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Abstract

The RADS51 family is integral for homologous recombination (HR) mediated DNA repair and
maintaining chromosome integrity. RAD51D, the fourth member of the family, is a known ovarian
cancer susceptibility gene and required for the repair of interstrand crosslink DNA damage and
preserving chromosomal stability. In this report, we describe the RNF138 E3 ubiquitin ligase that
interacts with and ubiquitinates the RAD51D HR protein. RNF138 is a member of an E3 ligase
family that contains an amino-terminal RING finger domain and a putative carboxyl-terminal
ubiquitin interaction motif. In mammalian cells, depletion of RNF138 increased the stability of the
RADS51D protein, suggesting that RNF138 governs ubiquitin-proteasome-mediated degradation of
RAD51D. However, RNF138 depletion conferred sensitivity to DNA damaging agents, reduced
RAD51 focus formation, and increased chromosomal instability. Site-specific mutagenesis of the
RNF138 RING finger domain demonstrated that it was necessary for RAD51D ubiquitination.
Presence of RNF138 also enhanced the interaction between RAD51D and a known interacting
RADS51 family member XRCC2 in a yeast three-hybrid assay. Therefore, RNF138 is a newly
identified regulatory component of the HR mediated DNA repair pathway that has implications
toward understanding how ubiquitination modifies the functions of the RAD51 paralog protein
complex.
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1. Introduction

When DNA damage affects both strands, such as interstrand crosslinks (ICLs) or double-
strand breaks (DSBs), cells become more vulnerable to chromosomal deletions and
rearrangements. Homologous recombination (HR) is a major DNA repair pathway that
resolves these lesions. HR is a dynamic process involving protein complexes that are tightly
regulated to guide DNA damage signaling, lesion processing, and invasion of a damaged
DNA strand onto a homologous template [1,2]. Decreased HR leads to the accumulation of
mutations and genome instability associated with carcinogenesis, whereas increased HR
levels may lead to hyper-recombination phenotypes that contribute to radiation treatment
and chemotherapy drug resistance [3].

The seven mammalian RAD51 family members are crucial HR components [4]. Even
though they are involved in multiple HR steps, the regulatory mechanisms are still being
investigated. Ubiquitin-specific post-translational modifications (PTMs) act as key
orchestrators of the HR pathway, which include polyubiquitin landscapes and mobilization
of histones that surround the damaged chromatin, ubiquitin associated recruitment and
signaling, and ubiquitin-mediated protein modifications [5-11]. RAD51 is the only family
member known to be ubiquitinated and is subject to proteasome-mediated degradation
following exposure to ionizing radiation [12-14]. In the absence of RAD51C, the RAD51
protein is ubiquitinated independently of DSB formation [12]. Therefore, RAD51C appears
to be involved in the ubiquitin transition of RAD51 in response to DNA damage and
targeting for proteasomal degradation. The E3 ubiquitin ligase RAD18 acts as an adapter
between RAD51C and RNF8/UBC13 catalyzed polyubiquitin chains that surround damaged
chromatin [5]. In addition, RAP80 has an analogous role by recruiting the BRCA1 complex
to RNF8/RNF168 synthesized polyubiquitin chains at DSB [15,16].

RADS51D is the fourth member of the RAD51 family and is a known ovarian cancer and
possibly a breast cancer susceptibility gene [17-23]. Mutations in RAD51D confer extensive
chromosomal instability and sensitivity to DNA damage, primarily crosslinks [24,25].
RAD51D is also necessary for the recruitment of RAD51 to DNA damage sites and
facilitates homologous pairing when associated with XRCC2 [25,26]. Identification of post-
translational modification mechanisms of RAD51D could make it possible to more
efficiently diagnose HR-deficient ovarian cancers and to develop personalized treatment
strategies [27]. Therefore, to identify RAD51D interacting proteins, we performed yeast
two-hybrid screens against RAD51D and identified the RNF138 E3 ubiquitin ligase as a
candidate that may be involved in ubiquitin modification of RAD51D.

RNF138 was initially reported as part of the Wnt signaling pathway involved in secondary
axis formation in Xenopus embryos [28]. It was later linked to DNA damage response as a
phosphorylated ATM target on Serine 124 following ionizing radiation [29]. Given the
emerging role of ubiquitin signaling cascades in governing HR, we hypothesized that
RNF138 E3 ligase activity regulates RAD51D function. In this manuscript, we demonstrate
that RNF138 directly interacts with RAD51D and is required for ubiquitination of the
RADS51D protein. Consistent with a role during HR, depletion of RNF138 increased
sensitivity to DNA damaging agents, reduced RAD51 foci formation, and increased levels of
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chromosomal aberrations. The data presented here suggest that RNF138-dependent
ubiquitination of RAD51D is an essential step during HR DNA repair and offers a potential
explanation regarding the selection for increased RNF138 expression levels during
carcinogenesis [30-32].

2. Materials and Methods

2.1. Cell culture and transfections

Mouse embryonic fibroblast (MEF) and HeLa cell lines were maintained at 37°C with 5%
COy, in Dulbecco’s Modified Eagle’s Medium (DMEM; HyClone) supplemented with 10%
newborn calf serum (Atlanta Biologicals), 1% penicillin/streptomycin, and 1% glutamine.
The MEF cell lines MEFC20 (Rad51a*"* Trp53717), MEF258 (Rad51d™~ Trp537), M7
(Rad51d"* Tro531*), and MEF172AG (Rad51a™'~ Trp53~ HARad51d) were described
previously [25]. Plasmid constructs were transfected using Lipofectamine Reagents
(Invitrogen) or Mirus TransIT-LT1 according to manufacturer’s instructions. Ten
micrograms per milliliter cycloheximide (Sigma) was used for protein stability experiments.

2.2. Plasmids

RNF138 (MmRnf138 NM_207623.1) expression vectors were generated by PCR
amplification of mouse liver cDNA with Platinum 7ag DNA Polymerase High Fidelity
(Invitrogen) using MmRnf138-specific primers RNF138s1 (5'-
CTTGGTACCTCCGAGGAACTTTCGGCGG-3') and RNF138as1 (5
CTTGGATCCTGTAGGTTGCAAGGAGGCAG-3') followed by cloning of the
amplification products into the Kpnl/BamHlI sites of pcDNA3.1/Hygro+ (Invitrogen) with
either HA or Myc epitope tags. Mutagenesis of the RNF138 RING finger domain
(H36A,C39S) was accomplished by subcloning MmRnf138 cDNA into pUC19 for
conventional PCR based site-directed mutagenesis with primers: RNF138mutl (5’-
GGCCTGTCAGGCCGTTTTCTCTAGAAAATGTTT CCTGACTG-3’) and RNF138mut2
(5" CAGTCAGGAAACATTTTCTAGAGAAAA CGGCCTGACAGGCC 3’). The
underlined portion denotes sequence targeted for mutagenesis. All PCR derived expression
constructs were confirmed by sequencing both strands. The Myc-ubiquitin expression
plasmid was kindly provided by Dr. Xiongbin Lu (Department of Cancer Biology, MD
Anderson) and the HA-ubiquitin plasmid purchased from Addgene. The RAD51D Walker A
ATPase mutant plasmid constructs were described previously [33], and RAD51D deletion
constructs containing residues 4—77 and residues 77-329 were a gift from Dr. Joanna Albala
(Lawrence Livermore National Laboratory) [34]. The yeast expression vector pVT100u was
a generous gift from Dr. David Schild (Lawrence Berkley National Laboratory, Berkley).
MmRnf138 cDNA was subcloned into the HindlIlI/BamHI sites of pVT100u for use in yeast
three-hybrid experiments. Splice variant constructs, MmRnf138-A7 and MmRnf138-A5,
were cloned into the BamHI and EcoRl sites of pPGADT7 and pGBKT7 for use in yeast two-
hybrid experiments.

2.3. Yeast two- and three-hybrid

For yeast two-hybrid screening, a Mus musculus pre-transformed normalized universal
cDNA library (Clontech) was screened using mouse full-length RAD51D. A total of 3.3 x
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107 clones were assayed (cfu/ml of diploids x resuspension volume). Liquid p-galactosidase
assays were performed using ortho-nitrophenyl-p-galactopyranoside (ONPG: Sigma) [35].
Yeast two-hybrid expression vectors pGADT7 and pGBKT7 (Clontech) were co-
transformed into Y187 haploids using the EZ Transformation Kit (Zymo). Yeast three-
hybrid experiments were performed using Y190 haploids transformed with pGADT?7,
pGBKT7, and pVT100u expression constructs [36].

2.4. Immunoprecipitations

For co-immunoprecipitations, vectors encoding HA-tagged and Myc-tagged proteins were
co-transfected into HeLa cells. Whole cell extracts were prepared after 24 h using
mammalian protein extraction reagent (M-PER; Thermo-Scientific) or 1X Cell Lysis Buffer
(20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 1% TritonX-100)
containing a protease inhibitor cocktail (Complete Mini; Roche Life Sciences). Three to five
hundred micrograms of whole cell extract was incubated with anti-HA agarose beads (3F10;
Roche) or anti-Myc magnetic beads (9E10; Thermo-Scientific) for 16 h at 4°C with gentle
rocking in incubation buffer (20 mM Tris, 100 mM NaCl, 100 mM EDTA) or 1X Cell Lysis
Buffer. Precipitated proteins were washed 3 times with 1x PBST or 1X Cell Lysis Buffer,
eluted by boiling in Laemmli buffer for 10 minutes, and resolved on 12% SDS-PAGE or 4 —
20% SDS-PAGE (Bio-Rad). For /n-vivo ubiquitination assays, cells were treated with 25 uM
MG132 (Sigma) 4 h prior to preparation of whole cell extracts.

2.5. Immunoblotting

Western blot analysis was performed using mouse monoclonal anti-HA (3F10; Roche),
mouse monoclonal anti-Myc (9E10; Santa Cruz Biotechnology), rabbit monoclonal anti-
Myc (ab9106; Abcam), or rabbit polyclonal anti-RAD51 (H-92; Santa Cruz Biotechnology).
Primary antibody incubations were followed by incubation with the appropriate species-
specific HRP-conjugated or IRDye 800CW secondary antibody (Licor) secondary antibody
(Santa Cruz Biotechnology). Detection was performed by ECL (West-Pico
chemiluminescent substrate; Thermo-Scientific) or the Licor Odyssey Sa Imaging System.
Quantitative analysis of band intensity was performed using NIH ImageJ.

2.6. RNA interference and quantitative real-time PCR

RNAi-mediated knockdowns were conducted using Mission siRNA oligos (Sigma Proligo,
TX, USA). Oligos directed to the mouse Rnf138 gene corresponded to nucleotides 462-482
corresponding to exon 2 (1_Rnf138_Mm and 1_Rnf138 Mm_as duplex; siRNA1) and
1234-1254 corresponding to the 3’ UTR (2_Rnf138_Mm and 2_Rnf138 _Mm_as duplex;
SiRNA2). As negative controls, scrambled siRNA (Sigma) or Mission siRNA oligos for the
mouse Gapdh gene corresponding to nucleotides 1090-1108 (NM_008084|1 and
NM_008084|1 AS dup) were used where indicated. MEFs were seeded at a concentration of
2.5 x 10% cells per well in a 24-well plate for transfection with 30nM of siRNA oligos using
the N-TER nanoparticle siRNA transfection system (Sigma). Knockdown of gene expression
was confirmed by quantitative real-time PCR. Total RNA was isolated from MEFs using the
Aurum Total RNA isolation kit (Bio-Rad), and first-strand cDNA was generated by reverse
transcription using 500ng total RNA (iScript cDNA synthesis kit; Bio-Rad). Gene specific
primers for MmRnf138 full length and MmRnf138 from exons 2 to 8 were designed by
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Beacon Designer version 7.51 (Biosoft International): Rnf138rt1 (5’-
CGTCCTACACCGAAGATG-3’) and Rnf138rt2 (5’-CTCCGCTTTCCCTCATTG-3’),
RNF138s1 (5’-CTTGGTACCTCCGAGGAACTTTCGGCGG-3’) and RNF138as1 (5°-
CTTGGATCCTGTAGGTTGCAAGGAGGCAG-3’). PCR reactions were performed in
triplicate (iQ5 Real Time PCR detection system; Bio-Rad) using 1Q SYBR Green Supermix
(Bio-Rad) under the following conditions: 95°C for 3 minutes, proceeded by 40 cycles at
95°C for 10 seconds and 55°C for 30 seconds. Primer pair integrity was verified by melt-
curve analysis. MmRnf138 expression levels were calculated by the comparative ddCt
method and normalized to both S-Actinand Gapdh mRNA levels using the iQ5 system
software (Bio-Rad).

2.7. Cell treatment

Cells were seeded at 3 x 103 cells per well in a 96-well plate and were transfected with
30nM Rnf138siRNAL as described above. Twenty-four hours following siRNA transfection,
cells were challenged with DNA damaging agents. For MTT assays, drug treatments were as
follows: cisplatin and MMS treatments were 1 h in duration, camptothecin (CPT) and HU
treatments were for 24 h, while MMC treatment was carried out for 72 hours. For all
conditions, media was replenished 72 h after the initiation of treatment. Cell viability was
assayed seven days after the start of treatment as described [37]. For colony forming assays
(CFAS), cells were treated with MMC for 24 h and expanded onto two 100-mm tissue
culture dishes. Giemsa (Sigma) stained colonies were counted after seven days. Colonies
containing = 50 cells were scored positive.

2.8. Chromosome analysis

Giemsa stained metaphase spreads were prepared from MEFs 48 h following MMC
treatment (50ng/mL) or 72 h following siRNA transfection for untreated cells [25]. The total
number of specific chromosome aberrations (chromatid breaks/gaps, chromosome breaks,
and chromosome radials) was recorded from at least 50 metaphase spreads (>3600
chromosomes) for each sample from two independent experiments [38]. The anaphase
bridge index was calculated as described [25]. For each condition, at least one hundred cells
in anaphase from two independent experiments were scored (total n = 200).

2.9. Immunofluorescence

For analysis of RAD51 foci formation, 1 x 10 cells were seeded onto glass coverslips for
transfection with Rnf138siRNA. Twenty-four hours following siRNA transfection, cells
were challenged with MMC (200ng/mL) for 16 hours. Immunofluoresence detection of
RAD51 foci was carried out as described [25]. Cells containing five or more distinct foci
were scored as positive. For each condition, a minimum of 250 cells, from at least three
independent experiments, were analyzed (n = 750).

2.10. Statistical analysis

Calculations of the mean, standard deviation, and standard error were performed using
Microsoft Excel. Statistical analysis for comparison of experimental means was performed
using Graphpad Instat 3.0 (Graphpad Software Inc.). Significance of variance was
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determined by ANOVA and post-tests performed when the variance was significant
(P<0.05). EC50 values were calculated using non-linear regression curve analysis with
Graphpad Prism 4.0.

3.1. Identification of RAD51D and RNF138 interaction

Full-length MmRADS51D was used in a yeast two-hybrid screen to identify two different
cDNA clones containing MmRNF138 (Figure 1A). RNF138 belongs to the class of E3-
ubiquitin ligases that have an amino-terminal C3HC4 RING finger domain, three internal
zinc finger domains, and a putative carboxy-terminal ubiquitin interaction motif (UIM) [39].
One cDNA clone encoded amino-acid residues 12—245 containing the five predicted
RNF138 functional domains. The second contained the full-length sequence plus an
additional MmRnf1385’UTR predicted to encode thirty amino acids.

Because RAD51D is known to directly interact with RAD51C and XRCC2 [36], RNF138
containing clones were examined for possible interactions with both RAD51C and XRCC2
(Figure 1B and 1C). Whereas RNF138 and RAD51D had 79% the level of the DBD-
RAD51D:AD-RADS51C positive control, f-galactosidase activity failed to increase in yeast
expressing RNF138 with either RAD51C or XRCC2. Thus, among these RAD51 family
members, RNF138 binding appears to be limited to RAD51D.

To verify RNF138 and RAD51D interaction, HelL a cells expressing HA-RAD51D and Myc-
RNF138 were subject to anti-HA immunoprecipitation (Figure 1D and E). Myc-RNF138
was only detected when co-expressed with HA-RAD51D (Figure 1D, lane 8). A reciprocal
immunoprecipitation with HA-RNF138 and Myc-RADS51 D proteins are consistent with
these results (Figure 1E, lane 8). To determine whether the RNF138 RING domain mediates
this interaction, two conserved RING domain amino acid residues that coordinate zinc
binding were replaced (RNF138 H36A, C39S). Immunoprecipitation experiments
demonstrated that the RING finger mutant also bound RAD51D (Figure 1F, lanes 2 and 3).
This interaction between RNF138 H36A, C39S and RAD51D was also detected by yeast
two-hybrid analysis (data not shown). Therefore, a conserved RING finger domain is not
essential for RNF138 interaction with RAD51D.

3.2 RNF138 modifies interaction between RAD51D and XRCC2

Our previous work demonstrated that the RAD51D K113R and K113A highly conserved
Walker A ATPase motif mutations prevented interaction with RAD51C but not XRCC2 [33].
Therefore, the RAD51D ATPase mutants were co-transformed with RNF138 and displayed
less than 15% of the f-galactosidase levels compared to wild-type RAD51D (Supplemental
Figure 1). These data suggest that RNF138 interaction with RAD51D requires ATP binding
and hydrolysis [33,40].

Y2H analysis was also performed using the RAD51D amino-terminal (residues 4-77) and
core domain (residues 77-329) expression constructs (Figure 2A) [34,35]. It was shown
previously that the RAD51D amino-terminal domain, specifically the linker region (residues
50-77), mediates binding with XRCC2, while the core domain is necessary for interaction
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with RAD51C. As demonstrated by ONPG analysis, the RAD51D core domain displayed a
level of interaction with RNF138 similar to full-length RAD51D. Association was not
detected between RAD51D 4-77 and RNF138 suggesting that RNF138 binds the RAD51D
core domain, similar to RAD51C. To further narrow the region of interaction with RAD51D,
the previously identified RAD51D splice variants were tested with RNF138 [35,41]. Of the
seven variants, only Rad51d-A7b that lacks the final five amino acids of exon 7 (residues
219-223) induced p-galactosidase activity (data not shown).

To identify regions of RNF138 interaction, Y2H was performed using RNF138 splice
variants (described below) with a deletion of exon 5 (Rnf13845) or exon 7 (Rnf138A47)
(Figure 2B). Rnf138A5 displayed an 8-fold decrease in the level of interaction with
RAD51D compared to full-length RNF138. Rnf138A7 displayed a 3-fold decrease in the
level of interaction. The decreased interaction was observed in both orientations and
suggests the splice variants may affect RNF138 affinity for RAD51D.

To determine the potential influence of RNF138 on RAD51D interaction with RAD51C and
XRCC2, a yeast three-hybrid analysis was performed (Figure 2C). Yeast were co-
transformed with the yeast two-hybrid constructs for the RAD51 paralogs followed by
RNF138 expression from a third vector (p\VVT100u). The results demonstrated that RNF138
expression had no effect on RAD51C and RADS51D interaction (Figure 2C). However,
RNF138 overexpression enhanced RAD51D and XRCC?2 interaction up to 3.6-fold (P <
0.01) (Figure 2C). The increased affinity between RAD51D and XRCC2 resulting from
RNF138 expression, observed in both orientations, suggests RNF138 may influence the
function of the BCDX2 HR complex.

3.3 Identification of Mus musculus Rnf138 splice variants

Expression analysis of Rnf138in eight mouse tissues using primers directed to exons 2 and
8 detected four definitive amplification products (Figure 3A). Two displayed similar
expression levels in all tissues with the exception of testis, where a smaller product was
predominant. RT-PCR products from brain and testis were directly cloned and sequenced to
identify the four transcripts: full-length, a deletion of exon 5 (Rnf13845), a deletion of exon
7 (Rnf13847), and a variant from testis retaining intron 4 and a deletion of exon 7
(Rnf138+int4 A\ 7). Rnf138A5 is predicted to remain in-frame and encode a 226 amino acid
product containing all five known motifs. Rnf13847 s predicted to encode a product lacking
the second C2H2 zinc finger. Rnf138+int4,A7is predicted to encode a truncated protein that
is 149 residues long, containing a novel stretch of 18 amino acids and missing both C2H2
zinc fingers as well as the UIM (Supplemental Figure 2).

To assess the tissue-expression profile, quantitative real-time PCR analysis was performed.
Primers were directed to Rnf138exons 2 and 3 for detection of Rnf138 full-length and
alternative transcripts. Rnfl138transcripts were expressed at extremely high levels in testis,
and a comparison of ct values demonstrated that testis R17f738 mRNA levels were even
above Gapdh. Rnf138was also expressed at high levels in spleen, ovary, and uterus, and at
lower levels in brain and kidney (Figure 3B). Rnf138A7 expression in testis was determined
to make up a substantial proportion of the total Rnf138expression profile, and expression of
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Rnf138 full length and Rnf13845 combined was approximately 3-fold lower in the testis
(Figure 3C).

Increased expression of RNF138 family members is associated with tumor metastasis and
chemotherapy resistance [42,43]. Consistent with these reports, RKNF138 mMRNA expression
was approximately 4-fold higher in RKO, WiDR, and SW48 human colon cancer cell lines
and 6- and 12-fold higher in T47D and HCC38 breast carcinoma cells respectively
(Supplemental Figure 3).

3.4. RNF138is required for repairing DNA damage

Using siRNA, RNF138 expression was reduced in MEFs by more than 80 percent (Figure
4A), which did not alter the colony forming ability in Rad51a*’* nor Rad51d™'~ cell lines
(Figure 4B). However, reduced RNF138 expression conferred increased sensitivity to DNA-
crosslinking (MMC and cisplatin), DNA alkylating (MMS), and DSB generating (CPT)
agents (Figure 4C, Supplemental Figure 4, and Table 1). Notably, Rad51a** MEFs with
reduced RNF138 expression were 2.6-fold more sensitive to MMC treatment, analogous to
the 3.7-fold increase observed in Rad51d"~ cells. The EC50 values from MTT analyses
were similar to Rad51a™!~ cells (Table 1). In addition, transfection of Rad51d-proficient
MEFs with an independent Rnf138siRNA duplex (SIRNA2) resulted in similar sensitivity to
MMC (Supplemental Figure 4). Consistent with these findings, RNF138 knockdowns did
not significantly increase sensitivity of Rad51a/~ cells to the same agents (Figure 4C, Table
1); Rad51d"'~ MEFs were 3.7 and 1.8-fold more sensitive to MMC and cisplatin treatments
compared to 4.3 and 1.9-fold for Rad’51a"/~ cells with reduced RNF138 levels. Furthermore,
as measured by the colony forming assay, decreasing RNF138 expression conferred a 6.2-
fold increased sensitivity to MMC in wild-type cells and had no further effect in Rad51ad-
deficient cells (Figure 4D). Thus, reduced RNF138 expression in the absence of RAD51D
did not result in synthetic lethal nor synergistic effects.

3.5. RNF138 is localized to the nucleus and necessary for RAD51 foci formation

DNA repair proteins predictably display nuclear localization, and RNF138 does contain a
putative “RRER” NLS adjacent to the RING domain [44,45]. EGFP-RNF138 localization,
as expected, was predominantly nuclear and overlapped with the DAPI nuclear stain (data
not shown). EGFP-RAD51D displayed nuclear localization but was also distributed
throughout the nuclear and cytoplasmic compartments, consistent with our previous findings
[35].

MMC treatment (200ng/mL) increased the percentage of wild-type MEFs containing 5 or
more distinct RAD51 foci from 21 percent for untreated control cells to 51 percent following
a 16 h exposure (Figure 5A and B) [46]. Reduced RNF138 expression resulted in a 1.9-fold
decrease in RAD51 foci formation following MMC treatment (p < 0.05). In addition, the
number of cells containing RADS51 foci was less in untreated RNF138-deficient versus
RNF138-proficient MEFs. Although, a notable increase in RAD51 foci is still detected upon
MMC treatment. Western analysis demonstrated that depletion of RNF138 had no
substantial effect on RADS51 protein levels (Figure 5C). RAD51 foci formation in RNF138
KD MEFs, using siRNA2, following treatment with neocarzinostatin (200ng/ml; 2 h) was
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consistent with these findings (data not shown). These data indicate that RNF138 is needed
for RAD51 foci formation and HR repair of DNA damage.

3.6 RNF138 is required to maintain chromosome integrity

Cells with HR defects exhibit genome instability as characterized by chromosome
aberrations and gross chromosome rearrangements. Consistent with a role during HR,
reduced RNF138 expression resulted in a 3-fold increase in chromosomal instability (Figure
6A, left panel). Similar to our previous reports, Rad51d"'~ MEFs had a 7.6-fold increase in
the total number of spontaneous chromosome aberrations [25]. Chromatid breaks accounted
for the majority of the aberrations (black bars), and cells deficient for both RAD51D and
RNF138 had a slight increase in chromosome aberrations (Figure 6A). Following treatment
with MMC (50 ng/ml), RNF138-deficient cells exhibited a 3-fold increase in total
chromosome aberrations (Figure 6A, right panel). In comparison, chromatid and
chromosome breaks/gaps and chromosome radials were increased 8.7-fold in Rad51d/~
MEFs following MMC treatment. Analogous to untreated cells, chromosomal aberrations in
double-deficient MEFs were not higher than those in Rad51a~ MEFs. In addition, the
frequency of anaphase bridge formation was increased by 2.5-fold 72hr following
transfection with Rnf138siRNA (Figure 6B). Taken together, these data suggest RNF138
participates with RAD51D at a common step to repair DNA damage and maintain
chromosome integrity.

3.7. RNF138-dependent ubiquitination of RAD51D and proteasome-mediated degradation

The direct interaction between RNF138 and RAD51D suggests RNF138 may target
RADS51D for ubiquitination. Therefore, HA-RAD51D, Myc-RNF138, and Myc-Ubiquitin
constructs were transfected into mammalian cells followed by anti-HA immunoprecipitation.
HA-RAD51D migrated as high molecular weight bands, indicating RAD51D was
ubiquitinated at multiple sites or ubiquitin branching occurred (Figure 7A). In addition,
RADS51D ubiquitination failed to be detected when the RNF138 E3 ligase null mutant
(H36A, C39S) was expressed (Figure 7A, lane 4), despite retaining its ability to interact with
RAD51D (Figure 1F).

To determine whether RNF138-directed ubiquitination modulates RAD51D protein stability,
the half-life was examined in cells stably expressing HA-RAD51D [25]. Increased RNF138
expression decreased HA-RAD51D half-life from 4.2 hours to 3.0 hours (Figure 7B, top
panel). Depletion of endogenous RNF138 by siRNA resulted in the accumulation of HA-
RADS51D and extended the half-life to 6.6 hours (Figure 7B, bottom panel). These data
indicate that RNF138-mediated ubiquitination negatively regulates RAD51D.

To examine whether decreased HA-RAD51D half-life can be attributed to proteasome
degradation, protein levels were assessed following treatment with the MG132 proteasome
inhibitor. HA-RAD51D was elevated up to 42% in MG132 treated samples (Figure 7C, lanes
1-4), indicating RAD51D is at least in part regulated by the proteasome. Intriguingly,
proteasome inhibition did not further increase HA-RAD51D protein stability following
knockdown of RNF138 expression (Figure 7C, lanes 5 — 6). To further demonstrate
ubiquitination of RAD51D, Myc-RAD51D was demonstrated to be ubiquitinated upon
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addition of MG132 with no manipulation of RNF138 expression (Supplemental Figure 5A).
In addition, the ubiquitin signal intensity of Myc-RAD51D was nearly 3-fold higher than
Myc-RAD51C ubiquitin signal intensity (Supplemental Figure 5B). These results imply that
in the absence of RNF138, RAD51D ubiquitination is diminished and no longer targeted for
degradation by the proteasome.

4. Discussion

Maintaining genomic integrity is of fundamental biological and clinical importance, and
RADS51D is a critical component of the homologous recombination DNA repair system.
Defects within the RAD51D gene confer chromosome instability that lead to cell death
unless cell cycle checkpoint mechanisms have been compromised. We demonstrated
previously that Rad51d-deficient mouse embryos survived until mid-gestation, and cells
derived from the embryos were not able to proliferate in culture [47]. However, removing
the p53 checkpoint partially bypassed the embryo lethal phenotype, and Rad51d™~ Trp53!~
cells were able to proliferate even though there were high levels of chromosome instability
and shortened telomeres [25,48]. Given the importance of RAD51D, it will be critical to
identify RAD51D interacting factors and determine their functions as well as post-
translational modifications.

Through a yeast two-hybrid screen, we discovered that the RNF138 E3 ubiquitin ligase is a
RADS51D interacting partner. This was an intriguing connection because ubiquitin signaling
cascades have emerged as essential components of HR DNA damage response [7]. RNF138
is a member of a small family of proteins distinguished by having both a RING finger
domain and an ubiquitin interacting motif [39]. RING domains are found in known HR
proteins such as RAD18, BRCAL, RNF8, and RNF168. Interestingly, RNF138 has also been
identified as a potential target for ATM-mediated phosphorylation in response to ionizing
radiation [29].

Consistent with a role during HR, reduced RNF138 expression increased the hallmarks of
chromosome instability and conferred sensitivity to mitomycin C and moderate sensitivity to
cisplatin and methyl methanesulfonate treatments, similar to Rad51d-deficient MEFs
[25,49]. Reduced RNF138 expression in Rad51a-deficient MEFs did not confer additional
sensitivity to DNA damaging agents or a more severe chromosome instability phenotype,
suggesting that RNF138 and RAD51D have an epistatic relationship and act at the same HR
step. We also demonstrated that RNF138 facilitates ubiquitination and proteasome
degradation of RAD51D. Therefore, RNF138 may regulate HR by removing RAD51D from
locations along the chromosome that encompass DSB sites to facilitate accessibility and
recruitment of downstream HR factors such as RAD51.

RNF138 was first identified as part of the Wnt-p-catenin signaling pathway [28],
cooperating with the E2—-25K to induce the ubiquitination of T cell factor/lymphoid
enhancer factor (TCF/LEF). Ubiquitinated TCF/LEF was targeted for proteasome
degradation leading to decreased expression of Wnt-induced genes. Using comparative
genomic hybridization analysis, two previous investigations discovered that the genomic
region encoding RNF138 was significantly amplified in breast cancers [31,32]. Consistent
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with these findings, our g-RT-PCR analysis revealed that RNF138 expression was 2 to 12
fold higher in breast carcinoma cell lines relative to the non-tumorigenic MCF10 cells. Cells
with increased RNF138 expression are expected to have a corresponding reduction in
RADS51D levels, possibly contributing to genomic instability during carcinogenesis. In
addition, sequence information provided by expressed sequence tag (EST) databases and our
RT-PCR results suggested the mouse Rnf138 message is alternatively spliced into at least
three variants: one lacking exon 5 (RNVF138A45), one retaining intron 4 and missing exon 7
(RNF138+int4, A7), and a third lacking exon 7 (RNF138A47). Each is expressed in mouse
tissues at similar levels except testis, where the RNF138A7transcript is predominant.
Therefore, RNF138 expression levels or altered splicing patterns may potentially be used as
predictors for sensitivity to DNA crosslinking agents [50].

The suggestion from the data that degrading RAD51D is necessary for its function creates an
interesting conundrum. Absence of RNF138 is expected to increase intracellular RAD51D
levels but rather confers an HR-deficient phenotype. Recent work suggests that ubiquitin-
regulated transcription factors contain degrons essential for both activation and proteasomal
destruction [51]. These unknown interrelated mechanisms that make use of proteolytic and
nonproteolytic activities of the ubiquitin-proteasome system may also be involved at the
RADS51D steps during HR. Such a system would explain how absence of RNF138, which
leads to increased accumulation of RAD51D, is critical for the repair of DNA damage. Work
here does not exclude the possibility that multiple ubiquitin linkages form along RAD51D
that are necessary for both RAD51D function as well as degradation [52].

The ubiquitin landscape along DNA break sites is complex with the proteasome being
implicated during HR mediated repair [53-55]. Notably, inhibition of proteasome activity by
MG132 treatment specifically suppressed HR repair of ionizing radiation-induced DNA
damage and prevented RAD51 and BRCAL foci formation [56]. In addition, RAD51 is
subject to ubiquitin-mediated degradation following exposure to ionizing radiation [12-14].
However, it is unknown whether these processes are linked to the RNF8/RNF168 ubiquitin
signaling cascade. The work described here suggests that RNF138 functions during HR via
ubiquitination of RAD51D and also potentially could serve as an adapter between RAD51D
and RAD18/RNF8 synthesized polyubiquitin chains found at sites of DNA damage [5].

While this manuscript was in revision, RNF138 was demonstrated to accumulate at DSBs to
promote end resection and homologous recombination [57,58]. Processing of the breaks by
the Mre11-Rad50-Nbs1 (MRN) complex was shown to provide RNF138 binding sites prior
to CtIP binding activity, which was dependent upon the RNF138 ZNF domains. Consistent
with these findings, loss of RNF138 activity stimulated DSB processing by the NHEJ
pathway. In fact, DNA damage sensitivity and decreased formation of RAD51 foci may be
influenced by the loss of RAD51D modification by RNF138 in addition to the end resection
defect in RNF138-depleted cells. How RNF138 acts at these early stages and potentially
regulates RAD51D activity now needs to be resolved as well as to determine whether
RNF138 mechanisms differ depending upon the type of lesion encountered. It will also be
useful to determine if UBE2D, the identified RNF138 E2 ubiquitination mediator, is
required for the interplay of these DNA repair pathways during DNA crosslink repai.
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In summary, identifying RAD51D post-translational modifications may uncover
mechanisms of carcinogenesis pathways as well as potential cancer drug targets. The work
presented here strongly suggests that ubiquitination of the RAD51D HR protein by the
RNF138 E3 ligase plays an important role during the repair of DNA interstrand crosslink
damage. The details of this ubiquitination need discerned to better understand the
significance of this interaction. Sites along RAD51D that are ubiquitinated will need to be
identified as well as the ubiquitin linkage arrangements required for function. This will
provide insight into the mechanisms necessary for recruiting RAD51 and other downstream
proteins to the sites of DNA damage.
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Highlights

e RNF138 is required to repair DNA damage, primarily interstrand crosslinks, and
to maintain chromosome stability as well as RAD51 focus formation.

» The RNF138 E3 ligase interacts with and mediates RAD51D stability.

e The RNF138 RING finger domain is necessary for ubiquitination of the
RAD51D complex.

» RNF138 and RAD51D act at the same step during HR mediated repair.
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Fig. 1.

RNF138 interacts with RAD51D. (A) RNF138 clones isolated from yeast two-hybrid
screening with RAD51D. (B) Yeast two-hybrid analysis of interactions between RNF138
and RAD51 paralogs. AH109 haploids were co-transformed with the indicated GAL4 DBD
and AD fusion constructs and serially diluted on to non-selective and selective growth
medium. (C) Protein interaction was quantified by measuring -galactosidase activity. Data
represent mean +/— SEM from three independent experiments conducted in triplicate. (D)
Lysates from cells transfected with the indicated expression constructs were subject to anti-
HA immunoprecipitation followed by immunoblot analysis with anti-Myc (RNF138, top
panel) and anti-HA (RAD51D, bottom panel) antibodies. (E) A reciprocal
immunoprecipitation experiment was performed for HA-RNF138 and Myc-RADS51D. (F)
Cells were transfected with vectors for either wild-type (WT) or RING finger domain
mutant and Myc-RNF138 for anti-HA immunoprecipitation. Abbreviations: DBD Fusion-
GAL4 DNA binding domain fusion, AD Fusion- GAL4 activation domain fusion, /P-
immunoprecipitate, WC- whole cell lysate, #7- immunoprecipitation flow through, W~
immunoprecipitation wash, £- first eluate from immunoprecipitation.
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RNF138 modifies interaction with RAD51C and XRCC2. (A) ONPG analysis of Y187
haploids transformed with the indicated RNF138 and RAD51D expression constructs. (B)
Yeast three-hybrid analysis of Y190 haploids containing the indicated two-hybrid plasmids
with either pVT100u—-RNF138 or empty vector. (C) Yeast two-hybrid analysis of AH109
haploids transformed with the RNF138 splice variants and full-length RAD51D as indicated.
Data represent mean +/— SEM from three independent experiments performed in triplicate,
and * indicates P < 0.05, ** indicates P < 0.01.
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Fig. 3.

RT-PCR analysis of Mus musculus Rnf138 alternative transcripts. (A) RT-PCR for Rnf138
was performed from eight tissues. A schematic of the Rnf138 gene is shown (top) with
numbered boxes representing exons. (B and C) Quantitative Real-time PCR was performed
for Rnf138from the same eight tissues. Black arrows in Rnf138exons indicate the locations
of forward and reverse PCR primers: Rnf138exons 2 and 3 (B) or exons 6 and 7 (C). Note
that Rnf138 alternative transcripts lacking exon 7 predominant in testis are not amplified in
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(C). Rnf138expression was normalized to Gapdh mRNA levels. Error bars indicate standard
deviation from two independent experiments performed in duplicate.
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Fig. 4.
RNF138 deficiency confers increased sensitivity to Mitomycin C. (A) Rnfl138 expression in

Rad51d""* (Rad51a**, Trp5377) and Rads1d™'~ (Rads1d™~, Trp53~) MEFs was analyzed
by gPCR 24 h following siRNA transfection and normalized to both g-actinand Gapadh.
Data represent mean +/— STD from a representative experiment performed in triplicate, and
*** indicates P < 0.001. (B) Cell viability relative to scrambled siRNA control was
measured by colony forming assay (CFA). Error bars represent mean +/— SEM from three
independent experiments performed in duplicate. (C and D) MEFs were treated with the
indicated amounts of Mitomycin C and cell viability assessed by (C) MTT or (D) CFA.
Error bars represent +/- SEM from four independent experiments performed in triplicate for
MTT assays and three independent experiments performed in duplicates for CFA using
siRNAL. Note that 7rp53encodes the p53 protein and that RNF138 KD represents the
RNF138 siRNA knockdown.
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Fig. 5.

ngIF138 is necessary for increased RADS51 foci formation in response to DNA damage. (A)
Immunofluorescence visualization of RAD51 foci in Rad51a** (Rad51a*, Tro537)
MEFs. (B) Quantification of RAD51 foci formation. Data represent mean +/— SEM from
three independent experiments using RNF138 siRNA2 and * indicates P < 0.05. (C) Western
analysis of RAD51 protein levels. B-actin was used as a loading control.
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Fig. 6.
RNF138 maintains chromosome integrity. (A) Metaphase spreads were prepared from
Rad51a*"™* (Rad51a**, Tro5377) and Rad51d™!~ (Rad51d™~, Trp537'~) MEFs following
mock transfection or transfection with 30 nM Rnf138siRNAL. Cells were either untreated
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(left panel) or treated with 50 ng/mL MMC (right panel). Spreads were scored for chromatid
breaks/gaps, chromosome breaks/gaps, and chromosome radials, represented by arrows. The
frequency of each aberration per chromosome is displayed above the bar (1073). Note the
change in scale between untreated and treated MEFs. (B) Giemsa stained cells were scored
for the presence of anaphase bridges. Error bars represent mean +/— STD from two

independent experiments and * indicates P < 0.05.
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Fig. 7.

RIE\’IF138 mediates degradation of RAD51D through the ubiquitin-proteasome pathway. (A)
Analysis of RNF138 facilitated RAD51D ubiquitination /7 vivo. (B) Rad51d™~ Trp537-
HARad51d MEFs were transfected with Myc-RNF138 (upper panels) or 30nM Rnf138
siRNAL (lower panels). HA-RADS51D protein levels were assessed 2, 4, and 6 hours
following initiation of CHX block. HA-RAD51D band intensity was normalized to -actin
and plotted as percent protein remaining for each time point. Data represent mean +/- STD
from two representative experiments. (C) MEFs were treated with CHX (100ug/mL) or
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CHX in combination with MG132 (20ug/mL). Cell lysates were prepared at the 4 h time
point, and HA-RAD51D band intensity was normalized to -actin.
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Table 1
Fold-sensitivity of Rnfl138and Rad51d-deficient MEFs to DNA damaging agents.

Agent RNF138 KD Rad51d”  Rad5ld™-
RNF138 KD
MMC 2.64 3.68 431
Cisplatin 1.62 1.84 1.93
MMS 1.48 2.32 2.84
Camptothecin 1.55 2.27 2.99
Hydroxyurea 1.22 0.97 0.97

Fold sensitivities were determined using the EC50 values obtained from the MTT assays. RNF138 siRNA1 was used for these experiments, and
EC50 values were calculated from semi-log plots fitted to non-linear regression analysis.
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