1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

&

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

ﬁ Mol Cell. Author manuscript; available in PMC 2019 July 19.

Published in final edited form as:
Mol Cell. 2018 July 19; 71(2): 332-342.e8. doi:10.1016/j.molcel.2018.06.018.

MRI is a DNA Damage Response Adaptor during Classical Non-
Homologous End Joining

Putzer J. Hung!:2, Britney Johnson?, Bo-Ruei Chenl, Andrea K. Byrum?, Andrea L.
Bredemeyer?, William T. Yewdell3, Tanya E. Johnson?, Brian J. Lee®, Shruthi
Deivasigamanil, Issa Hindil, Parmeshwar Amatya?, Michael L. Gross®, Tanya T. Paull?,
David J. Pisapial, Jayanta Chaudhuri3, John J. H. Petrini’, Nima Mosammaparast?, Gaya K.
Amarasinghe?, Shan zZha®, Jessica K. Tyler!, and Barry P. Sleckman?-8

1Department of Pathology and Laboratory Medicine, Weill Cornell Medical College, New York, NY
10065

2Department of Pathology and Immunology, Washington University School of Medicine, St. Louis,
MO 63110

SImmunology Program, Memorial Sloan-Kettering Cancer Center, New York, NY 10065

4The Department of Molecular Biosciences and the Howard Hughes Medical Institute, The
University of Texas at Austin, Austin, TX 78712

SInstitute for Cancer Genetics, Columbia University the College of Physicians and Surgeons, New
York, NY 10032

6Department of Chemistry, Washington University, One Brookings Drive, St. Louis, MO, 63130

"Molecular Biology Program, Memorial Sloan-Kettering Cancer Center, New York, NY 10065

Summary

The modulator of retrovirus infection (MRI or CYREN) is a 30 kDa protein with a conserved N-
terminal Ku-binding motif (KBM) and a C-terminal XLF-like motif (XLM). We show that MRI is
intrinsically disordered and interacts with many DNA damage response (DDR) proteins, including
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the kinases ATM and DNA-PKcs and the classical non-homologous end joining (cNHEJ) factors
Ku70, Ku80, XRCC4, XLF, PAXX, and XRCC4. MRI forms large multimeric complexes that
depend on its N- and C-termini and localizes to DNA double-strand breaks (DSBs), where it
promotes the retention of DDR factors. Mice deficient in MRI and XLF exhibit embryonic
lethality at a stage similar to those deficient in the core cNHEJ factors XRCC4 or DNA Ligase IV.
Moreover, MRI is required for cNHEJ-mediated DSB repair in XLF-deficient lymphocytes. We
propose that MRI is an adaptor that, through multivalent interactions, increases the avidity of DDR
factors to DSB-associated chromatin to promote cNHEJ.

eTOC Blurb

Hung et al. demonstrate that MRI is a disordered protein that functions in DSB repair and is
essential for cNHEJ in the absence of XLF. MRI interacts with cNHEJ and DDR signaling factors
at its termini and promotes the avidity of these proteins for chromatin in response to DNA damage.
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Introduction

In mammalian cells, DNA double-strand breaks (DSBs) activate a DNA damage response
(DDR) to repair lesions by two main pathways: non-homologous end joining (NHEJ) and
homologous recombination (HR) (Chang et al., 2017; Ciccia and Elledge, 2010). HR
functions to repair DSBs in the S and G2 phases of the cell cycle, using the sister chromatid
as a template for precise repair. In contrast, NHEJ functions during all phases of the cell
cycle and is the primary pathway of DSB repair in G1-phase cells. A core set of proteins is
essential for DSB repair by classical NHEJ (cNHEJ) (Chang et al., 2017). This core set
includes the Ku70/Ku80 (Ku) heterodimer, which binds to broken DNA ends; DNA Ligase
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IV, which ligates broken DNA ends; and XRCC4, which is essential for the stability and
activity of DNA Ligase IV and, with XLF, bridges DNA ends during cNHEJ (Andres et al.,
2007; Brouwer et al., 2016; Chang et al., 2017; Hammel et al., 2010; Reid et al., 2015;
Ropars et al., 2011). NHEJ that occurs in the absence of one or more of these core factors is
referred to as alternative NHEJ (aNHEJ) (Chang et al., 2017). In G1-phase cells, DDR and
DSB repair by NHEJ are orchestrated by DNA-PKcs and ATM, two related serine/threonine
kinases (Blackford and Jackson, 2017). DNA-PKcs is recruited and activated at DSBs by
Ku, whereas ATM is recruited and activated by the MRN complex, composed of Mrell,
Rad50 and Nbs1 (Paull, 2015; Stracker and Petrini, 2011).

The generation of DNA DSBs and their repair by NHEJ are required in two physiological
processes in lymphocytes: immunoglobulin (lg) class switch recombination (CSR), which
generates antibodies of different isotypes; and V(D)J recombination, which assembles
antigen receptor genes (Chaudhuri et al., 2007; Helmink and Sleckman, 2012). Ig CSR
occurs in mature B lymphocytes and involves the generation of DSBs by activation-induced
cytidine deaminase (AID) and repair of these DSBs by either cNHEJ or aNHEJ (Chaudhuri
et al., 2007; Yan et al., 2007). V(D)J recombination occurs only in G1-phase developing
lymphocytes and is initiated when the RAG-1 and RAG-2 proteins (RAG endonuclease)
introduce DNA DSBs between two recombining variable (V), diversity (D) or joining (J)
gene segments and their flanking recombination signal (RS) sequences (Fugmann et al.,
2000). RAG cleavage leads to the formation of two hairpin-sealed coding ends (CEs) and
two blunt signal ends (SEs). cNHEJ joins the CEs to form a coding join (CJ) and the SEs to
form a signal join (SJ) (Helmink and Sleckman, 2012). In addition to the core cNHEJ
proteins, other proteins have important functions during cNHEJ but are not essential for the
repair of all RAG DSBs. For example, ATM deficiency leads to a partial block in V(D)J
recombination due to its role in promoting the stability of post-cleavage RAG DSB
complexes (Bredemeyer et al., 2006; Helmink and Sleckman, 2012). The Artemis
endonuclease is required to open hairpin-sealed CEs before they can be joined and thus is
critical for CJ, but not SJ, formation (Chang et al., 2017; Ma et al., 2002). While neither
DNA-PKcs nor ATM are individually required for SJ formation, the loss of both proteins
leads to a complete block in SJ formation, suggesting that these two kinases have essential
overlapping activities in cNHEJ (Gapud et al., 2011; Zha et al., 2011b). Thus, some cNHEJ
factors can have redundant repair activities for a subset of DSBs.

XRCC4 and the XRCC4-like factor (XLF) form a complex that aligns and bridges broken
ends during cNHEJ (Andres et al., 2007; Brouwer et al., 2016; Hammel et al., 2010; Reid et
al., 2015; Ropars et al., 2011). XLF functions during cNHEJ in mouse embryonic fibroblasts
(MEFs) and embryonic stem cells, but is not required for the cNHEJ-mediated repair of
RAG DSBs in lymphocytes, where perhaps other proteins can function to align and bridge
broken DNA ends generated by RAG cleavage (Ahnesorg et al., 2006; Li et al., 2008).
Neither XLF, 53BP1, H2AX, nor PAXX is individually required for the cNHEJ-mediated
repair of RAG DSBs in lymphocytes; however, the combined deficiency of XLF with either
53BP1, H2AX, or PAXX leads to severe defects in RAG DSB repair (Abramowski et al.,
2017; Hung et al., 2017; Kumar et al., 2016; Lescale et al., 2016; Liu et al., 2012; Liu et al.,
2017; Oksenych et al., 2012; Tadi et al., 2016; Zha et al., 2011a). Thus, XLF deficiency in
lymphocytes can reveal the cNHEJ activities of other proteins during V(D)J recombination.
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The modulator of retrovirus infection (MRI), initially identified in a screen for proteins that
promote retroviral infection, is a 30 kDa protein with an N-terminal Ku-binding motif
(KBM) and a C-terminal XLF-like motif (XLM) also found in the C-termini of XLF and
PAXX (Agarwal et al., 2006; Grundy et al., 2016; Slavoff et al., 2014). MRI was shown to
bind to Ku and stimulate NHEJ /n vitro (Slavoff et al., 2014). However, MRI binding to Ku
was found to inhibit cNHEJ-mediated chromatid fusion upon telomere deprotection /n vivo,
suggesting that MRI inhibits cNHEJ at the S and G2 phases of the cell cycle, and MRI was
named the cell cycle regulator of NHEJ (CYREN) to reflect this activity (Arnoult et al.,
2017). Here we show that in G1-phase XLF-deficient lymphocytes, MRI is required for
cNHEJ-mediated repair of DSBs generated by RAG and the I-Ppol endonuclease. MRI is an
intrinsically disordered protein that associates with a broad array of cNHEJ and DDR
proteins through either its conserved N-terminal or C-terminal domains, and promotes the
association of these proteins with chromatin at DNA DSBs. We propose that MRI is an
adaptor that promotes cNHEJ in G1-phase cells through multivalent interactions that
increase the avidity of DDR proteins for DSB-associated chromatin.

MRI-deficient MEFs are sensitive to ionizing radiation

MRI*!~ mice were generated with an MR/ allele containing a LacZ cassette, which
replaced the entire protein-coding region of MR/ (Fig. S1A and S1B). Intercrossing MR/~
mice yielded MR/, MRI*'~ and MR/~ mice in the expected Mendelian ratios (Fig. S1C).
MR~ mice were fertile and did not exhibit any gross abnormalities (data not shown).
MEFs were generated from wild-type (WT) and MR/~ mice. A hamster monoclonal
antibody (13E10.E12.C10) recognizing murine MRI was developed. This antibody
recognized a single 30 kDa band in whole-cell lysates from WT MEFs, but did not detect the
presence of any immunoreactive proteins in MR/~ MEFs (Fig. 1A). MRI'~ MEFs
exhibited increased sensitivity to ionizing radiation (IR) when compared to WT MEFs, but a
lower level of sensitivity to IR than XZLF/~ MEFs (Fig. 1B and S2A). MRI-GFP and Ku80-
RFP C-terminal fusion proteins were expressed in MR/~ MEFs, and time-lapse confocal
microscopy revealed that MRI-GFP was rapidly recruited to sites of laser-induced DNA
damage and displayed kinetics similar to those observed for Ku80-RFP recruitment (Fig. 1C
and S2B). MRI-GFP remained associated with DNA damage sites for at least 45 minutes
(Fig. S2C). Robust MRI-GFP localization was also observed upon laser-induced DNA
damage of serum starved G1-phase MR/~ MEFs (Fig. S2D). We conclude that, like the
core cNHEJ factor Ku, MRI localizes to DNA damage sites in MEFs, and MRI deficiency in
MEFs leads to IR sensitivity, a common hallmark of cNHEJ deficiency.

MRI-deficient B cells exhibit defects in I|g CSR

Loss of proteins required for cNHEJ leads to diminished B and T lymphocyte development
due to defects in V(D)J recombination. When compared to MR/** mice, MR/~ mice did
not exhibit defects in B cell development in the bone marrow (Fig. S1D and S1E) orin T
cell development in the thymus (Fig. S1F and S1G). MR/*'* and MR/~ mice showed
similar numbers of mature splenic B and T cells (Fig. S1H and S11). Naive MR/~ splenic
B cells exhibited modest defects in Ig CSR /n vitro, that are not due to a requirement for
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MRI in promoting AID expression or cell proliferation suggesting that MRI may function in
the repair of Ilg CSR DSBs by cNHEJ or aNHEJ (Fig. S3A-F).

MRI~/=:XLF~'~ mice exhibit embryonic lethality

Intercrossing of MR/~ XLF~ and MRI'= XLF"~mice produced no viable MR/~ XLF
~I= offspring (Fig. 2A and Table S1). Analyses of day E14.5 and E16.5 embryos from MR/
~I= XLF*~ intercrosses revealed MR/~ XLF '~ embryos at near Mendelian ratios, but
these embryos were significantly smaller in size (Fig. 2B and Table S2). Lig4'~, XRCC4 -,
and PAXX~: XLF~ mice also exhibit embryonic lethality at a similar developmental
stage, and cell lines with these genotypes all exhibit severe cNHEJ defects (Abramowski et
al., 2017; Balmus et al., 2016; Frank et al., 1998; Frank et al., 2000; Gao et al., 1998; Hung
etal., 2017; Kumar et al., 2016; Lescale et al., 2016; Liu et al., 2017; Tadi et al., 2016).
Moreover, like those embryos, MR/~ XLF'~ embryos exhibited widespread neuronal
apoptosis within the cortex and ganglionic eminences, as shown by cleaved caspase 3
immunostaining (Fig. 2C). Together, these data support the notion that combined
deficiencies in MRI and XLF result in lethality due to defects in cNHEJ.

MRI~/=:XLF~~ abl pre-B cells exhibit cNHEJ defects

Abelson murine leukemia virus-transformed pre-B cell-lines, hereafter referred to as abl pre-
B cells, were generated from AR/~ mice. V(D)J recombination can be assayed in abl pre-
B cells with chromosomally integrated retroviral recombination substrates that contain a
single pair of RS sequences (Bredemeyer et al., 2006). The pMG-INV retroviral V(D)J
recombination substrate was introduced into WT, MR/~, and XLF/~ abl pre-B cells (Fig.
3A) (Hung et al., 2017). V(D)J recombination of pMG-INV occurs by inversion, placing an
anti-sense GFP cDNA in the sense orientation and leading to GFP expression in cells that
have generated RAG DSBs and successfully repaired them by cNHEJ (Fig. 3A). CRISPR/
Cas9 was used to generate MR/~: XLF'~ abl pre-B cells by inactivating both AR/ alleles
in XLF~ abl pre-B cells with a single MRI-targeting guide RNA. Loss of MRI expression
in these cells was confirmed by western blotting (Fig. S4A).

Treatment of abl pre-B cells with the abl kinase inhibitor imatinib leads to G1 cell cycle
arrest and RAG induction. Similar levels of pMG-INV rearrangement were observed in WT,
MR~ and XLF'~ abl pre-B cells, as indicated by flow cytometric analyses of GFP
expression (Fig. 3B and S4B). Southern blot analyses revealed robust pMG-INV SJ and CJ
formation without evidence of unrepaired SEs and CEs in WT, MR/™/=, and XLF'~ abl pre-
B cells (Fig. 3C, 3D, S4C, and S4D). Thus, like XLF, MRI is not essential for cNHEJ-
mediated RAG DSB repair in abl pre-B cells. However, MR/~ XLF~ abl pre-B cells
exhibited a severe block in V(D)J recombination, as evidenced by the reduced fraction of
GFP-expressing cells after imatinib treatment (Fig. 3B and S4B). Moreover, Southern blot
analysis revealed an accumulation of unrepaired RAG DSBs (pMG-INV SEs and CEs) and a
reduction in pMG-INV CJ and SJ formation in MR/=: XLF~ abl pre-B cells, similar to
what is observed in abl pre-B cells deficient in the core cNHEJ factor DNA Ligase IV
(Lig4™") (Fig. 3C, 3D, S4C, and S4D). At later time points (four days) after RAG induction,
low levels of pMG-INV SJ and CJ formation were observed in MR/=: XLF '~ abl pre-B
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cells (Fig. 3C, 3D, S4C and S4D). Thus, MRI~: XLF~ abl pre-B cells exhibit severely
compromised DNA end joining kinetics during V(D)J recombination.

We next assessed MRI activity in the cNHEJ-mediated repair of chromosomal DSBs
generated by an estrogen receptor-I-Ppol endonuclease fusion protein (ER-1-Ppol). Abl pre-
B cells were arrested in G1 with the CDK4/6 inhibitor palbociclib, and treated with 4-
hydroxytamoxifen (4-OHT) to induce ER-1-Ppol translocation to the nucleus (Fig. S5A)
(Fry et al., 2004; Liu et al., 2017). DSB generation and imprecise repair by cNHEJ results in
loss of the I-Ppol site (Fig. S5B). PCR amplicons spanning an I-Ppol site in untreated WT
abl pre-B cells were completely digested by I-Ppol (Fig. S5C). However, after 24 hours in 4-
OHT, ~50% of the amplicons could no longer be digested by I-Ppo-1, indicating that at least
half of the I-Ppol sites had been cut and imprecisely repaired by cNHEJ (Fig. S5C). XLF -
and MR~ abl pre-B cells exhibited levels of imprecise cNHEJ-mediated joining
comparable to that of WT abl pre-B cells (Fig. S5C). In contrast, similar to Lig4/~ abl pre-
B cells, MRI7~: XLF'~ abl pre-B cells demonstrated minimal loss of I-Ppol sites after
cleavage, indicative of a defect in cNHEJ (Fig. S5C). Indeed, Southern blot analyses
revealed an increase of I-Ppol DSBs in MR/~ XLF~~and Lig4”'~ abl pre-B cells, as
compared to WT, MR/~ and XLF~ abl pre-B cells (Fig. S5D and E). Thus, cNHEJ-
mediated repair of I-Ppol DSBs is also compromised in G1-phase abl pre-B cells that are
deficient in both MRI and XLF.

To assess ctNHEJ in G2-phase cells, in which DSBs can be repaired by cNHEJ or HR, we
treated abl pre-B cells with the CDK1 inhibitor RO-3306 (Fig. S5A) (Vassilev et al., 2006).
Similar levels of cNHEJ-mediated repair of I1-Ppol DSBs were observed in G2-phase WT,
MR, and XLF'~ abl pre-B cells, as evidenced by loss of I-Ppol sites after 4-OHT
treatment (Fig. S5F). As was observed for G1-phase cells, G2-phase MR/™~ XLF '~ abl pre-
B cells did not exhibit a significant loss of I-Ppol sites and contained an increased
accumulation of 1-Ppol DSBs, indicative of a defect in cNHEJ (Fig. S5F and G). Thus, MRI
deficiency does not lead to demonstrable alterations in the cNHEJ-mediated repair of I-Ppol
DSBs in G1- or G2-phase abl pre-B cells; however, the combined deficiency of MRI and
XLF compromises cNHEJ in both G1 and G2.

MRI and XLF have distinct cNHEJ activities

If MRI and XLF have overlapping cNHEJ activities, we reasoned that the requirements for
efficient cNHEJ should be similar between MR/~ and XLF '~ abl pre-B cells. Inhibition of
ATM kinase activity with KU55933 causes a severe block in cNHEJ and V(D)J
recombination in XL~/ abl pre-B cells (Fig. S6A) (Zha et al., 2011a). However, treatment
of MR~ abl pre-B cells with KU55933 leads to a block in V/(D)J recombination of similar
magnitude to that observed in WT abl pre-B cells (Fig. S6A). Indeed, while lymphocyte
development is significantly impaired in XLF/=: ATAM~ mice, B and T lymphocyte
developmental defects in MR/~ ATM™~ mice are similar to those of A7/~ mice (data
not shown) (Zha et al., 2011a). Combined deficiency of XLF and PAXX profoundly impairs
cNHEJ and V(D)J recombination in lymphocytes (Abramowski et al., 2017; Balmus et al.,
2016; Frank et al., 1998; Frank et al., 2000; Gao et al., 1998; Liu et al., 2017). CRISPR/Cas9
was used to excise the entire PAXX gene in MR/~ abl pre-B cells to generate MR/
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~I=:PAXX'~ abl pre-B cells that do not express PAXX (Fig. S6B-D). Analysis of GFP
expression shows that imatinib treatment of MR//~:PAXX '~ abl pre-B cells containing
PMG-INV leads to V/(D)J recombination at similar levels to those observed in WT, MR/~
and PAXX~ abl pre-B cells (Fig. S6E). In contrast, \/(D)J recombination is severely
impaired in XLF=:PAXX~ abl pre-B cells (Fig. S6E). Moreover, while unrepaired pMG-
INV RAG DSBs (SE and CE) are readily observed in XLF/=:RAXX '~ abl pre-B cells,
there is no evidence of these unrepaired DSBs in MR/~: PAXX"!~ abl pre-B cells (Fig. S6F
and S6G). Thus, while cNHEJ in XLF/~ abl pre-B cells relies on ATM and PAXX, the same
dependencies are not observed in MR/~ abl pre-B cells, suggesting that XLF and MRI
have unique cNHEJ functions.

MRI has adaptor features

The N-terminal KBM and C-terminal XLM of MRI are conserved across species, but the
central region of MRI is relatively non-conserved (Fig. S7A). The amino acid composition
of the central region of MRI suggests that it is an intrinsically disordered protein, which
could nucleate heterogeneous protein complexes (Wright and Dyson, 2015). To test this,
recombinant mouse MRI protein was generated in £. coli and subjected to hydrogen-
deuterium exchange (HDX)-mass spectrometry (HDX-MS) (Keppel et al., 2011; Marciano
etal., 2014; Zhang et al., 2014). HDX-MS is used to study protein structure and dynamics
with HDX rates varying depending on the relative solvent exposure, folding kinetics, and
structural dynamics of different regions of the protein (Johnson et al., 2016; Konermann et
al., 2011). Protein regions that are intrinsically disordered exhibit high levels of HDX over
time due to increased solvent exposure, whereas structured regions, such as a.-helices and -
sheets, are less exposed (Balasubramaniam and Komives, 2013; Goswami et al., 2013;
Konermann et al., 2011).

We employed HDX-MS to derive a peptide-level analysis of MRI solvent accessibility with
pepsin digestion yielding peptides with an 85% MRI sequence coverage (Fig. S7B). The
resulting peptides exhibited high percentages of deuterium uptake, with all peptides
undergoing 50-100% average percent deuterium uptake (Fig. S7B). Many of these peptides
displayed near maximal deuterium uptake at the earliest time point (10 seconds) suggesting
that MRI is intrinsically disordered in solution (Fig. S7C). Notably, MRI N-terminal
peptides, including the residues 1-25 comprising the KBM, were relatively more protected
from HDX than the rest of MRI, suggestive of a propensity to form secondary structure (Fig.
S7B and C). Indeed, while circular dichroism (CD) spectroscopy also demonstrates that
MRI is an intrinsically disordered protein, the addition of trifluoroethanol (TFE), a helix-
inducing crowding agent, resulted in CD spectra suggestive that MRI has the potential to
form helical structures (Fig. S7D) (Lopes et al., 2014). Finally, size-exclusion
chromatography coupled with multi-angle light scattering (SEC-MALS) revealed that, in
solution, MRI can exist as a monomer, dimer, or multimer (Fig. STE). Together, these data
demonstrate that MRI is an intrinsically disordered protein with conserved N- and C-
terminal domains that exists as monomers or multimers in solution. We reasoned that these
properties of MRI make it particularly well-suited to nucleate multi-protein complexes as an
adaptor during DDR and cNHEJ-mediated DSB repair.
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MRI binds distinct DDR proteins at its N- and C-termini

Mass spectrometry was used to identify proteins in WT abl pre-B cells that bind to FLAG-
HA-tagged versions of full-length MRI, MRI with a deletion of the 17 N-terminal amino
acids comprising the KBM (MRI2N), and MRI with a deletion of the 15 C-terminal amino
acids comprising the XLM (MRIAC) (Fig. 4A, 4B and S7A). These analyses revealed that
MRI associates with proteins with diverse DDR functions that preferentially interact with
either the N-terminus (KBM) or C-terminus (XLM) of MRI (Fig. 4C and Table S3).
Immunoprecipitation with the 13E10.E12.C10 anti-MRI monoclonal antibody confirmed
that endogenous MRI associates with DNA-PKcs, ATM, Ku70, Mrell, Nbs1, Rad50, XLF
and PAXX (Fig. 4D). FLAG-HA-tagged MRI, MRIAC, MRI2N or MRIANAC \were expressed
in WT abl pre-B cells and immunoprecipitated with anti-HA. Members of the DNA-PK
complex — Ku70, Ku80 and DNA-PKcs — as well as XLF, PAXX, and XRCC4 all interact
with MRI and MRI2C, but do not interact with MRI2N or MRIANAC indicating that the
association of these proteins with MRI depends on the N-terminal KBM (Fig. 4E).
Conversely, KAP-1, ATM, and components of the MRN complex - Mrell, Nbsl1 and Rad50
- all interact with MRI and MRI2N, but not MRIAC or MRIANAC indicating that the binding
of these proteins to MRI depends on the C-terminal XLM (Fig. 4E). ATM and its DSB
sensor MRN and DNA-PKcs and its DSB sensor Ku associate with MRI, but ATR and its
DSB sensor ATRIP do not associate with MRI (Fig. 4F). MRI, XLF, and PAXX all have
conserved C-terminal XLM domains; however, while the MRl XLM promotes the
association with MRN and ATM, neither XLF nor PAXX associates with ATM or MRN
(Fig. 4F). We conclude that MRI has unique properties that enable it to associate with
functionally diverse DDR proteins in a manner that depends on either the N-terminal KBM
or the C-terminal XLM.

MRI protein complexes

That MRI functions as an adaptor, forming higher order protein complexes with DDR
proteins, is evidenced in several ways. First, FLAG-HA-tagged MRI was expressed in
Ku707~ abl pre-B cells that express neither Ku70 nor Ku80, which normally associate with
the N-terminus of MRI (Fig. 5A). The association of MRI with DNA-PKcs, XLF, PAXX and
XRCC4 is lost in the absence of Ku, demonstrating that the association of these proteins
through the N-terminus of MRI depends on Ku (Fig. 5A). Loss of Ku did not alter the
association of ATM, Mrel1, Rad50, Nbs1, or KAP-1, which depend on the C-terminus for
binding to MRI (Fig. 5A). Thus, the N-terminus of MRI can nucleate complexes containing
Ku and at least one other protein (DNA-PKcs, XLF, PAXX or XRCC4). Next, we carried out
sequential immunoprecipitations to determine whether MRI complexes form with proteins
bound at both the N- and C-terminus (Fig. 5B). FLAG-tagged Ku80 and HA-tagged MRI
were expressed in MR/~ abl pre-B cells, followed by immunoprecipitation with anti-HA
and elution of complexes with the HA peptide (Fig. 5B). Immunoprecipitation of these
complexes with anti-FLAG, but not an 1gG isotype control, recovered HA-tagged MRI;
FLAG-tagged Ku80 and Ku70, which associates with the N-terminus of MRI; and ATM,
which associates with the C-terminus (Fig. 5B). We find that /» vitro human ATM binds
directly to human MRI and MRI2N, but not MRIAC, demonstrating that ATM can directly
bind to the C-terminus of MRI (Fig. 5C). Thus, MRI can form complexes with Ku
associated at the N-terminus and ATM at the C-terminus. Third, size-exclusion
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chromatography revealed that, in abl pre-B cells, MRI exists in fractions that range in size
from 100 kDa to over 1 MDa (Fig. 5D). The 30 kDa MRI protein was most abundant in 200
kDa fractions that contained Ku and in fractions greater than 1 MDa that contained Ku,
Mrell, ATM, and DNA-PKcs (Fig. 5D). We conclude that MRI is an adaptor that forms
large multimeric complexes containing DDR proteins bound at the N-terminus, C-terminus,
or both.

MRI cNHEJ functions depend on the KBM and XLM

The N-terminus (KBM) and C-terminus (XLM) of MRI bind to proteins with distinct
cNHEJ functions. To assess the requirement for the KBM and XLM in cNHEJ, we assayed
V/(D)J recombination in MR/~: XLF~ abl pre-B cells reconstituted with XLF, MRI,
MRIAN, MRIAC, or MRIANAC, Expression of XLF or MRI restored V/(D)J recombination of
PMG-INV in MRI=: XLF~ abl pre-B cells, as indicated by GFP expression after imatinib
treatment (Fig. 6A). In contrast, expression of MRI2N or MRIAC partially rescued
recombination, while expression of MRI2NAC fajled to augment V(D)J recombination in
MRI=: XLF '~ abl pre-B cells (Fig. 6A). Southern blot analyses revealed that defects in
V/(D)J recombination in MR =: XLF '~ abl pre-B cells expressing MRIAN, MRIAC, or
MRIANAC were due to defects in the cNHEJ-mediated repair of RAG DSBs generated at
pMG-INV, as evidenced by the accumulation of unrepaired SEs and CEs after imatinib
treatment (Fig. 6B and 6C). We conclude that in G1-phase lymphocytes the N-terminal
KBM and C-terminal XLM of MRI have independent functions in cNHEJ that likely reflect
the activity of distinct DDR factors bound at these two domains.

MRI promotes association of DDR factors with chromatin

MRI associates with many DDR proteins, such as Ku and MRN, which are recruited to DNA
DSBs soon after their generation. Thus, MRI could function in the recruitment or retention
of these DDR proteins at chromatin associated with DNA DSBs. To test this, we isolated
chromatin from irradiated and non-irradiated WT and MR/~ abl pre-B cells arrested in G1
by imatinib treatment (Fig. 7A). Western blot analysis revealed robust accumulation of
DNA-PKcs, Ku70, XRCC4, Mrell, Rad50, Nbsl, XLF, and PAXX in the chromatin fraction
after irradiation of WT abl pre-B cells (Fig. 7A). In contrast, all of these proteins
accumulated at lower levels in the chromatin fraction of G1-phase MR/~ abl pre-B cells
after irradiation (Fig. 7A). The recruitment of MDCL1 to chromatin after irradiation was not
affected by the loss of MRI (Fig. 7A). Ku70-GFP association with laser-induced DNA
damage sites was diminished in MR/~ MEFs when compared to WT MEFs (Fig. 7B). We
conclude that MRI promotes the recruitment or retention of DDR factors at DNA DSB-
associated chromatin. Notably, this includes Ku70 and XRCC4, which are required for
cNHEJ. Moreover, as XLF'~:PAXX~ abl pre-B cells exhibit a severe cNHEJ defect, it is
also conceivable that the diminished association of PAXX with DSB-associated chromatin in
the absence of MRI contributes to the cNHEJ defect in MR/~: XLF'~ abl pre-B cells.

Discussion

Here we show that MRI is a small intrinsically disordered adaptor protein which nucleates
heterogeneous complexes that function during DNA DSB repair by cNHEJ in G1- and G2-
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phase cells. MRI has conserved N-terminal (KBM) and C-terminal (XLM) domains that
mediate association with distinct sets of proteins with diverse functions in DDR signaling
and cNHEJ. Both of these domains are required for the optimal activity of MRI in cNHEJ-
mediated DSB repair. Through its multivalent activity, MRI promotes the avidity of DDR
and cNHEJ factors to chromatin associated with DNA DSBs.

Several lines of evidence demonstrate that MRI promotes cNHEJ. MRI is required for
cNHEJ-dependent repair of RAG DSBs in XLF-deficient G1-phase abl pre-B cells and for
cNHEJ-mediated repair of 1-Ppol DSBs in G1- and G2-phase XLF-deficient cells (Fig. 3,
S4, and S5). MRI™~: XLF~~ mice exhibit early embryonic lethality associated with
apoptosis of cortical and subcortical neurons, similar to mice deficient in the core cNHEJ
factors XRCC4 or DNA Ligase 1V, as well as mice with a combined deficiency of XLF and
PAXX (Fig. 2) (Abramowski et al., 2017; Balmus et al., 2016; Frank et al., 1998; Frank et
al., 2000; Gao et al., 1998; Liu et al., 2017). MRI-deficient MEFs are sensitive to IR, and
MRI associates with sites of laser-induced DNA damage in MEFs with kinetics similar to
those of the core cNHEJ factor Ku (Fig. 1C and S2). Mature MR/~~ B cells exhibit reduced
Ig CSR, consistent with a function for MRI in the repair of CSR DSBs by either cNHEJ or
aNHEJ (Fig. S3). MRI promotes the association of the core cNHEJ factors Ku and XRCC4
with DSB-associated chromatin in G1-phase lymphocytes (Fig. 7A). However, MRI has
been shown to inhibit the cNHEJ-mediated fusion of deprotected telomeres in S- and G2-
phase cells (Arnoult et al., 2017). Thus, MRI may have both positive and negative effects on
cNHEJ that could depend on the type of DSB.

The requirement for MRI to mediate cNHEJ in XLF-deficient lymphocytes could reflect
overlapping functions of MRI and XLF during cNHEJ. Indeed, XLF and MRI share a C-
terminal (XLM) domain that could mediate similar cNHEJ functions. However, while the
MRI XLM associates with ATM and MRN, the XLF XLM does not (Fig. 4F). Moreover,
cNHEJ in XLF-deficient cells relies on proteins (ATM and PAXX) that are not required for
cNHEJ in MRI-deficient cells beyond their requirement in WT cells, suggesting that MRI
and XLF have distinct cNHEJ functions (Fig. S6). Loss of MRI or XLF activities may slow
DNA end joining kinetics without leading to a detectable accumulation of unrepaired RAG
DSBs. However, loss of both activities may result in a threshold reduction in joining Kinetics
that leads to a cNHEJ defect and the accumulation of unrepaired RAG DSBs. XLF and
XRCC4 form filaments that align and bridge broken DNA ends during cNHEJ (Andres et
al., 2007; Brouwer et al., 2016; Hammel et al., 2010; Reid et al., 2015; Ropars et al., 2011).
MRI promotes the association of DDR proteins, including cNHEJ factors, with DSB-
associated chromatin in G1-phase lymphocytes (Fig. 7A). In the absence of XLF, misaligned
broken DNA ends may still be joined due to optimal localization of DDR factors at DSBs by
MRI. In the absence of MRI, XLF aligns and bridges broken DNA ends, allowing them to be
joined despite the reduced localization of DDR factors at DSBs. However, in the absence of
both XLF and MRI, the combined defects in DNA end bridging and DDR factor localization
may lead to a significant reduction in the efficiency of cNHEJ-mediated DSB repair and the
accumulation of un-repaired DSBs. MRI could conceivably be critical for the repair of a
small fraction of RAG DSBs. For example, some RAG DSBs may be modified in ways that
require additional processing before they can be joined by cNHEJ. MRI adaptor function in
retaining cNHEJ factors at DSBs could ensure efficient joining once these DNA ends are
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appropriately processed. In this regard, some IR-induced DSBs have DNA end structures
that require additional processing before they can be joined and MR/~ MEFS exhibit a
mild sensitivity to IR, which could reflect the failure to repair a small fraction of DSBs (Fig.
1B and S2A) (Riballo et al., 2004).

MRI forms heterogeneous complexes with DDR proteins. In pre-B cells MRI associates
with ATM, MRN, XLF and PAXX, but neither XLF nor PAXX associates with ATM or
MRN (Fig. 4F). This suggests that some MRI complexes contain PAXX or XLF but not
ATM or MRN, and others contain ATM or MRN but not PAXX or XLF. MRI can form a
complex with Ku associated at its N-terminus and ATM at its C-terminus (Fig. 5B and 5C).
This demonstrates that MRI can functionally link proteins bound in frans at its N- and C-
termini. Ku association with the N-terminus of MRI is required for the association of DNA-
PKcs, XLF, PAXX, and XRCC4 with MRI (Fig. 5A). Thus, MRI can form complexes that
link two or more proteins in c/sthrough one terminus. That deletion of the N-terminus or C-
terminus each leads to a partial defect in V(D)J recombination in abl pre-B cells suggests
that the c¢/s adaptor functions of MRI may be most important for cNHEJ-mediated RAG
DSB repair (Fig. 6).

How does MRI function during cNHEJ? The conserved N- and C-terminal domains coupled
with the intrinsically disordered central domain make MRI particularly well-suited for
adaptor protein function. Intrinsically disordered proteins generate protein-protein
interaction networks due to their ability to adopt conformations that permit heterotypic and
homotypic interactions (Wright and Dyson, 2015). Purified MRI in solution forms dimers
and larger multimers, which in cells would further allow it to nucleate large protein
complexes (Fig. STE). As an adaptor protein, MRI may function to link enzymes and their
substrates. In this regard, ATM and DNA-PKcs both associate with MRI and many of the
other proteins that associate with MRI are regulated through phosphorylation by ATM and
DNA-PKcs (Chen et al., 2007; Zhou et al., 2017).

We find that MRI promotes the association of several cNHEJ factors with DSB-associated
chromatin in G1-phase lymphocytes (Fig. 7A). MRN and Ku are rapidly recruited to newly
generated DSBs and, if bound to MRI, could recruit other proteins in the MRI complex to
the DSB. The binding of multiple proteins by MRI at the DSB could increase the avidity of
these proteins for the DSB-associated chromatin (Fig. 7C). For example, if a DDR factor
monovalently bound to DSB-associated chromatin were to dissociate, it would be lost by
diffusion (Fig. 7C, left). However, the tethering of this DDR factor to chromatin at the DSB
through its association with MRI and other MRI-bound DDR factors would promote its re-
association with the DSB (Fig. 7C, right). Given the multivalent and diverse nature of its
binding, MRI is particularly well suited for increasing the avidity of DDR proteins to DSB-
associated chromatin. Intrinsically disordered proteins have been implicated in liquid-liquid
phase separations that are important in many cellular processes, including DNA repair
(Altmeyer et al., 2015; Uversky, 2017). Thus, it is conceivable that MRI may promote
liquid-liquid phase separations that function to retain DDR factors at DSB-associated
chromatin. Finally, we speculate that MRI may be important in clearing DDR factors from
DSB-associated chromatin after repair is complete. In this regard, signals that lead to loss of
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MRI from DSB-associated chromatin would promote the dissociation of DDR factors bound
by MRI at the DSB.

STAR Methods

Contact for Resource and Reagent Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Barry P. Sleckman (bas2022@med.cornell.edu).

Experimental Model and Subject Details

Mice—MR/*'~ mice were generated by in vitro fertilization using cryopreserved MR/7~
sperm obtained from the KOMP Repository (https://www.komp.org/ProductSheet.php?
clonelD=862138) and intercrossed to produce MR/~ mice, which were maintained on a
C57BL/6 genetic background. Genotypes were confirmed by PCR analyses, as shown in
Figures S1A and B, with the WT allele (MR/*) yielding a 1.1-kb amplicon and the targeted
knockout allele (MRI) yielding a 400-bp amplicon (see Key Resources Table for primer
sequences). For lymphocyte development analyses, 6-week old WT and MR/~ littermates
(n=15, five females and five males) were used.

Cell-line generation and culture—WT (lines M51.1-22 and M63.1-7), MR/~ (lines
M46.3-19 and M66.1-24), XLF '~ (lines XA3-8 and XB1-5), and Lig4™'~ (lines A20-115
and B25-3) abl pre-B cell-lines were generated by co-centrifuging (1,800 RPM, 90 minutes)
bone marrow cells from 3-5-week old mice harboring Ep-Bcl2 transgenes (which prevent
cell death in response to persistent DSBs) with the pMSCV-v-abl retrovirus and 5 pg/mL
polybrene (Santa Cruz), as previously described (Bredemeyer et al., 2006). Stably
transformed abl pre-B cells were then transduced with the retroviral pMSCV-RSS-GFP-
INV-Thy1.2 (pbMG-INV) recombination substrate, and clones containing a single integrant
were obtained by limiting dilution (Hung et al., 2017). To induce V(D)J recombination, cells
were treated with 3 uM imatinib (Novartis) for the indicated lengths of time at a density of 1
x 10 cells/mL. For ATM inhibition, cells were treated with 15 M KU55933 (Selleckchem)
at a density of 1 x 108 cells/mL.

To generate MR/I=: XLF!~ abl pre-B cells (lines MX-4 and MX-19), XLF/~ abl pre-B
cells were transduced with a lentiviral vector pCW-Cas9 (Addgene) containing a
tetracycline-inducible FLAG-Cas9 cDNA and selected in 2 pg/mL puromycin (Invivogen)
before being subcloned by limiting dilution. Clones were treated with 2 pg/mL doxycycline
(Thermo Fisher) for two days, and those that exhibited robust Cas9 expression by anti-
FLAG western blotting were further transduced with a lentiviral vector pKLV-BFP
(Addgene) containing a gRNA that targets exon 3 of the mouse MR/ gene. These cells were
treated with 2 pg/mL doxycycline for one week, sorted for BFP expression, and subcloned
again by limiting dilution. MRI knockout clones were identified by western blotting, PCR
sequencing of MR/ exon 3, and significantly reduced GFP expression after imatinib
treatment. MR/~:PAXX !~ abl pre-B cells (line MP-80) were generated using a previously
described strategy (Liu et al., 2017). A pair of gRNAs that target sequences flanking the
entire mouse PAXX gene were cloned into the Cas9 vector pX330 (Addgene), and the
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plasmids were electroporated into AR/~ abl pre-B cells using the Nucleofector 2b device
(human B cell kit, program X-001, Lonza). After four days, the cells were subcloned by
limiting dilution, and PAXX knockout clones were identified by PCR analyses and western
blotting, as shown in Fig. S6B-D. See Key Resources Table for the list of gRNA and primer
sequences.

WT (lines SZ and WT-1), MR/~ (lines M61.2 and M61.7), and XLF'~ (lines X-AB and X-
SZ) MEFs were generated from E14.5 or 15.5 mice and immortalized by transfection with
pBABE-neo0-SV40 (Addgene), after which they were selected in 400 pg/mL G418 (Thermo
Fisher).

All cell-lines were grown in media consisting of DMEM (no L-glutamine, Gibco)
supplemented with 10% heat-inactivated fetal bovine serum (FBS, Sigma), 100 U/mL
penicillin/streptomycin (Gibco), 1 mM sodium pyruvate (Gibco), 2 mM L-glutamine
(Gibco), 1X nonessential amino acids (Gibco), and 55 uM DMSO at 37°C, unless speci fied
otherwise. The abl pre-B cell-lines M51.1-22, M46.3-19, and M66.1-24 were derived from
female mice, whereas line M63.1-7 originated from a male mouse. The sexes of the XLF/~
and Lig4™"~ abl pre-B cell-lines, which had been generated years prior to the initiation of
this project, are not known. The sexes of the MEF cell-lines are also undetermined, as they
could not easily be identified. Genotypes of all cell-lines used were authenticated by PCR
analyses.

Primary B cell cultures—Naive CD43- B cells were purified from the spleens of 6-8-
week old WT and MR/~ mice (n= 6, six females and six males) using a MACS negative
selection kit (Miltenyi Biotec). They were then seeded into 96-well plates at a density of 4 x
10° cells/mL and stimulated with either 25 pg/mL LPS (Sigma) or 1 ug/uL anti-CD40
(eBioscience) plus 20 ng/mL IL-4 (Peprotech) for up to four days. These cells were grown in
RPMI (Gibco) supplemented with 10% FBS, 100 U/mL penicillin/streptomycin, and 55 pM
DMSO at 37°C.

Method Details

MEF radiosensitivity assay—MEFs were seeded in 48-well plates at a density of 2 x
103 cells/well and irradiated using a RS 2000 X-ray irradiator (Rad Source Technologies).
After four days, cell survival was determined by incubating the cells with 10% v/v
PrestoBlue reagent (Thermo Fisher) for two hours at 37°C and measuring the absorbances at
560 nm and 590 nm (reference wavelength) on a Multiskan Ascent microplate
spectrophotometer (Thermo Fisher), in accordance with the manufacturer’s instructions.

Laser micro-irradiation and imaging—MR/'~ MEFs were stably transduced with a
lentiviral vector pLV (Addgene) containing a MRI-GFP fusion protein, then transiently
transfected with 1.5 ug Ku80-RFP using Lipofectamine 2000 (Thermo Fisher) and imaged
after 48 hours. To obtain reliable recruitment of GFP-Ku70 with the 405 nm laser, the
transfected cells were sensitized with 10 uM BrdU for 24 hours. To arrest cells in G1, MR/
I~ MEFs expressing MRI-GFP were serum starved in DMEM with 0.5% FBS (Hyclone) for
72 hours prior to BrdU sensitization and imaging. Live cell imaging was carried out on a
Nikon Ti Eclipse inverted microscope (Nikon, Inc.) equipped with an A1 RMP confocal
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microscope system (Nikon, Inc.) and Lu-N3 Laser Units (Nikon, Inc.). Laser micro-
irradiation manipulation and time-lapse imaging were performed with the NIS Element High
Content Analysis software (Nikon, Inc.) using a 405 nm laser at an energy level adequate for
Ku70 accumulation. Relative intensities at laser-damaged sites were calculated as the ratio
of the mean intensity at each of the micro-irradiated sites to the corresponding mean
intensity of the nucleus as background (considering the entire nucleus). >20 individual cells
were analyzed for each data point.

Brain immunohistochemistry—E14.5 and E16.5 mouse embryos were dissected in ice-
cold phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde/PBS solution
overnight at 4°C. Brain tissues were rinsed with PBS and cryoprotected using 30%
sucrose/PBS solution overnight at 4°C. They were then embedded in TissueTek (Sakura
Finetek), flash-frozen on dry ice, and stored at —80°C before sectioning. Brain tissues were
cryosectioned at 18 um and processed using PBS with 1.5% donkey serum and 0.35% Triton
X-100 for all subsequent steps, except for the washing steps when only PBS was used.
Sections were blocked for 30 minutes, followed by incubation with primary rabbit anti-
cleaved caspase 3 (1:200, Cell Signaling) overnight at 4°C. After three more washes with
PBS, secondary Cy3 donkey anti-rabbit 1gG (1:1,000, Jackson ImmunoResearch) was
applied for one hour at room temperature. Nuclear counterstaining was performed with 100
ng/mL DAPI solution. An additional three washes were performed with PBS, and the slides
were coverslipped using VectaShield mounting medium (Vector Laboratories). Fluorescent
images were captured using a Fluoview F\V3000 Olympus confocal laser scanning
microscope (Olympus, Inc.). The following mice were analyzed: E14.5 MR/~ XLF~ (n=
2) and MR~ XLF = (n= 2) littermates and E16.5 MR/~ XLF"~ (n= 1) and MR/

~I= XLF!= (n=2) littermates, with five coronal sections observed per animal for a total of
35 sections.

Flow cytometric analyses—~For analyses of lymphocyte development or CSR, single-
cell suspensions derived from bone marrow, thymus, or spleen were incubated with Fc block
(BD Pharmingen) at a density of 1 x 108 cells/mL on ice for 15 minutes prior to staining
with the indicated fluorescent antibodies (1:500) at 4°C for 30 minutes. For cell proliferati
on assays, purified splenic CD43- B cells were incubated with 10 uM CFSE (eBioscience) at
a density of 1 x 108 cells/mL in the dark at 37°C for 10 minutes and quenched with FBS on
ice for five minutes prior to stimulation with LPS or anti-CD40 plus IL-4. For cell cycle
analyses, cells were fixed in Cytofix/Cytoperm solution (BD Biosciences) at 4°C for 15
minutes, washed with PBS, frozen in 10% DMSO/FBS at —80°C overnight, thawed, re-fixed
in Cytofix/Cytoperm solution at 4°C for 5 minutes, washed again with PBS, and incubated
with 7-AAD (BD Pharmingen) at room temperature for 10 minutes. Data were acquired on a
LSR 1l flow cytometer (BD Biosciences) and analyzed using FlowJo software (FlowJo,
LLC).

I-Ppol cutting and repair assay—Abl pre-B cells were transduced with a retrovirus
vector pPBMN-HA-ER-1-Ppol-hCD8 containing an I-Ppol and estrogen receptor fusion
protein. One day after infection, the cells were treated with either 2 pM palbociclib
(Selleckchem) or 9 pM RO-3306 (Millipore) at a density of 1 x 10° cells/mL for ~16 hours
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to induce G1 or G2 arrest, respectively, and then with 200 nM 4-OHT (Sigma) to stimulate
ER-I-Ppol activity. Genomic DNA from these cells were harvested at the indicated lengths
of time following 4-OHT treatment, and amplicons spanning an I-Ppol site on chromosome
1 were generated by PCR and digested with I-Ppol enzyme at 37°C overnight (see Key
Resources Table for primer sequences). Intensities of the DNA bands corresponding to cut
and uncut amplicons were quantified using ImageJ software.

Southern blot analyses—For analyses of V(D)J recombination, 10 ug of genomic DNA
from abl pre-B cells containing pMG-INV were digested with Ahe/ or Xbal and hybridized
to a 32P-labeled Thy1 or GFP probe, as previously described (Bredemeyer et al., 2006; Hung
etal., 2017). The Thyl probe is an 800-bp Thy1.1 cDNA (which differs from Thy1.2 by
only a single amino acid residue) fragment, while the GFP probe is a 700-bp GFP cDNA
fragment.

For analyses of I-Ppol cutting and repair, 10 pg of genomic DNA from cells expressing ER-
I-Ppol were digested with Hind/// and hybridized to a 32P-labeled probe generated from a
500-bp DNA fragment that is homologous to a sequence 3" of an I-Ppol site on
chromosome 1.

Retroviral MRI cDNA expression—The murine MR/ coding sequence was amplified by
PCR from the cDNA clone BC000168 and ligated into a retroviral vector pOZ-FH-N
downstream of a FLAG-HA tag and between a X#ho/ site and a Not/ site. MRI mutants
(MRIAN, MRIAC, and MRIANAC) were generated by overlapping PCRs of the MRI cDNA
(see Table S4 for primer sequences). Three days after transduction, cells containing the
plasmid were sorted by human CD25 expression.

Protein immunoprecipitation—For nuclear extraction and immunoprecipitation, cells
were lysed in cytoplasmic extraction (CE) buffer (10 mM Tris-HCI pH 7.4, 10 mM KClI, 1.5
mM MgCl,, 1 mM EDTA, 0.05% Triton X-100) with a protease inhibitor cocktail (Sigma)
on ice for 15 minutes. Following centrifugation (3,000 RPM, five minutes), the nuclear
pellet was washed with CE buffer and incubated in 0.5X pellet volume of nuclease buffer
(20 mM Tris-HCI pH 7.4, 1.5 mM MgCl,, 25% v/v glycerol) with 5 U/uL benzonase
(Sigma) on ice for one hour to digest the genomic DNA. 1X pellet volume of nuclear
extraction (NE) buffer (20 mM Tris-HCI pH 7.4, 500 mM KCI, 1.5 mM MgCl,, 0.2 mM
EDTA, 25% v/v glycerol) was added, and the pellet was ground using a dounce
homogenizer (Sigma) before incubation with gentle rotation at 4°C for one hour. The lysate
was clarified by centrifugation (14,800 RPM, 30 minutes), and the supernatant was dialyzed
in BC100 buffer (20 mM Tris-HCI pH 7.4, 100 mM KCI, 0.2 mM EDTA, 20% v/v glycerol)
at 4°C overnight using the Pur-A-Lyzer Maxi 6000 kit (Sigma). The dialyzed supernatant
was clarified once again by centrifugation (14,800 RPM, 30 minutes) and incubated with 30
UL bed volume of EZView Red HA or FLAG affinity gel beads (Sigma) on a rotator at 4°C
for four hours. The beads were washed four times with TAP buffer (50 mM Tris-HCI pH 7.4,
100 mM KCI, 5 mM MgCl,, 0.2 mM EDTA, 10% v/v glycerol, 0.1% Triton X-100) and
eluted by boiling in LDS sample buffer (Thermo Fisher) prior to SDS-PAGE and western
blot analyses. For immunoprecipitation of endogenous MRI, nuclear extracts were first
incubated with 5 pg nonspecific Armenian hamster 1gG (BioLegend) or anti-MRI
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(13E10.E12.C10) at 4°C overnight and then with Protein L magnetic beads (Thermo Fisher)
at 4°C for two hours.

For proteomic analyses, the anti-FLAG beads were eluted by incubating with 0.4 mg/mL
FLAG peptide (Sigma) in TAP buffer on a rotator at 4°C f or one hour. The MRI-containing
complexes were visualized by SDS-PAGE and silver staining, then precipitated with
trichloroacetic acid (TCA). Associated proteins were identified by LC-MS/MS at the Taplin
Mass Spectrometry Facility (Harvard Medical School) using an LTQ Orbitrap Velos Pro ion-
trap mass spectrometer (Thermo Fisher) and SEQUEST software (Eng, McCormack, and
Yates, 1994).

For sequential immunoprecipitation, nuclear extracts from WT abl pre-B cells expressing
HA-tagged MRI and FLAG-tagged Ku80 were incubated with EZView Red HA affinity gel
beads at 4°C for four hours, after which the beads were washed four times with TAP buffer
and eluted with 0.5 mg/mL HA peptide (Sigma) in TAP buffer at 4°C for one hour. The HA
eluate was incubated with 4 ug mouse 1gG1 (Santa Cruz) or mouse anti-FLAG (Sigma) at
4°C overnight and then with 30 uL bed volume of Dynabeads Protein G (Thermo Fisher) at
4°C for two hours. The beads were washed four times with TAP buffer and boiled in LDS
sample buffer for SDS-PAGE and western blot analyses.

Size exclusion chromatography (SEC)—SEC was performed using an AKTA Pure
FPLC on a Superose 6 Increase 10/300 GL column (GE Healthcare). Anti-FLAG-
immunoprecipitated MRI complexes (500 uL) were loaded onto the pre-equilibrated column
and eluted with TAP buffer at a flow rate of 0.5 mL/minute. 0.5 mL fractions were collected
and concentrated using StrataClean resin (Agilent) before SDS-PAGE and western blot
analyses.

Chromatin fractionation—Cells were first pre-extracted in CSK buffer (100 mM NaCl,
10 mM PIPES pH 6.8, 3 mM MgCl,, 300 mM sucrose) with 0.05% Triton X-100 on ice for
15 minutes. After centrifugation (1,500 x g, five minutes), the chromatin pellet was washed
with PBS and incubated in CSK buffer with 0.5% Triton X-100 and 0.1 pg/mL RNase A
(Sigma) at room temperature for 10 minutes and on ice for 20 minutes. After centrifugation
(1,500 x g, five minutes), the pellet was washed with PBS and incubated in CSK buffer with
5 U/uL benzonase on ice for one hour. The chromatin fraction was boiled in LDS sample
buffer and then analyzed by SDS-PAGE and western blotting.

MRI protein expression and purification—The coding regions of the mouse MR/ and
human MR/ genes were codon-optimized for expression in £. coli (GenScript) and used as
templates to subclone the coding regions into a modified pET15b vector (Novagen). Peptide
truncations were generated by overlapping PCRs and validated by sequencing. Mouse MRI
and human MRI proteins were then expressed in BL21(DE3) E. coli cells (Novagen),
cultured in Luria Broth media at 37°C, induced at an OD600 (optical density at 600 nm) of
0.6 with 0.5 mM IPTG, and grown for 12-15 hours at 18°C. Cells were harvested,
resuspended in lysis bu ffer (20 mM Tris-HCI pH 7.5, 250 mM NaCl, 5 mM 2-
mercaptoethanol), and lysed using an EmulsiFlex-C5 homogenizer (Avestin), after which the
resulting lysate was clarified by centrifugation (47,000 x g at 4°C, 40 minutes). Proteins
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were purified using a series of affinity and ion-exchange chromatographic columns (GE
Healthcare). Following TEV protease digestion to separate the maltose-binding protein
(MBP) fusion, the resulting sample was purified further by sequential ion-exchange and
SEC. Protein purity was assessed by Coomassie staining of SDS-PAGE and mass
spectrometry.

MRI-ATM co-immunoprecipitation—40 nM recombinant biotin-FLAG-tagged human
ATM was incubated with MBP-tagged human MRI, MRIAN, or MRIAC (50, 100, or 200 nM)
and 100 ng bovine serum albumin (BSA, New England Biolabs) in A buffer (25 mM Tris-
HCI pH 8.0, 100 mM NacCl, 10% v/v glycerol) at room temperature for 15 minutes in a final
volume of 30 uL. 2 puL of Dynabeads M-280 Streptavidin (Thermo Fisher) were pre-washed
with 1 mg/mL BSA and 1% CHAPS (Sigma). The samples were then added to the bead
mixture with 0.1% CHAPS in A buffer and incubated on ice for 15 minutes. After three
washes with 2 pg/mL BSA in A buffer with 0.1% CHAPS, proteins bound to the beads were
resolved by SDS-PAGE using NUPAGE 4-12% Bis-Tris (Thermo Fisher), followed by
western blotting with anti-ATM (Santa Cruz) or anti-MBP (GeneTex).

Hydrogen-deuterium exchange mass spectrometry (HDX-MS)—MRI samples
were buffer-exchanged with PBS pH 7.4. Deuterium labeling was initiated by diluting
samples (50 uM, 2 uL) 10-fold with either D,O buffer or H,O buffer for measuring no-
deuterium control samples. At eight different time intervals (10, 30, 60, 120, 360, 900, 3600,
and 14400 seconds), the labeling reaction was quenched by rapidly adjusting the pH to 2.5
with 30 pL of quench buffer (3 M urea, 0.6% trifluoroacetic acid, H,O) at 4°C. The protein
mixture was then immediately injected into a custom-built HDX device and passed through
a column containing immobilized pepsin (2 mm x 20 mm) at a flow rate of 100 pL/minute in
0.1% formic acid, and the resulting peptic peptides were captured on a ZORBAX Eclipse
XDB C8 column (2.1 mm x 15 mm, Agilent) for desalting (three minutes). The C8 column
was then switched in-line with a Hypersil Gold C18 column (2.1 mm x 50 mm, Thermo
Fisher), and a linear gradient (4-40% acetonitrile, 0.1% formic acid, 50 pL/minute flow rate
for five minutes) was used to separate the peptides and direct them to a LTQ FT-ICR mass
spectrometer (Thermo Fisher) equipped with an electrospray ionization source. Valves,
columns, and tubing for protein digestion and peptide separation were submerged in an ice-
water bath to minimize back-exchange.

The resulting data were processed and peptides identified by exact mass analysis and LC-
MS/MS using Mascot (Matrix Science). The raw HDX spectra and peptide sets were
submitted to HDX Workbench for calculation and data visualization in a fully automated
fashion (Pascal et al., 2012). Peptides for each run were assessed based on their relative
representation and statistical validation. Only the top six peptides from each MS scan were
included in the final analysis. Deuterium uptake at each time point was calculated by
subtracting the centroid of the isotopic distribution of the undeuterated peptide from that of
the deuterated peptide. Relative deuterium uptake was plotted versus labeling time to afford
kinetic curves.

Circular dichroism (CD)—CD wavelength scans were taken using a Chirascan CD
spectrometer (Applied Photophysics). The changes in molar ellipticity of 10 uyM MRI
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protein samples were monitored at 4°C. Samples were prepared in 25 mM NazPOy4 pH 7,
150 mM NaCl, and 5 mM 2-mercaptoethanol buffer containing 0-50% 2,2,2-trifluorethanol
(TFE). All experiments were performed in triplicate.

Multi-angle light scattering-size exclusion chromatography (MALS-SEC)—
Standard MALS experiments were carried out on a Superdex 200 10/300 GL column (GE
Healthcare) connected in-line to a Dawn Heleos 1l MALS detector (Wyatt Technologies).
100 pL samples (2 mg/mL) were injected at a flow rate of 0.3 mL/minute into a column
equilibrated in 10 mM HEPES pH 7.5, 150 mM NaCl, and 2 mM #ris(2-
carboxyethyl)phosphine (TCEP) buffer. Molecular weights and standard deviations were
determined using Astra software package version 6.1 (Wyatt Technologies). All experiments
were performed at room temperature and in triplicate.

Hybridoma generation—Armenian hamsters (Cytogen Research and Development) were
immunized s.c. with 50 ug each of four KLH-conjugated peptides (GenScript), which cover
the entire length of the mouse MRI protein, emulsified in Freund’s adjuvant (CFA then IFA
at two-week intervals), followed by one injection of peptides with Alhydrogel (Invivogen)
(Sheehan K et al. 1989). Immune serum showed positive titers by ELISA using peptide-
coated plates and also by western blot analyses of recombinant protein. Three days prior to
fusion, animals were boosted i.v. with 25 pg each of the KLH-conjugated peptides
solubilized in endotoxin-free PBS. Immune splenocytes were fused to the P3X63Ag8.653
murine myeloma line using standard procedures. Cultures were screened initially by ELISA
using individual peptides and then by western blotting of WT and AR/~ abl pre-B cell
lysates. Antigen-reactive wells were subcloned through two rounds of limiting dilution to
ensure clonal populations. Isotype analysis were performed using cassettes provided by
Antagen Pharmaceuticals. Monoclonal antibodies were purified and concentrated by Protein
A affinity chromatography using standard methods (Sheehan K et al. 1989). See Key
Resources Table for sequences of the immunization peptides (hamed GAP121, GAP122,
GAP123, and GAP124).

Quantification and Statistical Analysis

Statistical analyses were performed using Microsoft Excel and StatPlus (AnalystSoft).
Results are shown as mean + standard error of the mean (SEM). Comparisons between two
sets of data were determined using unpaired two-tailed Student’s t-tests assuming unequal
variances. Numbers of experimental replicates (/7) and statistical significance (defined at a
minimum as a p-value <0.05) are reported in the figure legends.

Data and Software Availability

All original image files and the full list of MRI IP-MS results had been deposited on
Mendeley Data (http://dx.doi.org/10.17632/2wdg6wf9ofx.1).
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Armenian hamster anti-MRI This paper Clone 13E10.E12.C10

Rabbit anti-cytoskeletal actin

Bethyl Laboratories

Cat#A300-485A

Mouse anti-FLAG Sigma Cat#F1804; clone M2
Rabbit anti-FLAG Sigma Cat#F7425
Rabbit anti-HA Santa Cruz Catisc-805

Mouse anti-DNA-PKcs

Thermo Fisher

Cat#MS-423-P

Rabbit anti-Ku80

Cell Signaling

Cat#2753S

Rabbit anti-Ku70

Cell Signaling

Cat#4588S

Rabbit anti-XLF

Bethyl Laboratories

Cat#A300-730A

Rabbit anti-C90rf142 (PAXX) Abcam Cat#ab126353

Goat anti-XRCC4 Santa Cruz Cat#sc-8285

Mouse-anti-ATM Sigma Cat#A1106; clone MAT3-4G10/8
Mouse anti-RAD50 Abcam Cat#ab89; clone 2C6

Rabbit anti-Mrell

Novus Biologicals

Cat#NB100-142

Rabbit anti-Nbs1

Abcam

Cat#ah23996

Rabbit anti-KAP-1

GeneTex

Cat#GTX102226

Rabbit anti-ATR

Novus Biologicals

Cat#NB100-323

Rabbit anti-ATRIP Sigma Cat#SAB4503325
Mouse anti-a tubulin Sigma Cat#T5168; clone B-1-2
Rabbit anti-H2AX Millipore Cat#07-627

Rabbit anti-AID Chaudhuri et al., 2003 N/A

Mouse 1gG1 Santa Cruz Catisc-3877

Armenian hamster 1gG BioLegend Cat#400940

EZView Red mouse anti-HA Sigma Cat#E6779; clone HA-7
EZView Red mouse anti-FLAG Sigma Cat#F2426; clone M2
Rabbit anti-cleaved caspase 3 Cell Signaling Cat#9661

Cy3 donkey anti-rabbit 1gG

Jackson Immunoresearch

Cat#711-165-152

Pacific Blue rat anti-B220 BioLegend Cat#103227; clone RA3-6B2
APC rat anti-CD43 BioLegend Cat#143208; clone S11

PE/Cy7 rat anti-IgM BioLegend Cat#406514; clone RMM-1
Pacific Blue rat anti-CD4 BioLegend Cat#100531; clone RM4-5
PE/Cy7 rat anti-CD8a BioLegend Cat#100722; clone 53-6.7

FITC rat anti-CD3e BioLegend Cat#100306; clone 145-2C11
APC Armenian hamster anti-TCRB eBioscience Cat#17-5961-82; clone H57-597
PE rat anti-IgG2b BioLegend Cat#406707; clone RMG2b-1
APC rat anti-1gG1 BioLegend Cat#406609; clone RMG1-1

Rat anti-CD16/CD32 (Fc block)

BD Pharmingen

Cat#553141
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse anti-ATM Santa Cruz Cat#sc-135663; clone 1B10
Mouse anti-MBP GeneTex Cat#GTX50060; clone 10C12
Armenian hamster anti-CD40 eBioscience Cat#16-0402-81; HM40-3

Bacterial and Virus Strains

pMSCV-v-abl Bredemeyer et al., 2003 N/A
PMSCV-RSS-GFP-INV-Thy1.2 (pMG-INV) | Hung etal., 2017 N/A
pCW-Cas9 Addgene Cat#50661
pKLV-U6gRNA-EF(Bbsl)-PGKpuro2ABFP | Addgene Cat#62348
pLV-eGFP Addgene Cat#36083
pOZ-FH-N Nakatani and Ogryzko, N/A
2003
pBMN-FLAG-Ku80-hCD4 Jiang et al., 2015 N/A
pBMN-HA-ER-I-Ppol-hCD8 Liuetal., 2017 N/A
BL21(DE3) Novagen Cat#69450

Biological Samples

3110062MO4RiKMLLKOMPVIeg moyse sperm

KOMP Repository

Clone 12667B-H5

Chemicals, Peptides, and Recombinant Proteins

Imatinib Novartis N/A

KU55933 Selleckchem Cat#51092
Polybrene Santa Cruz Cat#sc-134220
Doxycycline Thermo Fisher Cat#BP26531
Puromycin Invivogen Cat#ant-pr-1
Lipofectamine 2000 Thermo Fisher Cat#11668500
Lipopolysaccharides from Escherichia coli Sigma Cat#L.3024
0111:B4

Recombinant murine interleukin-4 Peprotech Cat#214-14
CFSE eBioscience Cat#65-0850-84
Benzonase Sigma Cat#E1014
FLAG peptide Sigma Cat#F3290
HA peptide Sigma Cat#12149
RNase A Sigma Cat#R6513
Palbociclib Selleckchem Cat#S1116
RO-3306 Millipore Cat#217721
4-hydroxytamoxifen Sigma Cat#H7904
Cytofix/Cytoperm solution BD Biosciences Cat#554722
7-AAD BD Pharmingen Cat#559925
1-Ppol restriction enzyme Promega Cat# R7031
Recombinant MBP-tagged murine and This paper N/A

human MRI peptides

Recombinant biotin-FLAG-tagged human This paper N/A

ATM peptide
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Immunization peptide for generating
hybridomas:
LKSKTKTRVLPSWMTAPVDERKVC

This paper

GAP121

Immunization peptide for generating
hybridomas:
KQTAAWAQRVGAATRAPATEC

This paper

GAP122

Immunization peptide for generating
hybridomas:
GRKQEKPWEQRSLEATDKLQC

This paper

GAP123

Immunization peptide for generating
hybridomas: EEKEEEDALKYVREIFFS

This paper

GAP124

Critical Commercial Assays

TissueTek

Sakura Finetek

Cat#4583

Human B cell Nucleofector kit

Lonza

Cat#VAPA-1001

PrestoBlue cell viability reagent

Thermo Fisher

Cat#A13262

Mouse B cell isolation kit

Miltenyi Biotec

Cat#130-090-862

Pur-A-Lyzer Maxi 6000 dialysis kit Sigma Cat#PURX60015
Protein L magnetic beads Thermo Fisher Cat#88849
Dynabeads Protein G Thermo Fisher Cat#10003D
Dynabeads M-280 streptavidin Thermo Fisher Cat#11205D
Superose 6 Increase 10/300 GL column GE Healthcare Cat#29091596
StrataClean resin Agilent Cat#400714

Deposited Data

Original data files for this paper

Mendeley Data

http://dx.doi.org/10.17632/2wdg6wfofx.1

Mass spectrometry data of MRI-interacting
peptides

This paper; Mendeley
Data (full list)

Table S3; http://dx.doi.org/10.17632/2wdg6wfofx.1

Experimental Models: Cell Lines

Mouse: WT abl pre-B cells This paper Lines M51.1-22, M63.1-7
Mouse: MR/ ~abl pre-B cells This paper Lines M46.3-19, M66.1-24
Mouse: XLF~ abl pre-B cells This paper Lines XA3-8, XB1-5
Mouse: Lig4™'"~ abl pre-B cells This paper Lines A20-115, B25-3
Mouse: MRI"'~: XLF'~ abl pre-B cells This paper Lines MX-4, MX-19

Mouse: PAXX '~ abl pre-B cells Hung et al., 2017 Line P2

Mouse: MRI"~:PAXX~ abl pre-B cells This paper Line MP80

Mouse: XLF'=:PAXX~ abl pre-B cells Hung et al., 2017 Line XP3

Mouse: WT MEFs This paper Lines SZ, WT-1
Mouse: MR/~ MEFs This paper Lines M61.2, M61.7
Mouse: XLF'~ MEFs This paper Lines X-AB, X-SZ
Experimental Models: Organisms/Strains

Mouse: MRI=: C57BL/6NTac-3110062MO4R ik RN Vico N/A

Mouse: XLF'~: 129S6/SvEvTac-NhejtmiFwa | | j et al., 2008 N/A

Oligonucleotides

Mol Cell. Author manuscript; available in PMC 2019 July 19.



http://dx.doi.org/10.17632/2wdg6wf9fx.1
http://dx.doi.org/10.17632/2wdg6wf9fx.1

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hung et al.

Page 22

REAGENT or RESOURCE SOURCE IDENTIFIER
MRIgRNA sequence: 5'- This paper N/A
GAAATGGTAGACGTGGCAC-3’

PAXX gRNA sequence 1: 5- Liu etal., 2017; this N/A
CTAAGGTGTTCGCTCGGCGG-3’ paper (see Fig. S6B)

PAXX gRNA sequence 2: 5'- Liu et al., 2017; this N/A
GCAGTTTATTTGACGGAGAA-3’ paper (see Fig. S6B)

Fwd primer sequence: genotyping the MR/ This paper (see Fig. SIA | N/A
allele: 5'- and B)
CCTTTCTTCCTTCCTTTGGG-3" (P1)

Rev primer sequence: genotyping the MR/ This paper (see Fig. SIA | N/A
allele: 5"-CAGGCCAGAGCCCAGTTTG-3’ | and B)

(P2)

Rev primer sequence: genotyping the MR/~ This paper (see Fig. SIA | N/A
allele: 5'- and B)
GTCTGTCCTAGCTTCCTCACTG-3" (P3)

Fwd primer sequence: PCR analyses of the Liu et al., 2017; this N/A
1-Ppol site: 5'- paper (see Fig. S5B)
TCGTCCTTCCTTTTTCCTGAC-3" (P1)

Rev primer sequence: PCR analyses of the I- | Liu etal., 2017; this N/A
Ppol site: 5'- paper (see Fig. S5B)
TGGTTTCGCTGGATAGTAGGT-3" (P2)

Fwd primer seguence: PCR sequencing of This paper N/A
MR/exon 3:5"-

GTGCCCTGCCCCTGGACC-3’

Rev primer sequence: PCR sequencing of This paper N/A
MR/l exon 3:5’-

AAAAACATGGCTGGAAAGGTGAGG-3’

Fwd primer sequence: PCR screening of Liu et al., 2017; this N/A
PAXX deletion: 5- paper (see Fig. S6B and
ATTGAAGAGCGGCAGATATGT-3" (P1) C)

Rev primer sequence: PCR screening of Liu et al., 2017; this N/A
PAXX deletion: 5”- paper (see Fig. S6B and
AGCCAGAATCAACACAGTAGGT-3’ C)

(P2)

Primer sequences used for generating MRI This paper N/A
mutants are listed in Table S4

Recombinant DNA

Plasmid: pBABE-neo-SV40 Addgene Cat#1780
Plasmid: pX330-U6-Chimeric_BB-CBh-hSpCs®ddgene Cat#42230
cDNAs: murine MRI, MRI2N, MRIAC, and This paper CCDS19997
MR'ANAC

Plasmid: pET15b Novagen Cat#69661
Software and Algorithms

ImageJ NIH N/A
NIS Element High Content Analysis Nikon, Inc. N/A
Mass analysis/LC-MS/MS: Mascot Matrix Science N/A
HDX Workbench Pascal et al., 2012 N/A
FlowJo FlowJo, LLC N/A
StatPlus AnalystSoft N/A
Other
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REAGENT or RESOURCE SOURCE IDENTIFIER
LSRII flow cytometer BD Bioscience N/A

Ti Eclipse inverted microscope + A1 RMP Nikon, Inc. N/A

confocal system + Lu-N3 laser units

Fluoview FV3000 confocal laser scanning Olympus, Inc. N/A
microscope

Multiskan Ascent microplate N/A
spectrophotometer

RS 2000 X-ray irradiator Rad Source Technologies | N/A
Nucleofector 2b device Lonza Cat#AAB-1001
LTQ-FTICR mass spectrometer Thermo Fisher Cat#13437
Chirascan CD spectrometer Applied Photophysics N/A

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
MRI is a small disordered protein that promotes efficient cNHEJ
Combined MRI and XLF deficiency leads to a severe defect in cNHEJ

MRI forms multimeric complexes with diverse DDR factors at both its
termini

MRI enhances the association of DDR factors with chromatin at DSBs

Mol Cell. Author manuscript; available in PMC 2019 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hung et al.

A

Page 28

MEF B
s
7\,\, L —- WT
o SR 80 —e- MRI-
© /.
37 % 60 XLFI
=)
MRI n
25 2 40 ®
20 20
- @ | (3-actin 0
0 1 2 4

IR (Gy)

Time post-dmg (min)

- 1 3

MRI-GFP

o

Figure 1. MRI functions in cNHEJ
(A) Western blot analyses of MRI in MEFs derived from WT and MR/~ mice. B-actin is

shown as a protein loading control. (B) Percent survival of WT (line SZ), MR~ (line
M61.2), and XLF '~ (line X-SZ) MEFs four days after exposure to the indicated doses of IR.
Data are mean £ SEM (n7= 3). (C) Representative time-lapse micrographs of MRI-GFP and
Ku80-RFP recruitment to a site of laser-induced DNA damage (designated by a yellow
arrow) in MR/~ MEFs at the indicated times post-damage (minutes, min). Dotted lines
mark the nuclear boundaries. See also Figures S1-S3.
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Figure 2. MRI ~I=:XLF~~ mice exhibit embryonic lethality
(A) Number of live births produced from intercrossing MR/"'~: XLF'~ mice. (B) MRI~

and MR~ XLF~ littermates at day E16.5. Scale bar, 1 cm. (C) Micrographs of the
ganglionic eminence (GE, top row) and cortex (bottom row) in MR/™~: XLF*~ and MR/
=/~ XLF~ embryos at days E14.5 and E16.5, respectively, stained with DAPI (blue) and

anti-cleaved caspase 3 antibody (red). Scale bar, 100 m. See also Tables S1 and S2.
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Figure 3. Combined MRI and XLF deficiency blocks cNHEJ-mediated repair of RAG DSBs
(A) Schematic of the unrearranged pMG-INV V(D)J recombination substrate (UR), its SEs

and CEs intermediates and the resulting SJ and CJs. The long-terminal repeats (LTR), Nhel
and Xbal restriction sites, RSs (open and filled triangles), GFP cDNA, Thy1.2 cDNA, and
Thy1 (red) and GFP (blue) probes are shown. (B) Flow cytometric analyses of GFP
expression in WT (line M51.1-22), MRI"'~ (line M66.1-24), XLF'~ (line XA3-8), MR/
~I= XLF '~ (line MX-19), and Lijg4~'~ (line B25-3) abl pre-B cells that were treated with
imatinib for the indicated lengths of time (days, d). (C) Southern blot analyses of genomic
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DNA from cells in (B) that were digested with Aie/ (top) or Xbal (bottom) and hybridized
to the Thy1 probe. Bands that correspond to UR, SJs, and SEs are indicated. (D) Southern
blot analyses of genomic DNA from cells in (B) that were digested with Xba/and
hybridized to the GFP probe. Bands that correspond to UR, SJs and CJs (SJ+CJ), both SEs
and CEs (SE+CE), and either SEs or CEs (SE+CJ or SJ+CE) are indicated. Molecular
weights (kilobases, kb) are also shown. See also Figures S4-S6.
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Figure 4. Diverse DDR proteins interact with the MRI N- and C-termini
(A) Schematic of the MRI, MRI2N, MRIAC, and MRIANAC proteins. The KBM (red box)

and XLM (green box) are indicated. (B) Western blot analyses of retrovirally expressed
FLAG-HA-tagged MRI, MRIAN, MRIAC, and MRIANAC in MR~ XLF~ abl pre-B cells
using anti-FLAG. Ku80 is shown as a protein loading control. (C) Scatter plots comparing
the total numbers of MRI-associated peptides in WT abl pre-B cells expressing MRI versus
MRIAN (left plot) or MRIAC (right plot), as determined by mass spectrometry. (D) Western
blot analyses of DDR proteins that co-immunoprecipitated with endogenous MRI in WT abl
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pre-B cell nuclear extracts using the 13E10.E12.C10 anti-MRI antibody. (E) Western blot
analyses of DDR proteins that co-immunoprecipitated with FLAG-HA-tagged MRI, MRIAN,
MRIAC, and MRIANAC jn WT abl pre-B cell nuclear extracts using anti-HA. (F) Western blot
analyses of DDR proteins that co-immunoprecipitated with FLAG-HA-tagged MRI, PAXX,
and XLF in WT abl pre-B cell nuclear extracts using anti-HA. See also Figure S7 and Table
S3.
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Figure 5. MRI forms higher order protein complexes
(A) Western blot analyses of DDR proteins that co-immunoprecipitated with FLAG-HA-

tagged MRI in WT and Ku707/~ abl pre-B cell nuclear extracts using anti-HA. (B)
Schematic of sequential immunoprecipitations of MRI followed by Ku80 in cells expressing
HA-MRI and FLAG-Ku80 (left). Western blot analyses of ATM, DNA-PKcs, Ku70, FLAG-

Ku80, and HA-MRI from MR/~ abl pre-B cell nuclear extract after first
immunoprecipitation with anti-HA (Input HA IP) and following second
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immunoprecipitation with anti-FLAG or an IgG isotype control (right). (C) Western blot
analyses of purified recombinant biotin-FLAG-ATM (bio-F-ATM) co-immunoprecipitated
with 50 nM, 100 nM, or 200 nM of MBP-tagged human MRI, MRI2N, and MRIAC proteins.
(D) Western blot analyses of DDR proteins that associated with FLAG-purified MRI in

different-sized fractions separated by a sucrose gradient column.
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Figure 6. The N- and C-termini of MRI are both required for its function in cNHEJ
(A) Flow cytometric analyses of GFP expression in MR/~ XLF'~ abl pre-B cells

retrovirally transduced with MRI, MRIAN, MRIAC, MRIANAC or XLF and treated with
imatinib for the indicated lengths of time (days, d). (B) Southern blot analyses of genomic
DNA from cells in (A) that were digested with Ahe/ (top) or Xbal (bottom) and hybridized
to the Thy1 probe. (C) Southern blot analyses of genomic DNA from cells in (A) that were
digested with Xba/ and hybridized to the GFP probe. Bands corresponding to different
pMG-INV arrangements are indicated as described in Figure 3.
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Q, ‘ DDR proteins
ﬁ MRI

Figure 7. MRI promotes DDR protein localization at DSB-associated chromatin
(A) Western blot analyses of DDR proteins in the whole-cell extracts and chromatin

fractions of G1-arrested (with imatinib) WT and MR/~ abl pre-B cells at the indicated
times (hours, h) following treatment with 10 Gy of IR or no IR (-). (B) Representative
micrographs of GFP-Ku70 recruitment to a laser-induced DNA damage site (designated by a
yellow arrow) in WT and MR/~ MEFs prior to damage (-) or 1 minute post-damage (1
min). The relative fluorescent intensities of GFP-Ku70 foci in these cells were then
quantified (bottom histogram). Data are mean + SEM. >20 cells of each genotype were
analyzed in two independent experiments. * p <0.05. (C) Model for MRI-induced increase
in the avidity of DDR factors with chromatin at DSBs as described in the discussion.
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