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TRF2 is part of the shelterin complex that hides telomeric DNA ends and prevents the
activation of the cNHEJ pathway that can lead to chromosomal fusion. TRF2, however,
also actively suppresses the cNHEJ pathway by recruiting two proteins, MRE11 and
UBR5. MRE11 binds BRCC3, which in turn deubiquitinates gH2AX deposited at exposed
telomeric DNA ends and limits RNF168 recruitment to the telomere. UBR5, in contrast
directly ubiquitinates and destroys RNF168. The loss of telomeric RNF168 in turn blocks
the subsequent recruitment of 53BP1 and prevents the cNHEJ-mediated fusion of
chromosomes with exposed telomeric DNA ends. Although MRE11 and UBR5 are
both involved in the control of telomeric RNF168 levels and the chromosome fusion
process, their relative contributions have not been directly addressed. To do so we
genetically suppressed MRE11 and UBR5 alone or in combination in glioma cell lines
which we previously showed contained dysfunctional telomeres that were dependent on
TRF2 for suppression of telomeric fusion and monitored the effects on events associated
with telomere fusion. We here show that while suppression of either MRE11 or UBR5
alone had minimal effects on RNF168 telomeric accumulation, 53BP1 recruitment, and
telomeric fusion, their combined suppression led to significant increases in RNF168 and
53BP1 telomeric recruitment and telomeric fusion and eventually cell death, all of which
were reversible by suppression of RNF168 itself. These results show that MRE11 and
UBR5 co-operate to suppress fusion at dysfunctional telomeres.

Keywords: telomere, MRE11, UBR5, fusion, glioma
INTRODUCTION

Human telomeres are DNA-protein complexes present at the end of chromosomes. The DNA
component of telomeres consists of double stranded 5’-TTAGGG-3’ DNA repeats and a single
stranded G-rich 3’ overhang (1). The DNA repeats fold back on themselves to form a T-loop
structure while the 3’overhang additionally inserts into the duplex repeats to form a D-loop that
hides the terminal DNA sequence (2). Both T- and D-loops are stabilized by the protein component
of the telomere known as the shelterin cap. The shelterin cap is a 6-protein structure that interacts
with telomeric DNA, prevents exposure of DNA ends, and limits DNA repair pathways that would
otherwise lead to telomeric DNA fusion, genomic instability, and cell death (3, 4).
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Of the shelterin cap proteins, TRF2 plays a key role in
suppressing initiation and propagation of a DNA damage
response at telomeric ends. TRF2 contributes to the integrity of
the T- and D-loops and in doing so limits activation of ATM
and the DNA damage response (5). TRF2 also, however,
prevents the propagation of a DNA damage response should
one be initiated, by blocking the function of RNF168 (6, 7).
RNF168 is a ubiquitin ligase whose recruitment to the telomere
leads to ubiquitination of gH2AX, recruitment of 53BP1, and
the cNHEJ-mediated fusion of chromosomes with exposed
telomeric DNA (Figure 1A) (6, 8, 9). The iDDR domain found
in the C-terminal hinge region of TRF2 recruits MRE11 and
the deubiquitinase BRCC3, the latter which removes RNF8-
mediated ubiquitin chains placed on gH2AX (9). Reduced
levels of ubiquitinated gH2AX in turn limit RNF168
recruitment to the telomere. The same iDDR region also
recruits UBR5, which ubiquitinates and destroys RNF168 (9,
10). As such TRF2-recruited MRE11 and UBR5 have been
suggested to function in the same pathway to reduce levels of
telomeric RNF168 and suppress the telomeric fusion that could
occur upon exposure of telomeric DNA ends (9).

Although MRE11 and UBR5 have been suggested to work
together in the same pathway to limit RNF168 accumulation and
telomeric fusion, little experimental evidence exists to support
this idea. In cells in which endogenous TRF2 was replaced
with a chimeric TRF1/TRF2 iDDR molecule that limited the
propagation, but not the initiation, of a telomeric DNA damage
response, the suppression of either MRE11 or UBR5 significantly
increased 53BP1 recruitment and chromosomal fusion (9),
suggesting that MRE11 and UBR5 function independently to
suppress fusion. Furthermore because both MRE11 and UBR5
were not suppressed in the same setting, the degree to which
these two molecules work together to block fusion remains
uncertain. To address the relative roles of MRE11 and UBR5
in the TRF2-mediated control of telomeric fusion, we genetically
suppressed MRE11 and UBR5 alone or in combination in
alternative lengthening of telomeres (ALT)-dependent glioma
cell lines. ALT is a recombination-based mechanism in which
telomeric DNA on one chromosomal arm is used as a template
for DNA polymerase-mediated, telomerase-independent
extension of telomeric DNA on a different arm (11). The
mechanism is used by (5-10%) of many cancer sub-types, and
nearly all lower-grade astrocytomas. We previously showed that
these cells lines, by virtue of expression of mutant IDH1 and loss
of ATRX, have dysfunctional telomeres that trigger a DNA
damage response involving telomeric recruitment of both
gH2AX and PARP1 (11, 12). The telomeres of these ALT-
dependent cells, however, retain TRF2, which in turn is
sufficient to prevent telomeric fusion. As such these cells make
an optimal system in which to study the relative importance of
MRE11 and UBR5 in the TRF2-mediated suppression of
dysfunctional telomere fusion. Using this system, we here show
that suppression of both MRE11 and UBR5 is required to trigger
increases in RNF168 and 53BP1 recruitment, telomeric fusion,
and cell death. These results therefore provide the first
experimental evidence that that MRE11 and UBR5 work
Frontiers in Oncology | www.frontiersin.org 2
together in the same RNF168 pathway to suppress fusion at
dysfunctional telomeres.
MATERIALS AND METHODS

Tissue Culture and Cells
The MGG119 and MGG152 PDX xenograft cells were a gift
from Dan Cahill (Massachusetts General, Boston, MA). These
cells differ in ATRX status and ALT dependency: MGG119 are
ATRX deficient and ALT dependent, whereas MGG152
are ATRX proficient and ALT independent (12, 13). SF8628 is
an ATRX proficient, K27M mutated, and ALT dependent
pediatric diffuse intrinsic pontine glioma (DIPG) cell line (14)
obtained from the Brain Tumor Center (BTC) Tissue Bank at the
University of California, San Francisco (UCSF). All cells were
cultured in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin (UCSF Cell Culture Facility) at 37°C in
a 5% CO2 atmosphere. Cultures were confirmed mycoplasma
negative (MycoSensor Mycoplasma Detection PCR Assay Kit)
and used within three passages of thawing.

Proliferation Assay
Proliferation of cells was determined using the MTT assay
(Promega). The cells were plated in triplicate into 96-well
tissue culture plates (1,000 cells/well). At specified time points,
15 mL of MTT dye solution were added to each well and
incubated at 37°C for 4 h. A 100µl volume of the solubilization
solution was added to terminate the reaction followed by
measuring absorbance at 570nm using a microplate reader.

Modulation of MRE11, UBR5,
and RNF168 Expression
Cells were plated at 105/mL in 6-well plates in DMEM media
without antibiotics. Twenty-four hours later, the cells were
transfected with an optimized amount of siRNA targeting
human MRE11, UBR5, RNF168 (SMARTpool, Dharmacon) or
nontargeting siRNAs as a control. After a 24 h exposure, cells
were washed and grown an additional 24-72 h (48-96 h post
exposure) before subsequent analysis. Cells were harvested for
Western blot to verify target expression (>90%) 48h after
exposure. Rescue experiments were performed using single
siRNAs targeting MRE11 or UBR5 followed by transient
transfection (48h) of an siRNA-resistant construct generated
by introducing non-sense mutations at three sites in the coding
sequence of Mre11 (5’ GGAAAUGAUACGUUUGUAA-3’) and
UBR5 (5’- GAUUGUAGGUUACUUAGAA-3’) (Dharmacon
ON-TARGETplus).

Immunofluorescence (IF) Coupled
With Fluorescence In-Situ
Hybridization (FISH) Analysis
IF-FISH analysis was performed as described previously (12). In
brief, paraformaldehyde-fixed cells were blocked at room
temperature for 30 mins and then incubated with 53BP1
(1:200) primary antibodies for 18 hours at 4°C. Slides were
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incubated with fluorescent-tagged secondary antibodies (1:200;
Alexa Fluor 488, 2 hours, Invitrogen). After washing, Cy3-
labeled (CCCTAA)3 PNA oligonucleotide (Dako) were applied
on the sections and were hybridized at room temperature
overnight. The slides were washed, dehydrated in ethanol, air
dried, and mounted on the following day (2). Zeiss LSM 510
microscope was used using a 63× objective and absolute amount
of green, red, and yellow fluorescence localized to the nucleus in
each cell was calculated using ZEN software (Zeiss). All FISH
images presented contain amounts of telomeric foci within one
SD of the mean for each given cell line

Analysis of APBs and Telomeric Sister-
Chromatid Exchange
ALT-associated PML nuclear bodies (APBs) were quantified
using PML and TRF2 (1:200) primary antibodies as described
previously (11). Co-localization of green and red fluorescence
from the overlap of PML and TRF2 signal results in yellow foci
was considered as APBs and was counted on >200 cells per
group. Leading (TelC-Cy3-red) and lagging (TelG-FITC-green)
strand probes (PNA Bio) as described previously (12) was used
to quantify telomeric sister-chromatid exchange (T-SCE) by
chromosome orientation fluorescence in situ hybridization
(CO-FISH). Sister chromatid exchange results in overlapping
of the leading and lagging strand probes generating yellow signal
were considered T-SCE events. At least 50 cells per group were
scanned and represented as the percentage of chromosomes
exhibiting T-SCE. Negative controls were performed by
omitting the peptide nucleic acid (PNA) probes, in which case
nuclei examined exhibited no fluorescence.

Analysis of Telomeric Fusion Using
Telomeric FISH Probe
FISH was performed on metaphase spreads using a Cy3-labeled
telomeric (CCCTAA)3 PNA oligonucleotide (Dako) followed by
4’,6-diamidino-2-phenylindole (DAPI) counterstaining as
described previously (8). The percentage of metaphase spreads
with 1 to >5 fused chromosomes (chromosomes with adjacent
but not overlapping signal) was determined by counting 100
metaphase spreads in each cell group,

Protein Extraction and Western
Blot Analysis
Cells were washed with ice cold PBS lysed with RIPA lysis
buffer (Life Technologies) adding 1× PhosStop and protease
inhibitor cocktail (Roche). The protein concentration was
measured by BCA protein assay (Bio-Rad). Equal amounts of
protein (30 mg) were used for Western blot analysis as described
(15). Primary antibodies against MRE11 (Novus Bio, 1:1000),
UBR5 (Santa Cruz Biotechnology, 1:1000), RNF168 (Santa Cruz
Biotechnology, 1:1000), b-actin (Cell Signaling Technology,
1:3000) were used. Antibody binding was detected using ECL
reagents (Thermo Fisher Scientific).

Statistical Analysis
All data were representative of at least 3 independent
experiments and reported as means ± SD. Differences between
Frontiers in Oncology | www.frontiersin.org 3
two groups were analyzed by unpaired Student’s t test. Differences
between multiple groups were analyzed by one-way analysis of
variance (ANOVA) test with post hoc Tukey-Kramer multiple
comparisons test. P < 0.05 was considered statistically significant.
RESULTS

To begin our studies, we first collected three glioma cell lines,
MGG119, SF8628, and MGG152. MGG119 and SF8628 are adult
and pediatric glioma cell lines, respectively and both display the
characteristics of ALT-dependency as demonstrated increased
telomeric sister-chromatid exchange (T-SCE) (Figures 1B, C),
increased ALT-associated PML nuclear body (APBs) formation
(Figures 1B, D) and presence of c-circle DNA (Figure 1E),
relative to non-ALT MGG152 adult glioma cells) (11, 13, 14, 16,
17). We previously showed that siRNA-mediated suppression of
MRE11 did not alter telomeric levels of RNF168, 53BP1, or
telomeric fusion in ALT-dependent (MGG119) or ALT-
independent (MGG152) cells when assessed at 24h post
suppression (12). These results were consistent with those in
the current study. Specifically, we noted that pooled siRNA
targeting MRE11 led to a selective, >90% suppression of
MRE11 protein levels (Figure 1F) 48h after exposure, but had
no significant effect on RNF168 foci per DAPI-stained nucleus in
control MGG119, SF8628, or MGG152 cells relative to scrambled
siRNA controls (Figures 1G, H). Cells comparably incubated
with a pooled siRNA targeting UBR5 also exhibited a selective,
>90% suppression of UBR5 protein levels (Figure 1). Suppression
of UBR5 levels, however, also had no significant effect on
RNF168 foci per DAPI-stained nucleus in control MGG119,
SF8628, or MGG152 cells relative to scrambled siRNA controls
(Figures 1G, H). Combined siRNA-mediated suppression of
MRE11 and UBR5 (Figure 1F), however, led to a significant
increase in the number of RNF168 foci per DAPI-stained nucleus
specifically in the cells with defective, exposed telomeric DNA
(the ALT-dependent MGG119 and SF8628 cells), but not in the
ALT-independent MGG152 cells (Figures 1G, H). Furthermore,
introduction of constructs encoding siRNA-resistant forms of
MRE11 and UBR5 in MGG119 cells with suppressed levels of
these targets (Figures 1I–K), reversed the increase in the number
of RNF168 foci per DAPI-stained nucleus. These results therefore
show that suppression of MRE11 or UBR5 alone is insufficient
to drive the process that leads to telomeric fusion.

If MRE11 and UBR5 both work to limit accumulation of
telomeric RNF168, we would also expect them to limit telomeric
accumulation of 53BP1, a key component in cNHEJ-mediated
fusion downstream of RNF168. Specifically, there was an equally
low percentage of telomeres (identified by a TTAGGG-specific
PNA probe) co-localized with 53BP1 (Figures 2A, B), in control
MGG119, SF8628, or MGG152 cells or the same cells 48h after
siRNA-mediated suppression of MRE11. siRNA-mediated
suppression of UBR5 also did not significantly change the
percentage of telomeric foci co-localized with 53BP1.
Combined suppression of MRE11 and UBR5, however, led to a
significant increase in percentage of telomeric foci co-localized
with 53BP1 specifically in the ALT-dependent MGG119 and
November 2021 | Volume 11 | Article 772233
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FIGURE 1 | (A) Schematic of the basis for MRE11 and UBR5 mediated chromosome fusion in ALT-dependent cells. (B) Representative images and quantitation of
T-SCE (CO-FISH, C), APBs (D), and c-circle DNA (E) in MGG119, MGG152 and SF8628 cells. (F) Western blot verification of MRE11, UBR5, RNF168, and b-actin
protein levels in MGG119, MGG152 and SF8628 cells 48hr after transfection with scrambled siRNA or pooled target siRNAs. (G) Representative images of MGG119
incubated with the indicated siRNAs for 48 hours and then immunostained with RNF168 antibody (red). (H) The average RNF168 foci number in each treatment of
MGG119, MGG152 and SF8628 cells were counted, a minimum of 100 nuclei were assessed. (I) Western blot verification of MRE11, UBR5 and b-actin protein
levels in MGG119 cells 48hr after transfection with scrambled siRNA, siRNAs targeting MRE11 and UBR5, or siRNAs targeting MRE11 and UBR5 followed by
transfection with constructs encoding siRNA-resistant MRE11(MR) and UBR5(UR). (J, K) Representative image (J) and quantitation (K) of MGG119 incubated with
the indicated siRNAs and siRNA-resistant MRE11(MR) and UBR5(UR) for 48 hours and then immunostained with RNF168 antibody (red). Mean ± SD of 3
independent experiments are shown. *P < 0.05.
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A

B

FIGURE 2 | (A) Representative images of colocalized (yellow) immunofluorescence from a telomeric probe (TTAGGG, red) and a 53BP1 probe (green) in DAPI-
stained MGG119 cells after 48 hours exposure to scrambled siRNA control (siCON) or pooled siRNA targeting MRE11 (siM), UBR5 (siU) or both. Scale bar, 10 mm.
(B) Percentage of cells with >5 telomeric 53BP1 foci. Statistical significance relative to control (siCON) is indicated. Data are the means of triplicate samples ± SD
derived from groups of >100 cells. *P < 0.05.
A

B

FIGURE 3 | (A) Representative image of MGG119 cells after 48 hours exposure to scrambled siRNA control (siCON) or pooled siRNA targeting MRE11 (siM), UBR5
(siU) or both. Scale bar, 10 mm. DAPI is blue and telomere-specific probe is red. Scale bar, 10 mm. (B) Percentage of cells with >1 telomere-fused chromosome in
metaphase spreads 48 hours after the indicated siRNA exposure. Significance relative to nontargeted (siCON) are indicated. *P < 0.05.
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SF8628 cells at an early time point which is 48 hours after siRNA
exposure, but not the ALT-independent MGG152 cells. These
results therefore show that MRE11 and UBR5 work together to
also limit accumulation of telomeric 53BP1.

Finally, if MRE11 and UBR5 both work to limit accumulation
of telomeric RNF168 and 53BP1, they should also limit the
consequences of RNF168 and 53BP1 telomeric accumulation,
namely telomeric fusion. After 48 hours of combined siRNA-
mediated suppression of MRE11 and UBR5, there was a
significant increase in percentage of cells with fused
chromosomes specifically in the ALT dependent MGG119 and
SF8628 cells but not in the ALT independent MGG152 cells
(Figures 3A, B) relative to groups in which MRE11 or UBR5
were suppressed individually. These results therefore show that
MRE11 and UBR5 both limit the RNF168-mediated pathway
that drives fusion of dysfunctional telomeres.

To further confirm that loss of MRE11 and UBR5 converge in
the same pathway to increase levels of RNF168 and drive
chromosomal fusion, we also performed converse experiments in
which we determined if suppression of RNF168 itself blocked the
stimulatory effects of MRE11/UBR5 loss on chromosomal fusion.
For these studies MGG119, SF8628, and MGG152 cells were
incubated with scrambled siRNA, siRNA targeting MRE11 and
UBR5,siRNA targeting RNF168 and siRNA targeting MRE11,
UBR5 and RNF168, after which effects on telomeric 53BP1 foci
formation and chromosomal fusion were assessed. As shown in
Figures 4A, B, while suppression of MRE11 and UBR5 led to the
expected ALT cell-dependent increases in telomeric 53BP1
formation, and while suppression of RNF168 alone had no effect
on 53BP1 accumulation, suppression of RNF168 in conjunction
with suppression of MRE11 and UBR5 significantly reduced the
induction of 53BP1 telomeric foci formation caused by suppression
ofMRE11 andUBR5. Consistent with these observations, the same
siRNA-mediated suppression of RNF168 alone had no effect on
chromosomal fusion but blocked chromosomal fusion induced by
co-suppression of MRE11 and UBR5 (Figures 4C, D). As a whole
these results show that MRE11 and UBR5 do not act in separate
pathways to suppress RNF168-53BP1-mediated chromosomal
fusion, but in fact work in the same pathway to limit levels of
telomeric RNF168 and 53BP1-associated chromosomal fusion.
Finally to determine if modulation of chromosomal fusion
impacts viability, we performed MTT assay at various time points
(48,72 and 96 hours) after siRNAmediated knockdown of MRE11
or UBR5, both MRE11 and UBR5, or of MRE11, UBR5 and
RNF168. Combined knockdown of MRE11 and UBR5
significantly suppressed cell viability at 72 and 96 hours in ALT
cells (MGG119 and SF8628) compared to non-ALT (MGG152)
cells. Furthermore knocking downRNF168 rescued the decrease in
viability observed from double knockdown of MRE1 and
UBR5 (Figure 4E).
DISCUSSION

Cells that continually divide in the absence of telomerase
gradually lose telomeric DNA, lose their ability to retain the
Frontiers in Oncology | www.frontiersin.org 6
shelterin cap, and eventually exhibit exposed telomeric DNA
ends (18, 19). Such cells, which include those that have
escaped from normal growth controls, are targets for
telomeric fusion, which eliminates aberrantly proliferating
cells from the population (20). Chromosomal fusion is
therefore an important tumor-suppressive mechanism which
in turn is carefully limited by members of the protective
shelterin cap, and in particular TRF2. TRF2 was previously
suggested to suppress the cNHEJ pathway that leads to fusion
of exposed telomeric DNA by recruiting both MRE11 and
UBR5, which were suggested to work together to suppress
levels of telomeric RNF168 and 53BP1 (9). Experimental
evidence in support of this co-operative action however was
lacking, and published studies suggested that MRE11 and
UBR5 in fact worked independently to suppress fusion (9,
12). The present studies, by studying fusion in a carefully
controlled setting, provide the first direct experimental
evidence that MRE11 and UBR5 do work together in the
same RNF168 controlled pathway to prevent chromosomal
fusion. This action could be considered to be co-operative in
the sense that both MRE11 and UBR5 contribute in the same
pathway to suppress fusion.

Previous studies by our lab and others showed that
suppression of MRE11, the MRE11 partner BRCC3, or
UBR5 alone were sufficient to induced chromosomal fusion
in a manner comparable to that seen by combined suppression
of both MRE11 and UBR5, or by loss of TRF2 itself (9, 12). On
the surface these studies therefore suggest that MRE11 or
UBR5 independently limit the entire RNF168-mediated
fusion process. Our previous studies, however, showed that
in addition to using BRCC3 to control telomeric accumulation
of RNF168, MRE11 also uses BRCC3 in a delayed manner to
control the stability of TRF2 itself (12). Therefore, at late time
points (≥ 72h) following suppression of MRE11, loss of
MRE11 alone caused telomeric fusion not because MRE11
alone limited the process, but because loss of MRE11 and
TRF2 also likely eliminated the recruitment of both MRE11
and UBR5 (12). The analyses at earlier time points (48h)
following MRE11 and UBR5 suppression as performed here,
therefore allow a clearer picture of the relative contributions of
MRE11 and UBR5 to the control of chromosome fusion, and
clearly show that MRE11 and UBR5 play complementary roles
in limiting telomeric DNA fusion.

Although the present studies link MRE11 and UBR5 in
limiting RNF168-mediated fusion, some questions remain.
First, it is unclear why large decreases in both MRE11 and
UBR5 are required to unleash telomeric fusion. MRE11 and
UBR5 both however have multiple functions in the cell, and as
such the fusion control pathway may have evolved in manner
that still allows for modulation of MRE11 and UBR5 levels
independently without triggering cell death. Alternatively it
may be possible that only small amounts of MRE11 and/or
UBR5 may be sufficient to maintain gH2AX at levels below
that need to trigger fusion. Additionally, the present data do
not rule out the possibility that MRE11 and UBR5 function in
the same pathway but in a redundant manner, such that either
November 2021 | Volume 11 | Article 772233
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protein is sufficient to block the fusion process. The present
data, however, clearly show that the RNF168-53BP1 cNHEJ
fusion pathway is controlled by both MRE11 and UBR5.
Recent studies have suggested that chromosome fusion and
the mechanisms that control the process may be an important
Frontiers in Oncology | www.frontiersin.org 7
therapeutic target especially in ALT-dependent tumors (12).
The present data aid in our understanding of this control
process and further suggest that potential therapeutic
approaches to trigger fusion in tumor cells with TRF2-
containing dysfunctional telomeres (such as ALT-dependent
A

B

C

D

E

FIGURE 4 | (A) Representative images of colocalized (yellow) immunofluorescence from a telomeric probe (TTAGGG, red) and a 53BP1 probe (green) in DAPI-
stained MGG119 cells after 48 hours exposure to s scrambled siRNA control (siCON) or pooled siRNA targeting RNF168 (siRNF168), MRE11 and UBR5 (siU+siM) or
adding siRNF168 (siU+siM+siRNF168). Scale bar, 10 mm. (B) Percentage of cells with >5 telomeric 53BP1 foci. Statistical significance relative to control (siCON) is
indicated. Data are the means of triplicate samples ± SD derived from groups of >100 cells. *P < 0.05. (C) Representative image of MGG119 cells after 48 hours
exposure to scrambled siRNA control (siCON) or pooled siRNA targeting RNF168 (siRNF168), MRE11 and UBR5 (siU+siM) or adding siRNF168 (siU+siM+siRNF168).
DAPI is blue and telomere-specific probe is red. scale bar, 10 mm. (D) Percentage of cells with >1 telomere-fused chromosome in metaphase spreads 48 hours after
the indicated siRNA exposure. Significance relative to nontargeted (siCON) are indicated. *P < 0.05 (E) Cell proliferation were measure by MTT assay at 48, 72 and
96 hours post siRNA exposure. Data are represented as the means ± SD of 3 independent experiments. *P < 0.05.
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tumors) will need to account for both MRE11 and UBR5 to
be successful.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding authors.
AUTHOR CONTRIBUTIONS

Study conception and design: YT, JM, and RP. Acquisition of
data: JM and YT. Analysis and interpretation of data: YT, JM,
Frontiers in Oncology | www.frontiersin.org 8
and RP. Drafting of manuscript: RP, JM, and YT. All authors
contributed to the article and approved the submitted version.
FUNDING

Funding for this work was supported by R01 NS105087-01 and
the loglio Project (RP).
ACKNOWLEDGMENTS

We thank D. Cahill for the MGG119 and MGG152 cells and J.
Phillips and the UCSF Brain Tumor Center Tissue Core for
pathology assistance.
REFERENCES

1. Wright WE, Tesmer VM, Huffman KE, Levene SD, Shay JW. Normal Human
Chromosomes Have Long G-Rich Telomeric Overhangs at One End. Genes
Dev (1997) 11:2801–9. doi: 10.1101/gad.11.21.2801

2. Griffith JD, Comeau L, Rosenfield S, Stansel RM, Bianchi A, Moss H, et al.
Mammalian Telomeres End in a Large Duplex Loop. Cell (1999) 97:503–14.
doi: 10.1016/S0092-8674(00)80760-6

3. Palm W, de Lange T. How Shelterin Protects Mammalian Telomeres. Annu
Rev Genet (2008) 42:301–34. doi: 10.1146/annurev.genet.41.110306.130350

4. Cesare AJ, Karlseder J. A Three-State Model of Telomere Control Over
Human Proliferative Boundaries. Curr Opin Cell Biol (2013) 24:731–8.
doi: 10.1016/j.ceb.2012.08.007

5. Denchi EL, de Lange T. Protection of Telomeres Through Independent
Control of ATM and ATR by TRF2 and POT1. Nature (2007) 448:1068–
71. doi: 10.1038/nature06065

6. Doil C, Mailand N, Bekker-Jensen S, Menard P, Larsen DH, Pepperkok R,
et al. RNF168 Binds and Amplifies Ubiquitin Conjugates on Damaged
Chromosomes to Allow Accumulation of Repair Proteins. Cell (2009)
136:435–46. doi: 10.1016/j.cell.2008.12.041

7. Van Steensel B, Smogorzewska A, de Lange T. TRF2 Protects Human
Telomeres From End-to-End Fusions. Cell (1998) 92:401–13. doi: 10.1016/
S0092-8674(00)80932-0

8. Stewart GS, Panier S, Townsend K, Al-Hakim AK, Kolas NK, Miller ES, et al.
The RIDDLE Syndrome Protein Mediates a Ubiquitin-Dependent Signaling
Cascade at Sites of DNA Damage. Cell (2009) 136:420–34. doi: 10.1016/
j.cell.2008.12.042

9. Okamoto K, Bartocci C, Ouzounov I, Diedrich JK, Yates JR, Denchi EL. A
Two-Step Mechanism for TRF2-Mediated Chromosome-End Protection.
Nature (2013) 494:502–6. doi: 10.1038/nature11873

10. Gudjonsson T, Altmeyer M, Savic V, Toledo L, Dinant C, Grøfte M, et al.
TRIP12 and UBR5 Suppress Spreading of Chromatin Ubiquitylation at
Damaged Chromosomes. Cell (2012) 150:697–709. doi: 10.1016/
j.cell.2012.06.039

11. Mukherjee J, Johannessen T-C, Ohba S, Chow TT, Jones LE, Pandita A, et al.
Mutant IDH1 Cooperates With ATRX Loss to Drive the Alternative
Lengthening of Telomere Phenotype in Glioma. Cancer Res (2018)
78:2966–77. doi: 10.1158/0008-5472.CAN-17-2269

12. Mukherjee J, Pandita A, Kamalakar C, Johannessen TC, Ohba S, Tang Y, et al.
A Subset of PARP Inhibitors Induces Lethal Telomere Fusion in ALT-
Dependent Tumor Cells. Sci Transl Med (2021) 13(592):eabc7211.
doi: 10.1126/scitranslmed.abc7211
13. Wakimoto H, Tanaka S, Curry WT, Loebel F, Zhao D, Tateishi K, et al.
Targetable Signaling Pathway Mutations Are Associated With Malignant
Phenotype in IDH-Mutant Gliomas. Clin Cancer Res (2014) 20:2898–909.
doi: 10.1158/1078-0432.CCR-13-3052

14. Mueller S, Hashizume R, Yang X, Kolkowitz I, Olow AK, Phillips J, et al.
Targeting Wee1 for the Treatment of Pediatric High-Grade Gliomas. Neuro
Oncol (2014) 16(3):352–60. doi: 10.1093/neuonc/not220

15. Panner A, Crane CA, Weng C, Felketti A, Fang S, Parsa AT, et al. Ubiquitin-
Specific Protease 8 Links the PTEN-Akt-AIP4 Pathway to the Control of
FLIPS Stability and TRAIL Sensitivity in GlioblastomaMultiforme. Cancer Res
(2010) 70:5046–53. doi: 10.1158/0008-5472.CAN-09-3979

16. Henson JD, Cao Y,Huschtscha LI, Chang AC, AuAY, Pickett HA, et al. DNAC-
Circles Are Specific and Quantifiable Markers of Alternative-Lengthening of-
Telomeres Activity. Nat Biotechnol (2009) 27:1181–5. doi: 10.1038/nbt.1587

17. Lau LMS, Dagg RA, Henson JD, Au AYM, Royds JA, Reddel RR. Detection of
Alternative Lengthening of Telomeres by Telomere Quantitative PCR. Nuc
Acids Res (2013) 41:e34–43. doi: 10.1093/nar/gks781

18. Cooke HJ, Smith BA. Variability at the Telomeres of the Human X/Y
Pseudoautosomal Region. Cold Spring Harb Symp Quant Biol LI (1986) 51
(1):213–9. doi: 10.1101/SQB.1986.051.01.026

19. Harley CB, Futcher AB, Greider CW. Telomeres Shorten During Ageing of
Human Fibroblasts. Nature (1990) 345:458–60. doi: 10.1038/345458a0

20. Capper R, Britt-Compton B, Tankimanova M, Rowson J, Letsolo B, Man S, et al.
The Nature of Telomere Fusion and a Definition of the Critical Telomere Length
in Human Cells. Genes Dev (2007) 21:2495–508. doi: 10.1101/gad.439107

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Tang, Mukherjee and Pieper. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordancewith acceptedacademic practice.Nouse, distribution
or reproduction is permitted which does not comply with these terms.
November 2021 | Volume 11 | Article 772233

https://doi.org/10.1101/gad.11.21.2801
https://doi.org/10.1016/S0092-8674(00)80760-6
https://doi.org/10.1146/annurev.genet.41.110306.130350
https://doi.org/10.1016/j.ceb.2012.08.007
https://doi.org/10.1038/nature06065
https://doi.org/10.1016/j.cell.2008.12.041
https://doi.org/10.1016/S0092-8674(00)80932-0
https://doi.org/10.1016/S0092-8674(00)80932-0
https://doi.org/10.1016/j.cell.2008.12.042
https://doi.org/10.1016/j.cell.2008.12.042
https://doi.org/10.1038/nature11873
https://doi.org/10.1016/j.cell.2012.06.039
https://doi.org/10.1016/j.cell.2012.06.039
https://doi.org/10.1158/0008-5472.CAN-17-2269
https://doi.org/10.1126/scitranslmed.abc7211
https://doi.org/10.1158/1078-0432.CCR-13-3052
https://doi.org/10.1093/neuonc/not220
https://doi.org/10.1158/0008-5472.CAN-09-3979
https://doi.org/10.1038/nbt.1587
https://doi.org/10.1093/nar/gks781
https://doi.org/10.1101/SQB.1986.051.01.026
https://doi.org/10.1038/345458a0
https://doi.org/10.1101/gad.439107
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	MRE11 and UBR5 Co-Operate to Suppress RNF168-Mediated Fusion of Dysfunctional Telomeres
	Introduction
	Materials and Methods
	Tissue Culture and Cells
	Proliferation Assay
	Modulation of MRE11, UBR5, and RNF168 Expression
	Immunofluorescence (IF) Coupled With Fluorescence In-Situ Hybridization (FISH) Analysis
	Analysis of APBs and Telomeric Sister-Chromatid Exchange
	Analysis of Telomeric Fusion Using Telomeric FISH Probe
	Protein Extraction and Western Blot Analysis
	Statistical Analysis

	Results
	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


