison of the amino acid sequences 20 
of human and mouse Noxa (28). Human 
Noxa is identicalto APR (25).Identical amino 
acids are indicated with an asterisk. BH3 mo- o 
tifs are also indicated. (6) Induction of Noxa 0 10 20 

mRNA in Saos2 cells by p53. Cells were in- flme(hrs) 

fected with adenovirusexpressingp53 (Ad-p53)for the indicated time periods in hours, and RNA blotting 
was performed. The same filter was probed with P-actin cDNA. (C) Reduction of endogenous Noxa 
protein by transfection with Noxa antisense oligonucleotide. Noxa protein was determined by irnmu-
noblot analysis with antibody to human Noxa in Saos2 cells 20 hours after infection with Ad-p53 
following transfection with 4 p,M antisense (Ad-p53 + antisense) or control (Ad-p53 + control) 
oligonucleotide for 4 hours. Noxa protein was also determined before (-) and after infection with 
Ad-p53 (Ad-p53) for 20 hours without oligonucleotides.(D) Effect of Noxa antisense oligonucleotide in 
p53-induced apoptosis. Saos2 cellswere transfected with antisense (open circles) or control (solidcircles) 
oligonucleotideas in (C) and infected with Ad-p53 for the indicated times. Viable cells were determined 
by trypan blue exclusion and calculated as the percentage of survival in relation to the number at the 
start of trial. Error ban represent standard deviations from two independent samples. We tested two 
other control oligonucleotidesand confirmed that these oligonucleotideshad no effect. (E) Effect of Noxa 
antisense oligonucleotide in x-ray irradiation-induced apoptosis of BAF-3 cells. BAF-3 cells were incu-
bated with 10 pM antisense or control oligonucleotide for 12 hours and were subjected to x-ray 
irradiation (4 Gy). Noxa protein was determined by immunoblot analysis with antibody to mouse Noxa 
16 hours after x-ray irradiation (+) (-, before infection) in the absence or presence of indicated 
oligonucleotides(left).Viable cells were determined after irradiation in the presence of antisense (open 
circles) or control (solid circles) oligonucleotides by trypan blue exclusion and calculated as percentage 
of survival (right). Error bars represent standard deviations from two independent samples. 

wild-type thymocytes (fivefold increase) but not 
in p53-deficient thymocytes (Fig. 1E). Noxa 
protein also accumulated in wild-type thymo-
cytes after x-ray irradiation (Fig. 1F) (12). 

To determine whether the p53-dependent 
expression of the Noxa gene involves direct 
activation of its promoter, we isolated and char-
acterized the mouse Noxa gene (13). This gene 
contains three exons in which the BH3 motifs A 
and B are encoded by exons 2 and 3, respec-
tively. The transcription initiation site was de-
termined to be 158base pairs upstream from the 
initiator ATG by polymerase chain reaction 
(PCR)-based primer extension, and one poten-
tial p53-recognition sequence, located at -155 
to -174,was found in the promoter region (Fig. 
2A). The contribution of p53 to the activation of 
the Noxa promoter was examined by a transient 
cotransfection assay using a lucifease reporter 
gene linked to Noxa promoter (Noxa-luc in Fig. 
2A) (14). The promoter was activated (on aver-
age, sevenfold) by coexpressed p53 in p53-
deficient MEFs. In contrast, reporter genes con-
taining a deletion (Noxa-Aluc) or point muta-
tions (Noxa-mt-luc) in the putative p53-recog-
nition sequencewere not activated by p53 (Fig. 
2B). Collectively, these results lend support to 
the idea that expression of the Noxa gene in 
x-ray-irradiated cells involves direct activation 
of its promoter by p53. 

On the basis of its retention of various BH 
domains, the Bcl-2 family can be divided into 
three classes: the anti-apoptotic Bcl-2, the pro-
apoptotic Bax, and BH3-only subfamilies (8). 
The BH3 domain of the pro-apoptotic members 
is critical for association with other Bcl-2 family 
proteins in the promotion of apoptosis (8). Un-
like Bax, whose expression is also regulated by 
p53 (3), Noxa contains BH3 but not other BH 
motifs (BH1, BH2, and BH4) or a transmem-
brane domain; hence, it appearsbe a previously 
unknown member of the BH3-only subfamily. 
Ectopic expression of Noxa in HeLa cells with 
an adenovirus-mediated gene expression system 
caused apoptosis in >90% of the cells 24 hours 
after virus infection (Fig. 3A) (15). This Noxa-
induced apoptosis was also observed in other 
human cancer cell lines independently of their 
p53 status (9). Because substitution of t h e m -
terminal leucine to alanine in the BH3 domain 
of another BH3-only member, Bad, is known to 
cause a loss of pro-apoptotic activity (16), we 
generated mutant Noxa cDNAs in which one-
amino acid substitution was similarly introduced 
in either or both of the leucine residues within 
the BH3 motifs (15). Noxa mutants carrying one 
substitution (A mt and B mt) had lower pro-
apoptotic activities than wild-type Noxa, and the 
mutant carrying both substitutions (AB mt) was 
totally inactive (Fig. 3A). Thus, the BH3 motifs 
are central to Noxa's pro-apoptotic activity. 
Noxa-induced apoptosis was suppressed by co-
expression of the anti-apoptotic members of the 
Bcl-2 family, Bcl-XL or Bcl-2 (9). 

We examined subcellular localization of 
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epitope-tagged Noxa by immunohistochemical 
analysis in HeLa cells. Noxa was colocalized 
with a mitochondrial marker, CMTMRos (Fig. 
3B) (77). Immunoblot analysis of subcellular 
fractions also showed that most of the ectopi-
cally expressed Noxa protein was located in the 
mitochondria-rich heavy membrane fraction and 
a small amount was detected in the low-speed 
pellet, which contains residual mitochondria to
gether with nuclei (Fig. 3C) (18). On the other 
hand, the Noxa mutant lacking functional BH3 
motifs (AB mt) was found in all fractions (Fig. 
3C), indicating that the selective localization of 
Noxa to mitochondria is contingent on its func
tional BH3 motifs. Bax is known to accumulate 
in mitochondria in response to death signals (18, 
19). Endogenous Bax protein was dispersed in 
all fractions, even after ectopic expression of 
Noxa (Fig. 3C), and Noxa failed to bind Bax (9). 
Therefore, the function of Noxa is likely to be 
independent of that of Bax. In fact, BH3-only 
subfamily members are known to induce apo-
ptosis by association with anti-apoptotic Bcl-2 
family members or by stimulating other apo-
ptosis-promoting factors (8). Noxa indeed coim-
munoprecipitated with coexpressed Bcl-XL or 
Bcl-2, and this coimmunoprecipitation was de
pendent on the BH3 motifs of Noxa (Fig. 3D). 
We also found that endogenous Noxa, induced 
in irradiated thymocytes, also coimmunopre-
cipitated with Bcl-XL (9). Such an interaction 
was also observed with another Bcl-2 mem
ber, Mcl-1 (20), collectively suggesting the 
selective interaction of Noxa with the anti-
apoptotic Bcl-2 subfamily of proteins. 

Because p53-dependent apoptosis is depen
dent on the activation of Apaf-1 and caspase-9 
(2), we also examined whether Noxa affected 
these events. Cytochrome c release, which in
duces Apaf-1 activation (21% and caspase-9 ac
tivation were also observed in these cells (Fig. 
3E). The mitochondrial permeability change is 
also induced during the process of p53-depen-
dent apoptosis (22). A decrease in mitochondrial 
membrane potential (A^m), which is mediated 
by the opening of the mitochondrial permeabil
ity transition pore (17, 23), was detected 12 
hours after infection of HeLa cells with the 
Noxa-expressing adenovirus (Fig. 3F). 

To examine the involvement of Noxa in 
p53-induced apoptosis, we used human Saos2 
cells, which lack p53 expression (24). We 
screened for a human homolog of Noxa cDNA 
and found that the cloned cDNA showing the 
highest degree of similarity is identical to the 
previously identified human gene APR (25). 
However, the function of this gene is not known, 
and its regulation by p53 has not been demon
strated. Human Noxa, or APR, encodes 54 ami
no acids, containing only one BH3 motif at 
amino acids 29 to 37 (Fig. 4A). This motif 
probably corresponds to motif B of mouse 
Noxa, and the human Noxa gene lacks a DNA 
segment corresponding to the second exon of 
mouse Noxa (9). Human Noxa also induced 

apoptosis in various cells, including Saos2 cells 
in a BH3 motif-dependent manner (9). The 
promoter region of the human Noxa gene indeed 
contains one p53-response element (9), and in
creased expression of Noxa mRNA was ob
served in Saos2 cells infected with adenovirus 
encoding p53 (Fig. 4B). When an antisense 
oligonucleotide to Noxa was exposed in Saos2 
cells, the increased expression of endogenous 
Noxa in response to p53 was inhibited, whereas 
control oligonucleotide had no effect (Fig. 4C) 
(26). Introduction of the antisense oligonucleo
tide also inhibited p5 3-induced apoptosis (Fig. 
4D). Radiation-induced apoptosis in a hemato
poietic cell line, BAF-3, is known to be depen
dent on p53 (27). Introduction of the antisense 
oligonucleotide to Noxa also inhibited the in
duction of Noxa expression and apoptosis (Fig. 
4E). These results also support the notion that 
Noxa is a mediator of p53-induced apoptosis, at 
least in these assay systems. 

Noxa may be an attractive candidate me
diator of p53-mediated apoptotic response 
(1). It is likely that Noxa, and other p53 target 
genes, functionally cooperate with each other 
for the efficient induction of apoptosis in 
various cell types. 
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Although it is well established that mammalian class switch recombination is 
responsible for altering the class of immunoglobulins, the mechanistic details 
of the process have remained unclear. Here, we show that stable RNA/DNA 
hybrids form at class switch sequences in the mouse genome upon cytokine- 
specific stimulation of class switch in  primary splenic B cells. The RNA hybrid- 
ized t o  the switch DNA is transcribed in  the physiological orientation. Mice that 
constitutively express an Escherichia coli ribonuclease H transgene show a 
marked reduction in RNAIDNA hybrid formation, an impaired ability t o  gen- 
erate serum immunoglobulin C antibodies, and significant inhibition of class 
switch recombination in  their splenic B cells. These data provide evidence that 
stable RNA/DNA hybrids exist in the mammalian nuclear genome, can serve as 
intermediates for physiologic processes, and are mechanistically important for 
efficient class switching in  vivo. 

Mammalian organisms require two types of 
DNA recombination to produce functional 
immunoglobulin (Ig) proteins. The first, 
called V(D)J recombination, mediates assem- 
bly of the variable domains of the Ig heavy 
and light chains in pre-B cells (I). Down- 
stream of the V, D, and J segments is the 
region containing the Ig constant domains. In 
mice, this consists of eight distinct sets of 
constant domain exons (C,), with the follow- 
ing organization: 5'-V(D)J-Cp-CS-Cy3-
Cyl-Cy2b-Cy2a-C&-Ca-3'. In the second 
type of recombination, termed "class switch 
recombination" (CSR), the C p  exons (and CS 
exons) are replaced by any one of the down- 
stream C, isotypes. This results in a deletion 
of the intervening genomic DNA as a circular 
product, which includes the C p  exons (2). 
Replacement of C p  ultimately causes a 
change from IgM to IgG, IgE, or IgA (3-5). 

CSR from the IgM isotype to one or more 
of the downstream isotypes takes place any- 
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where within the several-kilobase G-rich 
(nontemplate strand) regions of repetitive 
DNA, termed "switch regions," which are 
located 5' to each set of C, exons (6 ) . Im-
mediately upstream of each mammalian 
switch region are intron promoters, which 
direct sterile transcripts into the switch and 
constant regions upon activation by particular 
cytokines (4, 7). Targeting of CSR to a given 
constant gene is considered to be tightly cor- 
related with transcription from the corre-
sponding upstream promoter (3, 4, 8, 9). Al-
though the germ line transcripts appear to be 
required for CSR (10, 11) and in substrate 
studies (12, 13), their exact role in the target- 
ing of class switch is unknown. Previous in 
vitro data showed stable RNNDNA hybrid 
formation after transcription through switch 
sequences (14, 15). The RNA forms a hybrid 
with the DNA only when it is transcribed in 
the physiological direction (i.e., generation of 
G-rich RNA). 

On the basis of this circumstantial evi-
dence for RNNDNA hybrid formation at 
switch sequences in vitro, we attempted to 
isolate RNAIDNA hybrids at several differ- 
ent murine switch sequences (Sp, Sy3, Sy 1, 
Sy2b, SE, and Sa)  in the genome of B cells 
that are actively undergoing CSR [see sup- 
plementary Web material (16) for details]. 
The experimental design involved (i) enrich- 
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ing for small resting B cells from the spleens 
of wild-type C57B116 mice, (ii) inducing the 
cells to undergo CSR by adding lipopolysac- 
charide (LPS) and appropriate cytokines, (iii) 
allowing the cells to proliferate for 2.5 days, 
(iv) isolating the genomic DNA, (v) treating 
the DNA with an excess of ribonuclease 
(RNase) A, and (vi) digesting all of the 
genomic DNA with deoxyribonuclease I. At 
this stage, the only nucleic acid remaining 
should be RNA that was stably hybridized to 
genomic DNA and, hence, protected from 
RNase A treatment. 

Initially, we attempted to detect RNAIDNA 
hybrids at S p  and Sy3 by reverse transcription- 
polymerase chain reaction (RT-PCR) on RNA 
purified from B cells stimulated with LPS and 
interleukin- 10 (IL- 10) (1 7). When we exam- 
ined the 5' end of S p  and Sy3, we found that an 
RT-PCR product of the correct size is generated 
from an RNase A-resistant RNA species at 
both loci (Fig. lB, lanes 1 and 4, respectively). 
The RNA species is also present at the 3' end of 
Sy3, as evidenced by the generation of the 
correct-sized RT-PCR product (Fig. lB, lane 
7). Lanes 3 and 6 show that these bands are 
undetectable in the absence of RT, eliminating 
the possibility that the observed PCR product is 
a consequence of genomic DNA contamination 
(Fig. 1B). To c o n f m  that the RNA is involved 
in hybrid formation, we treated the genomic 
DNA with RNase H (which only hydrolyzes 
RNA involved in hybrid formation) and RNase 
A simultaneously. Upon treatment with RNase 
H, the RT-PCR products disappear (Fig. 1B. 
lanes 2, 5, and 8). 

To c o n f m  that RNADNA hybrid forma- 
tion is a general property of mouse switch 
sequences, we examined hybrid formation at 
Sy 1 and SE following stimulation of the B cells 
with IL-4 rather than IL-10. RT-PCR vroducts 
of the expected sizes were produced in the 
absence (lanes 9 and 1 1) but not in the presence 
of RNase H (lanes 10 and 12) (Fig. lB), thus 
confirming the presence of a hybrid at these 
sequences. For Sp, Sy3, and Sy 1, we verified 
that the RNA in the hybrid was the G-rich RNA 
being generated in the physiologic direction by 
performing RT-PCR with strand-specific prim- 
ers during RT (RBT49, RBT08, and RBT14 in 
Fig. 1A) [see Web fig. 1 (16)]. 

To confirm the RT-PCR data, we attempt- 
ed to detect hybrid formation at the S p  and 
Sy3 genomic loci by Northern blot analysis 
(Fig. 2) (18). As a positive control, we tried to 
detect germ line transcripts by Northern blot 
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