The Journal of Experimental Medicine

CORRESPONDENCE
Andre Nussenzweig:
andre_nussenzweig@nih.gov

Abbreviations used: AID,
activation-induced cytidine
deaminase; CSR,, class switch
recombination; delRING,
RING deleted; DSB, DNA
double-strand break; FISH,
fluorescence in situ hybridiza-
tion; HR, homologous recom-
bination; IgH, immunoglobulin
heavy chain; IR, ionizing
radiation; shRINA, small
hairpin RINA.

The Rockefeller University Press  $30.00
J. Exp. Med. Vol. 207 No. 5 973-981

Brief Definitive Report

Class switching and meiotic defects in mice
lacking the E3 ubiquitin ligase RNF8

Margarida Almeida Santos,! Michael S.Y. Huen,?? Mila Jankovic,*
Hua-Tang Chen,! Andrés J. Lopez-Contreras,’ Isaac A. Klein,*
Nancy Wong,! Juan L.R. Barbancho,> Oscar Fernandez-Capetillo,’
Michel C. Nussenzweig,* Junjie Chen,® and André Nussenzweig!

'Experimental Immunology Branch, National Cancer Institute, National Institutes of Health, Bethesda, MD 20892
2Department of Anatomy and *Centre for Cancer Research, The University of Hong Kong, Pokfulam, Hong Kong

“Laboratory of Molecular Immunology, The Rockefeller University and Howard Hughes Medical Institute, New York, NY 10065
5Genomic Instability Group, Spanish National Cancer Research Center, 28029 Madrid, Spain

5Department of Experimental Radiation Oncology, The University of Texas M.D. Anderson Cancer Center, Houston, TX 77030

53BP1 is a well-known mediator of the cellular response to DNA damage. Two alternative
mechanisms have been proposed to explain 53BP1’s interaction with DNA double-strand
breaks (DSBs), one by binding to methylated histones and the other via an RNF8 E3
ligase-dependent ubiquitylation pathway. The formation of RNF8 and 53BP1 irradiation-
induced foci are both dependent on histone H2AX. To evaluate the contribution of the
RNF8-dependent pathway to 53BP1 function, we generated RNF8 knockout mice. We
report that RNF8 deficiency results in defective class switch recombination (CSR) and
accumulation of unresolved immunoglobulin heavy chain-associated DSBs. The CSR DSB
repair defect is milder than that observed in the absence of 53BP1 but similar to that
found in H2AX=/~ mice. Moreover, similar to H2AX but different from 53BP1 deficiency,
RNF8~/~ males are sterile, and this is associated with defective ubiquitylation of the XY
chromatin. Combined loss of H2AX and RNF8 does not cause further impairment in CSR,
demonstrating that the two genes function epistatically. Importantly, although 53BP1 foci
formation is RNF8 dependent, its binding to chromatin is preserved in the absence of RNF8.
This suggests a two-step mechanism for 53BP1 association with chromatin in which consti-
tutive loading is dependent on interactions with methylated histones, whereas DNA damage-

inducible RNF8-dependent ubiquitylation allows its accumulation at damaged chromatin.

Protein ubiquitylation is emerging as an im-
portant posttranslational modification used to
maintain genomic stability (Kolas et al., 2007,
Mailand et al., 2007; Wang and Elledge, 2007;
Alpi and Patel, 2009; Doil et al., 2009; Panier
and Durocher, 2009; Stewart et al., 2009). One
component of this pathway is the E3 ubiquitin
ligase RNES, for which RNA interference—
based studies have shown a role in the G2/M
ionizing radiation (IR) cell-cycle checkpoint
(Huen et al., 2007), homologous recombina-
tion (HR; Huang et al.,, 2009), and UV-
induced nucleotide excision repair (Marteijn
et al., 2009). RNF8-intiated protein ubiquity-
lation at DNA lesions is tightly coordinated
with phosphatidylinositol 3-kinase—like kinase-
dependent phosphorylations. Specifically, RNF8
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recognizes ataxia telangiectasia mutated-mediated
phosphorylated MDC1 bound to y-H2AX,
which permits it to catalyze ubiquitin-dependent
recruitment of 53BP1 and Brcal to DNA le-
sions via an interaction with the UBC13 E2
ligase (Huen et al., 2007; Kolas et al., 2007;
Mailand et al., 2007; Wang and Elledge, 2007).
RNF8 and UBC13 also act in concert with an-
other E3 ubiquitin ligase, RNF168, identified
to be the gene mutated in the human RIDDLE
immunodeficiency syndrome (Stewart et al.,
2009). RIDDLE cells are characterized by IR
sensitivity and impaired ability to form 53BP1
and Breal foci, and patients exhibit low levels of’
serum IgG, associated with impaired resolution
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of class switch recombination (CSR)—associated breaks
(Stewart et al., 2007). Recent studies demonstrated that
RNF168 acts to amplify RNF8-initiated protein ubiquity-
lation at sites of DNA double-strand breaks (DSBs; Doil
et al., 2009; Stewart et al., 2009). Collectively, these results
suggest that beyond phosphorylation, ubiquitylation might
play an active role in the signaling of DSBs. However, the
physiological relevance of such a response and the extent to
which it modulates 53BP1 functions in vivo remain unex-
plored. In this paper, we report the effects of RNFS8 deletion
in mice. Our results reveal 53BP1-independent functions
of RNFS8 in meiotic recombination and, conversely, RNF8-
independent functions of 53BP1 in CSR.

RESULTS AND DISCUSSION

To determine whether the ubiquitin-dependent arm of
the DSB response affects CSR, we disrupted RNFS8 in
mice (Fig. S1 A). RNF8~/~ mice were born at Mendelian
frequencies, and the absence of RNF8 protein was confirmed
by Western blotting with antibodies raised against full-length
human RNF8 (Fig. S1 B).

53BP1~/~ and H2AX /" mice exhibit a reduction in
the number of mature lymphocytes (Celeste et al., 2002;
Difilippantonio et al., 2008). Similarly, there was a 40-50%
reduction in the number of thymocytes and B cells in the
spleens of RNF8~/~ mice (Fig. 1 A). 53BP1~/~ thymocytes
express low levels of TCR [, which is associated with defec-
tive V(D)] recombination (Difilippantonio et al., 2008).
Despite the decreased cellularity, RNF8™/~, like H2AX™ '™,
thymocytes showed normal TCR expression (Fig. 1 A; Celeste
et al., 2002).

To further compare 53BP1 and RNFS deficiencies, we
examined the efficiency of CSR in the mutant mice. RNF8
deficiency caused a significant reduction in the frequency of
IgG1 or IgG3 surface expression in response to activation
with LPS/IL-4 or LPS alone, respectively (Fig. 1, B and C).
However, this reduction in CSR_ was less severe than the one
observed in 53BP1-deficient B cells (Fig. 1 B).

To assess whether loss of RINF8 affects cellular prolifera-
tion, we labeled LPS/IL-4—activated B cells with CFSE. In
contrast to the normal proliferation of 53BP1 mutant B cells
(Ward et al., 2004), CESE dye dilution histograms revealed
that RNF8~/~ B cells underwent fewer cell divisions than
WT cells (Fig. 1 D). One potential explanation for the pro-
liferation defect (Fig. 1 D) and lymphopenia (Fig. 1 A) is that
RNES regulates HR (Huang et al., 2009), which is required
for DNA replication. For example, loss of RINFS8 leads to a
defect in the ability to relocalize Brcal and Rad51 to sites of
DNA damage (Huen et al., 2007; Kolas et al., 2007; Mailand
et al., 2007; Wang and Elledge, 2007). Consistent with this
notion, we found that IR-induced Rad51 focus formation
was partially impaired in RNF8~/~ B cells (Fig. S2 A).
Impaired Rad51 focus formation was not caused by altera-
tions in cell-cycle distribution, as determined by cellular
DNA content (Fig. S2 B). Because proliferation defects might
affect CSR, we measured surface IgG1 and IgG3 levels as a
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function of cell division (Fig. 1 E). Even in cells that had un-
dergone several rounds of cell division, CSR was significantly
reduced in the absence of RNF8 (Fig. 1 E).

To determine at which level RNFS8 deficiency affects
CSR, we measured activation-induced cytidine deaminase
(AID) expression and determined whether AID targeting to
the switch region was affected by analysis of Sp mutation in
B cells stimulated to switch with LPS and IL-4. The level of
AID mRNA in stimulated B cells was not affected by RNF8
deletion (Fig. 2 A). Moreover, we found similar levels of Sp
mutation in [gM*™ RNF8/~ and RNF8*/* B cells (Fig. 2 B).
These results indicate that RNFS is dispensable for AID
accessibility to the Sp switch region.

Sp—Sy1 switch region junctions cloned from 53BP17/~
B cells show a high frequency of DNA insertions because of
defective processing of CSR DSBs (Reina-San-Martin et al.,
2007). To ascertain whether switch junctions are also abnormal
in the absence of RNF8, we cloned and sequenced switch
region junctions from B cells stimulated with LPS and IL-4.
Microhomology at junctions was mildly increased in the
absence of RNFS (Fig. 2 C). More strikingly, 24% of the
total RNF8~/~ CSR junctions analyzed showed insertions
>2 nt compared with only 7% in WT mice (Fig. 2 C). Thus,
RNES, like 53BP1, prevents insertions at switch junctions.

The inability to complete CSR 1is frequently associated
with accumulation of immunoglobulin heavy chain (IgH)—
associated breaks (Franco et al., 2006, 2008; Ramiro et al.,
2006). To examine IgH instability, we used an IgH locus—
specific/telomere fluorescence in situ hybridization (FISH)
assay in which the loss of telomeric signals near the IgH locus
on chromosome 12 is indicative of unresolved DSBs (Fig. 2 D;
Ramiro et al., 2006). Surprisingly, distinct from 53BP1, H2AX,
or ataxia telangiectasia mutated deficiency (Celeste et al.,
2003; Ramiro et al., 2006), we failed to detect IgH breaks in
RNF8 /= B cells (Fig. 2 E). We considered the possibility
that RINF8-deficient cells with aberrations might be elimi-
nated by a p53-dependent pathway before they reach meta-
phase, as previously observed in LPS-activated DNA-Pkes™/~
cells (Franco et al., 2008). To test this we performed small
hairpin RNA (shRNA)-mediated knockdown of p53 in
LPS-activated B cells. In two independent experiments, we
observed an increase in the accumulation of IgH-associated
breaks in p53-depleted RNF8~/~ cells relative to controls
(Fig. 2 E). These results suggest that RINF8 is necessary for
joining a subset of breaks during CSR, but that RNF8~/~
cells with unresolved DSBs are normally eliminated in a
p53-dependent manner.

53BP1 and RNEFS8 localization to DSBs is dependent on
H2AX phosphorylation (Celeste et al., 2002; Huen et al.,
2007; Kolas et al., 2007; Mailand et al., 2007; Wang and
Elledge, 2007), and H2AX/H2A are ubiquitylated by RNF8
(Huen et al., 2007; Mailand et al., 2007). Nevertheless, RINF8
and H2AX deficiency leads to a milder CSR defect than
53BP1~/~ (Fig. 1 B; Ward et al., 2004) and no detectable defect
in thymocyte TCR 3 expression (Fig. 1 A; Difilippantonio etal.,
2008), suggestive of H2AX-independent functions for 53BP1.

RNF8 is required for CSR | Santos et al.
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Lymphopenia and reduced CSR in RNF8~/~ mice. (A, left) Mean number of CD43- cells isolated from spleens of RNF§*+ and RNF§~/~

mice. (middle) Mean number of thymocytes in RNF8*+ and RNF8~/~ mice (error bars = SD; n > 3). (right) TCRE surface expression in freshly isolated
RNF8*+ RNF8~/-, and 53BP1~/~ thymocytes (one representative out of three independent experiments). (B) Two-color flow cytometric analysis of IgG1
expression on CFSE-labeled B cells that were stimulated with LPS plus IL-4 for 4 d (percentages are shown). (C) Frequency of 1gG1 and 1gG3 expression in
B cells that were stimulated for 4 d with LPS plus IL-4 or LPS alone in five or three independent experiments, respectively. Horizontal bars indicate means.
(D) Representative example of CFSE incorporation profiles of B cells stimulated with LPS plus IL-4 for 4 d. (E) Percentage of cells expressing 1gG1 (left) or
IgG3 (right) that had undergone a given number of cell divisions. One representative out of at least three independent experiments is shown in D and E.

To determine whether H2AX and RINF8 function epistati-
cally, we produced mice deficient for both H2AX (Celeste
et al., 2002) and RNF8 by breeding. RNF8~/~H2AX’~ mice
showed impairment of CSR at levels similar to those found in
H2AX™/~ B cells (Fig. 3 A and Fig. S3), which is still less se-
vere than 53BP1 deficiency (Fig. 1 B). These results indicate
that H2AX and RINFS function in the same pathway during
CSR, and that 53BP1 has a unique role that is not entirely
regulated by H2AX and RNF8.

JEM VOL. 207, May 10, 2010

In addition to the regulation of focus formation, H2AX
has an essential role in male spermatogenesis. Specifically,
H2AX~’~ mice exhibit impaired XY synapsis caused by de-
fective synapsis of the XY chromosomes during meiotic pro-
phase (Celeste et al., 2002; Fernandez-Capetillo et al., 2003b).
In contrast, 53BP1-deficient mice are fertile, illustrating
that H2AX also displays 53BP1-independent functions in
the context of meiosis. Similar to H2AX "/~ males, RNF8-
deficient males failed to breed, had reduced testes size (Fig. 3 B),
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Figure 2. AID targeting and genomic instability in RNF8~/~ B cells undergoing CSR. (A) AID mRNA levels measured by quantitative real-time PCR
performed on cDNA from B cells stimulated with LPS plus IL-4 for 48 h. The abundance of AID transcripts relative to GAPDH is shown. Error bars represent
means + SD. (B) Sy mutations in B cells stimulated with LPS plus IL-4 and labeled with CFSE. The analysis was performed on sorted IgM* cells that had
undergone five divisions. The frequency of mutations per basepair sequenced and the total number of independent sequences analyzed are indicated
underneath and in the center of each chart, respectively. Segment sizes in the pie charts are proportional to the number of sequences carrying the number
of mutations indicated in the periphery of the charts. (C) RNF8*/+ and RNF8~/~ B cells were stimulated with LPS and IL-4 for 72 h, IgG1-positive cells were
sorted, genomic DNA was amplified by PCR, and S-Sy junctions were sequenced. The percentage of junctions with the indicated nucleotide overlap or
insertion is indicated (42 RNF8~/~ and 28 RNF8*/* sequences were analyzed). (D) LPS plus IL-4-stimulated B cells were retrovirally transduced with p53
shRNA (see Materials and methods). At 72 h after infection, the cells were sorted and metaphase spreads were hybridized with a combination of painting
probes for IgH Ca (green) and telomere-specific peptide nucleic acid probes (red), and counterstained with DAPI (blue). (left) Example of a normal meta-
phase spread (arrows). (right) Example of an IgH lesion (star). Bar, 5 um. (E) The percentage of metaphases with abnormalities specifically associated with
chromosome 12 is quantified. At least 100 metaphases for each group were analyzed in two independent experiments. Error bars represent means + SD.

and showed a marked reduction in sperm (Fig. 3 C). Further- coated the sex body in pachytene-stage cells (Fig. 3 C, bottom
more, histological analysis revealed that there was consider-  left). Strikingly, despite normal H2AX phosphorylation of the
able degeneration in seminiferous tubules in RNF8~/~ mice, sex body, FK2 staining was lost in RNF8 knockout spermato-
indicated by an increase in the number of vacuoles and cytes (Fig. 3 C, bottom right). Collectively, these results sug-
Leydig cells (Fig. 3 C, top). Given that H2AX phosphoryla-  gest that RNNFS8 acts downstream of H2AX but distinct from
tion coats the XY chromatin of male meiotic cells, we ex- 53BP1 in the regulation of CSR and male meiosis.

plored whether a similar phenomenon was occurring with It has been suggested that RNF8-dependent ubiquity-
respect to ubiquitylation. To this end, we stained spermato- lation at DSBs exposes methylated histones, which in turn

cytes with antibodies against FK2, which marks ubiquitinated =~ regulate 53BP1 binding to DNA damage. Indeed, loss of
proteins. Like phosphorylated H2AX, ubiquitylated conjugates RINF8 impaired the ability of 53BP1 to form IR-induced
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A 120 -

= i

;100

©

c 80 A

kel

B3]

© 60

O 40 -

=

X
20 -
. ]

WT  H2Ax-

foci (Fig. 4 A; Huen et al., 2007; Kolas et al., 2007; Mailand
et al., 2007; Wang and Elledge, 2007). In B cells stimulated
to undergo CSR, 53BP1 accumulates at sites of DNA dam-
age produced by AID on the IgH locus (Reina-San-Martin
et al., 2004; Callén et al., 2007), and these foci were absent in
RNF8-deficient cells (Fig. 4 B). Therefore, the ability of
53BP1 to form foci at sites of IR- and AID-induced DNA
damage is compromised in the absence of RINFS.

Previous studies have shown that the RING domain
of RNF8 is required for DSB-induced ubiquitylation
and 53BP1 foci formation (Huen et al., 2007; Kolas et al.,
2007; Mailand et al., 2007; Wang and Elledge, 2007). To
determine whether the RING domain of RNFS8 is also nec-
essary for class switching, we retrovirally expressed a WT or

JEM VOL. 207, May 10, 2010
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Figure 3. RNF8 and H2AX function epistatically in
class switching and spermatogenesis. (A) Frequency of
IgG1 expression in B cells from WT, H2AX~/~, RNF8~/~, and
H2AX~/~RNFS~/~ mice stimulated with LPS plus IL-4 for 4 d.
One representative out of three independent experiments is
shown (Fig. S3). (B) Comparison of testes size in RNF8** and
RNF8~/~ mice. Bar, 3 mm. (C, top) Sections of testes stained
with hematoxylin-eosin. (arrowhead 1) In RNF8*/* testes,
mature sperm is organized in a rosette-like manner and is
abundant. In RNF8~/~ testes, the amount of sperm is much
reduced. RNF8 mutant testes show evidence of degeneration
such as the accumulation of Leydig cells in intertubular
spaces (arrowhead 2) and areas of vacuolization (arrowhead 3).
Bar, 50 um. (bottom left) Immunofluorescence of isolated WT
mouse spermatocytes with antibodies against SCP3 (red) and
FK2 (green). The image illustrates that the staining of FK2 is
restricted to the XY body. Bar, 5 mm. (bottom right) Immuno-
fluorescence of testes from RNF8*+ and RNF8~/~ animals
stained with antibodies against yH2AX (green) and FK2 (red).
Note that although a normal yH2AX signal was detected in
both tissues, the sex body-associated FK2 signal (arrows)
was not detectable in RNF8~/~ testes. Bars, 50 mm. Two mice
of each genotype were analyzed in B and C.

RING-deleted (delRING) form of RNFS8 in
RINF8/~ B cells that were stimulated to undergo
CSR. As expected, 53BP1 foci were visible in
RNF8-deficient B cells reconstituted with WT
RNES8 but not in the delRING RNF8 (Fig. 4 C).
In addition, WT RINF8 reconstituted CSR_, whereas
the delRING failed to do so (Fig. 4 D). Thus, the
RING domain of RNFS is critical for CSR.

To determine directly whether RNFS affects
the association of 53BP1 with chromatin, we ex-
amined the subcellular distribution of 53BP1 in
untreated and irradiated cells by cell fractionation.
We found that a considerable fraction of cellular
53BP1 was bound to chromatin independently of
IR, and that this pool increased only slightly, if at
all, after IR (Fig. 5). These results are consistent
with photobleaching experiments that indicate
that in the absence of DNA damage, 53BP1 in-
teracts with chromatin (Bekker-Jensen et al., 2005). Strik-
ingly, loss of RNFS8 did not affect the chromatin binding of
53BP1 (Fig. 5). Thus, although RNF8-dependent ubiquity-
lation may increase the affinity of 53BP1 for damaged chro-
matin, the initial loading to chromatin clearly occurs by
mechanisms independent of RNFS8. As previously proposed
in the context of V(D)J recombination, constitutive (DNA
damage—independent) 53BP1 chromatin binding might pro-
mote long-range CSR via 53BP1 homooligomerization-
mediated synapsis of distal switch regions (Difilippantonio
et al., 2008). In this model, RNF8 would increase the local
concentration of 53BP1 or induce contraction of the switch
regions in response to AID DSBs, thereby further promot-
ing the pairing of switch regions.

YH2AX

FK2
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A Figure 4. 53BP1 foci formation at sites of
CSR is RNF8 dependent. (A) RNF8*+, RNF8~/~,
RNF8 +/+ and 53BP1~/~ B cells were stimulated with LPS
and IL-4 for 3 d, left untreated (no IR), or exposed
to 1 Gy of vy irradiation (IR) and then incubated
for 30 min at 37°C before staining for 53BP1
RNFS8 -/- (green). Bar, 5 um. One representative out of two
independent experiments is shown. (B) Distribu-
tion of 53BP1 in LPS/IL-4-activated B cells from
— RNF8*+ and RNF8~/~ mice. B cells were stained
with anti-53BP1 antibodies followed by DNA FISH
detection of the C,, region (left). The arrow
B 35 - indicates colocalization of 53BP1 and IgH. (right)
é 30 The percentage of cells with colocalization of
I 53BP1 and IgH. A total of 52 cells positive for
RNF8 +/+ § 25 both signals were analyzed for each genotype in
_é 20 one experiment. Bar, 7 um. (C and D) RNF8~/~
T 154 B cells stimulated with LPS/IL-4 were retrovirally
E 10 infected with a WT or delRING form of RNF8 and
@ stained for 53BP1 (C) or IgG1 (D) on day 3
RNF8 -/- .. ,3 5 (percentages are shown in D). One out of two
0 representative experiments is shown. Bar, 7 um.
RNF8 +/+ RNF8 -/-
C D Infected cells
Gated on Gated on
RNF8 -/- . GFP neg , GFP pos
::3 8 1:3 N 17| that because RNFS8 regulates only a sub-
\ RNF8-- nE set of repair proteins that form H2AX-
RNF8 -/- .. *WTRNF8 W » I‘r dependent foci, this may explain why
+WT RNF8 m,, . the CSR defect in RNF8 knockout mice
L L L U is slightly milder than that observed in
7R Y o 8 ° H2AX~/~ and H2AX~/~RNF8~/~ mice
RE‘dFB - - RNF8 -~ < B (Fig. 3 A and Fig. S3). The idea that
elRING +delRING |, ] e . .
o m w ' RNES acts epistatically with H2AX in
") n — — oL & — vivo is bolstered by the finding that
. mzu:infgcte‘:ti Cg"smz e RNF8/~ males are infertile, with a simi-
RNFS +/+ RNFS -/- lar meiotic arrest as in H2AX knockouts.
::3 -y ma 8 In light of the role of H2AX in XY body
. . formation, it is tempting to propose that
m1 K ) 1: n RNF8-dependent ubiquitylation might
::n = wn % " play an active role in transcriptional si-

10 10! 10 10® a0t 1e® ol
H2AX regulates foci formation of numerous factors that
carry out diverse functions in nonhomologous end joining,
HR and DNA damage signaling. Nevertheless, many of these
factors have essential roles at sites of DSB independent of
their ability to form foci (Celeste et al., 2003). For example,
Breal is essential for viability and HR, whereas H2AX and
RNF8 knockout mice are viable and show only a mild defect
in HR, despite the fact that BRCA1 foci are impaired in
their absence. Although assays using recombination substrates
failed to detect impairment in nonhomologous end joining
in H2AX knockout mice (Bassing et al., 2002), H2AX
functions in CSR and regulates foci formation of numer-
ous factors, including 53BP1 and Nbs1, which are them-
selves implicated in DNA end joining and CSR (Celeste
et al., 2003). RNFS, acting downstream of H2AX, regulates
focus formation of 53BP1 but not of Nbsl. We speculate

978

102 10® 10t

lencing and/or chromatin compaction.
Moreover, because RNF168 acts together
with RNF8 in promoting efficient histone ubiquitylation,
we would predict that patients with RIDDLE syndrome
should exhibit male sterility. In conclusion, our results indi-
cate that a significant contribution of the CSR and meiotic
defects observed in H2AX knockout mice is likely to be the
inability to ubiquitylate proteins at sites of CSR DSBs and
throughout the male sex body. Consistent with our findings,
a recent report showed that CSR to IgA was impaired in
mouse CF12F3-3 cells treated with shRNAs that depleted
RNF8 and RNF168 (Ramachandran et al., 2010).

MATERIALS AND METHODS

Mice. For generation of RNF8~/~ mice, the embryonic stem (ES) cell line
RRR260 was used (Bay Genomics). The RNF8 gene was disrupted by a
neo gene selection cassette inserted between transcribed exons 4 and 5. The
exact insertion sites were mapped by genomic PCR and DNA sequencing.
These ES cells were injected into C57BL/6 blastocysts to generate chimeric

RNF8 is required for CSR | Santos et al.



o> o o

k4 =4 . = -+ <+

¥ + - - - -

© © [+<) © o o

[T [T [T [T o o

z z z z

rx ¥ 8 8
53BP1(212KD) wewe ST s s

Chromatin

H2AX (14 kD) —
SIEPThi o AEE—G———
53BP1 10 EXP s St bt S Nuclear soluble
Sp-1 (80 kD) ——_—

Figure 5. Constitutive binding of 53BP1 to chromatin is RNF8
independent. RNFS*/+, RNF8~/~, and 53BP1~/~ B cells were stimulated
with LPS/IL-4 for 3 d and were treated with IR (10 Gy) or left untreated.
After 90 min, cells were collected and chromatin and nuclear fractions
were isolated (see Materials and methods). Immunoblotting was
performed using the indicated antibodies. One out of two independent
experiments is shown.

mice that were then backcrossed with C57BL/6 mice to generate RNF8*/~
animals. Finally, the heterozygotes were intercrossed to generate RNF8™/~
mice. All experiments with mice followed protocols approved by the
National Institutes of Health Institutional Animal Care and Use Committee.

Lymphocyte cultures, cell sorting, and flow cytometry. B cells were
isolated from spleens using CD43 microbeads (Miltenyi Biotec), labeled
with 5 uM CFDA-SE for 10 min at 37°C (Invitrogen), and cultured (0.5—
1 X 10° cells/ml) with 25 pg/ml LPS alone (Sigma-Aldrich) or LPS plus 5 ng/ml
IL-4 (Sigma-Aldrich) for 1—4 d. In cell-sorting experiments, propidium
iodide was added immediately before laser excitation to exclude dead
cells. Cell sorting was performed on a FACSAria (BD). For flow cytometry,
the following antibodies were obtained from BD: IgG1-biotin, IgG3-biotin,
streptavidin-PE, B220-FITC, and TCRB-PE. Cell-cycle analysis was
performed as previously described (Daniel et al., 2008).

Viral infection and shRNA. To knock down p53 in B cells, we used an
shRNA vector against Trp53 that was previously described (Hemann et al.,
2003). For expression of WT and delRING RINFS8 in B cells, we cloned the
previously described constructs (Huen et al., 2007) into the PMX-PIE retro-
viral vector. Retroviral supernatants were obtained from BOSC23 cells
48 h after transient cotransfection (FuGENE; Roche) with the retroviral and
pCLEco plasmids. B cells were infected 24 h after LPS and IL-4 stimulation
with retroviral supernatants by centrifugation for 1.5 h at 2,500 rpm at room
temperature in the presence of 10 pg/ml polybrene. Supernatants were
replaced with LPS and IL-4—containing RPMI 1640 12—-16 h after infection.

Quantitative RT-PCR. RNA was isolated using the RNeasy Mini Kit
(QIAGEN). ¢cDNA was synthesized with the SuperScriptlI kit (Invitrogen).
Real-time quantitative RT-PCR was performed on an ABI 7900 (Applied
Biosystems). Transcripts were amplified using SYBR Green PCR Master Mix
(Applied Biosystems). The following primers were used: GAPDH (Fwd),
5'-TGAAGCAGGCATCTGAGGG-3'; GAPDH (Rev), 5'-CGAAGGT-
GGAAGAGTGGGAG-3'"; AID (Fwd), 5'-GCCACCTTCGCAACAA-
GTCT-3'; and AID (Rev), 5'-CCGGGCACAGTCATAGCAC-3'.

Mutation analysis. Analysis of Sp mutations and switch junction sequences
were performed in B cells stimulated with LPS/IL-4 and CFSE labeled.
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Cells were sorted for five cell divisions and surface IgM expression, and
mutant analysis was performed as previously described (Reina-San-Martin
et al., 2003).

FISH analysis, immunofluorescence, and immunohistochemistry.
B cells cultured for 3 d with LPS plus IL-4 were arrested at mitosis with colce-
mid (Invitrogen) treatment, swollen in prewarmed 0.075 M KCl for 15 min
at 37°C, and fixed by methanol/acetic acid treatment, and dropped in
microscope slides using a humidity chamber. Slides were denatured at
75°C/70% formamide for 7 min; hybridized with the following probes
overnight at 37°C; washed, dehydrated, and stained with DAPI; and
mounted with VECTASHIELD (Vector Laboratories). We used bacterial
artificial chromosome (BAC) probes containing IgH Ca (from Cy1 3’ of
Ca; Difilippantonio et al., 2002) and telomere repeat—specific peptide
nucleic acid probes (Applied Biosystems). For 53BP1 and Rad51 foci analy-
sis, B cells were spun onto coverslips after 72 h of stimulation and immuno-
fluorescence was performed as previously described (Petersen et al., 2001).
For coupled immunofluorescence and FISH analysis, day 3 stimulated B cells
were spun onto coverslips and processed as described previously (Chen et al.,
2000).The IgH-specific BAC probe spanned from Cy1 to 3" of Ca.. Rabbit
polyclonal anti-53BP1 (Novus Biologicals), rabbit polyclonal anti-Rad51
(H-92; Santa Cruz Biotechnology, Inc.), and goat anti-rabbit IgG Alexa
Fluor 488 (Invitrogen) were used. Metaphase spread images were captured
with a microscope (Axio Imager Metasystems; Carl Zeiss, Inc.) and foci
images were captured with a confocal microscope (LSM 510 Metall; Carl
Zeiss, Inc.). Testes were fixed in formalin and embedded in paraffin for sub-
sequent processing. 2.5-mm sections were treated with citrate for antigenic
recovery and processed for immunohistochemistry with FK2 (Invitrogen)
antibodies. Hematoxiline was used to counterstain. Sections were scanned
with a digitalized system (MIRAX; Carl Zeiss, Inc.). For tissue immunofluo-
rescence, sections were previously deparaffinized and YH2AX (Millipore)
antibodies were also used. Immunofluorescence of isolated mouse spermatocytes
has been previously described (Fernandez-Capetillo et al., 2003a). Combined
SCP3 (gift from M. Tarsounas, Gray Institute for Radiation Oncology and
Biology, Oxford, England, UK) and FK2 antibody staining was processed with
Alexa Fluor 488 and Alexa Fluor 568 (Invitrogen) secondary antibodies.

Chromatin fractionation and Western blotting. B cells were isolated
and cultured with LPS and IL-4 for 3 d as described. A portion of the
cultures was subjected to 10 Gy of vy irradiation and allowed to recover at
37°C for 1.5 h. Nuclei from 5 million cells were isolated with the ProteoJET
Cytoplasmic and Nuclear Protein Extraction Kit (Fermentas) and lysed; the
manufacturer’s nuclei lysis buffer was supplemented with 30 mM EDTA, 2 mM
EGTA, and 10 mM dithiothreitol. The nuclear extract was centrifuged at
1,700 g for 20 min at 4°C; the supernatant was saved at —80°C as the
“nuclear-soluble fraction,” and the chromatin pellet was washed twice in
250 pl of 0.1X lysis buffer supplement. Chromatin was resuspended in 30 pl
of 10 mM Hepes, 10 mM KCI, 1 mM MgCl,, 10% glycerol, 1 mM CaCl,,
1 mM EDTA, 1X protease inhibitors (Roche), and 5 U of micrococcal
nuclease (New England Biolabs, Inc.), and then incubated for 45 min at
37°C. The reaction was stopped by the addition of EGTA to 1 mM, and the
digested pellet was stored at —80°C as the “chromatin-bound fraction.”
Extracts were run on 3—-8% Tris-acetate gels and analyzed by Western blot-
ting with antibodies against 53BP1 (Bethyl Laboratories, Inc.) and H2AX
(Novus Biologicals). To examine RNF8 expression, total cell extracts de-
rived from RNF8 WT and -deficient mouse embryonic fibroblasts were incu-
bated with anti-RINF8 antibodies and protein A agarose beads for 2 h at 4°C
with gentle agitation under denaturing conditions. Beads were washed twice
with denaturing buffer and bound proteins were eluted by boiling in sampling
buffer. Thereafter, immunoprecipitates were separated by SDS-PAGE and
immunoblotted with antibodies generated against full-lengh human RNFS.

Online supplemental material. Fig. ST shows the strategy used to disrupt
the mouse RNF8 gene. Fig. S2 shows that Rad51 foci formation is impaired

in the absence of RNF8. Fig. S3 shows two more independent experiments
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for the data shown in Fig. 3 A. Online supplemental material is available at
http://www . jem.org/cgi/content/full/jem.20092308/DC1.
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