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ABSTRACT

A proper DNA damage response (DDR) is essen-

tial to maintain genome integrity and prevent tu-

morigenesis. DNA double-strand breaks (DSBs) are

the most toxic DNA lesion and their repair is or-

chestrated by the ATM kinase. ATM is activated via

the MRE11–RAD50–NBS1 (MRN) complex along with

its autophosphorylation at S1981 and acetylation

at K3106. Activated ATM rapidly phosphorylates a

vast number of substrates in local chromatin, pro-

viding a scaffold for the assembly of higher-order

complexes that can repair damaged DNA. While re-

versible ubiquitination has an important role in the

DSB response, modification of the newly identified

ubiquitin-like protein ubiquitin-fold modifier 1 and

the function of UFMylation in the DDR is largely un-

known. Here, we found that MRE11 is UFMylated on

K282 and this UFMylation is required for the MRN

complex formation under unperturbed conditions

and DSB-induced optimal ATM activation, homolo-

gous recombination-mediated repair and genome in-

tegrity. A pathogenic mutation MRE11(G285C) iden-

tified in uterine endometrioid carcinoma exhibited

a similar cellular phenotype as the UFMylation-

defective mutant MRE11(K282R). Taken together,

MRE11 UFMylation promotes ATM activation, DSB

repair and genome stability, and potentially serves

as a therapeutic target.

INTRODUCTION

DNA damage introduced by endogenous and exogenous
factors poses a serious hazard to cell viability and genome
stability. A proper DNA damage response (DDR) is essen-
tial to maintain genome integrity and prevent tumorigen-
esis. In eukaryotic cells, maintenance of genomic stability
relies on the coordinated action of a network of cellular
processes collectively known as DDR. DNA double-strand
breaks (DSBs) are the most toxic DNA lesion and their re-
pair is orchestrated by ATM kinase. ATM is activated by
DNA ends in the presence of the MRE11–RAD50–NBS1
(MRN) complex (1–3), along with its autophosphorylation
at S1981 (4) and acetylation at K3106 (5). Activated ATM
rapidly phosphorylates a vast number of substrates in local
chromatin, providing a scaffold for the assembly of higher-
order complexes that can repair damaged DNA (6).
Ubiquitination is one of the most common post-

translational modi�cations, next to glycosylation and phos-
phorylation (7). A family of ubiquitin-like proteins (UBLs)
has been identi�ed that shows structural similarities to
ubiquitin. It is generally believed that protein modi�ca-
tion byUBLs serves mainly proteolysis-independent events,
such as molecular assembly and the functional conversion
of proteins (8). Ubiquitin-fold modi�er 1 (UFM1) is the
newest addition to the UBLs (9). Similar to ubiquitination,
UFM1 conjugates to target protein(s) via the E1 andE2-like
enzymesUBA5 andUFC1 and the E3 ligaseUFL1 (10). Al-
though two speci�cUFM1-speci�c proteases have also been
identi�ed, UfSP1 and UfSP2, humans only express one
functional enzyme UfSP2 (11). The UFMylation pathway
has been demonstrated to modulate several cellular activi-
ties, including endoplasmic reticulum stress, hematopoiesis,
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fatty acid metabolism, G-protein-coupled receptor biogen-
esis and neurodevelopment, with a limited number of physi-
ological substrates identi�ed (10,12). While reversible ubiq-
uitination plays an important role in the DSB response (12–
14), post-translational modi�cation by UFM1 and its po-
tential function in the DDR is largely unknown (12).

Here, we reported that MRE11 is UFMylated on K282
and this UFMylation is required for optimal ATM activa-
tion, homologous recombination-mediated DSB repair and
genome integrity. A pathogenic mutation MRE11(G285C)
identi�ed in uterine endometrioid carcinoma exhibited a
similar cellular phenotype as the UFMylation-defective
mutant MRE11(K282R). Our �ndings demonstrated that
the UFMylation pathway and MRE11 UFMylation may
potentially serve as a therapeutic target.

MATERIALS AND METHODS

Cell culture, plasmid construction, drugs and ionizing raidia-
tion

HumanU2OS, DU145, A549 andHEK293T cells were cul-
tured at 37◦C with 5% CO2 in Dulbecco’s modi�ed Eagle’s
medium supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin.

MRE11, UFL1 and UfSP2 complementary DNA (cD-
NAs) were sub-cloned into lenti-blast-vectors (Novobio).
MRE11 cDNA was cloned into the EGFP-C1 expres-
sion vector (Clontech) and NBS1 cDNA was cloned
into the EGFP-N1 expression vector (Clontech). UFM1
cDNA with two amino acids deleted in the C-terminal
(UFM1�C2) and UfSP2 cDNA were cloned into the
pcDNA3.0-HA vector. UBA5, UFC1, UFL1 and UfBP1
cDNAs were cloned into the vector with a MYC epi-
tope. Point mutations in MRE11 and UfSP2(C302S), and
small hairpin RNA (shRNA) target site-resistant mutations
in UFL1 were generated using the Mut Express II Fast
Mutagenesis Kit V2 (Vazyme). Bacteria expressing HIS-
tagged UBA5, UFC1, UFL1, UFM1�C2 and GST-tagged
MRE11 were generated using the pET28a (Invitrogen) and
pGEX-4T-1 (GE Healthcare) systems, respectively.
Nocodazole (M1404) was purchased from Sigma;

puromycin (S7417) was purchased from Selleck; bleomycin
(H20055883) was purchased fromHisun Pfeizer; blasticidin
S HCl (R210-01) was purchased from Invitrogen.
Cells were irradiated with a Rad Source RS-2000pro X-

Ray irradiator at a dose rate of 1.67 gray (Gy)/min.

RNAi

EndogenousUFL1 expression was knocked down using the
following siRNAs: siUFL1 1#, 5′-GUUCCAACAUCGAC
AAGCA-3′; siUFL1 2#, 5′-CAGGGAGAUUAUCCCU
UGA-3′. The siRNAs were transfected into cells by lipo-
fectamine RNAiMAX (Invitrogen).

Stable cell line establishment

Endogenous UFL1 (shUFL1) or MRE11 (shMRE11)
silencing in A549, DR-U2OS or EJ5-GFP U2OS cells
was achieved by infection of shRNA lentiviral con-
structs within the pLKO.1 vector and subsequent se-
lection in puromycin. The shRNA sequences were as

follows: shUFL1, 5′-GUUCCAACAUCGACAAGCA-
3′; shMRE11, 5′-GAGCAUAACUCCAUAAGUA-3′

(15). The stably silenced cells were reconstituted with an
shRNA-resistant form of FLAG-UFL1, FLAG-MRE11,
FLAG-MRE11(K282R) or FLAG-MRE11(G285C)
through lentiviral infection and blasticidin selection. Stable
expression of FLAG-UfSP2 and FLAG-UfSP2(C302S)
in cells was also achieved by lentiviral infection and
subsequent blasticidin selection.

Immunoblotting, immunoprecipitation and immunostaining

Anti-HA (A190-208A), anti-MYC (A190-205A), anti-
UFL1 (A303-455A, A303-456A), anti-RAD50 (A300-
184A), anti-NBS1 (A300-187A) and anti-MRE11 (A300-
181A) were purchased from Bethyl. Anti-FLAG (F1804),
anti-Tubulin (T5168) and anti-Actin (A5441) were pur-
chased from Sigma. Anti-GFP (sc-9996) was purchased
from Santa Cruz. Anti-HIS (D291-3), anti-GFP (D153-3)
and anti-GST (M209-3) were purchased from MBL. Anti-
�H2AX (05-636) was purchased from Millipore.

Immunoblotting and immunoprecipitation (IP) were per-
formed as previously described (16). IP in denatured con-
ditions (Sodium dodecyl sulphate (SDS)-IP) was also per-
formed as previously described (11). Brie�y, the harvested
cells were lysed in lytic buffer (150�MTris, pH8.0, 5%SDS,
30% glycerol) at 100◦C for 5 min before digestion with ben-
zonuclease (Sigma) at room temperature for 30 min. The
lysates were centrifuged at high speed and then diluted 20×
with buffer 150 (50 mM Tris, pH 8.0, 5 mM ethylenedi-
aminetetraacetic acid, 150 mM NaCl, 0.5% nonidet P-40
(NP-40), protease inhibitor cocktail) and immunoprecipi-
tated with the appropriate antibodies.
Co-immunostaining of �H2AX and UFL1 was per-

formed as previously described (17). Brie�y, U2OS cells
were micro-irradiated with a MicroPoint System (Andor)
and sequentially �xed with 4% paraformaldehyde (PFA) at
room temperature for 10 min followed by cold methanol
at 4◦C for 20 min. A �H2AX mouse monoclonal anti-
body and rabbit UFL1 polyclonal antibodywas used for co-
immunostaining. Images were captured using a DragonFly
confocal imaging system (Andor).

Chromatin fractionation

Chromatin fractionation was performed as previously de-
scribed (18).

Protein puri�cation

Protein expression and puri�cation were performed
as previously described (19). GST-fused MRE11 and
MRE11(K282R) were ectopically expressed in BL21
cells and puri�ed using glutathione-Sepharose 4B (GE
Healthcare). HIS-UBA5, HIS-UFC1, HIS-UFL1 and
HIS-HA-UFM1�C2 were expressed in BL21 cells and
puri�ed using Ni-NTA agarose (Qiagen).

In vitro UFMylation assay

In vitro UFMylation assay was performed as previously
described (20). Brie�y, puri�ed HIS-UBA5 (0.1 �M),
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HIS-UFC1 (0.1 �M), HIS-UFL1 (0.1 �M), HIS-HA-
UFM1�C2 (0.1 �M) and GST-MRE11 (0.1 �M) were
mixed in a reaction buffer (0.05% bovine serum albumin,
50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), pH 7.5) containing 5 mM � -adenosine triphos-
phate (ATP) and 10 mM MgCl2 and incubated at 30◦C for
90min. Themixtures were then boiled in SDS sample buffer
containing 5% 2-mercaptoethanol for 10 min.

DSBs induced by micro-irradiation with a UV laser beam

U2OS or DU145 cells expressing the indicated GFP-tagged
proteins were seeded in glass-bottomed confocal dishes
(Nest). DSBs were generated using a Micropoint System
(Andor) by 365 nm pulsed nitrogen Ultraviolet (UV) laser
(16 Hz pulse, 60% output). Images were captured in real
time every 10 s under a DragonFly confocal imaging system
(Andor). The �uorescence intensity was determined with
ImageJ (NIH). The data represent the means of the at least
10 independent measurements.

HR-mediated DSB repair

HR-mediated repair of DSBs using DRU2OS cells in which
a single copy of DRGFP reporter gene has been integrated
into its genome, was performed as previously described
(21,22).

Mitotic spread analysis

Mitotic spread assays were performed as previously de-
scribed (23,24). Brie�y, A549 cells were depleted of UFL1
or MRE11 and then reconstituted with FLAG-UFL1
or FLAG-MRE11, FLAG-MRE11(K282R) or FLAG-
MRE11(G285C). The cells were then treated with 10 �M
nocodazole for 6 h before harvesting. Chromosome spreads
were prepared after treating the cells with a hypotonic so-
lution containing 56 mM potasium chloride (KCl), and
then �xed in methanol/acetic acid (volume ratio of 3:1) and
stained with Giemsa. The images were captured under a
DragonFly confocal imaging system (Andor). For each ex-
periment, >400 mitotic chromosomes were randomly se-
lected and analyzed.

Statistical analysis

Quanti�cation datawere analyzed by performing a two-way
analysis of variance (ANOVA) or a Spearman’s rank corre-
lation test. A P < 0.05 were considered statistically signi�-
cant.

RESULTS

UFL1/UfSP2 dynamically interacts with the MRN complex
in response to DNA damage

To explore whether the UFMylation pathway has a role
in the DDR, we examined whether UFMylation factors
(UFM1, UBA5, UFC1, UFL1 and UfSP2) could be en-
riched at UV laser (365 nm)-induced DNA damage stripes
in U2OS cells. Immuno�uorescence staining showed that
endogenous UFL1 co-localized with the DSB marker

�H2AXon theDNAdamage stripe (Supplementary Figure
S1A). In addition, chromatin fractionation assays uncov-
ered that both bleomycin treatment and X-ray irradiation
induced an increase of UFL1 in the chromatin-enriched
fraction in U2OS cells (Supplementary Figure S1B). These
results prompted us to perform a candidate screen for po-
tential interactions between UFL1 and DDR factors. Here,
we found that endogenous MRE11, RAD50 and NBS1
were present in the endogenous UFL1 immunocomplex
(Figure 1A) and that these interactions peaked at 30 min
and returned to the basal levels 60 min after bleomycin
treatment (Figure 1A). A similar interaction pattern was
observed for the epitope-taggedMRE11 orNBS1withHA-
UFL1 (Figure 1B and C). We also found that X-ray irradi-
ation (5 Gy) induced the interaction between GFP-MRE11
and HA-UFL1 and this interaction peaked at 15 min and
returned to basal levels 40 min after irradiation (Supple-
mentary Figure S2A). Further co-IP assays revealed that
GFP-MRE11 and FLAG-NBS1 were present in the im-
munocomplex of HA-UfSP2 in HEK293T cells and these
co-IPs diminished upon bleomycin treatment (Figure 1D
and E) or 5-Gy ionizing radiation (IR) (Supplementary
Figure S2B and data not shown). These results revealed
that UFL1/UfSP2 physically interact with the MRN com-
plex and that these interactions are dynamically modulated
by DNA damage, implying a functional interplay between
UFMylation pathway and the MRN complex.

UFMylation promotes MRN complex formation under un-
perturbed conditions and MRE11/NBS1 recruitment to the
DNA damage stripes

We next explored whether UFMylation impacts on MRN
function. Indeed, inhibition of UFL1 expression with two
independent siRNAs led to a reduction of the endogenous
level of MRE11 or NBS1 present in the RAD50 immuno-
complex under unperturbed conditions (Figure 2A). Simi-
larly, expression of HA-UfSP2, but not the catalytically in-
active mutant HA-UfSP2(C302S), reduced the interaction
between MRE11 or NBS1 and RAD50 (Figure 2B). These
data indicated that UFMylation is required for MRN com-
plex formation under physiological conditions.
Given that theMRN complex binds to DSB and initiates

the DSB end processing prior to repair (25), we examined
the impact of UFMylation on the recruitment of the com-
plex to the DNA damage sites. To this end, we transiently
expressed GFP-MRE11 or NBS1-GFP in U2OS cells de-
pleted of UFL1 by siRNA. These transfectants were irra-
diated by a UV laser beam (wavelength of 365 nm) and
the recruitment kinetics of GFP-MRE11 and NBS1-GFP
were monitored live every 10 s up to 10 min. It was found
that inhibition of UFL1 expression compromised the ini-
tial recruitment, but not retention, of GFP-MRE11 (Fig-
ure 3A and B) andNBS1-GFP (Supplementary Figure S3A
and B) onto the UV laser irradiation-induced DNA dam-
age stripes. A similar effect was observed upon HA-UfSP2,
but not HA-UfSP2(C302S) expression, on GFP-MRE11
(Figure 3C and D) and NBS1-GFP (Supplementary Fig-
ure S3C and D) recruitment. These �ndings demonstrated
that UFMylation ensures timely recruitment of the MRN
complex to the DNA damage sites.
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Figure 1. UFL1/UfSP2 dynamically interacts with the MRN complex in
response to DNA damage. (A) DSB-induced interaction between UFL1
and the MRN complex. HEK293T cells were treated with 10 �g/ml
bleomycin and harvested at the indicated time points. Total cell lysates were
subjected to IP followed by immunoblotting with the indicated antibod-
ies. (B) The interaction between UFL1 and MRE11 peaked 30 min after
bleomycin treatment. HEK293T cells co-expressing HA-UFL1 and GFP-
MRE11were treated with 10�g/ml bleomycin at the indicated time points.
Total cell lysates were harvested and subjected to IP and immunoblotting
with the indicated antibodies. (C) The interaction between HA-UFL1 and
FLAG-NBS1 peaked at 30 min after bleomycin treatment. HEK293T cells
co-expressing HA-UFL1 and FLAG-NBS1 were treated with 10 �g/ml
bleomycin. Total cell lysates were harvested at the indicated times and sub-
jected to IP and immunoblotting with the indicated antibodies. (D and
E) DNA damage disrupted the interaction between HA-UfSP2 and GFP-
MRE11 or FLAG-NBS1. HEK293T cells co-expressing HA-UfSP2 and
GFP-MRE11 or FLAG-NBS1 were treated with 10 �g/ml bleomycin. To-
tal cell lysates were harvested at different times as indicated, and subjected
to IP and immunoblotting with the indicated antibodies. Abbreviations:
bleo, bleomycin; IB, immunoblot; IP, immunoprecipitation.

We then sought to compare the recruitment kinetics of
UFL1 to those of MRE11. Although we were able to
observe endogenous UFL1 enrichment on the UV laser-
inducedDNAdamage stripes (SupplementaryFigure S1A),
we failed to detect GFP-UFL1 or UFL1-GFP recruitment
to the DNA damage stripes (data not shown). We thus
turned to examine focus formation of endogenous UFL1.

Figure 2. UFMylation promotes MRN complex formation under unper-
turbed conditions. (A) UFL1 depletion decreased MRN complex forma-
tion. Total lysates derived from HEK293T cells transfected with UFL1
(siUFL1 1# and 2#) or control (siCTR) siRNAswere immunoprecipitated
with RAD50 or NBS1 antibodies. The precipitates were probed with the
indicated antibodies. (B) Over-expression of UfSP2 compromised MRN
complex formation. Total lysates derived from HEK293T cells overex-
pressing HA-VEC, HA-UfSP2 or HA-UfSP2(C302S) were subjected to
IP and immunoblotting with the indicated antibodies. Abbreviations: bleo,
bleomycin; IB, immunoblot; IP, immunoprecipitation; siCTR, small in-
terfering RNA control.

We found that 5-Gy IR inducedUFL1 focus formation, and
the number ofUFL1 foci that co-localizedwith �H2AXper
cell peaked at 10 min after IR (Supplementary Figure S4A),
while the number of MRE11 foci that co-localized with
�H2AX per cell steadily increased up to 1 h after IR (Sup-
plementary Figure S4B and C). Although DNA damage-
induced initial recruitment of MRE11 to the DNA dam-
age stripes is UFL1-depednent (Figure 3 and Supplemen-
tary Figure S3), it is still not conclusive if UFL1 is recruited
to the DNA damage site earlier than the MRN complex.
Nevertheless, our data indicate that UFL1 is enriched tran-
siently at the damage site at the early stage of DDR.
We further explored whether MRE11 confers a feed-

back regulation of UFL1 recruitment to the DNA dam-
age site. To this end, A549 cells with mock knockdown
or stable MRE11 knockdown with or without reconstitu-
tion of wild-type FLAG-MRE11 were irradiated by 5-Gy
IR. It was found that inhibition of MRE11 expression by
shRNA reduced the number of UFL1 foci per cell that
co-localized with �H2AX to about 1/3 and this reduction
was almost fully restored upon re-expressing an shRNA-
resistant FLAG-MRE11 (Supplementary Figure S5). To-
gether, these data demonstrated thatDNAdamage-induced
recruitment of UFL1 and theMRN complex to the damage
site is inter-dependent.
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Figure 3. UFMylation promotes MRE11 recruitment to the DNA dam-
age stripes. (A and B) UFL1 depletion decreased the initial recruitment
of MRE11 to DNA damage stripes. UFL1-depleted (siUFL1) or mock
(siCTR)-depletedDU145 cells transiently expressedGFP-MRE11. (C and
D) UfSP2 over-expression decreased MRE11 initial recruitment to DNA
damage stripes. DU145 cells were co-transfected with an HA vector, HA-
UfSP2 or HA-UfSP2(C302S) and GFP-MRE11 at a molar ratio of 10:1.
GFP-positive cells were micro-irradiated with a UV laser (365 nm) and
consecutive images were collected at 10-s interval for 10 min. Representa-
tive images ofGFP-MRE11 recruitment are shown inA andC, and the sta-
tistical analysis of recruitment dynamics with the Spearman’s rank-order
correlation test is shown in B and D.

Defective UFMylation compromises ATM activation upon
DNA damage

TheMRN complex directly activates the ATM kinase in re-
sponse to DSBs (1–3). We therefore reasoned that UFMy-

Figure 4. Defective UFMylation compromises optimal ATM activation
upon DNA damage. (A and B) Inhibition of UFL1 expression compro-
mised optimal activation ofATMuponDNAdamage. A549 cells that were
mock depleted (shCTR), UFL1 depleted (shUFL1) or UFL1 depleted,
and then rescued with an shUFL1-resistant form of UFL1 (shUFL1-res)
were treated with 10 �g/ml bleomycin (A) or irradiated with 5-Gy IR
(B). Total cell lysates were harvested at different times after treatment
and subjected to immunoblotting with the indicated antibodies. (C) Over-
expression of UfSP2 compromised optimal activation of ATMuponDNA
damage. A549 cells expressing FLAG-VEC, FLAG-UfSP2 or FLAG-
UfSP2(C302S) were treated with 10 �g/ml bleomycin. Total cell lysates
were harvested and subjected to immunoblotting with the indicated anti-
bodies.

lation could be important for DNA damage-induced ATM
activation. To this end, we used a gene-speci�c shRNA to
inhibit UFL1 expression and found that UFL1 depletion
reduced ATM S1981 phosphorylation levels at early time
points following bleomycin treatment or 5-Gy IR. This re-
duction was restored upon re-expression of an shRNA-
resistant UFL1 (Figure 4A and B). Conversely, expression
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of FLAG-UfSP2, but not FLAG-UfSP2(C302S), reduced
bleomycin-induced ATM phosphorylation levels at all time
points (Figure 4C). Taken together, these results demon-
strate that UFMylation ensures optimal activation of the
ATM kinase in response to DSBs, probably through pro-
moting the timely recruitment of the MRN complex to the
DNA damage sites.

MRE11 is UFMylated and this UFMylation transiently in-
creases after DSB induction

Because UFL1 physically interacts with the MRN complex
and UFMylation promotes enrichment at DSBs (Figures
1–4), we speculated that theMRN complex or its subunit(s)
could be targeted for UFM1modi�cation. To ensure break-
down of non-covalent conjugations to the target protein, we
�rst extracted total cell lysates in 5% SDS-containing lysis
buffer fromHEK293T cells expressing the UFMylation en-
zymes along with GFP-MRE11 and HA-UFM1. The sam-
ples were boiled for 5 min before immunoprecipitating with
an anti-GFP antibody. Immunoblotting with an anti-HA
antibody revealed a slower migration form of MRE11, ∼20
kDa heavier than the predicted molecular weight of GFP-
MRE11 (Figure 5A), suggestive of a covalent UFM1 mod-
i�cation. It was noted that MRE11 UFMylation peaked at
30 min and returned to basal levels 60 min after bleomycin
treatment (Figure 5A and B). It was also noted thatMRE11
UFMylation peaked at 15 min and returned to basal lev-
els 40 min after 5-Gy IR (Figure 5C). These �ndings are
consistent with the interaction kinetics between UFL1 and
the MRN complex (Figure 1 and Supplementary Figure
S2). Furthermore, hydrogen peroxide treatment at a �nal
concentration of 4 mM in HEK293T cells for 10, 30 or
60 min did not lead to any obvious increase in MRE11
UFMylation (data not shown). Chromatin fractionation as-
says revealed that MRE11 UFMylation mainly occurred
in the chromatin-enriched fraction (Figure 5D). Under the
same conditions, we found that FLAG-MRE11, but not
NBS1-FLAG, was UFMylated (Figure 5E). We next stud-
iedwhetherMRE11 could beUFMylated in vitro.We found
that bacterially produced GST-MRE11 could pull down
bacterially produced HIS-UFL1 (Figure 5F), indicating a
direct interaction between MRE11 and UFL1. In vitro,
UFMylation assays demonstrated that GST-MRE11 was
UFMylated (Figure 5G). In sum, these results demonstrate
thatMRE11 is UFMylated both in vivo and in vitro and this
UFMylation transiently increases mainly upon DSB induc-
tion.

K282 is the essential UFMylation site in MRE11

Tomap the essential residue(s) forMRE11UFMylation, we
generated �ve deletion mutants in the context of full-length
MRE11.We found that three deletionmutants spanning the
�rst 430 amino acids of MRE11 resulted in an obvious re-
duction of UFMylation, indicating that potential UFMy-
lation site(s) resided in the N terminus of MRE11 (Figure
6A).UFMylation assays of individualKRmutants revealed
that the K282R mutation completely abolished MRE11
UFMylation in vitro (Figure 5G), while MRE11(K282R)
UFMylation levels were diminished in vivo (Figure 6B).

A Cancer Genome Atlas (TCGA) database search failed
to identify any MRE11 mutations at K282; however, mu-
tation of a surrounding residue (G285C) was found in
uterine endometrioid carcinoma. In vivo, UFMylation as-
says uncovered that, while wild-type MRE11 was properly
UFMylated, the UFMylation levels of MRE11(G285C)
were markedly diminished to a similar level as the K282R
mutant (Figure 6C). Taken together, these data reveal that
MRE11 is UFMylated at K282 and a pathogenic mutation
MRE11(G285C) compromises MRE11 UFMylation.

Defective MRE11 UFMylation impairs MRN complex for-
mation and DNA damage-induced ATM activation

We then sought to determine the function of MRE11
UFMylation in physiological conditions and in the DDR.
We found that lower levels of endogenous RAD50 and
NBS1 were present in the FLAG-MRE11(K282R) or
FLAG-MRE11(G285C) immunocomplex compared to the
FLAG-MRE11 immunocomplex (Figure 7A and B), indi-
cating that MRE11 UFMylation facilitates ef�cient MRN
complex formation. Furthermore, we found that bothGFP-
MRE11(K282R) and GFP-MRE11(G285C) almost lost
their capacity to localize to and maintain on UV laser
irradiation-induced DNA damage stripes (Figure 7C and
D). Lastly, inhibiting MRE11 expression in A549 cells
slowed down ATM activation dynamics in response to
bleomycin treatment (Figure 7E) or 5-Gy IR (Supplemen-
tary Figure S6); lentiviral-mediated re-expression of wild-
type MRE11, but not the UFMylation-defective mutant
MRE11(K282R) or MRE11(G285C), restored ATM acti-
vation (Figure 7E and Supplementary Figure S6). Taken
together, these results reveal thatMRE11UFMylation pro-
motes MRN complex formation under unperturbed condi-
tions and ATM activation in response to DSB damage.

MRE11 UFMylation promotes HR-medicated DSB repair
and genome stability

Finally, we explored whether defective UFMylation results
in genome instability. Clonogenic survival assays in A549
cells revealed that shRNA-mediated UFL1 inhibition sen-
sitized cancer cells to bleomycin treatment (Figure 8A)
and mitotic spread assays showed that UFL1 depletion re-
sulted in an increase of aberrant mitotic chromosomes (Fig-
ure 8B and C), while re-expression of a shRNA-resistant
form of UFL1 rescued this defect (Figure 8A–C). Recipro-
cally, stable expression of UfSP2, but not UfSP2(C302S),
decreased cell viability after bleomycin treatment (Fig-
ure 8D). As expected, given that K282 is the essential
site of MRE11 UFMylation, we found that MRE11 de-
pletion sensitized cells to bleomycin treatment, while re-
expression of wild-type MRE11 rescued this phenotype,
whereas re-expression of the MRE11(K282R) UFMyla-
tion defective mutant resulted in a similar level of sensitiv-
ity to bleomycin treatment as MRE11-depleted cells (Fig-
ure 8E). Furthermore, inhibiting MRE11 expression re-
sulted in defective HR-mediated DSB repair (Figure 8F),
while moderately promoting non-homologous end joining
(NHEJ)-mediated DSB repair probably due to defective
HR (Figure 8G) and aberrant mitotic chromosomes (Fig-
ure 8H and I); re-expression of wild-type MRE11 rescued
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Figure 5. MRE11 is UFMylated and this UFMylation transiently increases after DSB induction. (A) MRE11 is UFMylated in vivo. HEK293T cells co-
expressing UFMylation factors (UBA5, UFC1, UFL1, UfBP1, HA-UFM1�C2) and GFP-MRE11 were lysed in 5% SDS-containing buffer. Total cell
lysates were boiled for 5min before IP and immunoblotting with the indicated antibodies. (B andC)MRE11UFMylation is induced byDSBs. Experiments
were performed as described in A except that HEK293T transfectants were treated with 10 �g/ml bleomycin (B) or 5-Gy IR (C) and total cell lysates were
harvested at different time-points post-treatment. (D) UFMylatedMRE11 is enriched on chromatin. Chromatin fractionation assays were performed with
HEK293T cells co-expressing theUFMylation factors (UBA5,UFC1,UFL1,UfBP1,HA-UFM1�C2) andGFP-MRE11. Both the cytosolic fraction (SF)
and chromatin-enriched fraction (CF) were subjected to IP with an anti-GFP antibody and immunoblotting with the indicated antibodies. (E) UFMylation
of NBS1 was undetected. HEK293T cells co-expressing the UFMylation factors (UBA5, UFC1, UFL1, UfBP1, HA-UFM1�C2) and FLAG-MRE11 or
FLAG-NBS1 were lysed in 5% SDS-containing buffer. Total cell lysates were boiled for 5 min before IP and immunoblotting with the indicated antibodies.
(F) MRE11 directly interacted with UFL1 in vitro. Bacterially produced GST or GST-MRE11 was used to pull down bacterially produced HIS-UFL1. (G)
MRE11 is UFMylated in vitro. Recombinant UFMylation factors (HIS-UBA5, HIS-UFC1, HIS-UFL1 and HIS-HA-UFM1�C2) with bacterially pro-
duced GST, GST-MRE11 or GST-MRE11(K282R) were incubated in UFMylation buffer at 30◦C for 90 min. The reaction was terminated by adding SDS
sample buffer and the samples were subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by immunoblotting
with the indicated antibodies.
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Figure 6. K282 is the essential UFMylation site inMRE11. (A) Mapping the essential regions forMRE11UFMylation. A series of deletion mutants in the
context of full-length MRE11 were generated as indicated. The mutants or the control plasmids were co-transfected with the UFMylation factors (UBA5,
UFC1, UFL1, UfBP1, HA-UFM1�C2) into HEK293T cells. Experiments were performed as described in 5A but using these deletion mutants. (B) K282
is the major UFMylation site for MRE11. HEK293T cells co-expressing the UFMylation factors (UBA5, UFC1, UFL1, UfBP1, HA-UFM1�C2) and
GFP-MRE11 or GFP-MRE11(K282R) were lysed in 5% SDS-containing buffer. Total cell lysates were boiled for 5 min before IP and immunoblotting
with the indicated antibodies. (C) The pathogenic mutant MRE11(G285C) exhibited defective UFMylation. Experiments were performed as described in
B except that GFP-MRE11(G285C) was also included.

this defect, whereas re-expression of MRE11(K282R) or
MRE11(G285C) failed to do so (Figure 8F–I). The bio-
logical signi�cance of MRE11 we observed here is consis-
tent with earlier reports (26,27). Taken together, these re-
sults demonstrate thatMRE11UFMylation promotes HR-
mediated DSB repair and chromosome stability.

DISCUSSION

UFMylation has been linked to several cellular processes
(28–32). Ampli�cation, deletion or mutation of genes en-
coding the UFMylation factors (UBA5, UFC1, UFL1,
UfSP2 and UFM1) has been detected in malignant tumors
from various tissues and organs in the TCGA database
(10,12), indicating that UFMylation may promote or sup-
press tumorigenesis in different cellular contexts. Thus far,
the detailed mechanisms underlying UFMylation behavior
during genome integrity maintenance have been largely un-
known. Here, we uncover that UFMylation promotes opti-
mal activation of the ATM kinase, which subsequently con-
tributes to the maintenance of chromosome stability.

ATM kinase is the master regulator of the DDR cas-
cades and is thus subjected to delicate, multi-layered regula-
tion (4,5,33). Once DNA damage occurs, ATM autophos-
phorylates to convert from an inactive dimer to an active
monomer; it then phosphorylates a large number of func-
tional substrates involved in cell-cycle checkpoints, DNA
repair and various other cellular processes that ensure opti-
mal ef�cacy of the signaling cascades (6,34,35). In the con-
text of DSBs, the presence of both the MRN complex and
processed DNA ends is essential to activate the ATM ki-
nase (1–3,36). TheMRN complex binds to DNA and forms
stable complexes with the brokenDNA ends throughmulti-
ple interfaces, which unmask a normally inaccessible DNA-
binding surface on ATM (37,38). Consequently, ATM is
recruited to the DNA break sites where it is suf�ciently
active. In our study, we found that DSB-induced optimal
ATM activation requires MRE11 UFMylation (Figures 4
and 7E). We showed that, following DNA damage, MRE11
is UFMylated at K282 both in vitro and in vivo (Figures
5G and 6B). Furthermore, UFMylated MRE11 is required
for MRN complex assembly, and DNA damage-induced
UFMylation ofMRE11 facilitates recruitment of theMRN
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Figure 7. DefectiveMRE11UFMylation impairsMRN complex formation andDNA damage-induced ATM activation. (A and B) UFMylation-defective
mutants compromised formation of theMRN complex. Total cell lysates derived fromHEK293T cells expressing a FLAG vector, FLAG-MRE11, FLAG-
MRE11(K282R) or FLAG-MRE11(G285C) were subjected to IP with an anti-FLAG antibody and immunoblotting with the indicated antibodies. (C and
D) UFMylation-defective mutants compromised recruitment of UFMylation-defective mutants to DNA damage stripes. U2OS cells transiently expressed
GFP-MRE11,GFP-MRE11(K282R) orGFP-MRE11(G285C).GFP-positive cells weremicro-irradiatedwith aUV laser (365 nm) and consecutive images
were captured at 10-s interval for 10 min. Representative images of GFP-MRE11 recruitment are shown in C, and the statistical analysis of recruitment dy-
namics with the Spearman’s rank-order correlation test is shown in (D). (E) UFMylation-defective mutants compromised DNA damage-induced ATM ac-
tivation. A549 cells stably expressing shCTR or shMRE11 were re-introduced with FLAG-MRE11, FLAG-MRE11(K282R) or FLAG-MRE11(G285C).
The cells were treated with 10 �g/ml bleomycin for 15 or 30 min. Total cell lysates were harvested and analyzed by SDS-PAGE and immunoblotting with
the indicated antibodies.
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Figure 8. MRE11UFMylation promotes HR-medicated DSB repair and genome stability. (A) Depletion of UFL1-sensitized cells to bleomycin treatment.
A549 cells stably expressing shCTR, shUFL1 or shUFL1 reconstituted with an shUFL1-resistant form of FLAG-UFL1 were treated with increasing
concentrations of bleomycin, as indicated. The surviving colonies were analyzed after 10 days. (B and C) Depletion of UFL1 resulted in aberrant mitotic
chromosomes. The cells generated in A were used for mitotic spread preparation, and >400 mitotic chromosomes per type of manipulated cells were ana-
lyzed. Representative images of mitotic spreads are shown in B, while the quantitative analysis is shown in (C). (D) Overexpression of UfSP2 sensitized cells
to bleomycin treatment. A549 cells stably expressing a FLAG vector, FLAG-UfSP2 or FLAG-UfSP2(C302S) were treated with increasing concentrations
of bleomycin, as indicated. The surviving colonies were analyzed after 10 days. (E)MRE11(K282R) failed to rescueMRE11-depletion-induced cellular sen-
sitivity to bleomycin treatment. A549 cells stably expressing shCTR, shMRE11, shMRE11 reconstituted with FLAG-MRE11 or FLAG-MRE11(K282R)
were treated with increasing concentrations of bleomycin, as indicated. The surviving colonies were analyzed after 10 days. (F) Defective MRE11 UFMy-
lation compromised HR-mediated DSB repair. DRU2OS cells, in which a DR-GFP reporter cassette is integrated, stably expressing shCTR, shMRE11 or
shMRE11 reconstituted with FLAG-MRE11, FLAG-MRE11(K282R) or FLAG-MRE11(G285C). HR assays were performed in triplicate. (G) Defective
MRE11 UFMylation promoted NHEJ-mediated DSB repair. U2OS cells, in which an EJ5-GFP reporter cassette is integrated, stably expressing shCTR,
shMRE11 or shMRE11 reconstituted with FLAG-MRE11, FLAG-MRE11(K282R) or FLAG-MRE11(G285C). NHEJ assays were performed in tripli-
cate. (H and I) DefectiveMRE11UFMylation contributed to aberrant mitotic chromosomes. A549 cells stably expressing shCTR, shMRE11 or shMRE11
reconstituted with FLAG-MRE11, FLAG-MRE11(K282R) or FLAG-MRE11(G285C) and then subjected to mitotic spread preparation; >400 mitotic
chromosomes per type of manipulated cells were analyzed. All data were derived from three independent experiments. Representative images of mitotic
spreads are shown in H, while the quantitative analysis is shown in I. A two-way ANOVA was performed to determine statistical signi�cance. *: p<0.05;
**: p<0.01; ***: p<0.001.
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complex to the DNA damage site. This process helps relieve
ATM kinase auto-inhibition at DSBs, thus promoting sub-
sequent HR-mediated DSB repair and chromosome stabil-
ity. In sum, our data provide a novel mechanism of ATM
activation through MRE11 UFMylation.
The initial discovery that ATM was functionally con-

nected to the MRN complex stemmed from the observa-
tion that patients with a rare clinical phenotype similar to
that observed in patients with A-T-like disorder (ATLD)
have mutations in MRE11 (39). In addition, MRE11 mu-
tations were detected in various tumors, but the underly-
ing pathologic mechanisms were unclear (38,40,41). Some
components of the UFMylation cascade were also reported
to be dysfunctional in several types of cancers (10,42–44),
but the UFMylation substrates and the involved signal-
ing pathway remain unidenti�ed. Here, we showed that a
pathogenic MRE11(G285C) mutation detected in uterine
endometrioid carcinoma (TCGAdatabase) exhibited a sim-
ilar cellular phenotype with the UFMylation-defective mu-
tant MRE11(K282R) (Figures 7 and 8), suggesting that the
role of the MRE11 UFMylation is closely associated with
tumorigenesis. In summary, our �nding implies that target-
ing the UFMylation cascade may be a novel and promising
therapeutic strategy for certain cancer types.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

The authors would like to thank all members of the Xu lab-
oratory for their help and useful discussions.
Author contributions: X.X. and Z.W. conceived and de-
signed experiments, Z.W., Y.G., B.P., R.S., D.F., H.Z., M.Z.
and H.Z. performed experiments. Y-S.C., Z.L., J.Z. and W-
G.Z. provided essential reagents and contributed to the idea
that UFMylationmay play an important role in DNAdam-
age repair. Z.W., H.Z., Z.L., J.Z., Y-S.C. and X.X. wrote
the paper and all the authors participated in editing the
manuscript.

FUNDING

National Natural Science Foundation of China (NSFC)
grants [31761133012, 31530016, 81772820]; 973 projects
[2017YFA0503900, 2015CB910601]; Shenzhen Sci-
ence and Technology Innovation Commission project
[JCYJ20170412113009742]; China Postdoctoral Science
Foundation [2018M633143]. Funding for open access
charge: Shenzhen Science and Technology Innovation
Commission JCYJ20170412113009742.
Con�ict of interest statement.None declared.

REFERENCES

1. Lee,J.H. and Paull,T.T. (2004) Direct activation of the ATM protein
kinase by the Mre11/Rad50/Nbs1 complex. Science, 304, 93–96.

2. Lee,J.H. and Paull,T.T. (2005) ATM activation by DNA
double-strand breaks through the Mre11-Rad50-Nbs1 complex.
Science, 308, 551–554.

3. Lee,J.H. and Paull,T.T. (2007) Activation and regulation of ATM
kinase activity in response to DNA double-strand breaks. Oncogene,
26, 7741–7748.

4. Bakkenist,C.J. and Kastan,M.B. (2003) DNA damage activates ATM
through intermolecular autophosphorylation and dimer dissociation.
Nature, 421, 499–506.

5. Sun,Y., Jiang,X., Chen,S., Fernandes,N. and Price,B.D. (2005) A role
for the Tip60 histone acetyltransferase in the acetylation and
activation of ATM. Proc. Natl. Acad. Sci. U.S.A., 102, 13182–13187.

6. Shiloh,Y. and Ziv,Y. (2013) The ATM protein kinase: regulating the
cellular response to genotoxic stress, and more. Nat. Rev. Mol. Cell
Biol., 14, 197–210.

7. Herhaus,L. and Dikic,I. (2015) Expanding the ubiquitin code
through post-translational modi�cation. EMBO Rep., 16, 1071–1083.

8. Hochstrasser,M. (2009) Origin and function of ubiquitin-like
proteins. Nature, 458, 422–429.

9. Komatsu,M., Chiba,T., Tatsumi,K., Iemura,S., Tanida,I.,
Okazaki,N., Ueno,T., Kominami,E., Natsume,T. and Tanaka,K.
(2004) A novel protein-conjugating system for Ufm1, a ubiquitin-fold
modi�er. EMBO J., 23, 1977–1986.

10. Wei,Y. and Xu,X. (2016) UFMylation: a unique & fashionable
modi�cation for life. Genomics Proteomics Bioinformatics, 14,
140–146.

11. Yoo,H.M., Kang,S.H., Kim,J.Y., Lee,J.E., Seong,M.W., Lee,S.W.,
Ka,S.H., Sou,Y.S., Komatsu,M., Tanaka,K. et al. (2014) Modi�cation
of ASC1 by UFM1 is crucial for ERalpha transactivation and breast
cancer development.Mol. Cell, 56, 261–274.

12. Wang,Z., Zhu,W.G. and Xu,X. (2017) Ubiquitin-like modi�cations in
the DNA damage response.Mutat. Res., 803–805, 56–75.

13. Garcia-Rodriguez,N., Wong,R.P. and Ulrich,H.D. (2016) Functions
of ubiquitin and SUMO in DNA replication and replication stress.
Front. Genet., 7, 87.

14. Cappadocia,L. and Lima,C.D. (2018) Ubiquitin-like protein
conjugation: structures, chemistry, and mechanism. Chem. Rev., 118,
889–918.

15. Adams,K.E., Medhurst,A.L., Dart,D.A. and Lakin,N.D. (2006)
Recruitment of ATR to sites of ionising radiation-induced DNA
damage requires ATM and components of the MRN protein
complex. Oncogene, 25, 3894–3904.

16. Wang,H., Qiu,Z., Liu,B., Wu,Y., Ren,J., Liu,Y., Zhao,Y., Wang,Y.,
Hao,S., Li,Z. et al. (2018) PLK1 targets CtIP to promote
microhomology-mediated end joining. Nucleic Acids Res., 46,
10724–10739.

17. Wang,H., Shao,Z., Shi,L.Z., Hwang,P.Y., Truong,L.N., Berns,M.W.,
Chen,D.J. and Wu,X. (2012) CtIP protein dimerization is critical for
its recruitment to chromosomal DNA double-stranded breaks. J.
Biol. Chem., 287, 21471–21480.

18. Xu,X. and Stern,D.F. (2003) NFBD1/KIAA0170 is a
chromatin-associated protein involved in DNA damage signaling
pathways. J. Biol. Chem., 278, 8795–8803.

19. Wang,Z., Huang,M., Ma,X., Li,H., Tang,T. and Guo,C. (2016)
REV1 promotes PCNA monoubiquitylation through interacting with
ubiquitylated RAD18. J. Cell Sci., 129, 1223–1233.

20. Tatsumi,K., Sou,Y.S., Tada,N., Nakamura,E., Iemura,S.,
Natsume,T., Kang,S.H., Chung,C.H., Kasahara,M., Kominami,E.
et al. (2010) A novel type of E3 ligase for the Ufm1 conjugation
system. J. Biol. Chem., 285, 5417–5427.

21. Pierce,A.J., Johnson,R.D., Thompson,L.H. and Jasin,M. (1999)
XRCC3 promotes homology-directed repair of DNA damage in
mammalian cells. Genes Dev., 13, 2633–2638.

22. Zhong,J., Liao,J., Liu,X., Wang,P., Liu,J., Hou,W., Zhu,B., Yao,L.,
Wang,J., Li,J. et al. (2011) Protein phosphatase PP6 is required for
homology-directed repair of DNA double-strand breaks. Cell Cycle,
10, 1411–1419.

23. Attwooll,C.L., Akpinar,M. and Petrini,J.H. (2009) The mre11
complex and the response to dysfunctional telomeres.Mol. Cell Biol.,
29, 5540–5551.

24. Zhu,M., Zhao,H., Liao,J. and Xu,X. (2014) HERC2/USP20
coordinates CHK1 activation by modulating CLASPIN stability.
Nucleic Acids Res., 42, 13074–13081.

25. Lavin,M.F., Kozlov,S., Gatei,M. and Kijas,A.W. (2015)
ATM-dependent phosphorylation of all three members of the MRN
complex: from sensor to adaptor. Biomolecules, 5, 2877–2902.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

rtic
le

/4
7
/8

/4
1
2
4
/5

3
4
5
1
4
9
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkz110#supplementary-data


Nucleic Acids Research, 2019, Vol. 47, No. 8 4135

26. Paull,T.T. (2018) 20 years of Mre11 biology: no end in sight.Mol.
Cell, 71, 419–427.

27. Shibata,A., Moiani,D., Arvai,A.S., Perry,J., Harding,S.M.,
Genois,M.M., Maity,R., van Rossum-Fikkert,S., Kertokalio,A.,
Romoli,F. et al. (2014) DNA double-strand break repair pathway
choice is directed by distinct MRE11 nuclease activities.Mol. Cell,
53, 7–18.

28. Azfer,A., Niu,J., Rogers,L.M., Adamski,F.M. and Kolattukudy,P.E.
(2006) Activation of endoplasmic reticulum stress response during the
development of ischemic heart disease. Am. J. Physiol. Heart Circ.
Physiol., 291, H1411–H1420.

29. Liu,J., Wang,Y., Song,L., Zeng,L., Yi,W., Liu,T., Chen,H., Wang,M.,
Ju,Z. and Cong,Y.S. (2017) A critical role of DDRGK1 in
endoplasmic reticulum homoeostasis via regulation of IRE1alpha
stability. Nat. Commun., 8, 14186.

30. Cai,Y., Pi,W., Sivaprakasam,S., Zhu,X., Zhang,M., Chen,J.,
Makala,L., Lu,C., Wu,J., Teng,Y. et al. (2015) UFBP1, a key
component of the Ufm1 conjugation system, is essential for
Ufmylation-Mediated regulation of erythroid development. PLoS
Genet., 11, e1005643.

31. Tatsumi,K., Yamamoto-Mukai,H., Shimizu,R., Waguri,S., Sou,Y.S.,
Sakamoto,A., Taya,C., Shitara,H., Hara,T., Chung,C.H. et al. (2011)
The Ufm1-activating enzyme Uba5 is indispensable for erythroid
differentiation in mice. Nat. Commun., 2, 181.

32. Zhang,M., Zhu,X., Zhang,Y., Cai,Y., Chen,J., Sivaprakasam,S.,
Gurav,A., Pi,W., Makala,L., Wu,J. et al. (2015) RCAD/U�1, a Ufm1
E3 ligase, is essential for hematopoietic stem cell function and murine
hematopoiesis. Cell Death Differ., 22, 1922–1934.

33. Li,Z., Li,Y., Tang,M., Peng,B., Lu,X., Yang,Q., Zhu,Q., Hou,T.,
Li,M., Liu,C. et al. (2018) Destabilization of linker histone H1.2 is
essential for ATM activation and DNA damage repair. Cell Res., 28,
756–770.

34. Matsuoka,S., Ballif,B.A., Smogorzewska,A., McDonald,E.R. 3rd,
Hurov,K.E., Luo,J., Bakalarski,C.E., Zhao,Z., Solimini,N.,
Lerenthal,Y. et al. (2007) ATM and ATR substrate analysis reveals
extensive protein networks responsive to DNA damage. Science, 316,
1160–1166.

35. Bensimon,A., Schmidt,A., Ziv,Y., Elkon,R., Wang,S.Y., Chen,D.J.,
Aebersold,R. and Shiloh,Y. (2010) ATM-dependent and

-independent dynamics of the nuclear phosphoproteome after DNA
damage. Sci. Signal., 3, rs3.

36. Shiotani,B. and Zou,L. (2009) Single-stranded DNA orchestrates an
ATM-to-ATR switch at DNA breaks.Mol. Cell, 33, 547–558.

37. Lee,J.H., Ghirlando,R., Bhaskara,V., Hoffmeyer,M.R., Gu,J. and
Paull,T.T. (2003) Regulation of Mre11/Rad50 by Nbs1: effects on
nucleotide-dependent DNA binding and association with
ataxia-telangiectasia-like disorder mutant complexes. J. Biol. Chem.,
278, 45171–45181.

38. Deshpande,R.A., Williams,G.J., Limbo,O., Williams,R.S.,
Kuhnlein,J., Lee,J.H., Classen,S., Guenther,G., Russell,P., Tainer,J.A.
et al. (2014) ATP-driven Rad50 conformations regulate DNA
tethering, end resection, and ATM checkpoint signaling. EMBO J.,
33, 482–500.

39. Stewart,G.S., Maser,R.S., Stankovic,T., Bressan,D.A., Kaplan,M.I.,
Jaspers,N.G., Raams,A., Byrd,P.J., Petrini,J.H. and Taylor,A.M.
(1999) The DNA double-strand break repair gene hMRE11 is
mutated in individuals with an ataxia-telangiectasia-like disorder.
Cell, 99, 577–587.

40. Alemayehu,A. and Fridrichova,I. (2007) The MRE11/RAD50/NBS1
complex destabilization in Lynch-syndrome patients. Eur. J. Hum.
Genet., 15, 922–929.

41. Paull,T.T. (2015) Mechanisms of ATM activation. Annu. Rev.
Biochem., 84, 711–738.

42. Di Rocco,M., Rusmini,M., Caroli,F., Madeo,A., Bertamino,M.,
Marre-Brunenghi,G. and Ceccherini,I. (2018) Novel
spondyloepimetaphyseal dysplasia due to UFSP2 gene mutation.
Clin. Genet., 93, 671–674.

43. Mignon-Ravix,C., Milh,M., Kaiser,C.S., Daniel,J., Riccardi,F.,
Cacciagli,P., Nagara,M., Busa,T., Liebau,E. and Villard,L. (2018)
Abnormal function of the UBA5 protein in a case of early
developmental and epileptic encephalopathy with suppression-burst.
Hum. Mutat., 39, 934–938.

44. Nahorski,M.S., Maddirevula,S., Ishimura,R., Alsahli,S., Brady,A.F.,
Begemann,A., Mizushima,T., Guzman-Vega,F.J., Obata,M.,
Ichimura,Y. et al. (2018) Biallelic UFM1 and UFC1 mutations
expand the essential role of ufmylation in brain development. Brain,
141, 1934–1945.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

rtic
le

/4
7
/8

/4
1
2
4
/5

3
4
5
1
4
9
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2


