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SUMMARY
Up to 15% of human cancers maintain their telomeres through a telomerase-independent mechanism,
termed ‘‘alternative lengthening of telomeres’’ (ALT) that relies on homologous recombination between telo-
meric sequences. Emerging evidence suggests that the recombinogenic nature of ALT telomeres results
from the formation of RNA:DNA hybrids (R-loops) between telomeric DNA and the long-noncoding telomeric
repeat-containing RNA (TERRA). Here, we show that the mismatch repair protein MutSb, a heterodimer of
MSH2 and MSH3 subunits, is enriched at telomeres in ALT cancer cells, where it prevents the accumulation
of telomeric G-quadruplex (G4) structures and R-loops. Cells depleted of MSH3 display increased incidence
of R-loop-dependent telomere fragility and accumulation of telomeric C-circles. We also demonstrate that
purified MutSb recognizes and destabilizes G4 structures in vitro. These data suggest that MutSb destabi-
lizes G4 structures in ALT telomeres to regulate TERRA R-loops, which is a prerequisite for maintenance
of telomere integrity during ALT.
INTRODUCTION

Unlimited cell proliferation requires a mechanism counteracting

telomere attrition, which otherwise occurs in each cell cycle

(Harley et al., 1990; Shay andWright, 2019). In most human can-

cers, this is achieved through upregulation of telomerase activ-

ity, but 10%–15% of cancers possess a mechanism known as

alternative lengthening of telomeres (ALT) that relies on homolo-

gous recombination (HR) between telomeric sequences (Reddel,

2003). The tumor types where ALT is prevalent include glioblas-

toma multiforme (the most common type of primary malignant

brain tumor in adults), osteosarcomas, and soft tissue sarcomas,

and patients with these tumors tend to have a particularly poor

prognosis (Dilley and Greenberg, 2015). Contrary to the telome-

rase+ cancers where telomerase-inhibition-based therapies hold

promise, the search for ALT-specific therapeutic targets has yet

to yield viable candidates. The hallmarks of ALT include (1) a

unique pattern of telomere length heterogeneity; (2) rapid

changes in individual telomere lengths; (3) an elevated frequency

of exchange between telomeres; (4) elevated levels of the long
This is an open access article und
noncoding telomeric repeat-containing RNA (TERRA); (5) an

abundance of extrachromosomal circular telomeric DNA (T-cir-

cles), in particular of T-circles that contain a nick or gap in the

G-rich strand (C-circles); and (6) the presence of ALT-associated

promyelocytic leukemia bodies (APBs) (Cesare and Reddel,

2010). APBs contain telomeric DNA and proteins involved in telo-

mere binding (TRF1 and TRF2), DNA replication, repair, and

recombination (RPA, BLM, WRN, RAD51, RAD52, and MRE11/

RAD50/NBS1; Henson et al., 2002).

Recent studies have suggested that the recombinogenic po-

tential of telomeres in ALT cells results from TERRA transcription

and subsequent formation of RNA:DNA hybrids (R-loops) be-

tween the TERRA transcript and the C-rich telomeric strand,

which could facilitate invasion of the 30-overhang of independent

chromosome ends to prime synthesis of new telomeric material

(Arora et al., 2014; Silva et al., 2021; Yang et al., 2021). However,

these TERRA-telomeric DNA hybrids are finely regulated by the

RNA endonuclease RNaseH1 to maintain telomere integrity (Ar-

ora et al., 2014). Another control mechanism is provided by the

FANCM-FAAP24 complex (Pan et al., 2019; Silva et al., 2019),
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Figure 1. MutSb accumulates at telomeres and maintains telomere integrity in ALT cancer cells

(A) Representative immunofluorescence images ofMSH3 (green) and TRF2 (red) foci in nuclei (DAPI, blue) of U2OS and HeLa cells. Colocalizing foci are indicated

by white arrows. Scale bar, 10 mm.

(B) Quantification of the percentage of TRF2 foci that colocalize with MSH3 foci in U2OS and HeLa cells. Median with interquartile range (black lines) and mean

(red lines) are indicated. At least 516 nuclei from three independent experiments were analyzed for each condition.

(C) Immunoblot showing knockdown efficiency of indicated proteins in U2OS cells.

(D and E) Quantification of TRF2 foci (D) and telomere-PNA foci (E) in U2OS cells depleted for MSH2, MSH3, and MSH6, respectively. Median with interquartile

range (black lines) and mean (red lines) are shown. At least 4,500 nuclei from three independent experiments were analyzed for each condition.

(legend continued on next page)
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which can disrupt R-loops through its DNA translocase activity

(Schwab et al., 2015; Silva et al., 2019). Loss of this activity in-

creases R-loop-dependent replicative stress at telomeres and

accumulation of telomeric C-circles in ALT cells (Pan et al.,

2019; Silva et al., 2019). These findings highlight the relevance

of regulatory mechanisms controlling R-loop abundance in the

activation of recombination at ALT telomeres.

In yeast, defects in the mismatch repair (MMR) system have

been shown to enhance telomerase-independent survival, with

the survivors using recombination-based pathways for telomere

maintenance (Rizki and Lundblad, 2001), suggesting a role for

the MMR system as suppressor of telomeric recombination

and ALT. However, the role of these proteins in telomere meta-

bolism in ALT cancer cells remains to be explored. The canonical

MMR is initiated by one of the two heterodimers: MSH2/MSH6

(MutSa) and MSH2/MSH3 (MutSb). MutSa binds to base-base

mismatches or insertion and deletion loops of 1–3 nt, while

MutSb binds to insertion and deletion loops containing up to

16 nt (Kunkel and Erie, 2015). MSH3 and MSH6 compete for

binding to MSH2, and the heterodimer formation is required for

their stability (Acharya et al., 1996). A recent study has shown

that MutSa restricts telomere extension by ALT-associated ho-

mology-directed repair in human cancer cells (Barroso-Gonzalez

et al., 2021). However, whether MutSb plays a role in telomere

metabolism in ALT cells remains to be explored.

Here, we identifyMutSb as a factor involved in the regulation of

telomeric R-loops in ALT cancer cells, possibly by destabilizing

G4 structures in the telomeric G-strand that promote R-loop for-

mation and stability. Importantly, we show that lack of MutSb in-

creases the incidence of R-loop-dependent telomere fragility

and the formation of telomeric C-circles in ALT cancer cells,

providing further evidence that loss of regulation of TERRA

R-loops can compromise telomere integrity.

RESULTS

MutSb accumulates at telomeres and suppresses
telomere fragility and loss in ALT cancer cells
Using proteomic approaches, the human MMR proteins MSH2,

MSH6,MLH1, and PMS2were found to be enriched at telomeres

in ALT cells as compared with telomerase+ cells (Garcia-Expos-

ito et al., 2016). We could confirm these findings by immunoflu-

orescence analyses showing extensive colocalization of MSH2

and MSH6 foci with TRF2 foci in U2OS cells (ALT+), but not in

HeLa long telomere (LT) cells (telomerase+; Figures S1A, S1B,
(F) Upper panel: TRF analysis of telomere length upon long-term depletion of M

telomere probe is shown. Indicated regions were used for comparing intensities

Lower panel: representative immunoblot shows doxycycline-dependent depletio

(G) Bar plot showing mean ± SD of percentage of short versus total telomere s

performed using Student’s t test. *p < 0.05.

(H) FISH analysis of a metaphase spread of MSH3-depleted U2OS cells show

chromosomes exhibiting telomere fragility (bottom panel) and loss (top panel) a

respectively. Scale bar, 10 mm.

(I) Scatterplot showing the percentage of metaphase chromosomes that exhibit

(J) Quantification of telomeric foci per metaphase chromosome for U2OS cells d

(I and J) At least 38 metaphases from three independent experiments were scored

lines) are indicated. ns, not significant; *p < 0.05, ***p < 0.001, and ****p < 0.0001

Figures S1–S4.
and S1D). Moreover, in U2OS cells, we observed a significantly

higher percentage of telomeres containing MSH3 foci as

compared with both HeLa and HeLa LT cells (Figures 1A, 1B,

and S1C–S1E), indicating that MSH3, analogously to MSH2

and MSH6, is enriched at telomeres in ALT cells. To explore

the role of the MMR proteins in telomere metabolism, we first

examined the effect of their depletion on the number of TRF2

foci in nuclei of U2OS cells. We observed that depletion of either

of these proteins decreased the number of TRF2 foci in cells with

a DNA content corresponding to G1 phase of the cell cycle, with

the decrease in TRF2 foci being markedly larger in cells depleted

of MSH3 (over 1.5-fold decrease) than in cells depleted of MSH2

or MSH6 (Figures 1C and 1D). Similar results were obtained us-

ing three different small interfering RNAs (siRNAs) against MSH3

mRNA, excluding an siRNA off-target effect (Figures S2A and

S2B). In HeLa LT cells, depletion of MSH2 or MSH6 did not

significantly affect the number of TRF2 foci, and depletion of

MSH3 resulted only in a marginal decrease of TRF2 foci (1.1-

fold decrease; Figure S2C). To exclude the possibility that deple-

tion of MMR proteins in U2OS cells impaired TRF2 loading on

telomeres, we visualized telomeric DNA by fluorescence in situ

hybridization (FISH). We observed that the decrease in the

number of TRF2 foci after depletion of MSH2, MSH6, or MSH3

correlated with a decrease in the number of telomeric foci

(over 1.5-fold decrease in MSH3-depleted cells; Figures 1E

and S2D), suggesting that it is caused by loss of telomeric

DNA. Telomeres in ALT cells display long-range movement

and form multi-telomeric clusters where recombination takes

place (Cho et al., 2014). Given that the MMR system controls

recombination events by rejecting recombination between

non-identical sequences (Goldfarb and Alani, 2005) and that

subtelomeric regions contain dispersed telomeric repeats that

may serve as imperfect HR templates (Linardopoulou et al.,

2005), the loss of telomeric foci after depletion of MMR proteins

could be due to an increase in telomeric clustering and recombi-

nation events. However, depletion of the MMR proteins did not

lead to significant changes in intensity or size of telomere signals

that could arise from either telomere clustering or end-to-end fu-

sions (Figures S2E and S2F). Thus, our data rather suggest that

depletion of the MMR proteins, particularly MSH3 depletion,

leads to loss of telomeric DNA in U2OS cells.

The decrease in telomeric foci detected by immunofluores-

cence and the absence of changes in intensity or size of telo-

meric signals suggest that a subset of telomeres in MSH3-

depleted cells become shorter and fall under the detection limit.
SH3. Autoradiography obtained after Southern blot and hybridization with a

obtained from short telomeres (<4 kb) and total intensities (loading control).

n of MSH3 after 30 days.

ignal obtained from two independent experiments. Statistical analyses were

ing centromeric (red) and telomeric DNA (green). In red boxes, examples of

re shown. The white arrowheads indicate fragile telomere and telomere loss,

telomere fragility for U2OS cells depleted of indicated proteins.

epleted of indicated proteins.

for each condition. Median with interquartile range (black lines) and mean (red

(Mann-Whitney test). (B, D, and E) ****p < 0.0001 (Mann-Whitney test). See also

Cell Reports 39, 110602, April 5, 2022 3



Article
ll

OPEN ACCESS
To address this, we examined the alterations in telomere length

after long-term depletion of MSH3 in U2OS cells. We generated

an inducible system using miR-RNAi that targets MSH3 mRNA

with sustainable effects after addition of doxycycline (Dox).

Selected clones were cultured for 30 days in the presence or

absence of Dox (Figure S2G), and telomere length was then

analyzed using the terminal restriction fragment (TRF) assay.

We observed that MSH3 depletion caused loss of telomeric sig-

nals corresponding to short telomeres (Figures 1F, 1G, S2H, and

S2I), while MSH2 or MSH6 depletion had no detectable effect on

telomere length under our experimental settings. These results

correlate with the observed reduction in telomeric foci in

MSH3-depleted cells and suggest that short telomeres may be

particularly vulnerable to attrition upon MSH3 depletion in

U2OS cells.

The decrease in telomere length may lead to dysfunctional

telomeres, which can elicit the DNA damage response (Takai

et al., 2003). Thus, we analyzed the effect of depletion of

MMR proteins on the level of the DNA-damage markers

53BP1 and gH2AX at telomeres in U2OS cells (telomere

dysfunction-induced foci [TIFs]). We observed that depletion

of MSH3 increased the number of TIFs in U2OS cells

(Figures S3A–S3D). On the contrary, depletion of MSH2 rather

reduced TIF frequency as compared with control and MSH6

depletion had no apparent effect (Figures S3A–S3D). Because

MSH2 is present in both MutSb and MutSa, these results sug-

gest opposite effects of MutSb and MutSa on telomere integ-

rity. DNA-damage response factors are known to colocalize

with APBs, and dysfunctional telomeres are associated with

promyelocytic leukaemia (PML) in ALT-positive cells (Chung

et al., 2012). In this regard, we observed an elevated associa-

tion of telomeres with PML bodies upon depletion of MSH3 in

U2OS cells (1.7-fold increase; Figures S3E and S3F), support-

ing the role of MutSb in preventing telomere damage in ALT

cells.

Next, we analyzed metaphase chromosome spreads by FISH

and chromosome orientation FISH (CO-FISH) techniques to

identify the alterations at telomeres in U2OS cells depleted of

MMR proteins. Our results showed that MSH3 depletion signifi-

cantly increased telomere fragility in the ALT cell lines U2OS, VA-

13, and Saos2 (1.4-, 1.8-, and 1.7-fold increase, respectively;

Figures 1H, 1I, and S4A), but not in the telomerase+ HeLa LT

cells. On the contrary, MSH2, but not MSH6, depletion rather

decreased telomere fragility in U2OS cells (Figure 1I), suggesting

a role for theMutSa heterodimer in promoting telomere fragility in

absence of MSH3. Telomeric fragmentation in absence of MSH3

was not accompanied by significant or consistent changes in

the levels of telomeric sister chromatid exchanges (T-SCEs)

(Figures S4C–S4E) or interstitial telomeric repeats (ITRs)

(Figures S4H–S4J). Importantly, we observed that MSH3 deple-

tion increased the frequency of telomere loss in the ALT cancer

cell lines U2OS and Saos2, but not in ALT-positive SV40 large

T-antigen-transformed VA-13 fibroblasts and the telomerase+

HeLa LT cells (Figures 1H, 1J, and S4B). In addition, we

observed that MSH3 depletion caused loss of the G-rich telo-

mere lagging strand in U2OS cells (Figures S4C, S4D, S4F,

and S4G). Thus, we conclude that MutSb suppresses telomere

loss in ALT cancer cells.
4 Cell Reports 39, 110602, April 5, 2022
MutSb depletion causes accumulation of circular
extrachromosomal telomeric DNA in ALT cancer cells
Inappropriate processing of telomere ends may result in fragility

and/or loss of telomeric sequence as circular extrachromosomal

telomeric DNA (Vannier et al., 2012). Thus, we investigated

whether the telomere loss observed after depletion of MSH3 in

U2OS cells is associated with an increase in the formation of te-

lomeric circles. Given that MMR proteins are enriched at telo-

meres in ALT cancer cells, we focused on analyzing formation

of ALT-specific C-circles using the rolling circle amplification

assay (Henson et al., 2009; Figure S5A). We found that depletion

ofMSH3 increased the levels of telomeric C-circles in U2OS cells

(Figures 2A, 2B, S5B, and S5C). On the contrary, MSH2 deple-

tion decreased C-circle levels compared with control and deple-

tion of MSH6 reduced C-circle levels in MSH3-depleted cells

(Figures 2A and 2B). These results suggest the possibility of

opposing roles for MutSb and MutSa in modulating C-circle

formation. In support of this notion, depletion of MSH3 did

not increase C-circles levels in MSH2-knockout U2OS cells

(Figures 2C and 2D).

To determine whether the increased formation of C-circles

observed upon MSH3 depletion is specific to ALT cancer cells,

we compared C-circle levels in various ALT (U2OS, Saos2, and

VA-13) and telomerase+ (A172, HeLa, and HEK293) cell lines.

This analysis revealed that MSH3 depletion increased C-circle

levels in the ALT cancer cell lines, U2OS and Saos2, but not in

the immortalized ALT-positive VA-13 fibroblasts (Figures 2E

and 2F), which exhibit relatively low levels of TERRA transcription

(Arora et al., 2014; Toubiana et al., 2021). Importantly, depletion

of MSH3 did not induce C-circle formation in any of the telome-

rase+ cell lines tested (Figures 2E and 2F).

The SLX4 nuclease complex associates with telomeres in both

telomerase+ and ALT+ cells through direct binding to TRF2 and,

in absence of RTEL1, inappropriately resolves t-loops, resulting

in telomere loss as a circle (Sarkar et al., 2015; Vannier et al.,

2012). Intriguingly, SLX4 also interacts with MutSb (Svendsen

et al., 2009). Therefore, we investigated whether SLX4-associ-

ated nucleases, namely MUS81 and XPF, are also involved in

the formation of C-circles observed upon MSH3 depletion

in U2OS cells. We found that depletion of MUS81 or XPF

attenuated C-circle formation induced by MSH3 deficiency

(Figures 2G and 2H).

Together, these results suggest that MutSb prevents the en-

donucleolytic processing of telomeric DNA to C-circles in ALT

cancer cells.

MutSb suppresses accumulation of telomeric G4
structures
We next focused on identifying the causes of the telomere

integrity breakdown in cells lacking MutSb. We investigated

whether C-circle formation in MSH3-deficient U2OS cells was

caused by telomeric G4 DNA structures that have been shown

to be a major source of telomere fragility (Vannier et al., 2012).

To address this, we treated U2OS cells with the G4-stabilizing

ligand pyridostatin (PDS) and visualized the sites of G4 forma-

tion by immunofluorescence staining with BG4 antibody that

specifically binds to G4 structures. We observed an increase

in the number of nuclear BG4 foci after depletion of MSH3



Figure 2. MutSb suppresses telomeric C-circle formation in ALT cancer cells

(A, C, and E) Representative immunoblots related to (B), (D), and (F), respectively.

(B, D, and F) Representative dot blot of Phi29-dependent C-circle assay products (upper panel) and quantitation of C-circle intensity (lower panel) for (B) U2OS

cells depleted of the indicated MMR proteins, (D) U2OS and U2OS MSH2 knockout cells transfected with control (siLUC) or MSH3 (siMSH3) siRNA, and (F) the

telomerase+ cell lines A172, HEK293, and HeLa and the ALT cell lines U2OS, Saos2, and VA-13 transfected with siLUC or siMSH3 (the amount of DNA [ng] used

for Phi29-dependent C-circle amplification is indicated below the dot blot). C-circle intensity values are normalized to siLUC. Data represent the mean ± SD

(n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001 (two-tailed unpaired t test).

(G) Representative immunoblots showing knockdown efficiency of the indicated proteins in U2OS cells. Chromatin extracts were used for SLX4 detection.

(H) Representative dot blots (top panel) and quantitation of C-circle intensity (bottom panel) for U2OS cells depleted of indicated proteins. C-circle intensity values

are normalized to siLUC. Data are represented as mean ± SD (n = 3). *p < 0.05 and **p < 0.01 (two-tailed unpaired t test). p values above the bars refer to com-

parisons with siLUC.

See also Figure S5.
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(1.2-fold increase; Figures 3A and S6A). Importantly, PDS treat-

ment and MSH3 depletion synergistically increased the per-

centage of telomeres (TRF2 foci) colocalizing with G4 signal

(Figure 3B), as well as the generation of C-circles (Figure 3C).

The synergistic effect of PDS and MSH3 depletion on

C-circle formation was not apparent at high doses of PDS
(2 mM), likely due to saturation (Figure 3C). These results reveal

an involvement of MutSb in regulating the levels of G4

structures at telomeres, which may cause the formation of

C-circles. Of note, MSH3 depletion also increased G4 levels

at other genomic loci in U2OS cells (Figure S6B), suggesting

a general role for MutSb in regulating G4 levels.
Cell Reports 39, 110602, April 5, 2022 5



Figure 3. MutSb suppresses accumulation of telomeric G4 structures in U2OS cells

(A) Representative immunofluorescence images of BG4 (red) and TRF2 (green) foci in U2OS cells transfected with siLUC or siMSH3 and either untreated or

treated with 2 mM PDS for 1 h. Colocalizing foci are indicated with white arrows. Scale bar, 10 mm.

(B) Scatterplot showing the percentage of TRF2 foci colocalizing with BG4 foci in U2OS cells under specified conditions. PDS treatment was carried out for 1 h. At

least 550 nuclei from three independent experiments were analyzed for each condition.

(C) Dot blot analysis of C-circle assay products (upper panel) and quantitation of C-circle intensity (lower panel) for U2OS cells (lower) after mock or MSH3 deple-

tion and 3-h treatment with indicated concentrations of PDS.

Data represent the mean ± SD (n = 3). *p < 0.05, **p < 0.01, and ****p < 0.0001 (two-tailed unpaired t test). See also Figure S6.
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MutSb recognizes and destabilizes G4 structures
To explore the possibility that MutSb is directly involved in the

processing of G4 structures, we utilized an in vitro reporter

assay that monitors G4 stability through blockage of DNA syn-

thesis. In this assay, we used a fluorescently tagged primer and

an oligonucleotide template containing a G4-forming sequence

flanked by a polyT sequence followed by the sequence comple-

mentary to the primer at the 30 end (Figure 4A). Oligonucleotides

were annealed using conditions that are known to promote G4

formation (a KCl-based buffer) and conditions that do not

enhance G4 formation (buffers without salts or with NaCl). As

expected, primer extension by Klenow fragment of E. coli

DNA polymerase I was efficiently blocked at the G4-forming

sequence if the oligos were annealed in KCl-based buffer, while

a full primer extension was seen with oligos annealed in the

absence of salts or in the presence of NaCl (Figure 4B). We first

tested whether MutSb was capable of recognizing such G4

structure by using purified recombinant MutSb (Figure 4C)

and fluorescently labeled oligonucleotide containing only the

G4-forming sequence (Figure 4A), which was, following heat

denaturation, incubated in buffer containing either no salt (un-

structured G4 sequence) or KCl (G4 structure). We monitored

MutSb binding to each substrate by electrophoretic mobility

shift assays and detected MutSb bound to both substrates.

However, addition of an unlabeled poly dT competitor resulted

in a significant decrease in MutSb binding to the non-structured

substrate, while MutSb binding to the G4 structure largely per-

sisted upon poly dT addition (Figures 4D and 4E). These data

show that MutSb binds preferentially to G4 structures. MutSb

binding to structures such as insertion-deletion loops has

been shown to severely bend the DNA and facilitate unpairing
6 Cell Reports 39, 110602, April 5, 2022
of a normal downstream base pair (Gupta et al., 2011). Thus,

we sought to test whether MutSb binding to G4 and its DNA-

bending activity is capable of destabilizing the G4 block to

DNA synthesis in the above reporter assay (Figure 4B). To this

end, we preincubated the G4 substrate with MutSb to allow

its binding followed by a DNA synthesis step with Klenow. We

observed that MutSb alleviated the G4-dependent block to

DNA synthesis, allowing incorporation of two nucleotides past

the blockage site, and increased synthesis of the full-length

primer extension product (Figures 4F and 4G). Together, these

findings suggest that MutSb possesses the ability to bind and

destabilize G4 structures.

MutSb prevents accumulation of R-loops at ALT telo-
meres
G4 structures formed during transcription or replication might

cause transient stalling of the RNA polymerase II (RNA Pol II)

complex (Scheibye-Knudsen et al., 2016) that may favor the for-

mation of R-loops or, when formed in the exposed non-template

G-rich strand, stabilize such structures and promote their exten-

sion (Aguilera and Garcia-Muse, 2012; De Magis et al., 2019).

Accordingly, by DNA:RNA hybrid immunoprecipitation (DRIP)

with S9.6 antibody followed by quantitative real-time PCR, we

found that PDS treatment increased the level of telomeric

R-loops in U2OS, but not in HeLa cells (Figure S7A). Moreover,

PDS had no effect on R-loop accumulation in an R-loop-prone

region of theRPL13A gene, which does not contain aG4-forming

sequence (Figure S7A; Barroso et al., 2019). These data support

the notion that G4s and G4-mediated R-loops are more

frequently formed in ALT telomeres that undergo TERRA tran-

scription than in telomeres in telomerase+ cells.



Figure 4. MutSb recognizes and destabilizes G4 structures

(A) Oligonucleotides used for preparation of G4 substrates.

(B) Denaturing PAGE analysis showing the products of the Klenow primer extension reaction on the substrate in (A) annealed in buffers containing or not the

indicated salts and deoxyribonucleotide triphosphates (dNTPs). The size marker was obtained by using the substrate prepared in NaCl-based buffer and

performing the Klenow extension with dATP only. The schemes shown at the right depict the products of the reaction before denaturation.

(C) Coomassie-blue-stained SDS-PAGE gel showing purified recombinant MutSb.

(D) Native PAGE analysis of MutSb binding to substrates annealed in absence or in presence of KCl. dT65 oligo was used as competitor. The bands corre-

sponding to the substrate bound to MutSb (*) are shown enhanced for visualization purposes (lower panel). The schemes at the right depict the substrate alone

and bound to MutSb.

(E) Quantification of MutSb binding to the substrates used in (D). Binding efficiency was normalized using the band intensities obtained with substrates incubated

with MutSb in absence of competitor. Data represent the mean ± SEM (n = 3).

(F) Denaturing PAGE analysis showing the products of Klenow primer extension reaction on the substrate annealed in KCl-based buffer that was preincubated

with different concentrations of MutSb prior to the extension. The last lane contains the products of reaction with heat-inactivated MutSb (20*). The schemes

shown at the right depict the products of the reaction before denaturation and include annotations for the bands that are 1 to 2 nt longer than the ones expected

when extension is blocked at the first G of the quadruplex. The bands corresponding to full-length extension of the substrate (*) are shown enhanced for

visualization purposes (lower panel).

(G) Normalized fold increase in full-length extension products obtained after addition of the indicated concentrations of MutSb. Data represent the mean ± SEM

(n = 3).
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TERRA-telomeric hybrids have been shown to be the cause of

C-circle formation in ALT cells (Arora et al., 2014). To explore a

possible link between the elevated levels of C-circles observed

after MSH3 depletion and the accumulation of G4/R-loops, we

analyzed the effect of MSH3 depletion on R-loop levels in
U2OS cells. By immunofluorescence staining using S9.6 anti-

body, we observed that depletion of MSH3, particularly in

combination with PDS treatment, significantly increased the for-

mation of R-loops in the cell nuclei, both at sites of telomeres and

other nuclear loci (Figure 5A–5C). By DRIP-quantitative real-time
Cell Reports 39, 110602, April 5, 2022 7



Figure 5. MutSb prevents accumulation of R-loops at telomeres in U2OS cells

(A) Representative immunofluorescence images obtained using antibodies against RNA:DNA hybrids (S9.6, red) and TRF2 (green) after transfection of U2OS cells

with control (siLUC) or MSH3 (siMSH3) siRNA and treatment with the indicated concentrations of pyridostatin (PDS) for 3 h. Treatment with RNaseH was used to

exclude unspecific S9.6 signals. White arrows indicate colocalizing foci. Scale bars, 10 mm.

(legend continued on next page)
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Figure 6. Model for the function of MutSb at

ALT telomeres

MutSb, possibly in cooperation with DNA heli-

cases, eliminates G4 structures to prevent forma-

tion of telomeric R-loops during TERRA transcrip-

tion and/or to facilitate R-loop removal. In the

absence of MutSb, G4s promote R-loop formation

by blocking RNA polymerase II and/or by stabiliz-

ing the R-loop structure. XPF and MUS81 endonu-

cleases and MutSa process telomeric G4/R-loops

and/or resulting DNA structures, leading to telo-

mere fragility (not shown) and loss of telomeric

DNA as a C-circle.
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PCR, we could confirm that MSH3 depletion increased the level

of telomeric R-loops in U2OS and Saos2 cells, but not in the

telomerase+ cells HeLa and A172 (Figures 5D and S7B). These

results are consistent with the observed changes in C-circle

levels after depletion of MSH3 in these cells (Figure 2F).

Recent work has provided evidence that TERRA R-loops

trigger telomere fragility (Feretzaki et al., 2020). Therefore, we

tested whether the increased telomere fragility observed after

MSH3 depletion in U2OS cells (Figure 1I) is linked to the accumu-

lation of R-loops. To address this point, we used a stable U2OS

T-REx cell line carrying an RNaseH1 transgene under control

of a doxycycline-regulatable cytomegalovirus (CMV) promoter

(Chappidi et al., 2020). We found that ectopic overexpression

of RNaseH1 suppressed telomere fragility induced by MSH3

depletion (Figures 5E–5G).

Collectively, these findings support a role for MutSb in the

regulation of G4-dependent telomeric R-loops in ALT cancer

cells, which can give rise to telomere fragility and C-circle forma-

tion (Figure 6).

DISCUSSION

Loss of ATRX, a hallmark for ALT+ cells, has been shown to

cause TERRA upregulation and accumulation of G4 structures

in telomeric DNA (Flynn et al., 2015; Wang et al., 2019). G4 struc-

tures pose a roadblock to the progression of DNA replication and

transcription machineries, and failure to disassemble these

structures results in telomere fragility (Ding et al., 2004; Sfeir

et al., 2009; Vannier et al., 2012; Yang et al., 2021; Zimmer

et al., 2016), a phenotype manifested by MSH3-deficient U2OS

cells in this study (Figure 1I). We found that MutSb suppresses

accumulation of telomeric G4 structures in U2OS cells and can
(B) Quantification of S9.6 foci in nuclei of mock- andMSH3-depleted U2OS cells tr

are indicated. *p < 0.05 and ****p < 0.0001 (Mann-Whitney test).

(C) Scatterplot showing the percentage of TRF2 foci colocalizing with S9.6 signa

analyzed. **p < 0.01, ***p < 0.001, and ****p < 0.0001 (Mann-Whitney test).

(D) Quantitation of the level of telomeric R-loops in mock- and MSH3-depleted U

was treated with RNaseH prior to immunoprecipitation with S9.6 antibody. Data

**p < 0.01, and ****p < 0.0001 (two-tailed unpaired t test).

(E) Scheme showing the steps followed to generate metaphase spreads from U

expression of WT-RNH1. FISH with a C-rich telomere probe was used to examin

(F) Representative immunoblot of total extracts from U2OSWT-RNH1 cells transf

(G) Scatterplot showing percentage of metaphase chromosomes exhibiting telo

pendent experiments. Median with interquartile range (black lines) and mean (re

See also Figure S7.
specifically bind and destabilize G4 structures in vitro (Figures 3,

4F, and 4G). These findings suggest a role for this heterodimer as

a sensor of G4 structures and a factor involved in their dissolu-

tion. MutSb may act in conjunction with a specific DNA helicase

capable of G4 unwinding. Of note, two such helicases, namely

FANCJ and WRN, localize to telomeres in ALT cells and interact

directly with the MMR protein MLH1, which in the form of MLH1/

PMS2 heterodimer binds to the complex of MutSa/b with mis-

matched DNA during the canonical MMR reaction (Guillemette

et al., 2014; Kunkel and Erie, 2015; Peng et al., 2007; Saydam

et al., 2007; Ward et al., 2012).

Unresolved G4s may promote the formation of telomeric

structures that are processed endonucleolytically to C-circles.

One such structure prevalent at ALT telomeres, because of the

elevated levels of TERRA transcription, is R-loop (Arora et al.,

2014; Silva et al., 2021). In this regard, telomeric G4s have

recently been proposed as a novel hallmark of ALT cancers

(Yang et al., 2021). Here, we show that MutSb prevents accumu-

lation of R-loops in telomeres of ALT cancer cells (Figures 5D and

S7B). Moreover, our data suggest that the elevated telomere

fragility observed in U2OS cells depleted of MutSb depends on

R-loops (Figure 5G). Although the formation of TERRA R-loops

is essential for ALT, their excess can lead to excision of telomeric

DNA in form of extrachromosomal C-circles (Arora et al., 2014).

Evidence suggests that G4 structures stabilize R-loops and pro-

mote their extension (Aguilera andGarcia-Muse, 2012; DeMagis

et al., 2019). Thus, MutSb could destabilize G4 structures formed

in the G-rich strand during TERRA transcription and hence

disfavor R-loop formation (Figure 6). Alternatively, by destabiliz-

ing G4 structures, MutSb could facilitate R-loop removal (Fig-

ure 6), possibly by the FANCM-FAAP24 DNA translocase, which

is known to regulate the levels of TERRA R-loops in ALT cells
eated as in (A). Median with interquartile range (black lines) andmean (red lines)

l for cells in (A). At least 400 nuclei from three independent experiments were

2OS cells by DRIP-quantitative real-time PCR. Where indicated, genomic DNA

are mean ± SD (n = 3) and are normalized to siLUC (no RNaseH). *p < 0.05,

2OS wild-type (WT)-RNH1 cells. Doxycycline (Dox) addition induces the over-

e telomere fragility.

ected with the indicated siRNAs and treated with Dox for 24 h or left untreated.

meric fragility. Data correspond to 75 metaphases obtained from three inde-

d lines) are indicated. ****p < 0.0001 (Mann-Whitney test).
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(Pan et al., 2019; Silva et al., 2019). It is possible that G4 struc-

tures within the G-rich telomeric strand impair the translocation

of FANCM-FAAP24 along DNA, which drives the strand ex-

change reaction, leading to R-loop removal (Schwab et al.,

2015).

We observed that absence of MutSb increased telomeric

C-circle levels in ALT cancer cells (Figures 2B and 2F). Although

it is established that C-circle excision is promoted by TERRA

R-loops (Arora et al., 2014) and TERRA transcription has recently

been shown to initiate ALT by destabilizing telomere integrity

(Silva et al., 2021), the underlying molecular mechanism and reg-

ulators of this process remain incompletely defined. It is possible

that C-circles might form as a product of intratelomeric recombi-

nation facilitated by G4/R-loop structures. In support of this

notion, we found that C-circle formation was stimulated by

PDS treatment (Figure 3C), which also increased the level of te-

lomeric RNA:DNA hybrids, particularly in MSH3-depleted U2OS

cells (Figures 5C and S7A). In addition, we observed that accu-

mulation of C-circles in MSH3-depleted U2OS cells is depen-

dent on the structure-specific endonucleases MUS81 and XPF

(Figure 2H). MUS81 endonuclease prefers substrates that

contain a discontinuity or nick adjacent to the branchpoint of a

junction (Schwartz and Heyer, 2011). XPF together with XPG

have been previously shown to actively process R-loops into

DNA double-strand breaks (Sollier et al., 2014). Interestingly,

MUS81 and XPF are part of the SLX4-associated nuclease com-

plex that is known to interact with telomeres through TRF2 bind-

ing (Svendsen et al., 2009). Thus, it is conceivable that cleavage

of telomeric R-loops by these nucleases might create DNA inter-

mediates involved in the formation of C-circles and/or DNA gaps

detected as telomeric fragile sites (Figure 6).

Interestingly, we found that depletion of the MSH3 interaction

partner, MSH2, lowered rather than increased telomere fragility

and C-circle formation in U2OS cells (Figures 1I and 2D). Given

that MSH3 and MSH6 compete for binding to MSH2, this sug-

gests opposite roles for the heterodimers MutSa and MutSb in

telomere metabolism. Of note, MutSa is known to interact phys-

ically and functionally with the BLM helicase (Yang et al., 2004),

which is required for C-circle formation in ALT cells (Lu et al.,

2019; O’Sullivan et al., 2014; Zhang et al., 2019). Thus, in

absence of MSH3, MutSa may interact with G4 and enhance

recruitment and activity of BLM. Binding of MutSa to G4 has pre-

viously been demonstrated in vitro (Larson et al., 2005). Of note,

we found that elevated levels of C-circles in MSH3-depleted

U2OS cells depend not only on MutSa but also on BLM

(Figure S5D).

Interestingly, we found that depletion of MSH3 increased G4

and R-loop formation also at non-telomeric sites in U2OS cells.

Thus, MutSb is likely to operate on G4s genome-wide. Further

studies are needed to define the consequences of the failure of

this activity of MutSb.

In conclusion, here, we uncover a role for MutSb in regulating

G4 and R-loops in ALT telomeres to prevent telomere fragility

and nucleolytic excision in form of C-circles. Whereas a lot of

effort is placed in telomerase-inhibition-based therapies for can-

cer treatment, the incomplete knowledge on the molecular

events governing ALT has hampered attempts to find targets

for treatment of ALT-positive cancers. The need to find thera-
10 Cell Reports 39, 110602, April 5, 2022
peutic interventions against ALT-cancer cells is stressed by the

fact that several ALT cancers have a dismal prognosis. In addi-

tion, ALT cells may coexist with telomerase+ cells in the same tu-

mor and telomerase+ cells may engage ALT mechanisms to

escape telomerase inhibition. Our results constitute a step for-

ward towards a better understanding of the ALT pathway that

is needed for the development of additional therapeutic strate-

gies exploiting ALT-associated vulnerabilities in ALT+ tumors.

Limitations of the study
Our results represent a proof of principle showing the involve-

ment of MutSb in regulation of G4-associated telomeric

R-loops to maintain telomere integrity in ALT cancer cells.

Further studies are needed to establish the relative relevance

of this mechanism in other ALT cell lines than those used in the

current study.
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Antibodies

Anti-TRF2, rabbit polyclonal Santa Cruz Cat# sc-9143, RRID:AB_2201333

Anti-TRF2, mouse monoclonal Millipore Cat# 05-521, RRID:AB_2303145

Anti-MSH2, rabbit polyclonal Santa Cruz Cat# sc-494, RRID:AB_631975

Anti-MSH3, rabbit polyclonal Abcam Cat# Ab154521 RRID: NotFound

Anti-GTBP (E-8), mouse monoclonal Santa Cruz Cat# sc-137015, RRID:AB_2144968

Anti-PML, rabbit polyclonal Santa Cruz Cat# sc-5621, RRID:AB_2166848

Anti-gamma H2AX, mouse monoclonal Millipore Cat# 05-636, RRID:AB_309864

Anti-53BP1, rabbit polyclonal Santa Cruz Cat# sc-22760, RRID:AB_2256326

Anti-BLM, rabbit polyclonal Abcam Cat# ab476, RRID:AB_304596

Anti-TFIIH, rabbit polyclonal Santa Cruz Cat# sc-293, RRID:AB_2262177

Anti-DNA/RNA G-quadruplex (BG4) Absolute antibody Cat# Ab00174-1.1 RRID: NotFound

Anti-DNA-RNA hybrid (S9.6), mouse monoclonal Kerafast Cat# ENH001, RRID:AB_2687463

Antibody conjugated with Alexa Fluor 488, anti-rabbit Life Technologies Cat# A-11008, RRID:AB_143165

Antibody conjugated with Alexa Fluor 568, anti-mouse Life Technologies Cat# A-11037, RRID:AB_2534095

Anti-MSH2, mouse monoclonal Calbiochem Cat# NA27, RRID:AB_2266524

Anti-Lamin B1 (S20), goat polyclonal Santa Cruz Cat# sc-30264, RRID:AB_2136305

Anti-GTBP (MSH6), mouse monoclonal BDTransductionLab Cat# 610919, RRID:AB_398234

Anti-BTBD12 (SLX4), mouse monoclonal Abnova Cat# H00084464-B01P,

RRID:AB_1673069

Anti-XPF (SPM228), mouse monoclonal Abcam Cat# ab17798, RRID:AB_444016

Anti-MUS81, mouse monoclonal Santa Cruz Cat# sc-53382, RRID:AB_2147138

Anti-rabbit IgG Peroxidase-Conjugated Sigma-Aldrich Cat# A6667, RRID:AB_258307

Anti-mouse IgG Peroxidase-Conjugated Sigma-Aldrich Cat# A4416, RRID:AB_258167

Rabbit Anti-goat IgG Peroxidase-Conjugated Dako Cat# P0449, RRID:AB_2617143

Chemicals, peptides, and recombinant proteins

Pyridostatin trifluoroacetate salt Sigma-Aldrich SML0678

Lipofectamine RNAiMAX Reagent Invitrogen 13,778

Lipofectamine 2000 Reagent Invitrogen 11,668

BLOCK-iTTM Inducible Pol II miR-RNAi Expression Vector Kit with EmGFP Life Technologies K4939-00

Protease inhibitors (Complete Mini EDTA-free cocktail tablets) Roche 04693124001

Phosphatase inhibitors (Complete Mini EDTA-free cocktail tablets) Roche 04906837001

ECL substrate Thermo Scientific 1859698 & 1859701

DAPI Sigma D9542

Vectashield mounting medium with DAPI Vector Laboratories H-1200

Hoechst 33258 Sigma B1155

KaryoMAX Colcemid Gibco 15219-040

1x HOT FIREPol EvaGreen qPCR supermix Solis BioDyne 08-36-00,001

BrdU Sigma B9285

RNase A Sigma R5000

RNase H NEB M0297S

Exonuclease III Promega M1811

HinfI Thermo scientific ER1121

RsaI Thermo scientific ER0801

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Phi29 DNA polymerase Life Technologies EP0092

PerfectHyb Plus hybridization buffer Sigma-Aldrich H7033

Klenow fragment 3’/ 50 exo- NEB M0212S

Magnetic Dynabeads Protein G Invitrogen 100-07D

Experimental models: Cell lines

H.sapiens: U2OS ATCC HTB-96TM

H.sapiens: Saos2 ATCC HTB-85TM

H.sapiens: WI-38 VA-13 (VA-13) ATCC CCL-75.1TM

H.sapiens: HEK293 ATCC CRL-1573TM

H.sapiens: HeLa ATCC CCL-2TM

H.sapiens: HeLa LT (O’Sullivan et al., 2014)

H.sapiens: A172 ATCC CRL-1620TM

H.sapiens: U2OS T-REx GFP-RNaseH1 WT (Teloni et al., 2019)

H.sapiens: U2OS MSH2-KO This manuscript

Oligonucleotides

gRNA MSH2-Ex1 F

50-CACCGGAAGCGCACGAAGCCGACCT-30
Tag Copenhagen N/A

gRNA MSH2-Ex1 R

50-AAACAGGTCGGCTTCGTGCGCTTCC-30
Tag Copenhagen N/A

miR-RNAi MSH2- top strand

50 TGCTGTTGAACTTCAACACAAGCATGGTTTTGGCC

ACTGACTGACCATGCTTGTTGAAGTTCAA 30

Tag Copenhagen N/A

miR-RNAi MSH2- bottom strand

50 CCTGTTGAACTTCAACAAGCATGGTCAGTCAGTG

GCCAAAACCATGCTTGTGTTGAAGTTCAAC 30

Tag Copenhagen N/A

miR-RNAi MSH3- top strand

50 TGCT GATTTGAGAACCTTTGATGTCAGTTTTGGCC

ACTGACTGACTGACATCAGGTTCTCAAAT 30

Tag Copenhagen N/A

miR-RNAi MSH3- bottom strand

50 CCTGATTTGAGAACCTGATGTCAGTCAGTCAGTGG

CCAAAACTGACATCAA AGGTTCTCAAATC 30

Tag Copenhagen N/A

miR-RNAi MSH6- top strand

50 TGCTGAACAGATGACAAGATCAAAGTGTTTTGGC

CACTGACTGACACTTTGATTGTCATCTGTT 30

Tag Copenhagen N/A

miR-RNAi MSH6- bottom strand

50 CCTGAACAGATGACAATCAAAGTGTCAGTCAGTG

GCCAAAACACTTTGATCTTGTCATCTGTTC 30

Tag Copenhagen N/A

siLUC (50-CGUACGCGGAAUACUUCGAUU-30) Sigma-Aldrich N/A

siMLH1 (50-UCCACAAGUAUUCAAGUGA-30) Sigma-Aldrich N/A

siMSH2 (50-CUUGAGGAGUUUCAGUAUA-30) Sigma-Aldrich N/A

siMSH3-1 (50-GGAAUCUGGAAAUCCUACA-30) Sigma-Aldrich N/A

siMSH3-2 (50-CUAUACGCCGCUAGAAUUA-30) Sigma-Aldrich N/A

siMSH3-3 (50-UCGAGUCGAAAGGAUGGAUAA-30) Sigma-Aldrich N/A

siMSH6 (50-GUAAGUAUCUUCUUAGCCU-30) Sigma-Aldrich N/A

siBLM (50-CCGAAUCUCAAUGUACAUAGA-30) Sigma-Aldrich N/A

siSLX4 (50-GAGAAGAACCCUAAUGAAA-30) Sigma-Aldrich N/A

siMUS81 (50-GCCAUAUGUGUCAUGUAGATT-30) Ambion AM16704

siXPF (50-GUAGGAUACUUGUGGUUGA-30) Sigma-Aldrich N/A

Tel G primer for qPCR:

50ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT-30
Tag Copenhagen N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Tel C primer for qPCR:

50 GTTAGGTATCCCTATCCCTATCCCTATCCCTATCCC

TAACA 30

Tag Copenhagen N/A

PNA probe TelC-Alexa 488 PNABio F1004

PNA probe TelG-Cy3 PNABio F1006

PNA probe CENPB-Cy3 PNABio F3002

(CCCTAA)3 probe for C-circle assays Tag Copenhagen N/A

(TTAGGG)3 probe for TRF assays Tag Copenhagen N/A

G4T template

50-TTTTTTTTTTTTGGGTGGGTGGGTG

GGTTTTTTTTTTTTTGGTAGAATTCGGCAGCGTC-30

Microsynth N/A

TAMRA 20 primer

50 TAMRA- GA CGC TGC CGA ATT CTA CCA 30
Microsynth N/A

G3T

50 TAMRA-GGGTGGGTGGGTGGGT 30
Microsynth N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed and will be fulfilled by the lead contact, Javier Peña-

Diaz (jdiaz@sund.ku.dk).

Materials availability
This study did not generate new unique reagents. Cell lines generated in this paper are available from the lead contact upon request.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and cell culture
U2OS, U2OSMSH2-KO, Saos2,WI-38 VA-13, HEK293, HeLa, HeLa LT (O’Sullivan et al., 2014) and A172 cells were cultured in DMEM-

Glutamax (Life Technologies) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. Cells were cultured at 37�C
and 5%CO2. U2OS T-REx cell lines carrying a pAIO vector for the expression of RNase H1/GFP was cultures in DMEM supplemented

with 10% fetal calf serum (Tet-free approved), 100U/ml penicillin, and 100 mg/mL streptomycin, 50 mg/mL hygromycin B and 1 mg/mL

puromycin (Chappidi et al., 2020). Doxycycline (1 ng/mL) was added for 24 h to induce the expression of recombinant RNase H1. U2OS

MSH2-KO cells were generated using CRISPR-Cas9 technology as described elsewhere (Ran et al., 2013). Briefly, gRNAs targeting

exon 1 of MSH2 were designed using the CRISPRdirect software (Naito et al., 2015). The gRNAs used to generate the plasmids are

listed in the Key resources table. The gRNAs were cloned into the pSpCas9(BB)-2A-GFP vector for co-expression with Cas9. Cells

were seeded at 0.3x106 cells/well in 6-well dishes. After 24 h, cells were transfected with sequenced-verified gRNAs cloned into

pSpCas9(BB)-2A-GFP vector (1.25 mgDNA/well) using Fugene (Promega). 24 h after transfection, GFP-positive single cells were sorted

into a 96-well plate using a FACSAria-II cells sorter (BDBiosciences). Cloneswere expanded for 2weeks and screened byWestern blot

analysis using MSH2 antibodies. Clone #4 lacking MSH2 expression was chosen for further analysis.

METHOD DETAILS

Small interference RNA transfections and treatment
For siRNA transfection, cells were seeded in DMEM complete medium to reach a confluency of 30%–40% at the day of transfection.

Transfections of siRNAs at a final concentration of 40 nM were done using Lipofectamine RNAiMAX according to the manufacturer’s

instructions. 24 h after siRNA transfection, cells were trypsinized and re-seeded. Cells were harvested 72 h after transfection. Treat-

ments with 0.2–2 mMPyridostatin were performed 72 h after transfection for 3 h, as indicated sequences of siRNAs used are shown in

the Key resources table.
Cell Reports 39, 110602, April 5, 2022 e3

mailto:jdiaz@sund.ku.dk


Article
ll

OPEN ACCESS
Inducible knockdown of gene expression
To investigate the long-term effects of MMR protein depletions on telomere dynamics, we generated miR-RNAi that target and

silence specific MMR genes with sustainable effects. We used the BLOCK-iTTM Inducible Pol II miR-RNAi Expression Vector Kit

with EmGFP, which combines BLOCK-iTTM RNAi and T-RExTM technologies, to facilitate doxycycline-regulated expression of the

miRNA of interest from a Pol II/TO RNAi cassette for use in RNA interference (Guberman et al., 2011) analysis in mammalian cells.

The DNA oligonucleotides encoding the pre-miRNA of MSH2, MSH3 and MSH6 are listed in the Key resources table. To generate

stable cell lines harbouring this inducible system, U2OS cells were transfected with BLOCK-iTTM Inducible Pol II miR-RNAi Expres-

sion Vector entry construct using Lipofectamine 2000 Reagent according to the manufacturer’s instructions. miR-RNAi transfected

U2OS cells were cultured in DMEM-Glutamax supplemented with 10% Tet System approved fetal bovine serum (Clontech) and 1%

penicillin-streptomycin and selected in the presence of 5 mg/mL Geneticin Sulfate (G418) and 200 mg/mL Blasticidin. Addition of

50 ng/mL doxycycline was used to induce the expression of the miRNA of interest. Clones were generated from single cells and

knockdown efficiency assessed by western blot analysis.

Western blotting
In order to obtain total protein extracts, cells were lysed using either Laemmli lysis buffer (4% SDS, 20% glycerol, 120mMTris-HCl, pH

6.8) or RIPA buffer (150 mMNaCl, 1.0% IGEPAL� CA-630, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mM Tris-HCl, pH 8.0) sup-

plemented with protease and phosphatase inhibitors and denatured for 10 min at 70�C. In order to prepare chromatin enriched protein

fractions, cells were incubatedwithPre-extractionBuffer (0.025MHEPES-NaOH, pH7.4, 0.05MNaCl, 1mMEDTA, 3mMMgCl2, 0.3M

Sucrose, 0.5%TritonX-100) supplementedwith protease inhibitors for 10min on ice prior to lysis. Proteinswere resolvedbySDS-PAGE

using NuPage 4–12%Bis-Tris 1 mmgel and NuPageMOPSSDS buffer (Invitrogen), at 200 V for 1 h. Proteins were transferred to PVDF

membrane by semidry transfer for 1 h and 10 min at 65 mA. Membranes were blocked in 5% milk or BSA in TBS-0.1% Tween 20 for

30min, and incubated with primary antibodies overnight at 4�C and secondary antibodies for 1 h at RT. Antibodies used are listed in the

Key resources table. Primary antibodies were used at a dilution 1:1000 unless otherwise stated, while secondary antibodies were used

at a dilution 1:5000. The signal was visualized with ECL substrate in an Amersham imager 600 (GE Healthcare).

Immunofluorescence assays
Cells were washed twice in PBS and fixed with 4% formaldehyde in PBS for 10 min at RT. Formaldehyde was washed off with PBS

thrice. Cells were permeabilized with 0.2% (v/v) Triton X-100 in PBS for 5 min and incubated with blocking solution (DMEM/5%FBS/

0.05% Sodium Azide or PBS/2.5%BSA) for 30 min at RT. Primary antibodies were diluted in blocking solution and added to the cells

for 2 h at RT or overnight at 4�C. Cells were washed twice with PBS/0.1% Tween 20 and incubated with secondary antibodies con-

jugated with Alexa Fluor for 1 h at RT. Antibodies were washed off with PBS/0.1% Tween 20. Nuclei were stained with 250 ng/mL

DAPI for 5 min at RT on 96-wells microplates (Greiner BioOne, ref: 655,040) or mounted on slides with Vectashield mountingmedium

with DAPI. Images were obtained with either LSM 710 confocal microscope by Carl Zeiss (Z stacks/colocalisation identification) or a

motorized Olympus IX-81wide-fieldmicroscope equippedwith fast-switching filter wheels for excitation and emission of DAPI, FITC,

Cy3, and Cy5 fluorescent dyes (foci quantification); anMT20 Illumination system; and a digital monochromeHamamatsu C9100 CCD

camera. An Olympus UPLSAPO 403/0.9 NA objective was used. Automated unbiased image acquisition was carried out by the pro-

priety ScanR acquisition software and analyses performed using the ScanR analysis software as previously described (Teloni et al.,

2019; Toledo et al., 2013).

For detection of G4 by immunofluorescence, a previously described protocol was used (Biffi et al., 2013). Briefly, cells were

washed in PBS and fixed in methanol/acetic acid (3:1) for 10 min on ice. Following washes with PBS, cells were permeabilized

with 0.1% (v/v) Triton X-100 in PBS for 10 min on ice and incubated with 200 mg/mL RNase A in PBS for 1 h at RT. Then, cells

were incubatedwith blocking solution (2%drymilk in PBS/0.1%Tween 20) for 30min at RT. Primary antibodies were diluted in block-

ing solution and added to the cells for overnight incubation at 4�C. BG4 antibody was diluted to 1:500. Cells were washed three times

with PBS/0.1% Tween 20 for 5 min and incubated with secondary antibodies conjugated with Alexa Fluor for 1 h at RT. Antibodies

were washed off with PBS/0.1% Tween 20. Samples weremounted on slideswith Vectashield mountingmediumwith DAPI and visu-

alized in an automated upright microscope system with fluorescence illumination (Leica DM4B).

For detection of RNA:DNA hybrids by immunofluorescence, an alternative protocol was used. Briefly, cells were washed once with

PBS, once with pre-extraction Buffer (0.025 M HEPES-NaOH pH 7.4, 0.05 M NaCl, 1 mM EDTA, 3 mMMgCl2, 0.3 M Sucrose, 0.5%

Triton X-100, complete protease inhibitors), followed by 10 min incubation with pre-extraction Buffer on ice. Afterward, cells were

washed once with pre-extraction Buffer, once with PBS and permeabilized with 0.5% (v/v) Triton X-100 in PBS for 5 min at RT. Con-

trol samples were then incubated with 2 mL RNase H and 10 mL RNase H buffer, diluted in distilled water to a final volume of 50 mL, for

40min. All samples were then incubated with 1mg/mL RNase A in PBS for 20min at RT. Following washes with PBS, cells were fixed

with 4% formaldehyde in PBS for 10 min at RT. Formaldehyde was washed off by three washes with PBS. Primary antibodies were

diluted in PBS and added to the cells for 2 h at RT or overnight at 4�C. S9.6 antibody was diluted to 1:250. Cells were washed three

times with PBS/0.01% Tween 20 for 5 min and incubated with Alexa Fluor conjugated secondary antibodies for 1 h at RT. Antibodies

were washed off with PBS/0.1% Tween 20. Samples were mounted on slides with Vectashield mounting medium with DAPI and

visualized in an automated upright microscope system with fluorescence illumination (Leica DM4B). Antibodies used for immunoflu-

orescence staining are listed in Key resources table and employed at a dilution 1:1000 unless otherwise stated.
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Fluorescent in situ hybridization (FISH)
Cells grown either in slides or in cell culture microplates (PerkinElmer Cell carrierTM 96 ultra, ref:6,055,300) were washed twice in PBS

and fixedwith 4% formaldehyde for 10min at RT. Formaldehydewaswashed off with PBS thrice. Cells were permeabilizedwith 0.2%

(v/v) Triton X-100 in PBS for 10 min, incubated with 0.1 M HCl for 15 min at RT followed by incubation with denaturing buffer (60%

formamide, 2x SSC) for at least 30 min at RT. PNA probes, C-Tel-Alexa 488 and CENPB-Cy3, used are shown in the Key resources

table. Prior to hybridization, the PNA probes were denatured at 55�C for 5min and the hybridization solution (70% formamide, 25mM

MgCl2, 10 mM Tris-HCl, pH 7.5) preheated for 5 min at 85�C. Hybridization solution containing 1 ng/mL of 50 mMC-Tel-Alexa488 and

1 ng/mL of 50 mMCENPB-Cy3 was then added to the cells and incubated for 7 min at 85�C and then left to cool down for 2 h at RT in

the dark. Cells were washed three times with 2x SSC, 0.1% Tween 20 for 10 min at 42�C, followed by three washes with 1x SSC.

Finally, cells were incubated with 250 ng/mL DAPI for 5 min at RT. Nuclei and metaphase chromosomes were visualized by high

throughput-high content microscopy (Olympus IX-81) and confocal microscopy (LSM 710, Carl Zeiss).

Metaphase chromosome spreads
U2OS cells were incubated with 0.1 mg/mL KaryoMAX Colcemid for 1.5 h at 37�C, 5% CO2 and 95% humidity. Then, cells were har-

vested and incubated with preheated hypotonic solution (75 mM KCl) at 37�C for 20 min. Cells were fixed with methanol: acetic acid

(3:1) at RT. Samples were kept at �20�C until further analysis. Metaphase chromosomes were spread by dropping the mixture onto

slides/coverslips.

Chromosome orientation FISH (CO-FISH)
Cell cultures were incubated with 5 mg/mL BrdU for 22 h. Cells were washed to remove BrdU and colcemid was added for an addi-

tional 1.5 h. Cells were harvested and fixed as described above and metaphase chromosomes were spread on coverslips. Samples

were rehydrated in PBS for 5 min at RT and then treated with 0.5 mg/mL RNase A for 15 min at 37�C. Coverslips were incubated in

10 mg/mL Hoechst 33,258 for 15 min at RT in the dark and irradiated for 20 min (5.4 x 105 J/m2) under 365 nm UVP Minerlight Lamp

(model UVGL-58, UVP). McIlvaines Buffer was used to prevent coverslip drying during irradiation. The nicked BrdU-substituted DNA

strandswere degraded using 3U/ml of Exonuclease III in the buffer supplied by themanufacturer at RT for 10min. The coverslipswere

washed in PBS for 5 min and kept in the denaturation buffer (60% formamide, 2x SSC) for at least 30 min at RT. Prior to hybridization,

PNA probe TelC-Alexa 488 was denatured at 55�C for 5 min and the hybridization solution (70% formamide, 25 mM MgCl2, 10 mM

Tris-HCl, pH 7.5) preheated for 5 min at 85�C. Cells were washed five times with 2x SSC for 10 min at 42�C, gently rocking and then

TelG-Cy3 PNA probe was added and incubated for 2 h at RT in the dark. The coverslips were washed five times with 2x SSC for

10 min at 42�C and then were mounted with Vectashield mounting medium with DAPI. PNA probes TelC-Alexa 488 and TelG-Cy3

used are shown in the Key resources table. Leading and lagging strand of metaphase chromosomes were visualized by confocal

microscopy (LSM 710, Carl Zeiss).

Rolling circle amplification assay
The protocol for C-circle amplification was developed by Reddel’s group (Henson et al., 2009). Briefly, genomic DNAwas purified and

digestedwith 4 U/mgDNAHinfI andRsaI restriction enzymes in the presence of 25 ng/mLRNase A at 37�Covernight. Concentration of

digested DNA was measured and diluted up to 10 ng/mL in Tango Buffer. 50 ng of digested DNA were mixed with 0.2 mg/mL BSA,

0.1% Tween 20, 1 mM each dATP, dTTP, dGTP and 1x Phi29 buffer in the presence or absence of 7.5 U Phi29 DNA polymerase

in a volume of 20 mL. Samples were incubated at 30�C for 4 h followed by incubation at 65�C for 20 min. Reaction products were

diluted to 166 mL with 2x SSC and dot-blotted onto a 2x SSC-soaked nylon membrane. DNA was UV cross-linked on the membrane

(2600 x100 mJoules, 120 mJ/cm2) in a UV Stratalinker 2400 (Stratagene) and hybridized with a 32P-labelled (CCCTAA)3 telomeric

probe diluted in PerfectHyb Plus hybridization buffer at 37�C overnight. Blots were washed thrice for 30 min each at 37�C in 0.5x

SSC/0.1% SDS pre-warmed buffer, exposed to PhosphoImager screens, scanned and visualized using Typhoon 9400

PhosphoImager (GE Healthcare).

G-quadruplex biochemical assays
MutSb heterodimers carrying a hexahistidine tag on MSH3 were produced in Sf9 insect cells by means of baculovirus system and

purified as previously described (Burdova et al., 2015). Protein dilutions were performed in buffer containing 50mMTris-HCl (pH 7.5),

0.2 M NaCl, 1 mM DTT and 0.1 mM EDTA.

The oligonucleotides, G4T template, TAMRA 20 primer and G3T, used are listed in the Key resources table. The oligonucleotides

were heat denatured at 95�C for 10 min followed by slow cooling to RT to allow annealing and/or formation of G4 structures. The

annealing buffers employed (10 mM Tris-HCl, pH 8, 0.5 mM EDTA) either did not contain salts or contained 50 mM KCl or 50 mM

NaCl. The final oligonucleotide concentrations in the annealing reaction were of 250 nM for the TAMRA-tagged primers and

450 nM for the G4T template used for annealing with the primer TAMRA 20.

G-quadruplex binding assays were performed using a reaction mixture (10 mL) containing 0.05mg/mL BSA, 10 mM Tris-HCl, pH 8,

1 mMDTT, 50 mMNaCl, 10 mMMgCl2, the indicated concentrations of MutSb and 100 nMDNA substrate. The reactions were incu-

bated for 10 min at RT before adding loading buffer (10 mL) containing 30% glycerol, 0.05 mg/mL BSA, 10 mM Tris-HCl, pH 8, 1 mM
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DTT, 50mMNaCl, 2 mMATP, 10mMMgCl2. The reactionmixtures were loaded onto a 6%native acrylamide and run in 1xTBE buffer

at 100 Volt for 6 h. Gels were imaged using a Typhoon 9410 (GE Healthcare).

G-quadruplex stability assays were performed using a reaction mixture (10 mL) containing 0.05mg/mL BSA, 10mMTris-HCl, pH 8,

1 mM DTT, 50 mM NaCl, 2mM ATP, 10 mM MgCl2, MutSb at concentrations of 5, 10, 20 and 40 nM and 25 nM DNA substrate. The

reaction mixtures were incubated for 10 min at 37�C before adding Klenow reaction mixture (10 mL) containing 0.05 mg/mL BSA,

10 mM Tris-HCl, pH 8, 1 mM DTT, 50 mM NaCl, 10 mM MgCl2, 0.1 mM dNTPs and with or without 0.05 U of Klenow fragment

3’/50 exo-. This mixture was incubated for 30 min at 37�C before adding denaturing loading buffer (20 mL) containing 95% form-

amide, 50 mM EDTA and 0.02% bromophenol blue. The mixture was incubated at 95�C for 10 min prior to loading onto a 12% dena-

turing urea polyacrylamide gel. Electrophoresis was performed in 1x TBE buffer at 400 V. Gels were imaged using a Typhoon 9410

(GE Healthcare).

Terminal restriction fragment assay (TRF)
TRF analysis was performed essentially as described previously (Perrem et al., 2001). Briefly, genomic DNA was purified and di-

gested with 4 U/mg DNA HinfI and RsaI restriction enzymes in the presence of 25 ng/mg RNase A at 37�C overnight. The digested

DNA was loaded and run on 0.8% (w/v) agarose gel in 0.5x TBE buffer at 60 V (2 V/cm) for 14 h at 4�C. DNA was depurinated by

immersing the gel into depurination solution (0.25 M HCl) for 30 min, followed by denaturation (0.5 M NaOH/1.5 M NaCl) and neutral-

ization (1.5 M NaCl/0.5 M Tris) for 30 min each. DNA was transferred to nylon membranes (GeneScreen Hybridization Transfer Mem-

brane, PerkinElmer, NEF1018001PK) soaked in 2x SSC according to the Southern blotting assay as previously described (Kimura

et al., 2010). DNA was cross-linked by UV irradiation onto the membrane (1200 x100 mJoules) in a UV Stratalinker 2400 (Stratagene)

and hybridized with a 32P-labelled (TTAGGG)3 telomeric probe diluted in PerfectHyb Plus hybridization buffer at 37�C overnight. The

membrane was washed thrice in 0.5x SSC/0.1% SDS pre-warmed buffer for 30 min each at 37�C, exposed to PhosphoImager

screens, scanned and visualized using Typhoon 9400 (GE Healthcare).

Detection of R-loops at telomeres by DNA:RNA hybrid immunoprecipitation (DRIP) followed by qPCR
DRIP-qPCR was carried out essentially as described previously (Boque-Sastre et al., 2017). Briefly, cells were lysed in DRIP lysis

buffer (0.5% SDS, 50 mM Tris-HCl, pH 7.5, 20 mM EDTA; 500 mL lysis buffer per 107 cells) and incubated with 200 ng/mL Proteinase

K for 4 h at 37�C. Then, 5M NaCl was added to the mixture to a final concentration of 1.5 M and spun down at 20,000 x g for 15 min.

DNAwas isolated by ethanol precipitation. Genomic DNA (50 mg) was digested with 1 U/mg DNAHinfI andRsaI restriction enzymes at

37�Covernight. Digested DNAwas then sonicated for 4min (in total): pulse, 1 s ON, 1 sOFF, total ON 2min, with an amplitude of 20%

in ice-cold water bath using a Branson Digital Sonifier SFX250. Half sample volume was transferred into a new tube and incubated

with 25 U (1.25 U/mg) RNase H for 2 h at 37�C. Samples treated with RNase H were used as negative control. DNA from all samples

was collected by phenol:chloroform extraction and ethanol precipitation and resuspended in 50 mL IP buffer [0.05% (v/v) Triton X-100

in PBS]. Digestion and sonication efficiency were verified by electrophoresis of 2 mL of DNA on 0.8% agarose gel. Approximately

10 mg of DNA and 5 mg of the S9.6 antibody were used per sample, and 500 ng of the same DNA were kept to be used as input ma-

terial. Immunoprecipitation was performed using magnetic Dynabeads Protein G following the instructions given by the manufac-

turer. In order to elute the DNA, the beads were incubated for 3 h at 50�C with 2 mL Proteinase K diluted in 48 mL of TE buffer.

Then, the samples were denatured in 0.4 M NaOH/10 mM EDTA and retrieved from the beads. The retrieved fragments were then

analysed by qPCR using TelG and TelC primers (Cawthon, 2009) enlisted in the Key resources table. We employed 25 ng of input

or 50–250 ng of immunoprecipitated DNA that were mixed with 250 nM telomere primers and 1x HOT FIREPol EvaGreen qPCR

supermix. Amplification of the telomeric sequences was performed in a StepOnePlus Real-Time PCR System (Applied Biosystems)

using 40 cycles of 15 s denaturation at 95�C, 30 s of annealing at 62�C and 20 s of extension at 72�C. Analysis was done on StepOne

software v2.3 using the DCt method. Each sample was normalised first according to the negative qPCR control, to remove primers’

background, and then according to the reference sample (siLUC untreated). The equations that we used are: DCT = (neg ctrl – sam-

ple) and DDCT = (DCT of immunoprecipitated or input sample – DCT of reference immunoprecipitated or input sample). The fold in-

crease was calculated as 2DDCT and normalised by dividing each immunoprecipitated sample with its input.

DRIP-qPCR for Figures S7A and S7B was carried out essentially as previously described (Garcia-Rubio et al., 2018) with the in-

clusion of a sonication step (5 min, 1 s ON, 1 s OFF) using a Diagenode bioruptor sonication device.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical comparisons were carried out in theGraphPad Prism 7.0 software, using theMann-Whitney test method of significance for

large datasets. For small datasets (nR 3) we used Student’s t-test. All experiments were performed at least in triplicates and plotted

as mean ± SD, unless stated otherwise.
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