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Activation-induced deaminase (AID) is an enzyme required for class switch recombination (CSR) and somatic hypermutation
(SHM), processes that ensure antibody maturation and expression of different immunoglobulin isotypes. AID function is tightly
regulated by tissue- and stage-specific expression, nuclear localization, and protein stability. Transcription factor YY1 is crucial
for early B cell development, but its function at late B cell stages is unknown. Here, we show that YY1 conditional knockout in
activated splenic B cells interferes with CSR. Knockout of YY1 did not affect B cell proliferation, transcription of the AID and
IgM genes, or levels of various switch region germ line transcripts. However, we show that YY1 physically interacts with AID and
controls the accumulation of nuclear AID, at least in part, by increasing nuclear AID stability. We show for the first time that
YY1 plays a novel role in CSR and controls nuclear AID protein levels.

The immune system recognizes and dynamically responds to an
immense variety of pathogens. The large repertoire of IgM

surface receptors is created during early stages of B cell develop-
ment through rearrangement of heavy chain and light chain im-
munoglobulin (Ig) variable, diversity, and joining (VDJ) gene seg-
ments (10, 19, 27). After exposure to antigen, B cells enter two
possible pathways. First, a population of B cells differentiates into
plasma cells that secrete original antibody of low affinity and IgM
isotype. Second, other B cells enter germinal centers, where they
undergo further antibody maturation and late-stage develop-
ment. Two processes occur during the germinal center reaction:
class switch recombination (CSR) and somatic hypermutation
(SHM) (33). While SHM diversifies antigen binding sites through
mutations in immunoglobulin variable regions, CSR rearranges
constant regions of the Ig heavy chain, enabling antibodies to be
distributed throughout the body and to carry out different effector
functions.

Both CSR and SHM require the enzyme activation-induced
cytidine deaminase (AID) (35, 36). AID knockout mice, and pa-
tients with autosomal recessive AID mutations, generate only low-
affinity antibodies of IgM isotype and thus suffer from a severe
immunodeficiency known as hyper-IgM syndrome type 2
(HIGM2) (52). CSR and SHM both require that AID deaminate
cytidine to uracil, followed by either mutagenic processing by er-
ror-prone repair mechanisms (SHM) or double-strand breaks,
leading to rearrangement (CSR) (33). AID function must be
tightly regulated to avoid deleterious mutagenic activity because,
in addition to diversifying the immune response, AID-catalyzed
cytidine deamination is believed to be involved in generation of
lymphomagenic chromosome translocations, and overexpression
of AID in transgenic animals leads to T cell lymphomas and tu-
mors in the lung epithelium (31, 39, 43, 63). An increasing num-
ber of non-Ig genes have also been revealed to be hypermutated by
AID in wild-type B cells (31).

AID expression levels directly correlate with the frequency of
AID-dependent DNA-remodeling events and the incidence of
c-myc/IgH translocations (13, 15, 56, 63, 64). Therefore, limiting
AID levels in the nucleus protects the B cell genome from mistar-
geted mutations, and this is regulated by multiple mechanisms.
Upon stimulation of B cells, AID expression is dramatically up-

regulated in germinal center B cells (36). However, most AID is
retained in the cytoplasm, and only a small fraction translocates to
the nucleus to mediate CSR and SHM (5, 25, 34, 50). In addition,
AID stability is greatly reduced in the nucleus compared to the
cytoplasm (1).

Factors that interact with AID and potentially control AID tar-
geting are only now being identified; they include the splicing
factors CTNNBL1 and PTBP2, 14-3-3 adaptor proteins, Crm1
exportin protein, the translational elongation factor eEF1A, the
DNA repair proteins UNG and Msh2-Msh6, the repressor pro-
teins KAP1 and HP1, the transcriptional pausing protein Spt5, the
calcium and integrin binding protein CIB1, RNA exosome pro-
teins, and hsp90 (4, 11, 16, 24, 26, 38, 40, 44, 51, 71). Some of these
AID partner proteins have recently been reviewed (57, 58), and it
appears that some, such as CIB1 and CTNNBL1, are unlikely to be
necessary for CSR (12, 23). As the nuclear levels of AID are clearly
important for Ig gene diversification and disease processes, iden-
tifying the factors that regulate AID nuclear accumulation is cru-
cial.

Transcription factor YY1 is a ubiquitously expressed GLI-
Kruppel zinc finger transcription factor that can both activate and
repress a large number of promoters (65). YY1 associates with Ig
enhancer elements in both the Ig heavy chain (intron and 3= en-
hancers) and the Ig kappa light chain (3= enhancer) loci (21, 42).
YY1 participates in numerous biological processes, including
transcriptional activation, transcriptional repression, Polycomb
group function, cell cycle regulation, X chromosome inactivation,
imprinting, and oncogenesis (2, 14, 20, 28, 61). Cytoplasmic and
nuclear localization of YY1 can also be regulated during develop-
ment (17, 29, 41, 72), suggesting that YY1 might regulate the sub-
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cellular localization of interacting partner proteins. Conditional
knockout of YY1 in the B cell lineage results in a developmental
block at the pro-B cell stage characterized by reduced Ig locus
contraction and rearrangement of distal Vh genes (30). YY1 also
appears to be important for germinal center B cell development
(22).

We show here for the first time that YY1 plays a critical role in
regulating CSR. We find that conditional knockout of YY1 in
splenic B cells activated ex vivo interferes with CSR to multiple
isotypes. YY1 did not affect B cell proliferation, transcription of
the Aicda or IgM gene, or transcription of various switch region
germ line transcripts needed for efficient CSR. Instead, we found
that YY1 physically interacts with AID and modulates the levels of
AID in the nucleus, at least in part by increasing AID nuclear
stability, thus regulating CSR. We show for the first time that YY1
has a novel role in CSR by controlling nuclear AID protein levels.

MATERIALS AND METHODS
DNA constructs. The DNA construct glutathione S-transferase (GST)-
PU.1, GST-PAX5, cytomegalovirus (CMV)-PAX5, GST-IRF4, CMV-
PU.1, CMV-YY1, and Gal-YY1 deletion mutants were previously de-
scribed (6, 7, 32, 37, 45, 49, 68). GST-Bcl6 was a gift from R. Dalla-Favera
(Columbia University Medical Center), and GST-YY1 was supplied by F.
Wilkinson (Philadelphia University). The mouse AID cDNA (supplied by
Fred Alt, Harvard University) was cloned into the pcDNA3.1 vector at the
BamHI-EcoRV sites with the Flag peptide inserted at the N terminus. The
QuikChange Site-Directed Mutagenesis kit (Stratagene) was used to cre-
ate point mutations in the AID sequence in Flag-pcDNA3.1. AID point
mutations were cloned according to mutations described in HIGM2 pa-
tients: F11V, R24W, S43P, H56Y, L59F, and W80R (52, 62) or phosphor-
ylation sites T27A and S38A.

Mice. yy1flox/flox mice on a C57BL/6 background were a gift from Y.
Shi (Harvard). yy1flox/flox mice or C57BL/6 controls between 8 and 12
weeks of age were used for experiments. The mice were bred and main-
tained under pathogen-free conditions. All animal studies were per-
formed in compliance with the U.S. Department of Health and Human
Services guidelines and were approved by the University of Pennsylvania
Institutional Animal Care and Use Committee.

Purification of B cells, CFSE staining, TAT-CRE treatment, in vitro
stimulation, and flow cytometry. Follicular B cells were purified from
mouse spleen with anti-CD23-biotin (eBioscience) and streptavidin mi-
crobeads (MACS; Miltenyi Biotec). In order to track cell proliferation, the
cells were stained with carboxyfluorescein diacetate succinimidyl ester
(CFSE) (Invitrogen) according to the manufacturer’s instructions. Condi-
tional YY1 knockout in splenic B cells was performed ex vivo using TAT-CRE
enzyme purified from bacteria. The cells were washed three times with opti-
MEM (Invitrogen) and then incubated with TAT-CRE for 45 min at 37°C. To
inactivate TAT-CRE, fetal bovine serum was added to a final concentration of
10%. The cells were washed once with splenic B medium (RPMI 1640, 10%
HyClone fetal bovine serum [FBS] [Thermo Scientific], 1� OPI-Media Sup-
plement Hybri-max, 55 �M 2-mercaptoethanol [Sigma], 1� minimal essen-
tial medium [MEM] nonessential amino acids, 2 mM L-glutamine, 1% gen-
tamicin [Invitrogen]) and then cultured at 37°C in a 5% CO2 atmosphere.
The cells were activated ex vivo with 10 �g/ml lipopolysaccharide (LPS)
(Sigma) to stimulate proliferation and switching to isotypes IgG3 and IgG2b,
20 ng/ml interleukin 4 (IL-4) (Peprotech) was added to switch to isotypes
IgG1 and IgE, 1 ng/ml human transforming growth factor �1 (TGF-�1)
(R&D Systems) was added to stimulate switching to isotype IgA, and 0.5
�g/ml gamma interferon (IFN-�) (Peprotech) was added to stimulate
switching to IgG2A. Additionally, cells were stimulated to switch to IgG3 with
20 �g/ml LPS (Sigma) and 3 ng/ml anti-IgD–dextran (Fina Biosolutions
LLC) or to IgA with 20 �g/ml LPS, 20 ng/ml IL-4 (Peprotech), 1.5 ng/ml IL-5
(Peprotech), 1 ng/ml TGF-� (R&D Systems), and 3 ng/ml anti-IgD–dextran.
Isotype switching was measured by flow cytometry. The cells were stained

with anti-IgG3-fluorescein isothiocyanate (FITC) or IgA-FITC and anti-
IgM–phycoerythrin (PE)-Cy7 antibodies (BD Pharmingen). Dead cells
stained with 7-aminoactinomycin D (7-AAD) were excluded from analysis.
Splenic B cells were stained with PE–anti-mouse IgG1 (BD Pharmingen) and
7-aminoactinomycin D (Invitrogen). Flow cytometry was performed on a
FACS Canto II machine, and data were analyzed using FlowJo software. In
order to analyze plasma cell differentiation, cells cultured in 5 �g/ml LPS and
20 ng/ml IL-4 for 3 days were stained with anti-CD138–allophycocyanin
(APC), as well as anti-IgG1–PE (BD Pharmingen). [6-3H]thymidine (Perkin
Elmer) with specific activity of �10 Ci/mmol was diluted in splenic B cell
medium to a final concentration of 5 �Ci/ml 6 h before harvest.

Splenocyte genotyping. YY1flox/flox CD23-positive splenocytes were
treated with TAT-CRE and subsequently stimulated in culture to switch
to IgG1 with 20 �g/ml LPS and 20 ng/ml IL-4. Splenocytes were harvested
0, 18, 48, and 72 h after TAT-CRE or mock treatment. Genomic DNA was
prepared using a DNeasy Blood and Tissue kit (Qiagen). PCR primers 1
and 2 (Fig. 1A) amplified the YY1 floxed allele, while primers 1 and 4 (Fig.
1A) amplified DNA after exon 1 deletion as described by Liu et al. (30).
The products were normalized to the C� region of the immunoglobulin
gene using forward primer CCAAGGACGAGTATGAACGACATAACA
GCTATAC and reverse primer GTGTAATCTCACGGTATAGAGGTCC
TTGAAG.

RT-PCR. RNA was isolated from splenic B cells stimulated ex vivo for
4 days using the RNeasy Plus minikit (Invitrogen). RNA was reverse tran-
scribed with the SuperScript first-strand synthesis system (Gibco BRL,
Rockville, MD). PCRs were performed for 29 cycles with primers pub-
lished by Muramatsu et al. (35). IgE and IgG2b germ line transcripts were
amplified in 32 and 33 cycles, respectively. AID primers were described by
Wuerffel et al. (70). Gamma actin was amplified with primers Gamma
actin F, CACGGCATTGTCACTAACT, and Gamma actin R, CAGCCAG
GTCCAGACGCAAGAT.

Digestion-circularization PCR (DC-PCR). Splenic B cells activated
with LPS and IL-4 were cultured for 4 days, and then genomic DNA was
purified from the live cell population. The DNA (2 �g) was digested over-
night with 20 units EcoRI, extracted with phenol-chloroform, and con-
centrated to 50 �l by ethanol precipitation. Ten percent of the purified
DNA was ligated overnight with 400 units of T4 DNA ligase in a 55-�l
total volume. The �-�1 switch region was amplified by 32 cycles of PCR
using primers and conditions described by Ballantyne et al. (3). The nic-
otinic acetylcholine receptor �-subunit gene was used as a ligation and
loading control as described by Chu et al. (9).

GST pulldown. GST proteins were prepared as previously described
(37). AID and RPA70 proteins were labeled with [35S]methionine during
in vitro translation using rabbit reticulocyte lysate (Promega, Madison,
WI). Equivalent trichloroacetic acid (TCA)-precipitable counts of AID or
RPA70 were incubated for 2 h at 4°C with similar amounts of GST or GST
fusion proteins bound to glutathione-Sepharose in 100 mM NaCl–1 mM
EDTA–20 mM Tris (pH 8.0)– 0.5% NP-40 (NETN) supplemented with 1
mg/ml bovine serum albumin and 20 �g/ml ethidium bromide to prevent
nonspecific protein-DNA interactions. Beads were washed 6 times with
NETN. Bound proteins were eluted in 2� Laemmli buffer supplemented
with 200 mM 2-mercaptoethanol, resolved on 10% SDS-polyacrylamide
gels, dried, and subjected to autoradiography.

Cell culture and transfection. HEK 293T cells were cultured in Dul-
becco modified Eagle medium supplemented with 10% fetal bovine se-
rum. CH12F3 cells (a gift from T. Honjo) were cultured in RPMI, 10%
FBS, 2 mM L-glutamine, 1� MEM nonessential amino acids, 1� penicil-
lin-streptomycin, 50 �M 2-mercaptoethanol, and 5% NCTC-109 me-
dium (Invitrogen). HEK 293T cells were transfected with Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions and cul-
tured for 48 h before harvest. Chloramphenicol acetyltransferase (CAT)
assays were performed as previously described (42, 46).

Preparation of nuclear, cytoplasmic, and whole-cell extracts. Total
protein was extracted with RIPA buffer (50 mM Tris, pH 7.5, 150 mM
NaCl, 0.1% sodium dodecyl sulfate, 1% Nonidet P-40, 0.5% sodium de-
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oxycholate). Nuclear and cytoplasmic protein extractions from HEK
293T cells were performed as described previously (55). Splenic B cells
were harvested after a 3-day culture with LPS and IL-4. Live cells were
purified from dead and apoptotic cells with the Dead Cell Removal Kit
(Miltenyi Biotec), washed twice with cold PBS, and then incubated in
ice-cold cell lysis buffer (50 mM Tris, pH 8.0, 0.3 M sucrose, 4 mM mag-
nesium acetate, 12.5 mM KCl, 1 mM dithiothreitol [DTT], 10 mM 2-mer-
captoethanol, and protease inhibitors) for 5 min. Nonidet P-40 was added
to a final concentration of 0.3%, and samples were incubated for 5 min on
ice and centrifuged at 500 � g for 10 min. The nuclear pellets were resus-
pended in 1� buffer B (50 mM Tris, pH 7.5, 25 mM KCl, 5 mM MgCl2)
supplemented with 0.3% Nonidet P-40 and, after a 5-min incubation on
ice, overlaid on a sucrose cushion (50 mM Tris, pH 7.5, 25 mM KCl, 5 mM
MgCl2, 0.2 M sucrose) and centrifuged at 2,000 � g for 5 min. Nuclear

proteins were extracted on ice with buffer C (20 mM HEPES, pH 7.9, 0.4
M NaCl, 1 mM EDTA, 1 mM EGTA, 2 mM DTT) for 30 min. All buffers
were supplemented with fresh 1 mM phenylmethylsulfonyl fluoride and
1� mammalian protease inhibitor cocktail (Sigma).

Immunoprecipitation and Western blots. For HEK 293T cells, 500
�g to 1 mg of protein lysate diluted in RIPA buffer with 1% bovine serum
albumin was precleared with CL-4B Sepharose beads (Sigma) or rProtein
G agarose (Invitrogen) for 1 to 4 h. EZview red Anti-Flag M2 affinity gel
(30 �l; Sigma) or GAL4DBD agarose (Santa Cruz Biotechnology) was
used for immunoprecipitation overnight at 4°C. The beads were washed 5
times with RIPA buffer containing 0.5% Nonidet P-40. Samples were
eluted from the beads with 2� Laemmli buffer supplemented with 200
mM 2-mercaptoethanol. For CH12F3 coimmunoprecipitation experi-
ments, cells were stimulated to switch from IgM to IgA with 0.5 �g/ml

FIG 1 Conditional YY1 knockout reduces CSR and surface IgG1 expression in activated mouse B cells. (A) Schematic representation of YY1 loci from wild-type
(yy1�), yy1 floxed (yy1f), and yy1 CRE-deleted (yy1�) mice. The arrows show the locations of primers that detect floxed (primers 1 and 2) and deletion (primers
1 and 4) alleles (30). (B) Recombinant TAT-CRE protein efficiently deletes the floxed yy1 gene in primary splenic B cells ex vivo. Splenic B cells were isolated from
yy1flox/flox mice and then treated with recombinant TAT-CRE protein. Cells were harvested at 0, 48, or 72 h (top) or at 18, 48, and 72 h (bottom) after TAT-CRE
addition, and whole-cell lysates were assayed for the presence of YY1 by Western blotting (WB) with anti-YY1 antibody. YY1 levels were greatly reduced at 48 h
and nearly undetectable at 72 h. Western blotting with anti-�-actin antibody served as a loading control. (C) Genotyping of yy1flox/flox splenic B cells treated with
TAT-CRE. Cells were harvested at 0, 18, 48, and 72 h after TAT-CRE addition. Genomic DNA was subjected to PCR with primers that detect the yy1 floxed allele
or the yy1-deleted allele. Primers to the C� constant region served as loading controls. (D) Splenic B cells were purified from wild-type (WT) or yy1flox/flox mice
and treated with recombinant TAT-CRE protein. Levels of surface IgG1 were determined by FACS (left). A histogram of surface IgG1 expression in wild-type or
yy1flox/flox B cells treated with TAT-CRE is shown (second from right). Alternatively, yy1flox/flox B cells were treated with TAT-CRE or were mock treated with
vehicle control (far right). After a 3-day induction with LPS and IL-4, surface IgG1 expression was measured by FACS. Dead cells were excluded from analysis
based on 7-AAD staining. Levels of surface IgG1 expression are shown from 6 or 14 independent experiments (second from right and far right, respectively). The
error bars indicate standard deviations, and the asterisks indicate significance (P � 0.001).
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anti-CD40 (eBioscience), 20 ng/ml IL-4 (Peprotech), and TGF-� (R&D
systems) for 4 days. Total cell extracts from stimulated or unstimulated
cells were prepared in cell lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl,
1 mM EDTA, 1 mM EGTA, 1% Triton X-100) supplemented with 1 mM
phenylmethylsulfonyl fluoride (PMSF) and 1� protease and phosphatase
inhibitor cocktail (Thermo Scientific) for 30 min on ice. Total cell lysates
(1.5 mg) precleared with protein A-agarose (Invitrogen) were used for
immunoprecipitation with anti-YY1 antibody (H414; Santa Cruz), anti-
Bcl6 antibody (N-3; Santa Cruz), or nonimmune IgG (Jackson Immuno-
Research). The immunoprecipitated complexes were analyzed by SDS-
PAGE and Western blotting with anti-AID antibody (L7E7; Cell
Signaling) and heavy-chain-specific anti-mouse secondary antibody
(Jackson ImmunoResearch). Immunoreactive proteins were visualized
using the ECL kit (Amersham Biosciences) or Supersignal West Pico
chemiluminescent substrate (Thermo Scientific) and subjected to autora-
diography. The films were scanned on an Epson Perfection 4490 photo
scanner in positive film mode.

Antibodies. The antibodies used included anti-PU.1 (T-21; sc-352;
Santa Cruz), anti-YY1 (H414; sc-1703; Santa Cruz), mouse monoclonal
anti-AID (L7E7; Cell Signaling), anti-TFIIB (C-18; sc-225; Santa Cruz),
mouse monoclonal anti-�-tubulin (T5168; Sigma), mouse monoclonal
anti-�-actin (A1978; Sigma), mouse monoclonal anti-Flag M2 (F3165;
Sigma), anti-Flag– horseradish peroxidase (HRP) (Sigma), anti-rabbit
and anti-mouse HRP-conjugated IgG (GE Healthcare UK Limited), anti-
mouse HRP-conjugated IgG, and Fc� fragment-specific antibody (Jack-
son ImmunoResearch). PAX5 1166 sera were prepared by Cocalico Bio-
logicals.

siRNA knockdown. YY1 mRNA was knocked down in CH12F3 cells
by electroporation of small interfering RNA (siRNA) 709 oligonucleotide
(Sigma); 24 h after the knockdown, the cells were stimulated to switch
isotype to IgA. Cells were harvested 48 h after the knockdown. Nuclear
and cytoplasmic extracts were analyzed for AID and YY1 expression by
SDS-PAGE and Western blotting (using AID L7E7 antibody and YY1
H414 antibody). Signals were normalized to nuclear actin with �-actin
antibody (Sigma).

Cycloheximide stability experiments. HEK 293T cells were trans-
fected with 6 �g Flag-AID and 18 �g CMV-YY1 using Lipofectamine 2000
reagent. The cells were trypsinized, mixed, and replated 24 h after trans-
fection in order to normalize transfection efficiency. Cycloheximide (100
�g/ml; Sigma) was added to the cells at 48 h posttransfection to stop
protein translation. Nuclear extracts were prepared at 0, 2.5, 5, 7.5, and 10
h after cycloheximide addition, and AID was followed by Western blot-
ting. Nuclear extracts were devoid of cytoplasmic contamination, as evi-
denced by lack of �-tubulin expression. Nuclear AID levels were normal-
ized to the amounts of nucleolin (C23 antibody) Santa Cruz and Ponceau
S staining.

RESULTS
YY1 controls CSR in activated splenic B cells. YY1 conditional
knockout in the B cell lineage results in arrest at the pro-B cell
stage and greatly reduced numbers of splenic B cells. We sought to
explore whether YY1 played a role in regulating a late B cell func-
tion, such as CSR. To determine the effect of YY1 on CSR, we
utilized yy1flox/flox mice, which contain the first yy1 exon flanked by
loxP sites (Fig. 1A). Splenic mature B cells isolated from these mice
can be treated with recombinant TAT-CRE protein ex vivo to re-
sult in deletion of the endogenous yy1 gene and subsequent loss of
the YY1 protein. Indeed, we found that knockout of the first yy1
exon resulted in a dramatic reduction of YY1 protein 48 h after
TAT-CRE treatment and almost complete YY1 protein loss 72 h
after TAT-CRE treatment (Fig. 1B, top and bottom). We consis-
tently observed efficient time-dependent loss of YY1 protein in
response to TAT-CRE treatment (Fig. 1B, top and bottom). To
confirm this was due to yy1 gene deletion, we assayed for disap-

pearance of the yy1 floxed allele (Fig. 1A, primers 1 and 2) and gain
of the deletion allele (Fig. 1A, primers 1 and 4) by PCR. As ex-
pected, we observed a progressive time-dependent loss of the yy1
floxed alleles and a concomitant gain of the yy1 deletion allele (Fig.
1C). This yy1flox/flox–plus–TAT-CRE system can therefore be used
to explore the importance of YY1 function in CSR of IgM to IgG1,
which can be induced by treatment with bacterial LPS and IL-4.
Indeed, deletion of the yy1 gene resulted in a 2- to 4-fold reduction
of surface IgG1 expression in TAT-CRE-treated yy1flox/flox cells
compared to control B cells (Fig. 1D). The drop in IgG1 surface
expression in 20 independent experiments is shown in Table S1 in
the supplemental material.

CSR of IgM to IgG1 leads to generation of postswitch tran-
scripts (PSTs) containing juxtaposed � and �1 switch sequences.
Consistent with our fluorescence-activated cell sorter (FACS)
data, TAT-CRE treatment led to a 5-fold reduction in the level of
postswitch transcripts, indicative of the IgM-to-IgG1 switch (Fig.
2A, IgG1). To ensure that this represented a rearrangement event
at the DNA level, we performed DC-PCR with DNA isolated from
TAT-CRE- or vehicle-treated yy1flox/flox splenic B cells. As ex-
pected, DC-PCR revealed a 5-fold decrease in PCR product in
TAT-CRE-treated cells, indicative of the DNA deletion generated
in IgG1 CSR (Fig. 2C).

To determine if YY1 affected CSR to other immunoglobulin
isotypes, we assayed for PSTs that quantify switching to various
isotypes induced by treatment of cells with various cytokines. Pri-
mary yy1flox/flox splenic B cells treated with TAT-CRE were incu-
bated with IL-4 and LPS to induce switching to IgG1 and IgE, with
LPS to induce switching to IgG3 and IgG2b, with TGF-� plus LPS
to induce switching to IgA, and with IFN-� plus LPS to induce
switching to IgG2a. Interestingly, YY1 knockout resulted in an
approximately 5-fold reduction of PST, indicative of CSR to IgG1,
IgA, IgG2a, and IgG3, demonstrating that YY1 has a general role in
Ig CSR (Fig. 2A). Switching to IgG2B was reduced approximately
2-fold (Fig. 2A). On the other hand, switching to IgE was unaf-
fected by loss of YY1 (Fig. 2B). The reason for this differential
effect is discussed below. We confirmed our PST data by assaying
CSR to two other isotypes by FACS. Consistent with our PST data,
after conditional YY1 knockout, we observed a dramatic loss of
surface IgG3 and IgA as assayed by FACS (see Fig. S1 in the sup-
plemental material). In addition, we also observed a reduction in
plasma cell differentiation after treatment with IL-4 plus LPS and
TAT-CRE as measured by surface CD138 (syndecan) expression
(see Fig. S2 in the supplemental material). This reduction was
relatively small (40%) but was statistically significant (P � 0.001).
In total, our results indicate that loss of YY1 significantly reduces
CSR to multiple Ig isotypes.

YY1 does not impact levels of switch region germ line tran-
scripts, IgM transcripts, or Aicda gene expression. Germ line
transcription through switch region DNA sequences is required for
CSR, and it is believed that this transcription increases switch region
DNA accessibility to AID and DNA repair factors. Loss of YY1 might
reduce the levels of these switch region germ line transcripts, leading
to reduced CSR. To gain more insight into the molecular mecha-
nisms underlying the impact of YY1 on CSR, we analyzed the effect of
YY1 conditional knockout on expression of germ line transcripts that
originate from each switch region promoter in response to various
cytokines. Splenic B cells from yy1flox/flox mice were treated with TAT-
CRE or mock treated, and RNA was collected from 4-day cultures
induced to switch to IgG1, IgA, IgG2a, IgG3, IgE, and IgG2b. Inter-
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estingly, YY1 knockout did not reduce expression of any germ line
switch region transcripts, indicating that YY1 does not impact CSR by
regulating germ line transcription (Fig. 2D). On the contrary, YY1
knockout actually elevated IgE switch region transcripts approxi-
mately 5-fold (Fig. 2D). As discussed below, elevated IgE germ line

transcription may explain the lack of reduced IgE switching after YY1
knockout. YY1 knockout also had no impact on the levels of IgM
germ line or IgM coding transcripts under various cytokine induction
treatments, indicating that YY1 does not control the levels of these
transcripts for regulating CSR (Fig. 2E and F).

FIG 2 YY1 regulates CSR, but not germ line, IgM or Aicda transcripts. (A to G) Splenic B cells purified from yy1flox/flox mice were treated with bacterial TAT-CRE,
resulting in YY1 knockout (CRE �), or were mock treated (CRE �). The cells were treated with LPS plus IL-4 to induce CSR to IgG1 and IgE, with LPS to induce
CSR to IgG3 and IgG2b, with LPS plus TGF-� to induce CSR to IgA, and with LPS plus IFN-� to induce CSR to IgG2a. RNA was isolated and assayed for PSTs
(A and B) or germ line switch region transcripts (GL) (D) by reverse transcription (RT)-PCR. Fivefold-increasing sample amounts are shown for each isotype or
loading control. The data are representative of three independent experiments. (A) Loss of YY1 reduces CSR to IgG1, IgA, IgG2a, IgG3, and IgG2b as assayed by
RT-PCR of PSTs. (B) Loss of YY1 does not affect CSR to IgE. (C) Digestion circularization PCR of DNA from splenic B cells activated with LPS and IL-4 for 4 days.
Primers that detect switching to IgG1 (genomic DNA [gDNA]) were used in the top gel, and primers for the loading control nicotinic acetylcholine receptor
(nAChRe) �-subunit gene were used in the bottom gel. The amount of gDNA was increased by 5-fold in each lane. (D) Loss of YY1 has no impact on switch region
germ line transcripts (GL), except for a 5-fold increase in IgE transcripts. (E and F) IgM germ line transcripts (GL IgM) and membrane-bound transcripts (mb
IgM) are not impacted by loss of YY1. (G) AID mRNA expression is not impacted by loss of YY1.
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Levels of AID can impact the frequency of CSR (13, 15, 54, 56,
63, 64). We hypothesized that YY1 might regulate transcription of
the Aicda gene, leading to reduced CSR. However, loss of YY1 had
no impact on the expression of AID transcripts in any of the cy-
tokine mixtures used to induce CSR (Fig. 2G). The above results
demonstrate that although YY1 generally functions as a regulator
of transcription, it does not affect expression of Ig germ line tran-
scripts needed for CSR or expression of the Aicda or IgM gene.

Loss of YY1 does not impact proliferation of splenic B cells.
Cell division is necessary for CSR, and Aicda expression ex vivo
increases in each division cycle of induced splenic B cells, corre-
lating well with the frequency of CSR (54). Therefore, we tested if
loss of YY1 affected the proliferation of activated splenic B cells.
We loaded splenic B cells with a cell division tracking dye, CFSE;
added TAT-CRE to knock out YY1; and evaluated proliferation
after 3 days in culture with LPS and IL-4. No significant differ-
ences in proliferation between YY1 conditional knockout cells and
mock-treated control cells were observed in five independent ex-
periments (Fig. 3A), even though CSR was still impaired (Fig. 3B,
bottom). Similarly, incorporation of tritiated thymidine showed
no impact of YY1 deletion on cell growth (Fig. 3C). We conclude
that YY1 does not regulate cell division of splenic B cells activated
ex vivo.

YY1 physically interacts with AID. We reasoned that YY1
might control CSR by physically interacting with AID to regulate
its function. We assayed for physical interactions by GST pull-
down assays between AID, or AID-associated RPA70 protein, and
YY1, as well as with a panel of other transcription factors that bind
Ig(�) light chain 3= or intron enhancers (PU.1, PAX5, BCL6, and
IRF4) (32, 47–49, 67). We observed strong interactions between
AID and YY1, PU.1, and PAX5, while RPA70 physically interacted
with PU.1 and PAX5 (Fig. 4A, lanes 1 to 10). On the other hand,
BCL6 and IRF4 failed to interact with either AID or RPA70 (lanes
11 to 14).

To corroborate these findings in vivo, we performed coimmu-
noprecipitation assays with plasmids expressing Flag-AID and ei-
ther YY1 or PU.1. Indeed, we found that the YY1 and PU.1 pro-
teins coimmunoprecipitated with Flag-AID (Fig. 4B). We also
performed coimmunoprecipitation experiments with CH12 B
cells, which induce AID expression in response to treatment with
anti-CD40, IL-4, and TGF-�. Indeed, we found this treatment
stimulated AID expression in CH12 cells but had no impact on the
basal levels of YY1 and BCL6 expressed in these cells (Fig. 4C, left).
When extracts from stimulated and unstimulated CH12 cells were
immunoprecipitated with YY1 antibody, AID was found to coim-
munoprecipitate in the stimulated extracts (Fig. 4C, right). No

FIG 3 Loss of YY1 does not affect proliferation of activated B cells. (A) Splenic B cells from yy1flox/flox mice were stained with CFSE and either untreated (shaded
profiles) or treated with TAT-CRE (open profiles). After a 3-day stimulation with LPS and IL-4, CFSE levels in each cell were determined by FACS. The results
of 5 independent experiments are shown. (B) Surface IgG1 expression in cells stained with CFSE in panel A was determined by FACS (bottom). Averages from
5 experiments are presented, normalized to surface IgG1 expression in division cycle number 5. The error bars indicate standard deviations. (C) [3H]thymidine
incorporation of splenic B cells from yy1flox/flox mice cultured for 3 days in LPS and IL-4 media and treated with TAT-CRE (�CRE) or mock treated (�CRE). The
averages of 3 experiments reflect counts normalized to mock-treated cells cultured in 10 �g/ml LPS and 15 ng/ml IL-4. The error bars indicate standard
deviations.
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AID coimmunoprecipitate was observed using either anti-BCL6
antibody or nonimmune IgG (Fig. 4C, right). Therefore, we con-
clude that YY1 and AID interact in vivo in B cells.

To identify the AID domains responsible for binding each
transcription factor, we prepared a variety of AID deletion mu-
tants and tested their abilities to interact with YY1, PU.1, and
PAX5 by GST pulldown assays. Progressive C-terminal deletions
suggested that sequences between residues 45 and 55 are required
for interaction with each transcription factor (Fig. 5A, constructs
1 to 5). This was partially confirmed by a series of N-terminal
deletions (Fig. 5A, constructs 6 to 10), suggesting that YY1, PU.1,
and PAX5 bind to AID within its N-terminal half, and this binding
appears to involve AID sequences 45 to 55, as well as residues 64 to
94. We tested whether deletion of these AID sequences would
result in lost interaction in vivo as measured by coimmunoprecipi-
tation. As expected, full-length AID interacted with YY1 by coim-
munoprecipitation (Fig. 5B, lanes 1 and 2), consistent with our
GST data. Flag-AID�1-94, surprisingly, still coimmunoprecipi-
tated with YY1 (Fig. 5B, lane 4), even though the mutant failed to

interact with YY1 in vitro by GST pulldown assay. This suggests
that AID and YY1 might be part of a larger protein complex in
vivo. We also tested a number of AID point mutants correspond-
ing to mutations found in hyper-IgM syndrome type 2 patients
(F11V, R24W, S43P, H56Y, L59F, and W80R) or sites where AID
can be phosphorylated (T27A and S38A). None of these point
mutations affected binding of AID to YY1 in vivo (Fig. 5C) or to
YY1, PU.1, or PAX5 in vitro (Fig. 5D). In summary, our results
demonstrate that AID interacts with YY1 in vitro and in vivo via
residues in the AID N terminus.

YY1 affects AID nuclear localization. AID can shuttle be-
tween the cytoplasm and the nucleus (25), and an increasing body
of evidence suggests that AID levels in the nucleus are limiting for
CSR (13, 15, 56, 63, 64). Therefore, factors that regulate AID levels
in the nucleus will regulate the efficiency of CSR.

To determine whether YY1 might regulate AID nuclear local-
ization, we cotransfected Flag-tagged AID with increasing
amounts of CMV-YY1. Interestingly, AID protein levels in the
nucleus increased with increasing nuclear YY1 (Fig. 6A). AID lev-

FIG 4 AID interacts with PU.1, PAX5, and YY1 in vitro and in vivo. (A) GST pulldown assay. In vitro-translated 35S-labeled AID or RPA70 protein was incubated
with GST-tagged PU.1, PAX5, YY1, Bcl6, or IRF4 purified from bacteria in the presence of ethidium bromide to inhibit protein-DNA interactions and evaluated
by SDS-PAGE. (B) AID coimmunoprecipitates with YY1 and PU.1 in vivo. 293T cells were transfected with CMV–Flag-AID, CMV-YY1, or CMV-PU.1 plasmid
in the combinations indicated. After immunoprecipitation (IP) with anti-Flag antibody, levels of YY1 and PU.1 were detected by Western blotting with anti-YY1
and anti-PU.1 antibodies. Two percent (10 �g) of the sample is shown as input. The data are representative of three independent experiments. (C) AID and YY1
interact in vivo in B cells. Cell lysates from either stimulated or unstimulated CH12 cells were assayed by Western blotting for YY1, AID, and BCL6 expression
(left). The same lysates were immunoprecipitated with the antibodies shown (right), and AID was detected by Western blotting.
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els in whole-cell lysates did not change, indicating that YY1 ex-
pression specifically affected nuclear levels of AID and not total
amounts of AID protein (Fig. 6B). Since the fraction of AID typ-
ically observed in the nucleus is very small compared to the total
cellular AID, lack of change on Western blots of total cell or cyto-
plasmic extracts is not surprising. In order to detect strong signals
of AID in our nuclear fractions, we have used 10 to 20 times more
cell equivalents of nuclear extract than of cytoplasmic or whole-
cell extracts. The effect of increasing nuclear AID levels was spe-
cific to YY1, as transfection with plasmids expressing PU.1 or

PAX5 had no impact on AID nuclear or cytoplasmic levels (Fig. 6C
and D).

To map the YY1 domain responsible for AID nuclear accumu-
lation, cells were cotransfected with Flag-AID and increasing lev-
els of GAL-tagged YY1 deletion mutants. These studies indicated
that both N- and C-terminal regions of YY1 were sufficient for
AID nuclear translocation (GALYY1 1 to 200 and GALYY1 201 to
414) (Fig. 7A). Progressive carboxy-terminal YY1 deletions, 1 to
256, 1 to 200, 1 to 143, and 1 to 69, were all capable of increasing
AID levels in the nucleus. Deletion to YY1 residue 15, however,

FIG 5 Identification of AID sequences necessary for interaction with YY1, PU.1, and PAX5. (A) GST pulldown assays were performed with GST-tagged YY1,
PU.1, or PAX5 and in vitro-translated 35S-labeled AID deletion mutants. Specific AID deletion mutants are shown on the left, and levels of interaction with PU.1,
PAX5, and YY1 are summarized on the right (�, about 25%; ��, about 50%; ���, 100%; �, not above background). (B) YY1 coimmunoprecipitates with
Flag-AID�1-94. 293T cells were transfected with the expression plasmids shown above each lane. Samples were immunoprecipitated with anti-Flag antibody and
subjected to the Western blot (IB) procedure with anti-YY1 antibody. At the bottom are shown various Flag-AID and mutant inputs. FL, full length. (C) Various
hyper-IgM AID point mutants coimmunoprecipitate with YY1. The Flag-AID wild-type and point mutants shown above the lanes were cotransfected into 293T
cells with or without YY1 expression plasmid. Samples were immunoprecipitated with anti-Flag antibody and subjected to the Western blot procedure with
anti-YY1 antibody. (D) Various hyper-IgM syndrome AID point mutants interact with YY1, PU.1, and Pax5. GST pulldown assays were performed with the
35S-labeled proteins shown on the left and GST fusion proteins shown above each lane.

FIG 6 YY1 affects AID nuclear localization in transfected 293T cells. (A to D) Flag-AID was transfected to 293T cells with increasing amounts of YY1 (A and B),
PU.1 (C), or PAX5 (D) expression plasmids. Two days after transfection, nuclear, cytoplasmic, or whole-cell extracts were prepared and assayed by Western
blotting for expression of AID with anti-Flag antibody, as well as for expression of YY1, PU.1, and PAX5 by Western blotting with appropriate antibodies. Sixty
micrograms of protein assayed in each sample represents about 0.3 million cells of cytoplasmic extract and 3 million cells of nuclear extracts. The purity of nuclear
extracts is shown by absence of cytoplasmic �-tubulin, and sample loading is controlled by levels of TFIIB. The data are representative of three independent
experiments.
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ablated this effect. In the context of YY1 sequences 1 to 200, dele-
tion of residues 16 to 80 greatly reduced AID nuclear accumula-
tion, whereas mutants �70-100 and �60-70 continued to yield
elevated nuclear AID (Fig. 7A). Representative Western blot data
for the summary presented in Fig. 7A are shown in Fig. S3 in the
supplemental material.

The nuclear accumulation of AID is likely regulated by direct
physical interaction with YY1, because a YY1 construct that drives
nuclear AID accumulation (GALYY1 1 to 200) (Fig. 7A and B)
coimmunoprecipitated with AID (Fig. 7D), whereas a YY1 con-
struct that fails to support nuclear AID accumulation (GALYY1
1-200�16-80) (Fig. 7A and C) only weakly interacted with AID
(Fig. 7D). Our results indicate that increased nuclear YY1 levels
result in increased AID nuclear levels and that YY1 sequences 16 to
80 represent a YY1 domain involved in this phenotype. This re-
gion of YY1 includes the transcriptional activation domain (6).

Since AID physically interacts with the YY1 transcriptional ac-
tivation domain, we set out to determine if AID could control YY1
transcriptional functions. We transfected increasing amounts of
CMV-YY1 in the presence and absence of CMV–Flag-AID and

assayed for transcriptional activity of a YY1-responsive promoter
containing a multimerized YY1 binding site adjacent to the thy-
midine kinase (TK) promoter. This promoter is activated by low
levels of YY1 but repressed by high levels (6, 42). We observed no
impact on YY1 transactivation function by AID expression (Fig.
7E). Thus, while YY1 expression apparently can regulate AID-
mediated functions (CSR and nuclear accumulation), AID had no
impact on YY1 transcriptional functions (activation and repres-
sion).

Loss of YY1 in B cells reduces nuclear AID levels. Our data
mentioned above showed that elevated YY1 levels result in in-
creased abundance of AID in the nucleus. To determine if reduced
YY1 levels would lower the level of nuclear AID, we conditionally
knocked out YY1 in mature yy1flox/flox splenic B cells with recom-
binant TAT-CRE protein and measured AID levels in nuclear ex-
tracts and whole-cell lysates after stimulation for 3 days with LPS
plus IL-4. YY1 conditional knockout in splenic B cells resulted in
a dramatic 91 to 94% reduction in the level of AID in nuclear
extracts, whereas total AID levels were the same in control and
conditional knockout cells (Fig. 8). Nuclear extracts were assayed

FIG 7 Mapping of YY1 domains needed for increased AID nuclear accumulation. (A) Various GALYY1 mutants (diagrammed on the left) were cotransfected
into 293T cells with Flag-AID. Levels of nuclear AID accumulation are represented on the right. (B and C) GALYY1 1-200 or GALYY1 1-200�16-80 was
cotransfected with Flag-AID into 293T cells. While GALYY1 1-200 expression led to increased AID nuclear accumulation (B), GALYY1 1-200�16-80 did not (C).
(D) AID nuclear accumulation correlates with YY1 physical interaction. GALYY1 1-200 or GALYY1 1-200�16-80 was cotransfected with Flag-AID into 293T
cells. Whole-cell extracts of the transfected cells immunoprecipitated with anti-Flag antibody and then blotted with anti-GAL antibody showed coprecipitation
of GALYY1 1-200 with Flag-AID but not GALYY1 1-200�16-80 (top). Three percent input blots are shown in the middle gels. The lower gel shows the reciprocal
experiment, in which immunoprecipitation was performed with anti-GAL antibody followed by blotting with anti-Flag antibody. Again, only GALYY1 1-200
interacted strongly with Flag-AID. (E) AID does not impact YY1 transcription functions. Increasing amounts of CMV-YY1 were transfected in the presence and
absence of CMV–Flag-AID and assayed for transcriptional activity of a YY1-responsive promoter containing a multimerized YY1 binding site adjacent to the TK
promoter, (YY1)4TKCAT. This promoter is activated by low levels of YY1 but repressed by high levels (6, 42). 293T cells were transfected with (YY1)4TKCAT
reporter plasmid and increasing amounts of YY1 expression plasmid either with (�) or without (�) AID expression plasmid. The levels of YY1 transcriptional
activation and repression were analyzed by chloramphenicol acetyltransferase assay.
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for the cytoplasmic marker protein tubulin and were found to be
devoid of cytoplasmic contamination (Fig. 8). Protein loading was
equal, as evidenced by Ponceau staining, PU.1 in the nuclear ex-
tracts, and tubulin in the whole-cell extracts. We conclude that
YY1 can modulate soluble AID protein levels in splenic B cell
nuclei to control CSR.

We also performed YY1 siRNA knockdown studies in CH12 B
cells. Knockdown of YY1 was much less efficient in these cells
(about 50% knockdown compared to 95% in our splenic B cells),
but consistent with our splenic B cell conditional knockout exper-
iments, YY1 knockdown in CH12 cells resulted in reduced levels
of nuclear AID (see Fig. S4 in the supplemental material).

YY1 controls AID nuclear stability. As YY1 is able to regulate
the amount of AID in the nucleus and the shorter half-life of AID
in the nucleus is important for regulating nuclear AID levels, we
set out to determine if YY1 could regulate nuclear AID stability.
We performed cycloheximide half-life studies with cells trans-
fected with Flag-AID alone or Flag-AID cotransfected with CMV-
YY1. Two days after transfection, cycloheximide was added to
inhibit protein synthesis, and nuclear extracts were prepared at
various times. Interestingly, we found that cotransfection of AID
with YY1 caused a significant increase in nuclear AID stability

(Fig. 9A, compare top gel, lanes 1 to 5, to second gel from top,
lanes 6 to 10). Samples were devoid of cytoplasmic contamination
as evidenced by a lack of �-tubulin (third gel from top), and pro-
tein loading was comparable in each lane (bottom two gels).
Quantitative data from 8 independent experiments (Fig. 9B) in-
dicated that the half-life of AID can be increased by YY1 to ap-
proximately 12 to 13 h in the nucleus compared to reports of
about 2.5 h in the literature (1) and about 5 h here. Therefore, YY1
can increase the level of nuclear AID, at least in part, by stabilizing
AID in the nucleus.

DISCUSSION

We found that depletion of YY1 from activated splenic B cells com-
promised CSR. We hypothesized that YY1 could modulate CSR by
controlling (i) germ line switch region transcription, (ii) transcrip-
tion of the Aicda or IgM gene, (iii) proliferation of activated B cells,
(iv) AID protein levels, or (v) levels of nuclear AID. We found that
YY1 does not regulate expression of switch region germ line tran-
scripts, transcription of the Aicda or IgM gene, splenic B cell prolifer-
ation, or total AID protein levels. On the other hand, we found that
YY1 modified the levels of AID protein in nuclear extracts, at least in
part, by increasing nuclear AID stability.

FIG 8 YY1 regulates AID levels in nuclear extracts from activated mouse splenic B cells. Splenic B cells from yy1flox/flox mice were treated with bacterial TAT-CRE
(�CRE) or mock-treated (�CRE) as a control and activated ex vivo with LPS plus IL-4. Nuclear and whole-cell extracts were made after 3 days in culture.
Endogenous AID protein levels were determined by Western blotting with an anti-AID antibody (Cell Signaling). AID signals were normalized to tubulin and
PU.1 levels, as well as the signal from reversible staining of Western blot membranes with Ponceau S solution. A representative of 3 independent experiments is
shown. The representative number of cell equivalents for each lane is shown to indicate the much larger cell numbers needed for the nuclear extract lanes
compared to whole-cell extracts.
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During B cell development, YY1 expression levels remain rel-
atively constant, as defined by transcript levels (http://www
.immgen.org). However, YY1 protein levels are regulated in some
systems yielding biological responses. This is best studied in skel-

etal muscle differentiation systems, where YY1 expression levels
drop as a result of proteolysis (66), and in cardiac disease condi-
tions (59, 60). Here, we found that changes in YY1 levels can
regulate the nuclear levels of AID.

Knockout of YY1 affected CSR to numerous isotypes, consis-
tent with YY1 regulating nuclear AID levels. However, switching
to IgE was unaffected (Fig. 2B). Potentially, this switch region may
be less sensitive to low levels of nuclear AID. We observed elevated
IgE switch region transcription after deletion of YY1, and this
might make the switch region more accessible to the low levels of
nuclear AID. IgE CSR could therefore occur regardless of the rel-
atively low level of nuclear AID.

The mechanism of increasing nuclear AID need not be B cell
specific, since we found YY1 can control nuclear AID levels in B
cells, as well as in HEK 293T cells. A number of non-mutually
exclusive mechanisms could explain the function of YY1 in con-
trolling AID levels in the nucleus. First, YY1 might form a complex
with AID to control translocation of AID through the nuclear
pore. Several studies demonstrated that YY1 subcellular localiza-
tion is regulated during cell cycle progression and development
(17, 18, 41, 53, 72). In addition, apoptotic stimuli promote rapid
translocation of YY1 from the cytoplasm to the nucleus in asyn-
chronous HeLa cells (29). Thus, YY1 might function to increase
transport of AID from the cytoplasm to the nucleus via the nuclear
pore.

Second, YY1 might sequester AID in the nucleus, preventing
AID nuclear export. AID C-terminal amino acids 188 to 198 con-
tain a well-characterized nuclear export sequence recognized by
the CRM-1 receptor that actively exports AID from the nucleus
(34). YY1 is a component of multiple protein complexes, and our
data suggest that AID and YY1 are part of a protein complex (Fig.
5B). Thus, YY1 could sequester AID in a complex in the nucleus,
reducing AID nuclear export and leading to increased nuclear
accumulation, whereas loss of YY1 would enable AID nuclear ex-
port.

Finally, AID levels in the nucleus are also regulated by com-
partment-specific polyubiquitination and degradation (1). Nota-
bly, there is an 8-fold difference in nuclear and cytoplasmic AID
stability, with the AID half-life in the nucleus being about 2.5 h
compared to 20 h in the cytoplasm. Recently, it was found that
hsp90 can control the cytoplasmic stability of AID, thus regulating
the amount of AID available for nuclear import (40). In the same
way, we found that YY1 stabilizes AID in the nucleus. This repre-
sents an effective way of increasing AID nuclear accumulation, as
AID is much less stable in the nucleus than in the cytoplasm (1).
The mechanism of this stabilization is not yet clear, but YY1 might
interact with AID and inhibit nuclear AID polyubiquitination,
leading to AID stabilization. Loss of YY1 would allow increased
AID polyubiquitination and degradation. We favor this hypothe-
sis, because our preliminary results suggest that YY1 reduces AID
polyubiquitination. Thus, we favor the hypothesis that YY1 in-
creases nuclear AID levels by inhibiting AID polyubiquitination
and subsequent degradation. Further experiments are needed to
better define this mechanism. Control of nuclear levels of AID is
crucial, not only for regulating antibody maturation processes
(CSR and SHM), but also for maintaining the integrity of the
mammalian genome. Elevated levels of YY1 could cause aberrant
accumulation of AID in germinal center B cells, leading to in-
creased mutagenesis and lymphomagenesis. Indeed, YY1 levels
are elevated in germinal center-derived human diffuse large B cell

FIG 9 YY1 controls AID stability in the nucleus. (A) Flag-AID or Flag-AID
plus YY1 was cotransfected into 293T cells, and 2 days later, the cells were
treated with 100 �g/ml cycloheximide (CHX) to inhibit protein synthesis.
Cells were harvested at the times indicated above the lanes, and nuclear ex-
tracts were immunoblotted with antibodies to Flag (top two gels; long and
shorter exposures, respectively), �-tubulin to detect potential cytoplasmic
contamination (third gel from top), and YY1 (fourth gel from top). Compa-
rable loading of each lane is shown by Ponceau staining in the bottom gel. The
exposures of the top two gels were adjusted to enable comparison of the sta-
bility of AID alone (top gel, lanes 1 to 5) with that of AID plus YY1 (second gel
from top, lanes 6 to 10). (B) The fractions of AID remaining normalized to
nucleolin and Ponceau S staining are shown for AID versus AID plus YY1 for 8 inde-
pendent experiments. The error bars show the standard deviations of the mean.
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lymphomas (8), suggesting that YY1 contributes to disease pro-
gression.

It is also tempting to hypothesize that YY1 plays a role in tar-
geting AID to the Ig loci. YY1 binding to the Ig heavy chain 3=
hypersensitive site 3 (hs3), as well as to the E� enhancer, is induc-
ible by LPS (21). In this case, YY1 appears to be sequestered from
DNA in resting B lymphocytes through interaction with hypo-
phosphorylated retinoblastoma protein (Rb). However, after LPS
induction, Rb becomes hyperphosphorylated and releases YY1,
enabling it to bind to the hs3 and E� enhancers. Interestingly,
hs3b and -4 hypersensitive sites are crucial for formation of E�:
3=E� complexes with germ line switch region promoters after cy-
tokine treatment (70). In AID-deficient mice, this S-S synapto-
some complex (E�: 3=-E� complex with the associated switch
region promoter) is not formed, suggesting that AID acts as a
scaffold to hold the DNA sequences together. It would be very
interesting to test whether YY1 is part of this synaptosome com-
plex. We hypothesize that LPS induction of CSR might result from
AID recruitment to the synaptosome complex through induction
of YY1 binding to the hs3 and E� enhancers. This interaction with
YY1 could lead to AID stabilization at the Ig loci to create a locally
increased concentration of AID molecules, leading to efficient
CSR. Further experiments will be needed to test this hypothesis.

In summary, for the first time, we have identified YY1 as a
novel regulator of Ig CSR. The mechanism of this regulation in-
volves the ability of YY1 to control AID stability and nuclear AID
levels. As the levels of nuclear AID correlate with the levels of DNA
mutagenesis and lymphomagenesis, YY1 may provide a new tar-
get for therapies against lymphomas of germinal center B cell or-
igin, such as diffuse large B cell lymphoma.
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