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An effective immune response requires B cells to produce several
classes of antibodies through the process of class switch recombi-
nation (CSR). Activation-induced cytidine deaminase initiates CSR
by deaminating deoxycytidines at switch regions within the Ig
locus. This activity leads to double-stranded DNA break formation
at the donor and recipient switch regions that are subsequently
synapsed and ligated in a 53BP1-dependent process that remains
poorly understood. The DNA damage response E3 ubiquitin ligases
RNF8 and RNF168 were recently shown to facilitate recruitment of
53BP1 to sites of DNA damage. Here we show that the ubiquiti-
nation pathway mediated by RNF8 and RNF168 plays an integral
part in CSR. Using the CH12F3-2 mouse B cell line that undergoes
CSR to IgA at high rates, we demonstrate that knockdown of
RNF8, RNF168, and 53BP1 leads to a significant decrease in CSR. We
also show that 53BP1-deficient CH12F3-2 cells are protected from
apoptosis mediated by the MDM2 inhibitor Nutlin-3. In contrast,
deficiency in either E3 ubiquitin ligase does not protect cells from
Nutlin-3-mediated apoptosis, indicating that RNF8 and RNF168 do
not regulate all functions of 53BP1.

53BP1 | activation-induced cytidine deaminase | DNA damage response

P art of an effective immune response requires the production of
antibodies of different classes, each of which mediates a dif-
ferent effector function. This process is initiated by activation-
induced cytidine deaminase (AID), which induces class switch
recombination (CSR) by deaminating deoxycytidines within Ig
switch regions (1, 2). The recognition and subsequent processing
of the mutated residues by base excision repair and/or mismatch
repair machineries generates double-stranded DNA breaks
(DSBs) at switch regions (3). In an attempt to mend the ensuing
breaks, B cells mount a damage response similar to that signaled
by irradiated cells (1). Ultimately, AID-induced DSBs are
repaired predominantly by nonhomologous end-joining (4, 5) and
to a lesser extent by an alternative end-joining pathway (6).
Generally, DSBs are readily recognized by sensor-kinase protein
complexes, including the Mrell-Rad50-Nbsl (MRN)/ataxia-
telangiectasia mutated (ATM), Ku70/Ku80-DNA-PKcs, and ataxia-
telangiectasia and Rad3-related (ATR)-ATR-interacting protein
complexes (7). Upon binding to a DSB site, these factors are acti-
vated to trigger a cascade of events that culminates in cell cycle delay
and/or DNA repair (7). During this process, sequential chromatin
modifications around the break sites appear to be crucial for ade-
quate resolution of the DNA breaks. Active chromatin modification
is initiated by ATM-dependent phosphorylation of the histone
variant H2AX to the yYH2AX form (8-10). y-H2AX then prefer-
entially binds the tandem-BRCA1 C-terminal domain (BRCT)
motifs of mediator of DNA damage checkpoint 1 (MDC1) (11, 12),
which in turn recruits more MRN/ATM, thereby amplifying the
y-H2AX signal (11, 12). Recently, it was shown that ATM also
phosphorylates MDC1 at a TQxF consensus, allowing for the
recruitment of a novel E3 ubiquitin ligase, RNFS, via its phospho-
binding forkhead-associated module (13-15). Once at the break,
RNF8 mediates the monoubiquitination of H2A-type histones,
among other potential proteins. Monoubiquitinated H2A-type
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histones subsequently signal the recruitment of another E3 ubig-
uitin ligase, RNF168 (16, 17), a mutation of which was recently
reported in an immunodeficient and radiosensitive patient with
RIDDLE syndrome (16, 18). RNF168 protects and amplifies the
RNF8-mediated ubiquitination by catalyzing the addition of K63-
linked polyubiquitin chains at DNA damage sites (16, 17). Although
low levels of 53BP1 can transiently localize to DNA breaks via direct
binding to dimethylated H4K20 (19), ubiquitination by RNF§ and
RNF168 seem to be crucial for the accumulation and stabilization of
53BP1 at DSB sites.

Most of the factors required for DNA damage response (DDR)
also appear to contribute to the process of CSR (1). One impor-
tant distinction between general DDR and CSR is the major
reliance of the latter on 53BP1 (20-22). 53BP1 deficiency results
in a drastic decrease in CSR. Whether this marked defect is due to
a repair function that 53BP1 fulfills and/or because 53BP1 is
required to bring distal switch regions into close proximity and
assist in switch synapse formation is unclear (1). Recent data seem
to focus on the latter aspect, especially because S3BP1-deficient B
cells exhibit increased levels of intraswitch region recombination
(23), which is consistent with 53BP1 promoting and/or stabilizing
the synapsis of distant switch regions during CSR. Similarly,
53BP1 facilitates long-range end-joining during V(D)J recombi-
nation at the TCR locus (24) and also promotes end-joining of
dysfunctional telomeres by increasing chromatin mobility (25).
Historically, 53BP1 was first described as one of two proteins to
interact with p53 (26). This aspect of 53BP1 function is generally
considered to mediate apoptosis, which is seen as distinct from its
ability to localize to DSBs.

We and others have previously shown that the ubiquitination
of proliferating cell nuclear antigen (PCNA) is important for
both somatic hypermutation and CSR (27, 28). In a continued
effort to delineate the importance of the ubiquitin system in
antibody diversification, we examined whether the RNF8 and
RNF168 members of the E3 ubiquitin ligase cascade, which lie
upstream of 53BP1 in the DDR pathway, also are required to
mediate CSR.

Results

ShRNA-Mediated RNAi Can Establish Functional Knockdown in
CH12F3-2 Cells. We first ascertained that the CH12F3-2 cell line
is a faithful model of CSR with respect to the role of DDR
factors. To do this, we assessed whether RNA interference
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(RNAIi) by shRNA for 53BP1, which has been shown to be an
essential factor in CSR (21, 22), can achieve functional knock-
downs in CH12F3-2 cells. Cells were transduced with a lentiviral
shRNA construct specific for 53BP1 (sh53BP1), and individual
clones were isolated by puromycin selection. Compared with
clones transduced with a scrambled, nonsilencing shRNA con-
struct (control), S3BP1 knockdown cells showed an approximate
five-fold reduction in 53BP1 transcript levels, as determined by
RT-PCR analysis and Western blot analysis (Fig. 14). These
cells have a slightly lower growth rate compared with control
cells (Fig. 1B) and demonstrate no major differences in apoptosis
before or after stimulation (Fig. 1C). Although 53BP1-deficient
cells have been shown to have a mild sensitivity to irradiation
(29), 53BP1-depleted CH12F3-2 cells did not display increased
sensitivity to irradiation compared with control cells (Fig. 1D).
We next tested whether 53BP1 knockdown cells were deficient
in CSR. Although CSR was not affected in control clones rela-
tive to the parental cells (Fig. 1E), eight individual 53BP1
knockdown clones demonstrated complete abrogation of CSR at
48 h after stimulation (Fig. 1E), even though both groups of cells
expressed similar levels of AID (SI Fig. S1). This defect in CSR
persisted even at 4 days poststimulation (Fig. 1F). Although the
53BP1-depleted cells showed a mild proliferation defect, pre-
vious findings have established a role for 53BP1 in CSR (21, 22),
suggesting that the mild proliferative defect observed in these
cells is not responsible for the dramatic lack of CSR. These
results confirm the importance of 53BP1 for CSR in the
CH12F3-2 cells used in these studies. They also indicate that

lentiviral-mediated shRNA-mediated RNAI can achieve a func-
tional knockdown in CH12F3-2 cells, thereby setting the stage
for testing whether RNF8 and RNF168 are involved in CSR.

RNF8 Is Required for CSR in CH12F3-2 Cells. To achieve knockdown
of RNFS, we tested five different shRNA lentiviral constructs
specific for RNF8. Two of these constructs (designated 1 and 2)
achieved strong depletion of RNF8 following puromycin selec-
tion in CH12F3-2 cells, as verified by Western blot analysis (Fig.
24). We then assessed whether RNF8 depletion in those lines
affected the response to DNA DSBs. As expected, activated cells
had a considerably higher YH2AX signal compared with non-
activated samples (Fig. 2B). There was no difference in yH2AX
protein levels in control and RNF8-depleted CH12F3-2 cells,
however, indicating that both groups of cells responded similarly
to AID-induced DNA DSBs.

To test the effects of RNFS depletion on CSR, we selected
eight individual clones from each transduction for subsequent
analysis. Although different switching efficiencies were achieved
within each group of cells, CSR was significantly reduced in the
RNF8-depleted clones (Fig. 2C). The extent of the switching
defect was greater in the clones (2) that were more depleted for
RNF8 (Fig. 2 A and C). In addition, we evaluated CSR at dif-
ferent time intervals in a representative sample of the clones and
found a low CSR in RNFS8-depleted cells relative to control cells
(Fig. 2D). The RNF8-depleted cells exhibited no defects in
proliferation (Fig. 1B). These data indicate that the reduced
CSR observed in RNF8-depleted cells is not due to proliferation
defects, and that RNFS function is required for efficient CSR.
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Fig. 1.

shRNA-mediated RNAi knockdown of 53BP1in CH12F3-2 cells abrogates CSR. (A) Western blot analysis of control (Left) and sh53BP1 (Right) CH12F3-2 cells

quantifying 53BP1 and Msh2 (loading control). (B) Two clones of each indicated CH12F3-2 cell population were analyzed for growth in duplicate, and statistical
significance was tested by two-way ANOVA. ****P <,0001. (C) Percentage of CH12F3-2 populations undergoing apoptosis (surface annexin V*) with and without
stimulation for 2 days. The assay was carried out with at least two individual clones for each population. (D) Clonogenic survival assays with asynchronous CH12F3-2
populations exposed to varying x-ray doses. The assay was carried out with at least two individual clones for each population. (E) Six individual control and eight
sh53BP1 CH12F3-2 clones were stimulated for 2 days and then analyzed for IgA expression. Values were normalized by dividing the % IgA-positive cells in the
experimental group into the % IgA-positive cells in the stimulated parental CH12F3-2 cells. CSR assays were performed on each clone in duplicate, and statistical
significance was tested using the one-tailed t test. (F) Three control and three sh53BP1 CH12F3-2 clones were stimulated for 2, 3, and 4 days, after which IgA
expression was analyzed. CSR assays were performed in duplicate for each clone. Statistical significance tested by two-way ANOVA. ****P <.0001.
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Fig.2. CSRis impaired in RNF8-deficient CH12F3-2 cells. (A) Western blot analysis quantifying RNF8, 53BP1, and PCNA (loading control) in CH12F3-2 cells with
control shRNA and two different lentiviral vectors targeting RNF8(1) and (2). (B) Western blot analysis of stimulated and unstimulated control or shRNF8-
treated CH12F3-2 cells, quantifying RNF8 and yH2AX protein levels, with PCNA as the loading control. (C) Eight individual clones for each of control, shRNF8
(1), shRNF8(2), and CH12F3-2 cells were stimulated for 3 days and then analyzed for IgA expression. Values were normalized by dividing the % IgA-positive
cells in the experimental group to the % IgA-positive cells in the stimulated parental CH12F3-2 cells. Statistical significance was evaluated by the two-tailed t
test. *P <.05; ****P <.0001. (D) Two control, two shRNF8(1)-treated, and two shRNF8(2)-treated CH12F3-2 clones were stimulated, and IgA expression was
analyzed at 2, 3, and 4 days poststimulation. Statistical significance was tested by two-way ANOVA. ***P <.001; ****P <.0001. (E) Stimulated control and
shRNF8 CH12F3-2 cells were collected at times 0 h and 48 h and then stained with antibodies specific to yH2AX and 53BP1. Cells from two separate
experiments (each with n = 1,000), having single YH2AX foci with 53BP1 (yH2AX + 53BP1* foci) or without 53BP1 (yH2AX + 53BP1" foci) colocalization were
counted and analyzed as shown. More than 90% of the cells did not exhibit yH2AX foci after cytokine stimulation. Statistical significance was tested using the

two-tailed t test between control 48 h and shRNF8(2) 48 h. *P = .014.

To gain insight into the role of RNF8 in CSR, we studied the
effects of RNF8 knockdown by immunofluorescence. When unsti-
mulated CH12F3-2 cells were fixed and stained with anti-yH2AX
and anti-53BP1, almost all cells exhibited a diffuse 53BP1 nuclear
pattern and a lack of YH2AX signal, as expected (Fig. S2, Top). On
activation, control cells showed a marked increase in single YH2AX
foci that colocalize with single 53BP1 foci, indicative of induced
DSBs and hence active switching events (Fig. 2E, Fig. S2, Bottom).
Importantly, compared with control cells, RNF8-depleted cells
exhibited a significant increase in YH2AX foci with a diffused 53BP1
signal (Fig. 2E, Fig. S2). Of note, we observed a slight increase in
yH2AX foci in nonactivated RNF8-depleted cells (Fig. 2E). likely
due to an accumulation of spontaneously occurring breaks that
could not be repaired efficiently following RNF8 knockdown.
53BP1 depletion has no effect on germline transcription (21) or
AID expression (Fig. S1). In addition, we found that RNF8 deple-
tion generated similar levels of AID-induced YH2AX as control
cells when assayed by immunoblotting and immunofluorescence.
This suggests that the cascade upstream of AID-induced breaks,
which is dependent on germline transcription and AID, most likely
was intact. Taken together, these findings suggest that the inability
of RNF8-depleted cells to undergo efficient CSR is related to their
inability to signal the accumulation and/or stabilization of 53BP1 at
AID-induced breaks.

Ramachandran et al.

RNF168 Is Important for CSR in CH12F3-2 Cells. We next examined
the contribution of RNF168 to CSR. To achieve knockdown of
RNF168, we tested three different ShARNA lentiviral constructs
specific for RNF168, one of which led to an approximate two- to
three-fold reduction in RNF168 protein levels (Fig. 34). Akin to
the shRNF8-transduced cells, the shRNF168-transduced cells
and control cells displayed similar growth rates (Fig. 1B), similar
apoptosis levels before and after stimulation (Fig. 1C), and
similar sensitivity to irradiation (Fig. 1D). In contrast, the
RNF168-knockdown cells had 46% lower CSR levels than the
control cells (Fig. 3 B and C). As in the RNF8-depleted cells, this
approximate two-fold reduction of CSR correlates with the level
of knockdown achieved in the CH12F3-2 cells. Thus, the CSR
defect observed in the absence of RNF8 can be recapitulated by
depleting RNF168. Together, these findings indicate that the E3
ubiquitin ligase cascade composed of RNF8 and RNF168 plays a
significant role in CSR.

53BP1 Deficiency, But Not RNF8/168 Deficiency, Protects Cells From
Nutlin-3-Induced Apoptosis. Nutlin-3 is a small-molecule inhibitor of
MDM2 that induces activation of p53 and apoptosis of cancer cells
in a process dependent on 53BP1 (30); that is, S3BP1-deficient cells
are resistant to Nutlin-3-mediated apoptosis. To test whether this
activity of 53BP1 is influenced by RNF8 or RNF168, we examined
whether a deficiency of either protein protects CH12F3-2 cells from
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Fig. 3. CSRisimpaired in RNF168-deficient CH12F3-2 cells (A) Western blot analysis of control or shRNF168 CH12F3-2 cells quantifying RNF168, with p-actin as
the loading control. NIH 3T3 cells treated with control siRNA and siRNF168 were used as negative and positive controls for RNF168 protein expression,
respectively. (B) Six individual control and seven individual shRNF168 CH12F3-2 clones were stimulated for 2 days and then analyzed for IgA expression. Values
were normalized by dividing the % IgA-positive cells in the experimental group into the % IgA-positive cells in the stimulated parental CH12F3-2 cells. CSR
assays were performed on each clone in triplicate, and statistical significance was evaluated by the two-tailed t test. **P =.0023 (C) Three control and three
shRNF168 CH12F3-2 clones were stimulated for 2, 3, and 4 days, after which IgA expression was analyzed. CSR assays were performed in duplicate for each

clone. Statistical significance was tested by two-way ANOVA. **P = .0034.

the effects of Nutlin-3. In contrast to control cells incubated with
Nutlin-3, which exhibited dramatically increased apoptosis, Nutlin-
3 did not induce high levels of apoptosis in 53BP1-depleted cells
(Fig.4A). Strikingly, RNF8-depleted cells and RNF168-knockdown
cells remained sensitive to Nutlin-3-mediated apoptosis (Fig. 44).
These data indicate that 53BP1 has functions that are independent
of RNFS8 and RNF168 (Fig. 4B).

Discussion

Role of RNF8 and RNF168 in CSR and Its Relation to 53BP1
Localization. Although the necessity of 53BP1 for CSR has been
reported previously (21, 22, 31), the exact function of the 53BP1-
dependent pathway in CSR remains elusive. Recent findings
demonstrate that RNF8 and RNF168 play essential roles in the
recruitment and stabilization of 53BP1 at DSB sites during
irradiation-induced DDR (13-17). In support of a role for 53BP1
localization to sites of AID-induced DSB, our data indicate that
knockdown of either RNF8 or RNF168 causes a significant
decrease in CSR. These findings support the notion that the
accumulation of 53BP1 at sites of AID-induced DSB in switch
regions is dependent on RNF8/RNF168. Because we also used
the knockdown of RNF8/RNF168 to separate the roles of 53BP1
in CSR and apoptosis, this indirectly supports the idea that
53BP1 is required for the efficient bridging of the two distal
DNA ends (1, 24, 25).

Because the recruitment of RNF8 and subsequent recruitment of
RNF168 to DSB sites requires ATM/MRN, yH2AX, and MDC1, it
would be reasonable to assume that all of these factors have similar
effects on CSR (Fig. 4B). In reality, however, the loss of these DDR
factors seems to have different effects on CSR. Whereas ATM,
MRN, or H2AX deficiency leads to a ~70% reduction in CSR (32—
36), MDC1 deficiency has a milder effect (25%-50% reduction
(11)), and 53BP1 deficiency has the most profound effect (~90%
reduction; this study and refs. 21 and 22). A lesser dependence of
CSR on MDC1 may be due to either (i) a sufficient residual level of
MDCI1 protein in the MDC1 gene-trap knockout mice to amplify
the ATM/MRN-mediated yYH2AX signal (11) or (ii) a redundant
MDCl1-independent mechanism that allows for recruitment of low
levels of RNF8 and subsequently 53BP1, allowing for intermediate
levels of CSR. On the other hand, the difference between the low
levels of CSR observed in ATM, MRN, and H2AX deficiency and
the nearly complete lack of CSR in 53BP1-deficient cells might be
explained by the potential transient recruitment of 53BP1 to switch

812 | www.pnas.org/cgi/doi/10.1073/pnas.0913790107

regions via either direct binding to dimethylated H4K20 exposed at
the DSBsite (19) or other, as-yet undetermined, factors. As aresult,
this transient recruitment of 53BP1 could be sufficient for the res-
olution of a subset of DNA breaks mediating low levels of CSR in
the absence of the upstream proteins required for 53BP1 accu-
mulation and stabilization (Fig. 4B). Whether a loss of RNF8 or
RNF168 affects CSR in a manner akin to the loss of 53BP1 or
yH2AX remains to be seen. Our data suggest that RNF§/RNF168
have an incomplete effect on CSR; however, our shRNA constructs
cannot completely deplete these factors. The finding that serum
IgG is reduced by ~10-fold in a patient with RIDDLE syndrome
deficient in RNF168 (18) suggests that complete ablation of RNF8
or RNF168 would produce a pronounced phenotype.

53BP1 Has a Unique Function Independent of RNF8 and RNF168.
53BP1 has been shown to facilitate several interrelated cellular
functions, including CSR (21, 22), cell cycle checkpoint, DNA
repair (31, 37), and apoptosis (30, 38). It is not yet clear whether
these different pathways always act in unison or whether they could
act independently. Using Nutlin-3, a small-molecule inhibitor of
MDM2, we tested whether RNF8 and RNF168 could differentially
affect some functions of 53BP1, such as DNA end-processing and
p53-dependent apoptosis.

Nutlin-3 has been shown to disrupt p5S3-MDM?2 interaction,
inducing a pS3-mediated apoptosis in a S3BP1-dependent manner
(30). Consistent with this finding, our results indicate that 53BP1-
deficient CH12F3-2 cells are resistant to Nutlin-3—-induced apopto-
sis. Of note, the C terminus of AID interacts with MDM2 (39), which
potentially could interfere with the analysis of our Nutlin-3 treat-
ment. But because our experiments were conducted in nonactivated
CH12F3-2 cells, in which the activation of AID protein is not yet
initiated (Fig. S1), it is safe to assume that any such interaction would
not interfere with our analysis. 53BP1 interacts with p53 through its
C-terminal tandem-BRCT motif in a phosphorylation-independent
manner. This interaction is thought to stabilize p5S3 and stimulate
p53-mediated transcriptional activation (40). It is possible that p53,
on release from MDM2-mediated inhibition, is degraded in 53BP1-
deficient cells, and thus apoptosis is not induced, or that 53BP1
functions as a cofactor of p53 to induce apoptosis. Whether this
function of 53BP1 is related to its role in localization at sites of DSB
remains unclear. But because the p53-53BP1 interaction is phos-
phorylation-independent (40), this plausibly might be a function of
53BP1 distinct from foci formation at DSB sites. In support of this

Ramachandran et al.
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notion, we found that RNF8- and RNF168-depleted CH12F3-2 cells
remained sensitive to the apoptotic effects of Nutlin-3, indicating
that RNF8 and RNF168 do not regulate all functions of 53BP1
signaling. Thus, 53BP1 seems to have distinct and independent roles
in response to genotoxic stress (Fig. 4B).

Methods

In Vitro Cell Culture. CH12F3-2 cells were maintained and CSR assays performed
as described previously (41). In brief, cells were stimulated with 1 ng/mL of
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recombinant human TGF-p1 (R&D Systems), 10 ng/mL of recombinant mouse IL-4
(R&D Systems) and 2 pg/mL of functional-grade purified anti-mouse CD40
(eBiosciences) and then analyzed by flow cytometry as described below. Lenti-
viral shRNA constructs and protocols for 53BP1 (V2LMM 83391), RNF8 (AAF59E8
and AAF59E12), RNF168 (V2MM 16141), and nonsilencing negative control
(RHS4346 and SHC002) shRNA were purchased from Open Biosystems. CH12F3-2
cells were transduced with lentivirus by centrifugation at 800 x g for 90 min at
room temperature in the presence of 5 pg/mL of polybrene. Cells were then
incubated for 3 days, after which positively transduced clones were obtained by
limiting dilution cloning and puromycin selection. For growth curve analysis,
CH12F3-2 cells were diluted to a concentration of 1 x 10° cells/mL and aliquoted
in duplicate on a 96-well plate. At various time points, the numbers of live trypan
blue-excluded cells were counted with a hemocytometer. CH12F3-2 cells were
treated with 25 pM Nutlin-3 (Sigma) or DMSO as a negative control. NIH 3T3 cells
were treated with an siRNA SMARTpool (ThermoFisher) targeting murine
RNF168. siRNA transfections were performed using Dharmafect 1 (Thermo-
Fisher) in the forward transfection mode.

Flow Cytometric Analyses. CH12F3-2 cells were analyzed by intracellular
staining with PE-conjugated anti-mouse IgA clone 11-44-2 (eBiosciences),
using Cytofix/Cytoperm and Perm/Wash buffers (BD Biosciences). The cells
were surface-stained for annexin V using the Annexin V-APC Apoptosis
Detection Kit (eBiosciences). Stained cells were analyzed by FACSCalibur (BD
Biosciences) and FlowJo software (Truestar).

Irradiation Sensitivity Assays. CH12F3-2 cell lines were irradiated with various
x-ray doses and then plated at various dilutions in duplicate 96-well plates.
Survival was determined by counting the number of expanding clones
normalized to plating efficiency.

Western Blot Analyses. 53BP1 (Alexis Biochemicals and Novus), RNF8 (Abcam),
yH2AX (Upstate Biotechnology), PCNA (Santa Cruz Biotechnology), p-actin
(Abcam), and Msh2 (BD Pharmingen) antibodies were used in accordance with
the manufacturers’ protocols. The RNF168 polyclonal antibody was raised
against a murine GST-RNF168%8'°¢7 fusion protein and affinity-purified using
a murine HISg-RNF168%81°67 Sepharose column.

Immunofluorescence. Cells were pelleted at 1,000 rpm for 3 min in Eppendorf
tubes, then fixed with 4% paraformaldehyde (Sigma), permeabilized with
0.3% Triton X (Roche), and blocked with 10% FCS (HyClone) and 0.01%
saponin (Sigma) in PBS. The following antibodies were used: mouse FITC anti-
yH2AX (Millipore), rabbit anti-53BP1 (Novus), and anti-rabbit Alexa Fluor
568 (Invitrogen). Cells were stained overnight at 4°C, washed with blocking
buffer, and then pelleted on slides using a Shandon cytospin machine at 400
rom for 2 min. DAPI stain in mounting dye (Vectashield) was used to
detect DNA.

Statistical Analysis. Analyses were performed using GraphPad Prism. For the
Student t test, two-way ANOVA, and Mann-Whitney U test, a P value of <.05
was considered significant.
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