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Rnf8 deficiency impairs class switch
recombination, spermatogenesis, and genomic
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Signaling and repair of DNA double-strand breaks (DSBs) are critical for preventing
immunodeficiency and cancer. These DNA breaks result from exogenous and endogenous
DNA insults but are also programmed to occur during physiological processes such as
meiosis and immunoglobulin heavy chain (IgH) class switch recombination (CSR). Recent
studies reported that the E3 ligase RNF8 plays important roles in propagating DNA DSB
signals and thereby facilitating the recruitment of various DNA damage response proteins,
such as 53BP1 and BRCAT, to sites of damage. Using mouse models for Rnf8 mutation, we
report that Rnf8 deficiency leads to impaired spermatogenesis and increased sensitivity to
ionizing radiation both in vitro and in vivo. We also demonstrate the existence of alterna-
tive Rnf8-independent mechanisms that respond to irradiation and accounts for the partial
recruitment of 53bp1 to sites of DNA damage in activated Rnf8—/~ B cells. Remarkably, IgH
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CSR is impaired in a gene dose-dependent manner in Rnf8 mutant mice, revealing that
these mice are immunodeficient. In addition, Rnf8—/~ mice exhibit increased genomic
instability and elevated risks for tumorigenesis indicating that Rnf8 is a novel tumor
suppressor. These data unravel the in vivo pleiotropic effects of Rnf8.

Mammalian cells have evolved sophisticated
DNA damage signaling and repair mechanisms
to prevent the accumulation or transmission of
damaged DNA during cell divisions (O’Driscoll
and Jeggo, 2006; Bartek and Lukas, 2007;
Harper and Elledge, 2007; Hoeijmakers, 2009).
Among the various types of DNA damage,
DNA double-strand breaks (DSBs) are the
most detrimental to our cells. The importance
of DSB signaling and repair mechanisms is
demonstrated by the association of their defects
with various human syndromes characterized
by developmental defects, neurodegenerative
disorders, immunodeficiency, and increased
cancer predisposition (O’Driscoll and Jeggo,
2006; Hakem, 2008; Hoeijmakers, 2009). In
addition to DSBs generated by endogenous
and exogenous DNA insults, DSBs are also
programmed to occur in vivo during normal
physiological processes, such as meiosis and
during VDJ recombination in T and B cell

development, in which the recombination
process is essential to amplify the diversity for
T and B cell receptor repertoires (Soulas-
Sprauel et al., 2007). Furthermore, Ig heavy
chain (IgH) class switch recombination (CSR),
which is one of the most critical mechanisms
for antibody diversification in mammals, also
involves programmed generation of DSBs ini-
tiated by activation-induced cytidine deami-
nase (Chaudhuri et al., 2007; Soulas-Sprauel
et al., 2007; Stavnezer et al., 2008). The subse-
quent signaling and repair of these DSBs is re-
quired for peripheral B cells to successfully
synapse and join these breaks and switch from
expressing low-affinity IgM to various high-
affinity Ig isotypes, such as IgG1, IgE, and IgA,
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during an immune response. The joining of DSBs generated
during the CSR process involves both classical and alterna-
tive nonhomologous end-joining pathways (Yan et al., 2007;
Kotnis et al., 2009; Robert et al., 2009). Interestingly, defects
in the signaling or the repair of the CSR -associated DSBs in-
evitably result in immunodeficiency (Durandy et al., 2007;
Kotnis et al., 2009).

The signaling of DSBs employs various DNA damage re-
sponse (DDR) proteins and elaborate posttranslational modi-
fications (PTM) including ubiquitylation, phosphorylation,
methylation, and acetylation of chromatin and DDR proteins
(Harper and Elledge, 2007; Panier and Durocher, 2009).
Within a few minutes after the generation of DSBs, subnu-
clear foci known as ionizing radiation (IR)—-induced foci
(IRIF) are assembled at the break sites (Wood and Chen,
2008). These IRIF arise from chromatin remodeling and or-
chestrated recruitment of various DDR proteins, which are
important for mediating the signaling and repair of the dam-
aged DNA as well as cell cycle checkpoint activation or
apoptosis. Phosphorylation of the histone variant H2AX at
Ser139 (YH2AX) is among the earliest PTMs required for the
signaling of DSBs (Su, 2006). These early recruitment and
PTM events at the damage sites provide important docking
platforms to further enlist downstream DDR proteins. In ad-
dition to H2AX, several other DDR proteins, including
NBS1, MDCT1, 53BP1, and BRCAI1, are also phosphory-
lated by kinases such as ATM, ATR, DNA-PK, Chk2, and
Chk1. These phosphorylations provide important mecha-
nisms for these DDR proteins to interact with each other at
damage sites and to mediate the signaling and repair of DSBs.
The recent demonstration of the roles of the E3 ligases RINF8
and RNF168 in DSB signaling has highlighted the impor-
tance of regulatory ubiquitylation in the DNA damage sig-
naling and repair processes (Huen et al., 2007; Kolas et al.,
2007; Mailand et al., 2007; Wang and Elledge, 2007; Doil
et al., 2009; Panier and Durocher, 2009; Pinato et al., 2009;
Stewart et al., 2009). Both E3 ligases are required for the
recruitment of DDR' proteins such as 53BP1, BRCAI,
Rap80, Abraxas, and Brce36 to DSBs. After the initial recog-
nition of YH2AX by MDCT1 at the site of DSBs, RNF8 is
recruited to ATM-phosphorylated MDC1 through its FHA
domain, and it functions in a complex with the E2 ubiquitin-
conjugating enzyme Ubc13 to mediate mono-ubiquitylation
of the histones H2AX and H2A at the chromatin-flanking
DSBs (Huen et al., 2007; Kolas et al., 2007; Mailand et al.,
2007; Wang and Elledge, 2007). These RNF8-dependent
histone ubiquitylation events serve to recruit the RNF168—
Ubc13 complex to DSBs, leading to further K63 ubiquity-
lation of H2AX and H2A and thereby amplifying the DSBs
signals (Doil et al., 2009; Pinato et al., 2009; Stewart et al.,
2009). Interestingly, knockdown cell lines for RNF8 or
RNF168 and mouse embryonic fibroblasts (MEFs) deficient
for Rnf8 are unable to form or retain IRIF for 53BP1,
BRCAT1, and other downstream DDR proteins (Huen et al.,
2007, 2008; Kolas et al., 2007; Mailand et al., 2007; Wang
and Elledge, 2007; Doil et al., 2009; Stewart et al., 2009).
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These cells also exhibit increased radiosensitivity and impaired
cell cycle checkpoints. More importantly, mouse models for
mutations of Afm, H2ax, Mdc1, 53bp1, and Brcal have demon-
strated the roles of these signaling proteins in various processes
including development, meiosis, CSR, genomic integrity, and
cancer. Interestingly, germline mutations of the RNF168 gene
have been associated with the human RIDDLE syndrome,
which is characterized by defective 53BP1 foci formation,
radiosensitivity, immunodeficiency, dysmorphic features, and
learning difficulties (Stewart et al., 2007, 2009).

In this study, we demonstrate that Rnf8-deficient mice
are viable but show a growth retardation phenotype, in-
creased sensitivity to IR both in vitro and in vivo, and im-
paired spermatogenesis. Rnf8~/~ MEFs show a growth defect
that is partially rescued under hypoxic conditions. In contrast
to Rnf8 /= MEFs, activated Rnf8/~ B cells show a partial
recruitment and/or retention of 53bp1 to form IRIF, sug-
gesting the existence of alternative signaling pathways that
compensate for the absence of Rnf8 in activated B cells.
We also show that CSR is significantly impaired in Rnf8 mu-
tant mice, revealing that these mice are immunodeficient.
Remarkably, loss of Rnf8 leads to increased genomic insta-
bility and predisposes the Rnf8 mutant mice for tumorigene-
sis, indicating that Rnf8 is a novel tumor suppressor. Thus,
Rnf8 emerges as an important player in DSBs through its
essential roles in spermatogenesis, CSR, maintaining genomic
integrity, and suppressing cancer.

RESULTS

To examine the in vivo roles of Rnf8, two strains of Rnf8
mutant mice have been generated using independent gene
trap embryonic stem cell (ES) clones (Fig. ST A). Southern
blot analysis confirmed the germline transmission of the two
Rnf8 mutations (Fig. S1, B and C). Western blot analysis of
serial twofold dilutions of cell lysates indicated about a two-
fold decrease of expression level of Rnf8 protein in heterozy-
gote compared with IWT background (Fig. S1 D). Further
Western blot analyses demonstrated loss of the full-length
Rnf8 protein in Ruf8~/~ thymocytes derived from the two
different strains (Fig. S1 E). Rnf8 mutants derived from the
two clones will be referred to as Rnf8 mutants.

Hypoxic conditions partially rescue impaired in vitro
proliferation of Rnf8-deficient MEFs

To examine the effect of Rnf8 deficiency on in vitro cellular
growth, we derived MEFs from day-14.5 embryos generated
from intercrossing of heterozygous mutant mice. Rnf8 '~
MEFs of passage 25 proliferated at slower rates than WT
littermate controls (Fig. 1 A). Furthermore, Rnf8~/~ MEFs
of passage 6 and 7 displayed lower saturation densities than
WT littermate controls.

Because it has been well documented that reactive oxy-
gen species (ROS) play a role in generating endogenous
DNA lesions (Bristow and Hill, 2008), hypoxic environ-
ment would offer a reduction in ROS-mediated assaults to
chromatin. Therefore, we hypothesize that under hypoxic
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conditions, the proliferation defect of Rnf8~/~ MEFs would be
alleviated owing to lesser DNA damage. As shown in Fig. 1 B,
culturing of passage 4 Rnf8~/~ MEFs for 12 d at 5% O, con-
centration resulted in a greater proliferation rate than when
they were cultured under normoxic conditions. Interestingly,
this increase in proliferation became increasingly evident
from days 6 to 12 of in vitro culture. At day 12 of culture
under hypoxic conditions, one of the independently derived
lines of Rnf8/~ MEFs even showed a saturation density close
to those of the WT littermate MEFs.

These data indicate that Rnf8 deficiency in MEFs leads to
defective proliferation. Furthermore, hypoxic conditions sig-
nificantly rescue the impaired proliferation of Rnf8~/~ MEFs,
suggesting that ROS-induced DNA damage in Rnf8 /-
MEFs contributes to their in vitro proliferative defects.

Rnf8 deficiency leads to growth retardation and reduced
hematopoeitic populations

Rnf8/~ mice generated by intercrossing of heterozygous
mutant mice were born at a Mendelian ratio, indicating that
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Rnf8 is dispensable for embryonic survival. However, Ruf8/~
mice showed a runted phenotype and were underdeveloped
compared with WT littermates as determined by their body
weight measurements at various time points throughout de-
velopment (Fig. 1 C and Fig. S2).

Programmed DSBs play essential roles in development and
differentiation of hematopoietic cells, and failure to signal or
repair these DSBs significantly impairs hematopoietic lineages
and can lead to immunodeficiency (Soulas-Sprauel et al., 2007).
To assess the effect of Rnf8 deficiency on the immune system
development, we examined BM, thymus, and spleen from
6—10-wk-old Rnf8/~ mice. FACS analysis and determination
of absolute cell numbers of hematopoietic cells indicated sig-
nificant hypocellularity of the immune organs of Rnf8~/~ mice,
and the Rnf8~/~ hematopoietic cell subpopulations seemed to
suffer this defect to a similar extent (Fig. 1, D-H; and Fig. S3).
The total number of BM cells (12.7 £ 3.3 X 10°) in a femur
from Rnf8™/~ mice was significantly reduced compared with
WT littermates (20.6 + 1.3 X 10%; P < 0.0003; Fig. 1 D). More
importantly, the numbers of Pro-B (IgM~B220"CD43") and
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Figure 1. Rnf8~/~ MEFs exhibit proliferative defects and Rnf8~/~ mice are growth retarded. (A) Rnf8~/~ MEFs exhibited reduced ability to
proliferate in vitro. Passage 2 WTand Rnf8~/~ MEFs were seeded in 6-cm dishes at a density of 3 x 105, After every 3 d, the MEFs were trypsinized,

counted, and reseeded at the same density. The cumulative growth curves are shown. Three independent experiments were performed, and a Student's
ttest was used for statistical analysis. *, P < 0.05. Error bars represent SD. (B) Passage 4 WT and Rnf8~/~ MEFs were cultured as in A, either under normoxic
(219% Q,) or hypoxic (5% 0,) conditions. Data were from two independent experiments. (C) Body weights of age-matched WT (n = 10), Rnf8*~ (n = 14),
and Rnf8~/~ (n = 9) males. Statistical significance was established at each time point using Student's t test. *, P < 0.05. Error bars represent SD. (D) Total
number of cells in BM (one femur) of WTand Rnf8~/~ mice. (E) Absolute numbers of pro-B cells (IgM~CD43+B220+), pre-B cells (IgM~CD43~B220*), and
immature B cells (B220*IgM+lgD~) in the BM (one femur) of WTand Rnf8~/~ mice. (F) Absolute number of cells in thymus and spleen of WTand Rnf8~/~
mice. (G) Absolute numbers of double-negative (CD4~CD8~), double-positive (CD4+*CD8*), CD4*, and CD8* cells in the thymus of WTand Rnf8~/~ mice.
(H) Absolute numbers of B and T cells in the spleen of WTand Rnf8~/~ mice. Data in D-H were generated from seven pairs of WTand Rnf8~/~ littermates
at the age of 6-10 wk. Student's t test was used for statistical analysis. *, P < 0.05; **, P < 0.0007. Error bars represent SD.
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Pre-B (IgM™B220"CD437) progenitors, as well as the number
of immature B cells (IgM*B220*IgD ™), were significantly re-
duced in BM from Rnf8~/~ mice compared with WT litter-
mates (P < 0.01; Fig. 1 E).

The absolute number of thymocytes was also significantly
reduced in Rnf8™/~ mice (101.3 + 30.4 X 10°) compared
with WT littermates (178.9 £ 31.5 X 10°; P < 0.0006; Fig. 1 F).
Further characterization of these thymocytes indicated sig-
nificant reductions in the absolute numbers of CD4~CD8~
(double negative), CD4*CD8" (double positive), and CD4*
and CD8" (single positive) thymocyte populations (P < 0.05;
Fig. 1 G). As 53bp1 is required for distal V-DJ joining and
TCR-B expression (Difilippantonio et al., 2008), we exam-
ined the effect of Rnf8 deficiency on TCR-3 expression.
Our data indicated a mild decrease of the level of TCR-f3
expression in Rnf8~/~ thymocytes compared with IWT con-
trols (Fig. S3B), which contrasts with the drastic reduction of
TCR- expression in 53bp1~/~ thymocytes (Difilippantonio
et al., 2008).

Next, we examined the effect of Rnf8 deficiency on
splenocytes and observed a significant reduction in total
number of splenocytes from Rnf8~/~ mice (55.8 £ 12.7 X 10°)
compared with WWT littermates (89.1 + 14.2 X 10% P < 0.0006;
Fig. 1 F). FACS analysis was further used to determine the
absolute numbers of B and T cell populations in the spleen
of Rnf8~’~ mice and WT littermates. Both Rnf8/~ splenic
B and T cell populations were found to be significantly re-
duced compared with WT controls (P < 0.01; Fig. 1 H).
Collectively, these data indicate that Rnf8 plays important
roles in maintenance of normal mammalian growth and de-
velopment of various subpopulations in both primary and
secondary immune organs.

Impaired spermatogenesis in Rnf8~/~ mice

Programmed DSBs initiated by the meiosis-specific protein
Spol1 are essential for meiotic recombination (Longhese
et al., 2009). The repair of these breaks is mediated by ho-
mologous recombination. Defects in signaling or repair of
these programmed DSBs during meiosis can potentially lead
to infertility.

Because Rnf8 plays an essential role in the signaling of
DSBs, we examined the effect of its loss on meiosis and fer-
tility. Ovaries from 9-wk-old Rnf8~/~ mice and their WT
littermates were harvested, fixed, and stained with hematox-
ylin and eosin (H&E). No overt difference in the size of ova-
ries from Rnf8~/~ females was observed compared with WT
littermates. In addition, H&E staining also indicated that
Rnf8~/~ ovaries are similar to WT ovaries (Fig. 2, A and B).
However, young (9 wk of age) and old (1 yr of age) Ruf8/~
males showed a reduction in testicular size compared with
WT controls (Fig. 2 C). Examination of H&E-stained testis
sections from 1.5-3.5-mo-old Rnf8/~ males showed a spec-
trum of alterations in spermatogenesis compared with their
WT male littermates (Fig. 2, D—M). Within the same Rnf8™/~
testis, we observed seminiferous tubules with well-populated
layers of spermatogonia, spermatocytes, and mature spermato-

986

zoa, whereas other seminiferous tubules showed only few
or absent mature spermatozoa in the lumen, as well as an
unusually high number of cells in mitosis and immature
spermatids (Fig. 2, E-I), suggesting an arrest in the sper-
matogenesis process. We also observed Rnf8~/~ testes with
seminiferous tubules that had disorganized epithelial archi-
tecture but still showed few spermatogonia and spermato-
cytes interspersed with apoptotic bodies and the absence of
lumen and mature sperm cells (Fig. 2, F-J). Furthermore,
more severe phenotypes were also observed, which were
characterized by focal vacuolar degeneration of most semi-
niferous tubules of Rnf8 /" testes, without inflammation
and with a normal appearance of interstitial Leydig cells
(Fig. 2, G-K). The epididymis of Rnf8 /" mice, although
histologically normal, was either poorly populated with or
devoid of spermatozoa compared with WT controls (Fig. 2,
L and M).

Interestingly, despite their meiotic defect, and in contrast
to the complete infertility of Atm™'~, H2ax™’~, and Mdc1~/~
males, Rnf8™/~ males derived from AS0574 ES clone success-
fully produced progenies, although the size of their litters
(5.16 £ 0.9) was significantly reduced compared with Rnf8*/~
males (9.3 + 0.6; P = 0.0018). However, attempts to breed
Rnf8 /= males from RRR260 ES clone failed to yield any
pregnancies, possibly because of the difference of the Rnf8
mutation. We therefore conclude that Rnf8 deficiency im-
pairs spermatogenesis.

53bp1 is partially recruited to DNA DSB sites

via Rnf8-independent mechanisms in LPS-activated B cells
RINF8 plays an essential role in the signaling of DSBs. It me-
diates ubiquitylation of H2A and H2AX, facilitating the
sequential recruitment of downstream DDR  proteins to
DSBs (Huen et al., 2007; Kolas et al., 2007; Mailand et al.,
2007; Panier and Durocher, 2009; Wu et al., 2009). Previous
studies and our data in Fig. S4 indicate the abolition of
recruitment of certain DDR proteins, especially 53bp1, to
[R-induced DSBs in Rnf8~/~ MEFs and human RINF8
knockdown cell lines (Huen et al., 2007; Kolas et al., 2007,
Mailand et al., 2007; Panier and Durocher, 2009; Wu et al.,
2009). To further study the hierarchy of DDR proteins in
immune cells, we examined time course recruitment of
yH2ax and 53bpl to DSBs in Rnf8 /= and WT B cells.
B cells from Rnf8/~ and WT mice were activated for 60 h
in the presence of LPS. Cells were either left untreated or
irradiated with 3 Gy of y radiation and were then harvested
at various time points after IR for immunofluoresence to ex-
amine yH2ax and 53bpl IRIF formation. A significantly
higher number of yH2ax foci was observed in untreated
Rnf8~/~ cells compared with WT control cells, indicating an
elevated number of endogenous breaks in the activated
Rnf8~/~ B cells (Fig. 3, A and C). However, no significant
difference in the number or size of YH2ax IRIF was observed
between Rnf8/~ and WT cells at 0.5 h after IR, although
the number of yH2ax IRIF was slightly greater at 3.5 h
after IR. Interestingly, despite the increased number of

Pleiotropic effects of RNF8 in vivo | Li et al.
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IRIF for yH2ax in nonirradiated Rnf8 '~ activated B cells, a
significantly lower number of 53bp1 foci was observed in
these cells compared with WT controls (Fig. 3, B and D).
About 38% of activated Rnf8 '~ B cells was able to form
53bp1 foct at 0.5 h after y radiation (3 Gy), and these foci
appeared to be smaller in size than WT controls. Moreover,
in contrast to WT controls, the number of Rnf8~/~ B cells
showing 53bp1 IRIF dropped by ~50% at 3.5 h after IR
treatment, indicating the unstable nature of 53bp1 foci in the
absence of Rnf8. These data indicate the existence in acti-
vated B cells of Rnf8-independent mechanisms for the
recruitment of 53bp1 to sites of DNA breaks, although Rnf8-

Article

dependent mechanisms are the major driving force for the
formation and retention of 53bp1 IRIF.

Rnf8 deficiency leads to increased radiosensitivity

Failure to repair DSBs leads to cell cycle arrest and apopto-
sis, thus preventing transmission of damaged DNA during
cell division. Based on the role of Rnf8 on initiation and
maintenance of IRIF for DDR proteins such as 53bp1, we
examined the effect of its loss, both in vitro and in vivo,
with respect to radiosensitivity. Rnf8~/~, Ruf8*/~, and WT
thymocytes were either left untreated or subjected to vari-
ous dosages of IR (0.5-6 Gy) and were harvested 18 h after IR.

TT0Z ‘TT Arenuer uo Bio'ssaidni wal woiy papeojumog

Figure 2. Impaired spermatogenesis in Rnf8=/~ mice. (A and B) Histological analysis of ovaries of WT (A) and Rnf8~/~ (B) females showed no
significant differences in ovarian architecture. Bars, 50 um. (C) Testes from 12-mo-old Rnf8~/~ male exhibited a significant reduction in size compared
with those of WT littermates. Bar, 0.25 cm. (D-K) Images of H&E-stained seminiferous tubules from 1.5-mo-old WT (D and H) and Rnf8&/~ (E, F, |, and J)
mice and a 3.5-mo-old Rnf8~/~ male (G and K). H&E staining of testes from Rnf8~/~ males showed a spectrum of alterations in spermatogenesis.
Rnf8~/~ testis showed seminiferous tubules with well-populated layers of spermatogonia, spermatocytes, and mature spermatozoa (E and 1) and other
seminiferous tubules with only few or absent mature spermatozoa in the lumen and an unusually elevated number of immature spermatids and mitotic
cells (E and 1). Rnf8~/~ testis showed disorganized epithelial architecture of seminiferous tubules, few spermatogonia and spermatocytes mixed together
with apoptotic bodies, and the absence of mature sperm cells (F and J). Rnf8~/~ testis showed focal vacuolar degeneration of most seminiferous tubules
(G and K). In contrast to WT (L), H&E staining of epididymis of Rnf8~/~ mice (M, 20X) show no histological abnormalities; however, they have a significant
reduction of mature sperms. Bars: (D-G) 100 um; (H-K) 50 um; (L and M) 100 um. A minimum of five mice per genotype have been analyzed.
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Figure 3. Partial recruitment of 53bp1 to the sites of DNA damage in the absence of Rnf8. (A and B) LPS-activated B cells either untreated

(0 h) or harvested 0.5 and 3.5 h after 3 Gy irradiation were stained with anti-yH2ax (A) and anti-53bp1 (B) antibodies. Images were taken with a confocal
microscope. Bars, 10 um. (C and D) Quantitative analysis of yH2ax and 53bp1 subnuclear foci. Activated B cells harboring two or more than two foci were
counted as foci-positive cells. Three independent experiments were performed, and a minimum of 300 cells was counted for each condition and geno-
type. A Student's t test was used for statistical analysis. *, P < 0.01. Error bars represent SD.
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Figure 4. Rnf8~/- thymocytes and BM cells display increased radiosensitivity. (A) Thymocytes from WTand Rnf8~/~ littermates were either left
untreated or treated with various dosages of -y radiation. Cells were then stained with 7-AAD 18 h after treatment and analyzed by flow cytometry. Data
from all treated samples were normalized to their respective untreated samples, and percentages of viable cells were plotted. Three independent experi-
ments were performed. Student's t test was used for statistical analysis. *, P < 0.05. Error bars represent SD. (B) Thymocytes from Rnf8~/~ mice and WT
littermates were either left untreated (0) or irradiated with 2 Gy of -y radiation and harvested at 2 and 5 h after treatment. Western blot analysis was
performed to examine protein levels of Chk2, Ser15 phosphorylated p53 (S15-p53), and total p53. Actin was used as a loading control. (C) Representative
pictures of dishes showing colonies derived from WTand Rnf8 /- BM cells either left untreated or irradiated with the indicated doses (0.5-6 Gy). All
the pictures were taken at day 10 of culture. (D) Quantitative analysis showing the percentages of surviving colonies. Three independent experiments
were performed. Data from all treated samples were normalized to their respective untreated samples, and Student's t test was used for statistical
analysis. *, P < 0.05 (statistically significant difference between WTand Rnf8+~ colony survivals); **, P < 0.02 (statistically significant difference of
Rnf8~/~ compared with WTand Rnf8+*~ colony survivals). Error bars represent SD.
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Figure 5.

Impaired Igh CSR in Rnf8~/~ B cells. (A and B) Flow cytometric analysis of IgG1 expression was performed on CFSE-labeled B cells 4.5 d

after anti-CD40 and IL4 stimulation. Populations of IgG1+ switched cells were outlined by the boxes with percentages indicated. Results are representa-
tive of four independent experiments. (C) Cell divisions tracked by CFSE, after 4.5 d of stimulation with anti-CD40 plus IL4, were analyzed by flow cytom-
etry. Each peak indicates a cell division. (D) Percentages of switched cells under anti-CD40 and IL4 stimulation for 4.5 d from four independent
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The level of cell death was then examined by flow cytometry
using 7AAD, as well as Annexin V and propidium iodide as-
says. A significant increase in radiosensitivity was observed
with Ruf8~/~ thymocytes, but not Rnf8*/~ thymocytes, com-
pared with WT controls (Fig. 4 A and Fig. S5 A).

The Atm—Chk2-p53 signaling pathway plays essential roles
in response to DSBs (Meek, 2009). Therefore, we examined
the effect of Rnf8 loss on the activation of this pathway.
Rnf8~/~ and WT thymocytes were either left untreated or irra-
diated with 2 Gy of y radiation, followed by harvesting at 2 and
5 h after treatment. Western blotting analyses indicated a signif-
icantly higher level of IR-induced phosphorylation of Chk2
and p53 (Serl5), as well as an increase in total p53 level in
Rnf8/~ thymocytes compared with WT controls (Fig. 4 B).

To examine whether Rnf8 deficiency affects radiosensi-
tivity of other cell types, we performed colony-forming
assays using Rnf8~/~, Rnf8*/~, and WT BM cells either un-
treated or subjected to various dosages of radiation (0.5-6 Gy).
Colonies were counted at day 10 and pictures of the dishes
were taken (Fig. 4, C and D). After 0.5 Gy of irradiation,
the total number of colonies for TWT controls was, on aver-
age, 1.5-fold greater than that of Rnf8~/~. Remarkably, the
fold differences between WT and Rnf8~/~ colony numbers
displayed an increasing trend with increased IR dosages
(2 Gy, 3.3-fold difference; 4 Gy, 4.3-fold difference; 6 Gy,
13.2-fold difference). In addition, Rnf8*/~ BM cells only dis-
played a very modest sensitivity to 4 Gy and 6 Gy of -y radia-
tion compared with WT controls (P < 0.05), whereas they
were significantly less sensitive to irradiation compared with
Rnf8/~ BM cells at all doses (P < 0.02; Fig. 4 D).

To determine the effect of Rnf8 inactivation regarding ra-
diosensitivity in vivo, cohorts of age-matched Rnf8~/~ and WT
littermates (n = 10 per genotype) were subjected to 8 Gy of vy
radiation, followed by daily monitoring for 51 d (Fig. S5 B).
Although 60% of irradiated W1 mice survived and recovered
from the IR treatment, only 10% of irradiated Rnf8~/~ mice re-
mained viable. Therefore, Rnf8/~ mice were significantly more
sensitive to vy radiation compared with WT littermates (Kaplan
Meier analysis, Log-rank test, P < 0.003). Collectively, these
data indicate the important role Rnf8 plays in the response to
DNA damage and that its loss increases radiosensitivity.

Rnf8 deficiency impairs CSR
IgH CSR is one of the three important mechanisms for anti-
body diversification in peripheral B lymphocytes (Soulas-
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Sprauel et al., 2007; Stavnezer et al., 2008). It is initiated by
activation-induced cytidine deaminase, which induces DSBs
into the repetitive switch (S) regions upstream of the heavy
chain constant (C) region exons of the Ig locus. The subse-
quent repair is mainly accomplished by the nonhomologous
end-joining repair pathway. Interestingly, CSR is reduced in
B cells deficient for several DDR proteins that act upstream
of Rnf8 including Atm, H2ax, and Mdcl (Kotnis et al.,
2009). Furthermore, defective CSR has also been observed
with 53bp1~/~ mice (Manis et al., 2004; Difilippantonio
et al., 2008) and with the RIDDLE syndrome, which is asso-
ciated with RNF168 mutations (Stewart et al., 2007, 2009).

To determine whether Rnf8 plays a role in CSR, puri-
fied Rnf8~/~ and WT B cells labeled with CFSE were stimu-
lated with anti-CD40 plus IL4 for 4.5 d, and their ability to
switch into IgG1 isotype was examined by FACS analysis
(Fig. 5, A and B). Interestingly, the percentage of I[gG1* cells
in activated Rnf8~/~ B cells (8.2 £ 0.8%) was significantly
reduced compared with WT cells (28.4 £ 1.1%; P < 0.0001;
Fig. 5 D). These activated IgG1* cells were B220* and
had similar cell division profiles, as shown by CFSE tracking
(Fig. 5, A—C), thus ruling out a role for impaired proliferation
in the reduced CSR of Ruf8~/~ B cells. Similar analysis of the
expression level of IgG3 on B cells stimulated with LPS for
4.5 d indicated a mild decrease in the percentage of 1gG3™
B cells from Rnf8~/~ mice (7.3 £ 2.2%) compared with WT
controls (13.3 + 3.0%; P = 0.048; Fig. 5, D-G). Interest-
ingly, Rnf8"~ B cells also indicated a significantly impaired
CSR to IgG1 compared with WT controls (Fig. S6, A and B;
P < 0.03); however, the defect of IgG1 CSR observed with
Rnf8"~ B cells was not as marked as with Rnf8/~ B cells
(P < 0.02), suggesting a gene dosage effect.

To examine the effect of Rnf8 deficiency on CSR in vivo,
we examined Ig levels in serums of 14-mo-old Rnf8™/~ mice
(n=8) and WT littermates (n = 8). ELISA analysis indicated no
significant differences in the levels of serum IgM, IgG2a, and
IgA in Rnf8™/~ mice compared with WWT littermates (Fig. 5 H).
However, serum levels of IgG1, IgG3, and IgG2b were signifi-
cantly reduced in Rnf8~/~ mice compared with WWT littermates
(P < 0.002, 0.05, and 0.04, respectively). Therefore, these data
indicate that Rnf8 deficiency leads to defective CSR in vivo.

The CSR defect associated with the loss of Rnf8 was fur-
ther investigated using digestion-circularization PCR assay.
Genomic DNA, extracted from Rnf8~/~ and WT B cells
stimulated for 4.5 d in the presence of anti-CD40 plus 1L4,

experiments (left) and percentages of switched cells under LPS stimulation for 4.5 d from three independent experiments (right). Statistical significance
was established by Student's t test. *, P < 0.05; **, P < 0.0002. Error bars represent SD. (E and F) Flow cytometric analysis of IgG3 expression was per-
formed on CFSE-labeled B cells 4.5 d after LPS stimulation. Populations of IgG3* switched cells were outlined by the boxes with percentages indicated.
Three independent experiments were performed. (G) Cell division profiles of WTand Rnf8~/~ B cells tracked by CFSE at day 4.5 after LPS stimulation.

(H) Isotypes of serum Ig's quantified in 14-mo-old Rnf8~/~ (n = 8) and WT (n = 8) mice. Red horizontal bars represent the mean value of serum Ig levels
of WT mice, whereas the green bars represent the mean value of serum Ig levels of Rnf8~/~ mice. Student's t test was used for statistical analysis.

* P <0.05. (I) Sw-Sy1 recombination products were quantified by digestion-circularization PCR analysis. Genomic DNA was obtained from B cells stimu-
lated for 4 d with anti-CD40 and IL4. Fivefold dilutions of the genomic DNA were used as templates in the PCR reactions. nAChR was used as the control
DNA. H,0 indicates no input DNA. Results are representative of three independent experiments.
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was used in this assay to examine the efficacy of Su-Sy1 re-
combination. The nicotinic acetylcholine receptor (nAChR)
locus was used as a control. Digestion-circularization PCR
assay, using serial dilutions of the genomic DNA template,
confirmed the impaired CSR in Rnf8~/~ B cells (Fig. 5 I) and
demonstrated that the CSR defect occurs at the genomic
level and is intrinsic to Raf8~/~ B cells. Overall, these data
demonstrate a significant role for Rnf8 in CSR, and that its
deficiency increases the risk for immunodeficiency.

Rnf8 suppresses spontaneous and IR-induced

genomic instability

Mutations in the DDR components often result in failure to
signal or repair DSBs and, consequently, lead to increased
genomic instability, which serves as a driving force for cancer
development (Bartek et al., 2007). To examine the potential
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Figure 6. Rnf8 deficiency leads to increased genomic instability.
(A) Representative metaphases of WTand Rnf8~/~ LPS-activated B cells.
Cells were either left untreated or irradiated with 2 Gy of -y radiation and
harvested 12 h after treatment. (B) The graph shows the incidence of total
spontaneous and IR-induced chromosomal aberrations. A minimum of 40
metaphase spreads of untreated or irradiated Rnf8~/~ and WT cells were
analyzed for each genotype and treatment in three independent experi-
ments. Data are presented as mean + SD. *, P < 0.05 compared with WT.
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role of Rnf8 in maintaining genomic integrity, metaphase
spreads of LPS-activated Rnf8~/~ and WT B cells were ana-
lyzed for chromosomal aberrations (Fig. 6, A and B). Under
untreated conditions, Rnf8~/~ cells displayed an elevated fre-
quency of cells harboring total chromosomal aberrations
(10.8 £ 2.7%) compared with WT controls (1.7 * 1%;
P = 0.046). Furthermore, we subcategorized cells harboring
chromosomal aberrations into cells harboring chromosomal
breaks as well as those that exhibit structural chromosomal
aberrations. Notably, the level of breaks (8.3 + 1.7%) in un-
treated Rnf8™/~ activated B cells was ~4.9-fold greater than
that of WT controls (1.7 + 1%; P = 0.017). Moreover, struc-
tural chromosomal aberrations (2.5 + 1.4%) were observed in
untreated Rnf8~/~ activated B cells, whereas such aberrations
were completely absent in IWT controls. In response to 2 Gy
of radiation, the frequency of metaphases with chromo-
somal aberrations (45.8 * 3.8%) in Rnf8~/~ cells was signifi-
cantly increased compared with W7T controls (34 + 1.7%;
P = 0.048). The level of IR-induced breaks appeared to be
higher in Rnf8~/~ cells than WWT controls, although this dif-
ference did not reach statistical significance (P = 0.22). Inter-
estingly, the frequency of IR-induced structural chromosomal
aberrations was significantly greater in Rnf8™/~ cells (25 +
3.4%) compared with T controls (17.5 £ 3.8%; P = 0.037).
Therefore, these data demonstrate that Rnf8 is required for
maintaining genomic integrity, as its loss results in elevation
of both spontanecous and IR -induced genomic instability.

Increased cancer predisposition in Rnf8 mutant mice
The fundamental and most important role of DDR proteins
is to safeguard the integrity of the genome, thus minimizing
the risk for disorders including cancer. Because Rnf8~/~ cells
exhibit elevated levels of genomic instability, we examined
the potential role of Rnf8 in cancer. Cohorts of Rnf8~/~
(n = 27), Rnf8*/~ (n = 35), and WT (n = 29) mice were
monitored daily for survival for 465 d. Only 56% of Rnf8~/~
(15 out of 27) mice were viable at the end of the monitor-
ing period, whereas 77% of Rnf8*/~ mice and 96.6% of WT
littermates remained alive. Kaplan-Meier survival analysis
(Fig. S7A) indicated that the life spans of Rnf8/~ and Rnf8*/~
mice were significantly reduced compared with those of W'T
mice (Log-rank test, P < 0.0005 and 0.04, respectively).
Kaplan-Meier tumor-free survival curves were established
(Fig. 7 A), and biopsies of the moribund mice were examined
using H&E staining in an effort to determine their cause of
death (Fig. 7 B-G). 36.4% of the Rnf8/~ mice cohort devel-
oped cancer, and Kaplan-Meier tumor-free survival analysis
indicated statistically significant differences of the Rnf8/~
cohort of mice from both the WT and Rnf8"/~ cohorts
of mice regarding cancer development (Log-rank test,
P < 0.001 and 0.02, respectively). Characterization of
Rnf8~/~ tumors by H&E staining indicated that four were
lymphomas (50%), three were thymomas (38%), one was
mammary carcinoma (13%), one was a skin tumor (13%), and
one was a sarcoma (13%). FACS analysis of the Rnf8~/~ thy-
momas indicated that they were of CD4*CD8* or CD4" in
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origin, whereas the lymphomas were B220" or B220~ (Fig. S7,
C and D). In addition, 6.9% of Ruf8*/~ mice also developed
tumors (one thymoma and one brain tumor; Fig. S7, E and F),
although the difference between the Rnf8"/~ and WT co-
horts of mice did not reach statistical significance based on
Kaplan Meier analysis (Log-rank test, P = 0.16). The tumor
cells from the Rnf8 mutants were frequently found to infiltrate
other organs such as liver (Fig. 7 G).

In addition to the Rnf8 mutant mice that developed ma-
lignancies, ~11% of Rnf8 /= and Rnf8*/~ cohorts of mice
were extremely runted and displayed premature death with
no sign of tumorigenesis (Fig. S7, A and B). Although the ex-
act cause of death for these mice remains unknown, based on
the impaired CSR in homozygous and heterozygous Rnf8
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mutant backgrounds (Fig. 5 and Fig. S6) we speculate that im-
munodeficiency might account for a subset of these prema-
ture deaths. Collectively, these data demonstrate that Rnf8 is a
novel tumor suppressor and that its loss also results in non—
cancer-related death, likely as a result of immunodeficiency.

DISCUSSION

The fundamental roles of signaling and repair mechanisms of
DSBs are best demonstrated by mutations that impair these
mechanisms and that associate with several human syndromes
characterized by developmental defects, neurodegenerative
disorders, immunodeficiency, and increased cancer predispo-
sition (O’Driscoll and Jeggo, 2006; Hakem, 2008; Hoeijmakers,
2009). For example, mutations of ATM lead to the human
autosomal recessive disorder ataxia—telangiectasia,
which is characterized by cerebellar ataxia, pro-
gressive mental retardation, neurological defects,
impaired immune functions, and increased cancer
risk. Furthermore, germline mutations of the BRCA 1
gene, which is involved in the signaling and repair
of DSBs, predispose to hereditary breast and ovar-
ian cancer.

The E3 ligases RNF8 and RINF168 have been
recently demonstrated to play critical roles in DSBs
signaling. Interestingly, mutations of RNF168
have been shown to be associated with the hu-
man RIDDLE syndrome, which is characterized
by features including radiosensitivity and immu-
nodeficiency (Stewart et al., 2007, 2009). How-
ever, the in vivo roles of RINF8 and whether its
inactivation results in disease remained unknown.

Our data indicate that, similar to Atm (Barlow
et al., 1996), H2ax (Celeste et al., 2002), Mdcl

Figure 7. Rnf8 is a novel tumor suppressor. (A) Kaplan-
Meier tumor-free survival analysis for cohorts of WT
(n=28), Rnf8*~ (n = 29), and Rnf8~/~ (n = 22) mice. Mice
were monitored for survival for 465 d. A log-rank test was
used for statistical analysis. There was a statistically signifi-
cant difference between WTand Rnf8~/~ curves (P < 0.0005)
and between Rnf8+~ and Rnf8~/~ curves (P < 0.01).

(B and C) Sarcoma invading soft tissues, including skeletal
muscle, adipose tissue, and a peripheral nerve, is shown

(B). High magnification shows that the tumor is poorly
differentiated and has a high proliferative index and atypical
mitosis (C). (D) Malignant transformation of the mammary
gland with a multinodular growth pattern and invasion into
adjacent connective tissues. The tumor is well vascularised
and shows no necrosis. (E) A higher magnification shows
that tumor cells are growing in small groups, with prominent
mitosis and invasion. (F) A tumor composed of small cells
with round, sometimes eccentric nuclei and small cytoplasm,
is compatible with a lymphoma of B cell origin. (G) Despite
its well differentiated appearance, this tumor aggressively
infiltrates the periportal areas of the liver. Bars: (B) 100 pm;
(C, E, and F) 25 pm; (D) 250 pm; (G) 50 pm.
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(Lou et al., 2006), and 53bp1 (Ward et al., 2003) but in con-
trast to Brcal (Hakem et al., 1996), Rnf8 is dispensable for
embryonic development. However, in line with the effect of
null or hypomorphic mutations of genes involved in early
DSB signaling, such as Atm, H2ax, Mdc1, 53bp1, and Brcal
(Celeste et al., 2002; Ward et al., 2003; McPherson et al.,
2004; Lou et al., 2006), Rnf8 /~ mice are growth retarded
and display a reduced number of hematopoietic cells. Inter-
estingly, RNF8 mediates the recruitment of RNF168 to the
break sites, and the growth retardation of Rnf8~/~ mice is
reminiscent of the growth defects associated with RNF168
mutation in the human RIDDLE syndrome.

The sequential recruitment of proteins, which is involved
in DNA damage signaling and repair as well as cell cycle
checkpoint activation, to DNA break sites allows cells to
efficiently repair their DSBs through elegantly orchestrated
mechanisms. Knockdown experiments of RNFS8 in human
cell lines and MEFs deficient for Rnf8 have demonstrated
the requirement for RNFS8 for the recruitment and main-
tenance of several DDR proteins, including 53BP1, at the
site of damage (Huen et al., 2007, 2008; Kolas et al., 2007;
Mailand et al., 2007; Wang and Elledge, 2007). Remarkably,
loss of Rnf8 in activated Rnf8/~ B cells failed to completely
mitigate IR-induced formation of 53bp1 foci. This finding
indicates the coexistence of Rnf8-dependent and Rnf8-
independent signaling pathways involved in the recruitment
and retention of 53bp1, and likely other downstream DDR
proteins, to IR-induced DSBs.

The Spol1-mediated generation of DSBs and their repair
by homologous recombination are required for meiosis
(Longhese et al., 2009). Interestingly, although no meiotic
problems were observed in Rnf8™/~ females, increased cell
death and a reduced number to a complete absence of sper-
matocytes was observed in seminiferous tubules from Rnf8~/~
mice. The meiotic defect of Rnf8/~ males is reminiscent of
loss of the upstream DDR proteins including Atm, H2ax, and
Mdc1. Interestingly, the meiotic defect observed with Ruf8/~
males contrasts with the lack of any apparent role for 53bp1
in meiosis, suggesting that the role of Rnf8 in spermatogene-
sis is independent of 53bp1.

Besides meiosis, programmed DSBs are also required for
CSR. The generation of these DSBs within the Ig locus re-
sults in exchange of IgH constant region exons, providing an
effective mechanism for resting B cells expressing low affinity
IgM to switch to produce specific Ig isotypes such as IgG1
and IgA (Soulas-Sprauel et al., 2007; Stavnezer et al., 2008).
This ultimately enhances the effector function of the Ig’s
produced during an immune response to protect against
foreign pathogens in a highly effective and specific manner.
Although CSR efficiency is defective in Atm™'~, H2ax™/~,
Mdc1~/~, and 53bp1~/~ mice, it is the loss of 53bp1 that most
significantly impairs this process (Kotnis et al., 2009). Inter-
estingly, CSR to IgG1 in Rnf8~/~ B cells is reduced by
>66%, although this defect did not reach the severity of
53bp1-deficient B cells. This finding indicates that the role of
53bp1 in CSR is only partially affected by the loss of Rnf8,
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and this is consistent with our observation of the incomplete
abolition of 53bp1 recruitment to DSBs in irradiated Ruf8~/~
activated B cells, suggesting the coexistence of Rnf8-dependent
and Rnf8-independent mechanisms for the recruitment
and retention of 53bp1 to DSBs in activated B cells. Exactly
how Rnf8 regulates CSR requires further investigation.
Interestingly, the CSR defect observed in Rnf8-deficient
mice indicates their immunodeficient state and is reminis-
cent of the immunodeficiency associated with the human
RIDDLE syndrome.

A major role of DDR proteins in mammalian cells is to
maintain genomic integrity. The impairment of this process
increases cancer risk, as it can lead to inactivation of tumor
suppressor genes or deregulation of the expression of onco-
proteins. Interestingly, the increased spontaneous and IR -
induced genomic instability in Rnf8-deficient cells further
demonstrates the importance of Rnf8 in the signaling of
DSBs and in the maintenance of genomic integrity, and it is
in line with the increased radiosensitivity and IR-induced
activation of the Chk2—p53 response pathway in the absence
of Rnf8. The role of Rnf8 in maintaining genomic integrity
is also consistent with the involvement of several other DDR
proteins in this process, and it further highlights the impor-
tance of the integrity of the DSB signaling network for the
maintenance of genomic integrity.

Consistent with their genomic instability, Rnf8~/~ mice
suffered a statistically significant increase in the incidence of
cancer compared with their WT littermates, thus demon-
strating that Rnf8 1s a novel tumor suppressor. The increased
cancer risk is associated, to a various extent, with inactivation
of individual components of the DDR pathway that function
upstream or downstream from Rnf8. This highlights the
need for DDR proteins to function in close collaborations to
prevent cancer development.

Interestingly, a gene dose effect for Rnf8 has also been
identified in this study. Loss of one allele of Rnf8 reduced the
level of Rnf8 protein by approximately twofold, impaired
CSR in B cells, and resulted in a mild increase in radiosensi-
tivity of BM cells but not thymocytes. Although the increased
cancer predisposition of Rnf8*/~ mice did not reach a statistical
significance, their increased lethality further supports a gene
dose effect for Rnf8. Although, no data are yet available to link
RNF8 to human pathologies, the pleiotropic defects associ-
ated with Rnf8 inactivation, including increased radiosensi-
tivity, impaired spermatogenesis, and defective CSR together
with growth retardation, immunodeficiency, and increased
cancer predisposition, all highlight the critical physiological
functions of RINFS.

MATERIALS AND METHODS

Mice. Two Rnf8 ES gene trap clones (RRR260 and AS0574) were ob-
tained from MMRRC and used to generate Rnf8 chimeras. Germline
transmission of the two Rnf8 mutations was successfully obtained, and
Rnf8 '~ mice were generated by intercrossing Rnf8"/~ mice. All mice in this
study were in a mixed 129/] X C57BL/6 genetic background, maintained
in a specific pathogen-free environment, and genotyped by Southern blot-
ting and PCR (Primer sequences for AS0574 clone: mutant forward
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5'-TCAAAGGTTTGCCCTCTGAT-3', mutant reverse 5'-CGGAGCG-
GATCTCAAACTCT-3", WT forward 5'-TGATGACACCTGGGCA-
TGT-3', and WT reverse 5'-TCTTTGAGACAGCGCCTGG-3'; primer
sequences for RRR260 clone: mutant forward 5'-GAGCCTGAAAG-
GCATCTTGG-3’, mutant reverse 5'-CCGGCTAAAACTTGAGAC-
CTT-3"; WT forward 5'-GAGCCTGAAAGGCATCTTGG-3', and WT
reverse 5'-TGTAAGCCGCTCACTGTGCT-3"). All experiments were
performed in compliance with the Ontario Cancer Institute animal care
committee guidelines. Animal protocols were approved by the Animal Re-
source Center of Ontario Cancer Institute.

Flow cytometry. Single-cell suspensions from BM (femurs), thymus, spleen,
and lymph node of 6—10-wk-old mice were stained with monoclonal anti-
bodies (eBioscience) against B220, IgM, IgD, Thy-1.2, TCR-f, CD4, CD8a,
and CD43. FACS analyses were performed using a FACSCalibur (BD) and
data were subsequently analyzed by Flow]Jo software (Tree Star, Inc.).

In vitro MEF proliferation assay under oxic and hypoxia conditions.
Rnf8/~ and WT MEFs were generated according to standard procedures.
For the in vitro proliferation assay, 3 X 10° passage 2 MEFs were seeded onto
each 6-cm dish containing culture media and then incubated at 37°C under
5% CO,. After 3 d, the cells were trypsinized, counted, and reseeded at the
same density of 3 X 10° cells/6-cm dish. This process was repeated until day
15. For the hypoxia experiments, the same procedure was performed using
passage 4 MEFs. Hypoxia (0.2 or 5% O, with 5% CO, and balanced N,) was
achieved using Whitley H35 hypoxystations (Don Whitley Scientific).

In vitro activation of B cells and lymphocyte analysis. Single-cell sus-
pensions from spleens of 6—-10-wk-old mice were prepared according to
standard procedures. Splenic B cells were subsequently enriched using the
Mouse B Cell Negative Isolation kit (Invitrogen). Purified B cells were
labeled with 5 uM CFESE for 10 min at 37°C (Invitrogen) and then cultured
at a density of 1 X 10° cells/ml in 6-well flat-bottom plates in RPMI me-
dium supplemented with 10% FCS, 5 X 107> M 2-ME, and 500 ng/ml anti-
CD40 (HM40-3; BD) plus 1,000 U/ml IL4 (eBioscience) or 25 pg/ml LPS
alone (Sigma-Aldrich). Anti-CD40- and IL4-stimulated cells were harvested
from cultures at day 4.5 to assess surface expression of IgG1, whereas B cells
activated by LPS to class switch to IgG3 isotype were harvested from cul-
tures at day 4.5. Cells were then stained, respectively, with PE-conjugated
anti-mouse IgG1 (BD) or PE-conjugated anti-mouse IgG3 (SouthernBio-
tech) and APC-conjugated B220 (eBioscience), followed by analysis on a
FACSCalibur. Data were subsequently interpreted using Flow]Jo software.

Immunofluorescence. Passage 3 MEFs derived from WT and Rnf8 /"
littermates were seeded onto coverslips and either left untreated or subjected
to 3 Gy of y radiation. At various time points after IR, the MEFs were fixed
with 2% paraformaldehyde, permeabilized in 0.5% NP-40, and blocked in
2% BSA/1% donkey serum, followed by staining with rabbit anti-53bp1
(Bethyl Laboratories, Inc.) and mouse monoclonal anti-yH2ax (Ser139;
Millipore). Donkey anti—rabbit Alexa Fluor 568 and donkey anti-mouse
Alexa Fluor 488 (Invitrogen) were used, respectively for the secondary stain-
ing, followed by DAPI (Invitrogen) counterstaining. Images were taken on
a microscope (IX81; Olympus) under 60X magnification. Image quantifica-
tion was performed on maximum intensity projections using Image Pro Plus
software (Media Cybernetics), and Image] software (National Institutes of
Health) was used for processing the raw data. Furthermore, splenocytes from
WT and Rnf8™/~ mice were activated with 10 ng/ul LPS for 60 h. Cells
were either left untreated or subjected to 3 Gy of 7y radiation. At various
time points after IR, the cells were cytospinned onto glass slides (Thermo
Fisher Scientific), fixed with 2% paraformaldehyde, blocked with antibody
dilution buffer (10% normal goat serum, 3% BSA, and 0.05% Triton X-100
in PBS), and then stained with rabbit anti-53bp1 and rabbit anti-yH2ax
(Ser139; Millipore). Goat anti—rabbit Alexa Fluor 488 (Invitrogen) was used
for the secondary staining. Subsequently, slides were counterstained with
DAPI (Invitrogen) and mounted with Mowiol (Sigma-Aldrich). Images
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were taken on a laser confocal microscope (LSM510; Carl Zeiss, Inc.) under
63X magnification. Image] software was used for processing the raw data,
and foci-positive cells were quantified by blind manual counting.

Digestion-circularization PCR. 1 pg of genomic DNA from cultured
B cells under anti-CD40 and IL4 stimulation for 4 d was digested with
EcoRI overnight, and 100 ng of the digested product was ligated with T4
DNA ligase (New England Biolabs, Inc.). Two rounds of PCR were then per-
formed on the ligated DNA using nested primer pairs for Su-Sy and nAChR.
Primer sequences for the first round of PCR are as follows: Sp-Sy1, 5'-GAG-
CAGCTACCAAGGATCAGGGA-3" and 5'-CTTCACGCCACTG-
ACTGACTGAG-3'; and nAChR, 5'-GCAAACAGGGCTGGATGAG-
GCTG-3" and 5'-GTCCCATACTTAGAACCCCAGCG-3". Primer
sequences for the second round are as follows: Sp-Sy1, 5'-GGAGACCA-
ATAATCAGAGGGAAG-3" and 5'-GAGAGCAGGGTCTCCTGGGT-
AGG-3"; and nAChR, 5'-GGACTGCTGTGGGTTTCACCCAG-3’
and 5'-GCCTTGCTTGCTTAAGACCCTGG-3'".

Antibody detection by ELISA. Total IgG1, IgG2a, IgG2b, 1gG3, IgA,
and IgM levels were determined in serum from eight pairs of 14-mo-old
WT and Rnf8/~ littermates using Mouse Immunoglobulin Isotype Panel
kits (SouthernBiotech). 96-well plates (MaxiSorp; Thermo Fisher Scientific)
were precoated with 9 pg/ml of goat anti-mouse Ig capture antibody over-
night and were then blocked with 1% BSA/PBS for 1 h. The various iso-
types of serum Ig were diluted and captured onto the plates overnight at
4°C. Detections were made, respectively, through diluted HR P-labeled goat
anti-mouse IgG1, IgG2a, IgG2b, IgG3, IgA, and IgM, and ABTS substrate.
Standard curves were generated using purified mouse IgG1, IgG2a, IgG2b,
IgG3, IgA, and IgM isotype controls (SouthernBiotech), and absorbance was
measured at 405 nm.

Protein analysis and antibodies. Western blot analysis was performed
using rabbit anti-p53 (DO1; Santa Cruz Biotechnology, Inc.) and anti-
phospho-p53 (S15; Cell Signaling Technology) antibodies. Rabbit anti-Chk2
antibody was raised against aa 81-95 of mouse Chk2. Rabbit polyclonal anti-
RNES antibody was a gift from J. Chen (University of Texas, Houston, TX).

BM colony-forming assay. BM cells from femurs of 6—10-wk-old mice
were seeded on 35-mm culture dishes (1 X 10° cells/ml in MethoCult GF
M3434 media; STEMCELL Technologies Inc.). Cultures were either left
untreated or subjected to various doses of vy radiation and incubated at 37°C
under 5% CO,. Pictures of the dishes were taken, and numbers of colonies
were quantified at day 10.

In vitro and in vivo sensitivity to IR. Thymocytes (1 X 10°/ml of RPMI
medium supplemented with 10% FCS and 5 X 107> M 2-ME) were either left
untreated or subjected to various doses of <y radiation, and then incubated at
37°C under 5% CO,. After 18 h, the cells were stained with 7AAD or Annexin
V and PI and then analyzed on a FACSCalibur. To assess radiosensitivity in
vivo, 10 pairs of age-matched WT and Rnf8~/~ littermates were subjected to
IR (8 Gy). Mice were monitored daily for survival and Kaplan-Meier survival
curves were established. A log-rank test was used for statistical analysis.

Chromosomal aberration analysis. Splenocytes from mice of 6-10 wk
of age were cultured in the presence of 10 pg/ml LPS for 48 h. Cells were
either left untreated or subjected to 2 Gy IR. 0.1 pg/ml colcemid was added
to each sample 24 h after irradiation. Cells were then harvested 3 h after col-
cemid treatment, followed by hypotonic lysis (0.075 M KCl, 37°C, 15 min)
and fixation (methanol 3:1 acetic acid, —20°C, overnight). Fixed cells were
dropped onto glass slides (Thermo Fisher Scientific) and were then stained
with 0.5 mg/ml DAPI for 10 min (Sigma-Aldrich), followed by mounting
with Mowiol. Chromosome number and chromosomal aberration types
were examined under an epifluorescence microscope (DMIRB; Leica).
Images were acquired and processed using a digital camera (DC 300RF;
Leica) and Image Manager Software (Leica).
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Histology. Paraffin sections of tumor and normal tissue were stained with
H&E for histological analysis as described in Pamidi et al. (2007).

Online supplemental material. Fig. S1 describes the generation of Rnf8-
deficient mice. Fig. S2 describes body weight of female Rnf8-deficient
mice. Fig. S3 describes FACS analysis of hematopoietic cell populations.
Fig. S4 describes the transient recruitment of 53bp1 in Rnf8 /~ MEFs.
Fig. S5 describes post-IR survival of Rnf8~/~ mice. Fig. S6 describes a gene
dose-dependent CSR. defect. Fig. S7 describes Kaplan-Meier survival analysis
of Rnf8-deficient mice and characterization of tumors developed by Rnf8
mutants. Online supplemental material is available at http://www jem
.org/cgi/content/full/jem.20092437/DC1.
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