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In biological processes, the balance between positive and negative inputs is critical for an effective physiological response and to
prevent disease. A case in point is the germinal center (GC) reaction, wherein high mutational and proliferation rates are accom-
panied by an obligatory suppression of the DNA repair machinery. Understandably, when the GC reaction goes awry, loss of
immune cells or lymphoid cancer ensues. Here, we detail the functional interactions that make microRNA 155 (miR-155) a key
part of this process. Upon antigen exposure, miR-155�/� mature B cells displayed significantly higher double-strand DNA break
(DSB) accumulation and p53 activation than their miR-155�/� counterparts. Using B cell-specific knockdown strategies, we con-
firmed the role of the miR-155 target Aicda (activation-induced cytidine deaminase) in this process and, in combination with a
gain-of-function model, unveiled a previously unappreciated role for Socs1 in directly modulating p53 activity and the DNA
damage response in B lymphocytes. Thus, miR-155 controls the outcome of the GC reaction by modulating its initiation (Aicda)
and termination (Socs1/p53 response), suggesting a mechanism to explain the quantitative defect in germinal center B cells
found in mice lacking or overexpressing this miRNA.

Somatic hypermutation (SHM) and class switch recombination
(CSR) of the immunoglobulin genes are critical steps for the

development of fully functional mature B cells. Several compo-
nents of the cellular machinery that promotes SHM and CSR have
been identified. Activation-induced cytidine deaminase (Aicda),
an enzyme that deaminates cytosine to produce uracil in DNA, is
thought to initiate and be essential for both SHM and CSR (1).
Activation of uracil DNA glycosylase (UNG), ATM, histone
H2AX, p53 binding protein 1 (53BP1), and the nonhomologous
end joining protein Ku70/80, among others, also plays important
roles in these processes (1, 2).

The physiological SHM and CSR involve DNA mutagenesis
and double-strand DNA breaks (DSB). Thus, the cellular response
to these injuries must be fine-tuned so as to neither excessively
engage the repair checkpoints nor compromise the integrity of the
rest of the genome (3). Transient transcription repression of mul-
tiple DNA repair genes by BCL6 and high-fidelity repair of non-
immunoglobulin genes account, at least in part, for a successful
germinal center (GC) response (3–7). Furthermore, timely en-
gagement of the p53 pathway protects against AID-dependent ab-
errant DNA damage and chromosomal translocations (8). How-
ever, less is known about the termination of these activities, which
is a critical step to prevent loss of normal B lymphocytes.

MicroRNAs (miRNAs) are non-protein-coding small RNAs
that regulate a vast array of physiological functions. miRNAs sub-
tly downmodulate the expression of multiple proteins, thus func-
tioning primarily as rheostats that match the cell needs seamlessly
but effectively (9, 10). This unique property suggests that miRNAs
may contribute to the control of SHM and CSR reactions.
microRNA 155 (miR-155) plays an extensive role in immune cell
biology; miR-155 knockout (KO) mice display a defective mature
B cell development characterized by a decreased number of GC B
cells, whereas an E�-miR-155 transgenic mouse model develops
an oligoclonal proliferation which evolves to B cell lymphoma (11,

12). These observations suggest that miR-155 may regulate the B
cell response to physiological DNA damage, i.e., the control of
SHM and CSR, and mechanistically explain the phenotypes ob-
served in these loss- and gain-of-function animal models. The
discovery that miR-155 targets Aicda supports the notion that this
miRNA controls the initiation of SHM and CSR (13, 14). How-
ever, in spite of these advancements, it remains mechanistically
unexplained why following an antigen challenge, mice lacking
miR-155 display an abnormally low number of GC B cells. We
postulate that an exacerbated response to DNA damage accounts
for this observation.

Here, we demonstrate that miR-155 plays a central role in
modulating the extent of DSB and the amplitude of p53 activation
and the DNA damage response (DDR) associated with the GC
reaction; we used small interfering RNA (siRNA) approaches in
untransformed mature B cells to link this hitherto-unreported
observation to the known miR-155 targets Aicda and Socs1. Fol-
lowing immunization or after in vitro stimulation with lipopoly-
saccharide (LPS) and interleukin-4 (IL-4), mature B cells from
miR-155�/� mice display a significantly higher accumulation of
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�H2AX at the DSB foci and heightened p53 activation, with atten-
dant greater cell cycle arrest and apoptosis. Genetic suppression of
p53 abrogated the excessive cell cycle arrest associated with miR-
155 deficiency, whereas retrovirus-mediated ectopic expression of
miR-155 rescued these B cells by dampening both �H2AX accu-
mulation and p53 activity. These findings pointed to a role for
miR-155 in controlling the DSB and p53 activation that accom-
pany the GC reaction. We confirmed the participation of Aicda in
this process by partially rescuing the excessive DSB and DDR via
an siRNA-mediated knockdown. Further, we showed that the
miR-155 target Socs1 directly binds to p53 and that an siRNA-
mediated Socs1 knockdown significantly suppressed p53 activity
in activated B cells. Additionally, using a complementary gain-of-
function model, we showed that in B cells Socs1 facilitates p53
activation and localization to DSB foci. Together, these data sug-
gest that miR-155 controls the outcome of the GC reaction at two
levels, by modulating its initiation (Aicda targeting) and distally
by influencing p53 response (at least in part via Socs1 targeting).
These findings may help explain the aberrant loss or excess of GC
B cells in miR-155 null or knock-in mice, respectively (12). Fi-
nally, our data add another layer, the functional suppression of
p53 activity via Socs1 targeting, to the complex role played by
miR-155 in tumor development and maintenance (11, 15–18).

MATERIALS AND METHODS
Mice and isolation of murine cells. miR-155-deficient mice were ob-
tained from Klaus Rajewsky’s group. A local colony was maintained by
breeding heterozygous mice. Sex matched, 8- to 15-week-old miR-
155�/� and wild-type (WT) littermates were used in all assays reported.
For a subset of experiments, mice were immunized with 100 �g of NP-
CGG (4-hydroxy-3-nitrophenylacetyl chicken �-globulin; Biosearch
Technologies) on days 0 and 7 and were harvested on day 14. In naive or
immunized mice, splenic mature B cells were isolated as we described
previously (19), using the EasySep mouse B cell enrichment kit (StemCell
Technologies); purity was confirmed by fluorescence-activated cell sorter
(FACS)-based quantification of B220 or CD19 (�93%). These mature B
cells were examined either immediately upon harvesting and purification
or following 48 to 96 h of culture in RPMI 1640 supplemented with 20%
fetal bovine serum (FBS), 100 �M �-mercaptoethanol, 10 mM HEPES, 2
�M L-glutamine, 0.1% penicillin-streptomycin, 20 �g/ml lipopolysac-
charide (LPS), and 2.5 ng/ml murine interleukin-4 (IL-4). In addition, for
a group of mice, thymus and bone marrow were also harvested under
sterile conditions. In brief, thymocytes were cultured in a T cell medium
containing RPMI 1640 supplemented with 20% FBS, anti-CD3 (1 �g/ml,
UCTH1 clone; BD Biosciences), and anti-CD28 (2 �g/ml, CD28.2 clone;
BD Biosciences) as previously described (20). Bone marrow was collected
from the two legs (femur and tibia), and a mononuclear cell suspension
was prepared after lysing red cells. Total cells were subsequently cultured
in minimal essential medium (MEM) alpha supplemented with 10% FBS,
25 ng/ml stem cell factor (SCF), 20 ng/ml interleukin-6 (IL-6), 10 ng/ml
interleukin-3 (IL-3), and 10 ng/ml thrombopoietin (TPO), as described
previously (21). These T cells and hematopoietic cells, alongside with
mature B cells not exposed to LPS–IL-4, were cultured for short time (2 h)
or overnight and then irradiated (5 Gy, cesium 137) or treated with 30 �M
Etoposide for 20 h, respectively. For the irradiated cohort, the cells were
collected at 3 h postirradiation. All animal procedures were approved by
the Institute Animal Care and Use Committee of the University of Texas
Health Science Center San Antonio.

miR-155 transduction. The generation of a murine stem cell virus
(MSCV)–miR-155– enhanced green fluorescent protein (eGFP) bicis-
tronic retrovirus construct and the virus production method were re-
ported earlier (18). Purified splenic mature B cells from miR-155�/� mice
(n � 4) were maintained in LPS- and IL-4-containing medium and trans-

duced by spinoculation with MSCV or MSCV–miR-155 viruses every 24 h
for a total of three rounds. The effectiveness of the transduction was con-
firmed by FACS (mean GFP-positive cells � 73%; range, 63% to 81%)
and by measuring miR-155 expression with the stem-loop quantitative
TaqMan real-time reverse transcription-PCR (RT-PCR) assay
(MicroRNA assays; Applied Biosystems Inc.). Twenty-four hours after the
last round of transduction, cells were collected for downstream assays.

Stable Socs1 expression in BaF3 cells. A full-length murine Socs1
cDNA was PCR amplified, sequence verified, and cloned into the MSCV-
eGFP vector. MSCV-Socs1-eGFP and empty MSCV-eGFP viruses were
transduced in the murine pro-B cell line BaF3 and highly purified popu-
lations (�90% eGFP positive) obtained by FACS-based cell sorting. These
stable B cell populations were maintained in RPMI 1640 supplemented
with 10% fetal bovine serum (FBS), 10 mM HEPES, 2 �M L-glutamine,
0.1% penicillin-streptomycin, and 10 ng/ml murine interleukin-3 (IL-3).

siRNA-mediated downregulation of p53, Aicda, and Socs1 in mu-
rine B cells. Purified mature B cells from miR-155�/� and WT littermates
were transfected by electroporation with control siRNA oligonucleotides
or a pool of sequences directed at p53, Aicda, or Socs1 (see Table S1 in the
supplemental material). In brief, murine B cells cultured for 48 h were
washed twice with cold phosphate-buffered saline (PBS) and resuspended
into 400 �l of Opti-MEM medium containing 100 to 200 nM siRNA
duplex. Electroporation was performed using a Bio-Rad Gene Pulser MX
Cell (Bio-Rad Laboratories) with parameters set at 250 V, 975 �F, and �
resistance. The transfected cells were kept on ice for 10 min and then
cultured for another 24 h or 48 h before the cells were harvested for
downstream applications, including cell cycle analysis, �H2AX immuno-
fluorescence (IF), Western blot analysis of total p53, phospho-p53, Aicda,
and Soc1, and real-time RT-PCR-based quantification of p53 transcrip-
tional targets, as well as p15, p16, and p57.

�H2AX and phospho-p53 IF. Relevant single-cell suspensions were
processed by cytospin onto polylysine slides and fixed with 4% parafor-
maldehyde solution at 4°C for 15 min, followed by a 5-min permeabiliza-
tion step using 50 mM NaCl, 3 mM MgCl2, 200 mM sucrose, 10 mM
HEPES, and 0.5% Triton X-100. Slides were blocked in 3% goat serum,
1% bovine serum albumin, and 0.1% Triton X-100 in Tris-buffered saline
solution for 1 h at room temperature (or overnight at 4°C) and stained
with anti-�H2AX-Ser139 (1:250) (2577; Cell Signaling Technology) over-
night at 4°C (or for 1 h at room temperature) followed by Alexa Fluor
488-conjugated goat anti-rabbit antibody (1:500) (Invitrogen) for 30 min
at room temperature. For BaF3 cells stably expressing empty MSCV or
MSCV-Socs1 constructs, the immunofluorescence (IF) assays were per-
formed in cultures grown in IL-3-free medium for 6 h, followed by ion-
izing radiation (IR) (5 Gy, cesium 137), with harvesting at 1 h postirradi-
ation. Subsequently, the cells were processed as described above and
stained with mouse anti-�H2AX-Ser139 (1:250) (05-636; EMD Milli-
pore) and/or rabbit anti-phospho-p53–Ser15 (1:250) (9284; Cell Signal-
ing Technology) overnight at 4°C, followed by incubation with secondary
antibodies (Alexa Fluor 488 – goat anti-rabbit IgG [1:500] and Texas Red–
goat anti-mouse IgG [1:500], both from Invitrogen) for 1 h at room tem-
perature. Cell nuclei were stained with 4=,6-diamidino-2-phenylindole
(DAPI), and slides were mounted using Vectashield (Vector Laborato-
ries). For single �H2AX staining, the fluorescence patterns were visualized
by Nikon Eclipse 2000 fluorescence microscopy, and the data were ana-
lyzed and collected using NIS Elements software, as described previously
(22). The quantification of �H2AX-positive signal was performed with
the ImageJ software, with enumeration of foci in 50 nuclei/sample. Con-
focal imaging was performed using an inverted IX-81 Olympus micro-
scope configured with an Olympus FV1000 confocal scanning system.
The Uplanapo 60	 oil objective (1.42 numerical aperture [NA]) was used
for all data sets, and an additional electronic zoom of 2 was applied. The
quantification of p-p53 and �H2AX colocalization signals was performed
using the plug-in module provided for ImageJ, as previously described
(23), with analysis of 100 cells/sample.
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Western blots and immunoprecipitation. Protein isolation, electro-
phoresis, and transfer to polyvinylidene difluoride (PVDF) membranes
were performed as we previously described (24). Filters were immuno-
blotted with antibodies against p53 (sc-6243; Santa Cruz Biotechnology),
phospho-p53 (Ser15, 9284; Cell Signaling Technology), p21 (F-5, sc-6246;
Santa Cruz Biotechnology), phospho-STAT5–Tyr694 (4322; Cell Signal-
ing Technology), Aicda (4975; Cell Signaling Technology), Socs1 (3950;
Cell Signaling Technology), and �-actin (Sigma). In immunoprecipita-
tion assays, 500 �g of protein from miR-155�/� or WT mature B cells was
incubated with 1 �g of anti-53 antibody (sc-99; Santa Cruz Biotechnol-
ogy) or mouse IgG control and protein A/G beads at 4°C overnight. Fol-
lowing washes and separation by electrophoresis, membranes were im-
munoblotted with anti-Socs1 or anti-p53 antibodies.

Real-time RT-PCR. RNA isolation and cDNA generation were per-
formed as we described previously (26). Real-time RT-PCR was used to
quantify the expression of the cyclin-dependent kinase inhibitors (CDKi)
p15 (Cdkn2b), p16 (Cdkn2a), p21 (Cdkn1a), and p57 (Cdkn1c) as well as
the expression of the p53 transcriptional targets Cdc25c, Gadd45a, and
Pcna. Expression was normalized to that of the housekeeping control
TATA binding protein (TBP) gene, relative quantification was achieved
by calculating the 

CT, and expression was defined as 2�

CT, where
either miR-155 WT B cells or those transduced with control vector or
siRNA represented the baseline. All primers are listed in Table S2 in the
supplemental material. Relative expression of miR-155 was defined by
stem-loop quantitative TaqMan real-time reverse transcription-PCR
(RT-PCR) assay (MicroRNA assays; Applied Biosystems Inc.). Small nu-
cleolar (Sno) RNA 202 was used for normalizing the expression, as de-
scribed previously (26).

Cell cycle and apoptosis analyses. Cell cycle distribution and apopto-
sis were determined as we described before (27). In brief, B cells from WT
or miR-155�/� mice (n � 6) were grown in the presence of LPS and IL-4
for 72 to 96 h, fixed with 70% ethanol at 4°C overnight, stained with
propidium iodide, and analyzed by FACS. Annexin V staining (phyco-
erythrin [PE]-annexin V apoptosis detection kit I; BD Pharmingen) was
used to determine the apoptosis rates of WT and miR-155�/� mouse B
cells. An additional cohort of B cells from WT or miR-155�/� mice (n �
4) was investigated in the same manner following transfection with siRNA
oligonucleotides directed at p53 or at a control innocuous sequence.

Cellular senescence assay. Splenic mature B cells from WT or miR-
155�/� mice were cultured in the presence of LPS and IL-4 for 72 h.
Senescence-associated �-galactosidase (SA-�-gal) activity was deter-
mined using the senescence �-galactosidase staining kit (Cell Signaling
Technology) following the general manufacturer’s instructions and using
2.5 mg/ml of X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyrano-
side) at 37°C for 16 to 24 h. Images were collected with a Nikon Digital
Sight DS-Ri1 camera in a Nikon eclipse TE200 microscope (total magni-
fication, 	400).

RESULTS
Heightened formation of �H2AX foci and p53 activation in
miR-155�/� mature B cells. miR-155�/� mice display a signifi-
cantly reduced fraction of GC B cells (12). A defect in cytokine
production has been linked to this finding (12), but the full picture
remains to be elucidated. miR-155 deficient B cells also develop an
abnormally high degree of Aicda-dependent Myc-Igh transloca-
tion, suggesting that these cells may be exposed to excessive DNA
damage (13). To explore the possibility that an exacerbated DDR
contributes to the lower number of GC cells in miR-155�/� mice,
we first quantified the extent of DSB. To that end, we used immu-
nofluorescence (IF) to detect the phosphorylated (Ser-139) form
of the histone variant H2AX (�H2AX), a highly specific and sen-
sitive marker of double-strand DNA break and subsequent repair
(28). Mature B cells were harvested from miR-155�/� and WT
littermates (n � 18) and grown in medium containing LPS and

IL-4 for 48 to 96 h, and �H2AX detection was performed by IF.
Quantification of �H2AX foci (50 nuclei/mouse) showed a signif-
icantly higher DSB formation in miR-155�/� B cells than in WT
controls (P � 0.01, two-tailed Student t test) (Fig. 1A). In parallel
experiments and to demonstrate that in vitro exposure to LPS–
IL-4 recapitulates the in vivo GC reaction, we immunized miR-
155�/� and WT littermates (n � 6) with NP-CGG. Subsequently,
mature B cells from these mice were isolated and processed di-
rectly for �H2AX focus detection; this analysis confirmed that an
absence of miR-155 is associated with enhanced DSB focus for-
mation (P � 0.01, two-tailed Student t test) (Fig. 1B). A physio-
logical response to DNA damage is the engagement of repair
checkpoints, in particular the p53 pathway. Nonetheless, this re-
sponse is transiently repressed during the GC reaction to allow for
the proper diversification of the immunoglobulin genes (3, 6).
Thus, we examined whether loss of miR-155 interfered with p53
activation. The phosphorylation of p53’s serine 18 (human
Ser15), was markedly higher in mature B cells from miR-155�/�

mice than in those from WT littermates (Fig. 1C). This serine
residue is phosphorylated by ATM and ATR, and it is a marker of
the induction of p53 by DNA damage (29). Concordantly, real-
time RT-PCR-based quantification of four transcriptional targets
of p53 (p21, Cdc25c, Gadd45a, and Pcna) demonstrated a signifi-
cantly higher p53 activity in miR-155�/� than in WT B cells, irre-
spective of whether they derived from in vitro stimulation or im-
munized mice (P � 0.01, two-tailed Student t test) (Fig. 1C and
D). We conclude that miR-155�/� B cells have an elevated rate of
DNA double-strand breaks and activation of the p53 pathway,
which may account for the diminished number of GC B cells in
mice deficient for miR-155.

Cell cycle arrest and apoptosis in miR-155�/� B cells. In re-
sponse to DNA injury, p53 induces apoptosis, transient cell cycle
arrest, or senescence (29). The excessive engagement of the p53
pathway that we identified in miR-155�/� mice suggests that the
reported loss of the GC B cells in this model may be associated
with a p53-regulated apoptosis or cell cycle arrest. To address this
issue, we first confirmed that miR-155�/� mice developed fewer
GC cells than WT littermates (CD95�/PNAhigh) (see Fig. S1 in the
supplemental material). Next, we defined the cell cycle profile,
measured the apoptosis rate, and quantified the expression of the
cyclin-dependent kinase inhibitor (CDKi) genes (p15, p16, p21,
and p57) in mature B cells from miR-155�/� and WT controls
(n � 6 to 18). Following in vitro exposure to LPS–IL-4 or in vivo
immunization, we detected a significantly higher expression of all
CDKi genes examined in miR-155�/� cells than in WT cells (P �
0.05, two-tailed Student t test) (Fig. 2A). Concordantly, after 72 h
in culture, we detected a modest, but significant, higher percent-
age of G0/G1-arrested cells in the miR-155�/� that in WT controls
(P � 0.01, two-tailed Student t test) (Fig. 2B). These nonimmor-
talized mature B cells became apoptotic after 4 days in culture,
again at a significantly higher rate in miR-155�/� cells than in WT
controls (P � 0.01, two-tailed Student t test) (Fig. 2C). Although
p53 activation preferentially induces apoptosis in murine B cells,
the higher expression of CDKi genes and cell cycle arrest suggested
that premature senescence may be associated with miR-155 defi-
ciency in mature B cells. Unfortunately, the quantification of
�-galactosidase activity, an important senescence marker, is com-
promised in our model because the targeting construct used to
generate the miR-155�/� mice includes a LacZ reporter (encoding
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�-galactosidase) under the control of the BIC gene (the primary
miR-155 transcript) promoter (12). Indeed, we found that mature
B cells from the miR-155�/� mice readily stain for �-galactosidase
upon LPS exposure in vitro (data not shown), which further sup-
ports the concept that miR-155 expression is induced during, and
important for, the GC reaction. Finally, to ascertain the contribu-
tion of p53 to these processes, we isolated mature B cells from a
cohort of miR-155�/� and WT mice (n � 4) and used electropo-
ration to transfect them with control or p53-directed siRNA oli-
gonucleotides. A significantly higher percentage of G0/G1-arrested
cells was readily detected in siRNA control-transfected miR-
155�/� cells (P � 0.01, two-tailed Student t test), whereas this

difference was abrogated upon p53 knockdown (Fig. 2D). Next,
we examined the consequences of suppressing p53 in these cells
for p16, p15, p21 and p57 expression. Inhibiting the p53 expression
significantly restricted the upregulation of p15, p16, and p21 (but
not p57) that is associated with in vitro activation of miR-155 KO
B cells (Fig. 2E). Unfortunately, following electroporation of
siRNA oligonucleotides we could not capture the difference in
apoptosis rate between miR-155 null and WT cells. We attributed
this unexpected result to the effects of electroporation, which by
inflicting broad cell damage may have impaired our ability to de-
tect subtle differences in apoptosis rate. Thus, we cannot deter-
mine at the moment if p53 also mediates the effects of miR-155 on

FIG 1 Heightened formation of �H2AX foci and p53 activation in miR-155�/� mature B cells. (A) Mature B cells were harvested from miR-155 null and WT
mice and grown in the presence of LPS–IL-4 for 96 h, and �H2AX was detected by IF. Quantification of �H2AX foci (50 nuclei counted per mouse) revealed a
significantly higher DSB formation in miR-155 null than in WT control B cells (**, P � 0.01, two-tailed Student t test). Data shown are mean 
 standard
deviation (SD) for the nine pairs of mice collected independently. A representative example of the �H2AX IF is also shown. (B) Mature B cells from NP-CGG-
immunized mice were isolated and processed directly for �H2AX IF. Quantification of �H2AX foci confirmed the significantly more pronounced DSB formation
in miR-155�/� B cells (P � 0.01, Student t test). Data shown are mean 
 SD for the three pairs of mice collected independently. A representative example of the
�H2AX IF is also shown. (C) Left, Western blot analysis of phospho-P53 (Ser18) levels in B cells from two pairs of miR-155�/� and miR-155�/� mice shows a
markedly higher p53 phosphorylation in cells lacking miR-155. Total p53 and B-actin immunoblotting confirmed that the changes noted are not related to
distinct protein abundance. Right, real-time RT-PCR quantification of four p53 transcriptional targets (p21, Cdc25c, Gadd45a, and Pcna) defined a higher p53
activity in miR-155 null than in WT cells. (D) Similar real-time RT-PCR quantification was performed in B cells isolated from NP-CGG-immunized miR-155�/�

or miR-155�/� mice. In both instances, the expression of the p53 transcriptional targets was significantly influenced by miR-155 status (**, P � 0.01, two-tailed
Student t test). Note that Cdc25a expression is repressed by p53, whereas all other genes are induced. Data in panel C represent the mean 
 standard error of the
mean (SEM) of nine independent quantifications 18 mice); data in panel D are the mean 
 SEM from three independent assays (6 mice). Data are displayed as
relative expression, and all quantitative RT-PCRs were performed in triplicate.
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the apoptosis of mature B cells. We conclude that the aberrant p53
activation found in miR-155�/� B cells elicits a spectrum of exac-
erbated responses, including heightened cell cycle arrest and
apoptosis, which may contribute to the loss of GC B cells in mice
lacking miR-155.

miR-155 reconstitution rescues the aberrant DSB formation
and p53 activation in mature B cells. To confirm the cell-auton-
omous role of miR-155 in modulating the DSB accumulation and
DDR associated with the GC reaction, we rescued its expression in
miR-155�/� B cells. In these assays, mature B cells from miR-

155�/� mice (n � 4) were transduced with an MSCV–miR-155
retrovirus or an empty MCSV control. The effectiveness of this
process was confirmed by FACS (GFP � 75%) and stem-loop
real-time quantification of miR-155 (see Fig. S2 in the supplemen-
tal material). In these assays, cells transduced with MSCV–miR-
155 formed significantly fewer DSB foci (P � 0.05, two-tailed
Student t test), as determined by �H2AX IF, than their MSCV
control counterparts and showed significantly lower p53 activity,
as defined by its phosphorylation levels and transcriptional target
expression (P � 0.01, two-tailed Student t test) (Fig. 3A and B).

FIG 2 Excessive cell cycle arrest and apoptosis in miR-155�/� B cells. (A) Real-time RT-PCR quantification of the cyclin-dependent kinase inhibitor genes p15,
p16, p21, and p57 was performed in miR-155 null or WT B cells following exposure to LPS–IL-4 (left panel) or NP-CGG immunization (right panel). We detected
a significantly higher expression of all CDKi genes in miR-155�/� than in miR-155�/� cells. Data in the left and right panels represent the mean 
 SEM for nine
and three independent quantifications (18 and 6 mice), respectively. Data are displayed as relative expression; all quantitative RT-PCRs were performed in
triplicate. (B) Propidium iodide (PI) staining was used to determine the cell cycle profiles of mature B cells from three pairs of miR-155�/� and miR-155�/�

littermates exposed to LPS–IL-4 for 72 h. The absence of miR-155 was significantly associated with a higher percentage of G0/G1-arrested cells. (C) Annexin V
staining was used to quantify apoptosis in three pairs of miR-155�/� and miR-155�/� littermates exposed to LPS–IL-4 for 96 h. A significantly higher fraction
of miR-155 null than WT cells were positive for annexin V. Data shown in panels B and C are mean 
 SD of independent measurements performed in triplicate.
(D) Mature B cells from two pairs of miR-155�/� and miR-155�/� littermates were grown in medium containing LPS–IL-4 for 48 h and electroporated with
control (ctrl) or p53-specific siRNA oligonucleotides, and the cell cycle profile was determined 24 h later. Knockdown of p53 abrogated the excessive G0/G1 arrest
found in miR-155�/� B cells (compare si-ctrl versus si-p53-transfected cells). Western blots (bottom) confirmed the effective KD of p53 in this model. (E)
Real-time RT-PCR of p15, p16, p21, and p57 in miR-155�/� or miR-155�/� B cells following si-ctrl or si-p53 transfection. The higher levels of p15, p16, and p21
in miR-155�/� cells was significantly limited by the KD of p53. Data shown are the mean 
 SD for the cells shown in panel D, displayed as relative expression
normalized by the values obtained with miR-155�/� cells. *, P � 0.05; **, P � 0.01 (two-tailed Student t test).
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Thus, expression of miR-155 limits the extension of DNA damage
and p53 activation associated with the GC reaction in a cell-au-
tonomous manner.

miR-155 regulation of DNA damage is cell and context spe-
cific. In mature B cells, miR-155 regulates the extent of DSB and
p53 activation (Fig. 1 and 3). Here, we examined if this regulatory
control extended to other genotoxic stimuli and cell types. To that
end, splenic mature B cells, thymocytes, or bone marrow cells
were isolated from miR-155�/� and WT littermates (n � 4) and
exposed to etoposide (30 �M for 20 h) or IR (5 Gy, with cell
collection after 3 h). Using �H2AX IF, we found a marked induc-
tion of DSB in all cell types exposed to etoposide or IR (Fig. 4).
Likewise, in comparison to control (vehicle-exposed or nonirra-
diated cells), there was a significant modulation of p53 target gene
expression following etoposide or IR treatment (see Fig. S3 in the
supplemental material). However, irrespective of the cell type or
genotoxic stimuli, there was no significant difference in the num-
ber of �H2AX foci between WT and miR-155�/� cells or p53
transcriptional target expression. As a control, the mature B cells
were also exposed to LPS–IL-4, and we readily detected the ex-
pected significantly higher DSB accumulation in the miR-155�/�

model (see Fig. S3 in the supplemental material). We conclude
that in this model, the control of DSB extent and p53 activation by
miR-155 may be restricted to B cells undergoing the GC reaction.

Aicda overexpression contributes to the excessive DSB and
DDR in miR-155-deficient mature B cells. We showed that the
regulation of DNA double-strand breaks by miR-155 is predom-
inant in mature B cells undergoing the GC reaction (Fig. 1, 3, and
4). These data suggested a potential role for Aicda, a known miR-
155 target (13, 14) and a key regulator of CSR, a B cell-specific

process that is associated with double-strand DNA breaks (1, 2).
To test this concept, we used an RNAi strategy to isolate the con-
tribution of Aicda to the enhanced DSB accumulation and DDR
found in miR-155�/� B cells. We transfected a pool of Aicda-

FIG 3 miR-155 reconstitution rescues the aberrant DSB formation and p53 activation in B cells. Mature B cells were isolated from four miR-155�/� mice and
successfully transduced with a retrovirus expressing this miRNA or an empty control (MSCV). (A) Cells transduced with MSCV-miR-155 formed significantly fewer
DSB foci (*, P � 0.05, Student t test), as determined by �H2AX IF, than their control counterparts. Data shown are mean 
 SD from the four independent assays; 50
nuclei were counted per cell type in each assay. A representative example of the �H2AX IF is also shown. (B) Left panel, Western blot analysis of phospho-p53 (Ser18)
levels in miR-155�/� B cells transduced with empty MSCV or MSCV–miR-155 shows a decrease in p53 phosphorylation following miR-155 expression. Right panel,
real-time RT-PCR quantification of p53 transcriptional targets confirms the significant suppression of p53 activity upon miR-155 reconstitution (**, P � 0.01, Student
t test). Data shown are the mean 
 SD from three independent assays (6 mice) performed in triplicate and are displayed as relative expression.

FIG 4 miR-155 regulation of DNA damage is cell and context specific. Mature
B cells, thymocytes, and bone marrow cells were harvested from miR-155 null
or WT mice. Exposure of these cell to ionizing irradiation (IR) (5 Gy, with
collection after 3 h) and etoposide (30 �M for 20 h) induced robust �H2AX
accumulation at the DSB foci in all three cell populations (compare control
[vehicle exposed, nonirradiated] versus etoposide- or IR-treated cells). How-
ever, irrespective of the cell type or genotoxic stimuli, there was no significant
difference in the number �H2AX foci between WT and miR-155�/� cells. Data
shown are mean 
 SD for foci per nucleus. For each assay, approximately 50
nuclei were counted per mouse. p53 activity data are shown in Fig. S3 in the
supplemental material.
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directed or control siRNA oligonucleotides in mature B cells from
miR-155�/� or WT littermates (n � 8) and measured DSB and
p53 activity. Aicda expression was consistently higher in miR-
155�/� cells (Fig. 5A), as expected for an miR-155 target. Impor-
tantly, Aicda expression was effectively suppressed by the siRNAs
(Fig. 5A), resulting in a significant decrease in the formation of
�H2AX foci (Fig. 5B) (P � 0.01, two-tailed Student t test). Nota-
bly, knockdown of Aicda corrected the excessive DNA breakage
that typifies miR-155�/� B cells, as characterized by the now in-
distinguishable accumulation of DSB foci in WT B cells trans-
fected with a control siRNA and miR-155�/� cells transfected
with Aicda siRNAs (Fig. 5B). To determine whether this limited
DSB formation decreased p53 activation, we examined its phos-
phorylation levels and the expression of its transcriptional targets.
As we showed above, phosphorylation of p53 was higher in miR-
155�/� cells, but it was effectively suppressed by the knockdown
of Aicda (Fig. 5C). The decrease in p53 phosphorylation levels was
accompanied by a significant change in the expression of its tran-
scriptional targets (P � 0.05, two-tailed Student t test) (Fig. 5C).

We conclude that the elevated p53 activity of miR-155�/� B cells is
at least in part secondary to the unchecked Aicda levels. Thus, the
targeting of Aicda by miR-155 is a key cellular safeguard to limit
the extent of the DNA damage and p53 activation associated with
the process of antibody diversification within the germinal center.

miR-155 regulates the extent of p53 activity in mature B cells
by targeting Socs1. The lower number of GC B cells in miR-
155�/� mice suggests that not only the Aicda-mediated DNA dou-
ble-strand breaks is aberrant in this context but perhaps also the
resolution of these DNA lesions. p53 is a central regulator of cell
fate following DNA injury (29). Thus, an abnormally active p53
pathway, above and beyond its excessive induction secondary to
Aicda deregulation, may play a role in the loss of GC B cells found
in the miR-155�/� mice. To explore this possibility and absent any
evidence that miR-155 could directly target p53, we focused on
well-characterized miR-155 targets that are both relevant to im-
mune cell biology and may regulate p53 activity. Socs1, an miR-
155 target (30), is known primarily as a negative regulator of cy-
tokine signaling (31). However, a less well defined function of

FIG 5 Aicda overexpression contributes to the excessive DSB and p53 activity in miR-155-deficient mature B cells. (A) Western blot analysis of mature B cells
from miR-155 null or WT mice (four pairs of mice, n � 8) shows higher expression of Aicda in cells lacking the miRNA (for each pair of mice, compare si-ctrl
in miR-155�/� versus miR-155�/� mice). The display also demonstrates the effective downmodulation of Aicda by the siRNA-based strategy (compare si-ctrl to
si-aicda lanes). (B) Quantification of �H2AX by IF demonstrates that downregulation of Aicda significantly limits DSB formation (**, P � 0.01, two-tailed
Student t test). Data shown are mean 
 SD of �H2AX foci (50 nuclei scored/mouse) obtained from four pairs of miR-155�/� and miR-155�/� littermates. A
representative example of the �H2AX IF is also shown. (C) Left, Western blot analysis of p-p53 (Ser18) demonstrates its suppression following the knockdown
of Aicda (displayed in panel A). Right, real-time RT-PCR quantification of p53 transcriptional targets confirms the significant suppression of p53 activity upon
Aicda knockdown (*, P � 0.05, Student t test). Data shown are the mean 
 SD from four independent assays (8 mice) performed in triplicate and are displayed
as relative expression (si-ctrl versus si-Aicda). Densitometric quantification is shown below the Western blots (A and C); data are normalized by �-actin and
displayed relative to the values found in miR-155�/� B cells transfected with the si-ctrl oligonucleotides.
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Socs1 is to bind to p53 and promote its phosphorylation, tran-
scriptional activity, and DNA binding. This unexpected role for
Socs1 has been recently characterized in epithelial cells and in
response to STAT5 signaling (25). However, it remains to be de-
termined whether Socs1 modulates p53 function in response to
other stimuli or in B cells. Here, we first showed that p53 and Socs1
also form a complex in murine mature B cells exposed to LPS–IL-4
(see Fig. S4 in the supplemental material). These data suggest that
the expected higher expression of Socs1 in the absence of miR-155
may contribute to the differential p53 engagement that we found
in miR-155�/� and WT B cells (Fig. 1, 3, and 5). To address this
possibility, we used an siRNA strategy. We transfected a pool of
Socs1-directed or control siRNA oligonucleotides in mature B
cells from miR-155�/� or WT littermates (n � 8) and measured
p53 phosphorylation and modulation of its transcriptional tar-
gets. Socs1 expression was consistently higher in miR-155�/� cells
(Fig. 6A), as expected for an miR-155 target gene. Importantly,
Socs1 expression was effectively suppressed by siRNA oligonucle-
otides (Fig. 6A). Phosphorylation of p53 was also higher in miR-
155�/� cells, but it was effectively suppressed by the knockdown
of Socs1 (Fig. 6B). The decrease in p53 phosphorylation levels was
accompanied by a significant change in the expression of its tran-

scriptional targets (P � 0.05, two-tailed Student t test) (Fig. 6B).
These data confirmed that Socs1 regulates p53 activity in B cells
undergoing the GC reaction. However, the reported localization
of Socs1 to DNA breaks following STAT5 signaling (25) raised the
possibility that in addition to regulating p53 phosphorylation/
activation, Socs1 could play a broader role in controlling the ex-
tent of DNA damage. To shed light on this possibility, we investi-
gated whether the knockdown of Socs1 modified the differential
accumulation of phosphorylated H2AX in the DSB foci of miR-
155�/� or WT B cells. In contrast to the effects of the siRNA-
mediated Aicda downregulation (Fig. 5B), suppression of Socs1
did not significantly limit the abundance of DSB foci (Fig. 6C). We
conclude that in mature B cells Socs1 positively regulates p53 ac-
tivity and that its unchecked expression in an miR-155�/� context
contributes to the excessive engagement of p53 but not to the
aberrant DSB accumulation.

Stable expression of Socs1 in BaF3 cells enhances p53 phos-
phorylation, transcriptional activity, and its colocalization with
�H2AX at the DSB foci. Using an siRNA approach, we showed
that Socs1 influences p53 phosphorylation and activity in un-
transformed mature B cells (Fig. 6). To expand on these observa-
tions and better characterize the interplay between Socs1 and p53

FIG 6 miR-155 regulates the extent of p53 activity in mature B cells by targeting Socs1. (A) Western blot analysis of Socs1 expression demonstrates its higher
expression in mature B cells from miR-155 null than from WT mice (for each pair of mice, compare si-ctrl in miR-155�/� versus miR-155�/� mice) and their
effective suppression by an siRNA-based strategy (for each mouse, compare si-ctrl to si-Socs1). (B) Left, Western blot analysis shows that Socs1 knockdown
suppresses p53 phosphorylation (Ser18); right, real-time RT-PCR quantification of p53 transcriptional targets confirms the significant suppression of p53
activity upon Socs1 downregulation (*, P � 0.05, Student t test). Data shown are the mean 
 SD from four independent assays (8 mice) performed in triplicate
and are displayed as relative expression (si-ctrl/si-Socs1). Densitometric quantification is shown below the Western blots (A and B); data are normalized by
�-actin and displayed relative to the values found in miR-155�/� B cells transfected with the si-ctrl oligonucleotides. (C) Quantification of �H2AX by IF
demonstrates that downregulation of Socs1 does not change the accumulation of DSB foci (ns, P � 0.21, Student t test). Data shown are mean 
 SD of �H2AX
foci (50 nuclei scored/sample) obtained from four pairs of miR-155�/� and miR-155�/� littermates. A representative example of the �H2AX IF is also shown.
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in B cells, we generated a complementary model of stable Socs1
expression in the pro-B cell line BaF3. In agreement with the re-
sults obtained with the loss-of-function assays (Fig. 6), upon sub-
tle elevation of Socs1 levels, p53 phosphorylation (Ser18) and ac-
tivity levels (defined by the induction of the p53 target, p21) were
markedly increased (Fig. 7A, left panel). In epithelial cells, the
interplay between Socs1 and p53 has been shown to be dependent
on cytokine signals and STAT5 activation (25). To examine the
contribution of this signaling module to Socs1-mediated regula-
tion of p53 activity in B lymphocytes, we took advantage of de-
pendence of BaF3 cells on IL-3. Upon brief withdrawal (6 h) of
IL-3 from the culture medium, we detected the expected loss of
STAT5 phosphorylation at tyrosine 694 (an obligatory modifica-

tion for STAT5 activation), which was accompanied by abroga-
tion of the Socs1-mediated differential p53 phosphorylation/acti-
vation (Fig. 7A, middle panel). Thus, in B cells cytokine signaling
appears to influence the Socs1/p53 cross talk. To define whether
Socs1 could also influence p53 activity outside the constraints of
cytokine signaling, we used a classical approach to induce p53
activation, ionizing irradiation. In these assays, BaF3-Socs1 cells
and their isogenic controls expressing an empty vector were
grown for 6 h in IL-3-deprived medium, subjected to IR (5 Gy),
and harvested 1 h later for further characterization. Using West-
ern blotting, we detected higher phospho-p53 levels and expres-
sion of its transcriptional target p21 in Socs1-expressing cells
(Fig. 7A, right panel), similar to the effects associated with IL-3

FIG 7 Socs1 modulates p53 phosphorylation, activity, and subcellular localization. (A) Left panel, Western blot analysis of BaF3 cells cultured in the presence
of IL-3 demonstrates higher p53 phosphorylation (Ser18) and p21 expression (a surrogate measure of p53 activity) upon stable expression of Socs1. Middle panel,
Western blot analysis demonstrates that withdrawal of IL-3 for 6 h abrogates the Socs1-mediated increase in p53 phosphorylation/activity. Right panel, BaF3 cells
were cultured in the absence of IL-3 for 6 h and subjected to IR (5 Gy). Western blot analysis demonstrates higher p53 phosphorylation and p21 expression in
BaF3 cells stably expressing Socs1 than in MSCV-only isogenic controls. Phospho-STAT5 expression confirms the effectiveness of IL-3 signaling (compare left
and middle/right panels). For each panel, p53 Western blots indicate that Socs1 primarily influences phosphorylation and not total protein abundance. The
Western blot at the bottom of each panel confirms the higher expression of Socs1 upon its stable expression in BaF3 cells. (B) Top, quantification of �H2AX by
IF demonstrates that stable expression of Socs1 in BaF3 cells does not increase the formation of DSB foci following IR. Data shown are mean 
 SD of foci per
nucleus (150 nuclei counted in each cell type). A representative example of the �H2AX IF is also shown. Bottom, following IR, BaF3 cells stably expressing Socs1
display a significantly higher colocalization of p-p53 and �H2AX signals than the isogenic control cells. The quantification of p-p53 and �H2AX signal
colocalization was performed using the plug-in module provided for ImageJ, with analysis of 128 and 114 cells for MSCV and MSCV-Socs1, respectively. The data
shown are mean 
 SD of the percentage of colocalizing signals in each cell type (***, P � 0.001, two-tailed Student t test). All assays for this figure were confirmed
in two or more biological replicates.
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exposure (Fig. 7A, left panel). Next, we used IF to further examine
the influence of Socs1 on p53 in B cells subjected to IR. Here, while
the extent of IR-induced DSB (�H2AX staining) was indistin-
guishable between BaF3 cells stably expressing Socs1 and their
empty-MSCV isogenic controls, the former showed a significantly
higher rate of phospho-p53/�H2AX colocalization (Fig. 7B), sug-
gesting a role for Socs1 in facilitating p53 positioning and activa-
tion at the DSB foci. As expected, given our Western blot data (Fig.
7A), the phospho-p53 levels were higher in cells ectopically ex-
pressing Socs1. Collectively, these data demonstrate that Socs1
positively regulates p53 activity in B cells and show that this inter-
play is active in both cytokine-dependent and -independent envi-
ronments. These findings also highlight a mechanism by which
Socs1 may function as a tumor suppressor, and they substantiate
the concept that elevated Socs1 levels, at least in part by enhancing
p53 function, may contribute to the loss of GC B cells in miR-155
KO mice.

DISCUSSION

In this report, we defined a role for miR-155 in controlling the
extent of the double-strand DNA break and DNA damage re-
sponse that is germane to the GC reaction. These findings may
explain the aberrant loss or excess of GC B cells found in miR-155
null or knock-in mice, respectively (12). Mechanistically, we
mapped this miR-155-mediated fine-tuning to its known targets,
Aicda and Socs1. Thus, at the initiation point, miR-155 limits the
magnitude and duration of SHM and CSR by suppressing Aicda
expression. In a concerted fashion, miR-155 inhibition of Socs1
limits p53 engagement, contributing to the downregulation of
repair checkpoints needed for a successful GC response. We pro-
pose that the absence of this dual targeting plays a significant,
cell-autonomous role in the loss of GC B cells that typifies the
miR-155 knockout mice (12). In this model, upon antigen expo-
sure, overexpression of Aicda induces excessive double-strand
DNA breaks, and this event, coupled with the high expression of
Socs1, aberrantly engages p53, resulting in excessive cell death.
Notably, the observation that genetic suppression of p53 abro-
gated the excessive cell cycle arrest that characterizes miR-155�/�

activated B cells supported a main role of p53 in this process.
Nonetheless, it is possible that in addition to the excessive p53
activation, other regulators of DNA damage/DNA repair have an
impact on some of our observations. Indeed, a link between miR-
155 and DNA repair, via the direct targeting of RAD51, has been
shown earlier in a breast cancer cell line model (32).

Our data also unveiled a hitherto-unappreciated, Socs1-de-
pendent interplay between miR-155 and the p53 pathway in B
cells. Ectopically expressed Socs1 in epithelial cells had been
shown earlier to bind to p53 and, in the context of STAT5 signal-
ing, to influence its activity (25). Here, we showed that endoge-
nous Socs1 complexes with p53 in mature B cells and positively
influences its phosphorylation and transcriptional regulator activ-
ity. Accordingly, siRNA-mediated downregulation of Socs1 cur-
tailed p53 activity and partially restored the excessive engagement
of p53 found in miR-155�/� B cells. Further, stable ectopic ex-
pression of Socs1 in a murine pro-B cell line elevated p53 phos-
phorylation and activity and significantly increased its colocaliza-
tion with �H2AX at the DSB foci. Interestingly, and contrary to
the data obtained with epithelial cells, we found that in B lympho-
cytes the influence of Socs1 on p53 activity was broader and could
also be detected in the absence of cytokine signaling, that is, fol-

lowing IR-induced DNA damage. The mechanism by which Socs1
appears to facilitate p53 positioning at the DSB foci is also of
interest. We showed that in B cells Socs1 complexes with p53,
while others showed that Socs1 also associates with ATM (25),
probably positively influencing its phosphorylation at the site of
DNA breaks. These data suggest that cells expressing high levels of
Socs1 may be primed for the recruitment and activation of p53 at
the site of DNA damage, thus offering a view on how Socs1 may
suppress tumor development. Future studies on the kinetics of
p53 localization and activation in distinct Socs1 contexts will al-
low a thorough examination of this concept. We suggest that this
Socs1-p53 cross talk may also influence T cell biology. In particu-
lar, the reported decrease in Treg cell numbers and proliferative
potential in an miR-155 null Socs1 overexpression setting (30)
may in part be associated with heightened p53 activation and the
attending aberrant cell cycle arrest, senescence, and/or apoptosis
that we uncovered in B cells.

The miR-155–Aicda–Socs1 interplay described here illustrates
the relevance of this miRNA in controlling the GC B cell develop-
ment. However, these data also highlight the complex role of miR-
155 in a malignant B cell context. Taken in isolation, the miR-155-
mediated suppression of Aicda, a central mediator of DSB and
oncogenic chromosomal translocations in B cells, confers a tumor
suppressor character to this miRNA (13). The transcriptional re-
pression of miR-155 by BCL6 gives support to this observation
(16). Conversely, the targeting of Socs1 and the consequent func-
tional downmodulation of p53 highlight the potential oncogenic
behavior of miR-155. Previous reports of putative inactivating
Socs1 mutations, as well as p53 loss, in GC-derived lymphomas
strengthens this concept (33, 34). The lymphomagenic role of
miR-155 is also supported by earlier work from our group and
others linking this miRNA to tumor suppressor genes and path-
ways (17–19, 35) and by the development of B cell malignancies in
E�-miR-155 mice (11).

How can we reconcile these distinct roles of miR-155 in malig-
nant B cell biology? The differences in biological models notwith-
standing, we suggest that the genetic and cellular context is impor-
tant. Thus, in a p53-deficient background, miR-155 may function
as a tumor suppressor gene, for its loss, and associated overexpres-
sion of Aicda, will result in excessive accumulation of double-
strand DNA breaks in the absence of a functional DNA repair
machine. Interestingly, BCL6 suppresses both miR-155 (16) and
p53 (6), and thus such a scenario can be envisioned in GC-derived
BCL6-translocated lymphomas. In addition, recent evidence sug-
gests that miR-155 is important to an effective T cell-mediated
antitumor response (15) and that in its absence tumors may es-
cape immune surveillance. Conversely, we submit that aberrant
overexpression of miR-155 in Aicda-independent B cell develop-
mental stages (e.g., pre- or post-GC cells) or in other cell types in
which miR-155 is known to target genes and pathways via canon-
ical and noncanonical binding sites (36) will reveal the oncogenic
properties of this miRNA through the direct or indirect down-
modulation of the transforming growth factor � (TGF-�), JAK-
STAT, SHIP1, RB, p53, and other tumor-suppressive nodes (17–
19, 35–37).

In summary, in this work, we showed that miR-155, by target-
ing Aicda and Socs1, controls the extents of double-strand DNA
breaks and the DNA damage response in normal mature B cells.
The interplay between Socs1 and p53 in B cells is extensive and
culminates with activation of the latter. Thus, the suppression of
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Socs1 defines miR-155 as a negative regulator of the p53 pathway,
a finding of potential relevance to normal B cell development and
possibly to miR-155-associated malignancies.
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