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Summary

Tumors with defective mismatch repair (dMMR) are responsive to immunotherapy because of 

dMMR-induced neoantigens and activation of the cGAS-STING pathway. While neoantigens 

result from the hypermutable nature of dMMR, it is unknown how dMMR activates the 

cGAS-STING pathway. We show here that loss of the MutLα subunit MLH1, whose defect 

is responsible for ~50% of dMMR cancers, results in loss of MutLα-specific regulation of 
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exonuclease 1 (Exo1) during DNA repair. This leads to unrestrained DNA excision by Exo1, 

which causes increased ssDNA formation, RPA exhaustion, DNA breaks, and aberrant DNA repair 

intermediates. Ultimately, this generates chromosomal abnormalities and the release of nuclear 

DNA into the cytoplasm, activating the cGAS-STING pathway. In this study, we discovered a 

hitherto unknown MMR mechanism that modulates genome stability and has implications for 

cancer therapy.

eTOC Blurb

The mechanism by which mismatch repair deficiency benefits immunotherapy is unclear. Guan et 

al. show that mismatch repair protein MLH1 controls Exo1 nuclease activity during DNA repair, 

and loss of MLH1 causes DNA hyper-excision, leading to chromosomal instability and cytosolic 

DNA accumulation. This activates the cGAS-STING pathway to facilitate immunotherapy.

Graphical Abstract

Introduction

DNA mismatch repair (MMR) maintains genome stability by correcting base mismatches 

generated during DNA replication. MMR is nick-directed and specifically targets the newly 

synthesized DNA strand. MMR in human cells is initiated when a mismatch recognition 

protein, MutSα (MSH2-MSH6) or MutSβ (MSH2-MSH3), identifies a mis-incorporated 

nucleotide, which induces coordinated interactions between MutSα/MutSβ, MutLα (MLH1-
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PMS2), and PCNA (proliferating cell nuclear antigen). These interactions lead recruitment 

of the 5′ to 3′ exonuclease 1 (Exo1) to a single strand break 5′ to the mismatch via its 

physical interactions with MLH1, MSH2, and/or PCNA (Schmutte et al., 1998; Tishkoff 

et al., 1998; Tran et al., 2001). Upon removing the mispaired base, the Exo1-catalyzed 

excision is promptly terminated, possibly through interactions with MutLα. The excision-

generated ssDNA gap is then filled by DNA polymerase δ, and repair is concluded by ligase 

I-catalyzed nick ligation (Constantin et al., 2005; Zhang et al., 2005).

Consistent with MMR’s role in maintaining replication fidelity, defects in MMR genes, 

particularly in MLH1 and MSH2, lead to genome-wide mutations and cancer development 

(Kolodner and Marsischky, 1999; Li, 2008; Modrich and Lahue, 1996). Tumors defective 

in MMR (dMMR) exhibit an elevated mutation frequency and numerous alterations in 

microsatellite sequence, a phenomenon called microsatellite instability (MSI) (Li, 2008). 

Interestingly, recent studies have revealed that dMMR tumors are responsive to checkpoint 

blockade immunotherapy (Le et al., 2017; Le et al., 2015). The dMMR-triggered responses 

to immunotherapy have been attributed to the high mutation rate in dMMR tumors, which 

allows production of a large quantity of neoantigens that are subsequently recognized 

by the immune system as non-self to elicit immune responses and kill dMMR tumor 

cells. However, ∼50% of dMMR tumors do not respond to immune-checkpoint blockade 

(Cristescu et al., 2018; Kim et al., 2018; Le et al., 2017), suggesting that neoantigen-

generated mutation burden found in dMMR is not sufficient to drive responsiveness to 

immunotherapy.

The cytosolic DNA sensor cyclic GMP-AMP synthase (cGAS), a critical factor in the 

innate immune response pathway, is essential for checkpoint blockade immunotherapy in 

animal models (Wang et al., 2017). Upon binding cytosolic DNA, cGAS synthesizes the 

second messenger molecule cyclic GMP-AMP (cGAMP), which, in turn, binds and activates 

the adaptor stimulator of interferon genes (STING). The activated STING then triggers 

a signaling cascade that induces type I interferons (IFNs) and other immune molecules 

(Ablasser and Chen, 2019; Li and Chen, 2018). Recent studies have also shown that cGAS 

activation is associated with DNA damage-induced genome instability, which leads to the 

formation of micronuclei, the cGAS-STING activation platform (Harding et al., 2017; 

Mackenzie et al., 2017). Interestingly, 5-fluorouracil treated MLH1-deficient tumor cells 

exhibit double strand breaks (DSBs), micronuclei, and chromosomal instability when they 

express no or reduced ATR or Chk1 (Jardim et al., 2009), suggesting that MLH1 deficiency 

triggers activation of the cGAS-STING pathway. Indeed, we have recently shown that tumor 

cells defective in MLH1 accumulate cytosolic DNA to activate the cGAS-STING pathway, 

which sensitizes MLH1-deficient tumors to immunotherapy by promoting the priming and 

infiltration of anti-tumor CD8+ T cells. Impairing the DNA sensing function of cGAS 

or STING renders MLH1-deficient tumors resistant to immunotherapy (Lu et al., 2021). 

However, the mechanism by which MLH1 deficiency activates the innate immune sensing 

pathway is unknown.

MLH1 has been shown to play a role in repairing DNA strand breaks. For example, it was 

shown that MLH1 is immediately recruited to DNA strand breaks induced by various DNA 

damaging agents (Hong et al., 2008). Exo1 is known to conduct the DNA end resection 
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required for double-strand break (DSB) repair via the homologous recombination (HR) 

pathway (Cejka, 2015; Niu et al., 2009; Tsubouchi and Ogawa, 2000). Because DNA hyper-

resection is mutagenic and toxic to the genome (Ochs et al., 2016), Exo1-catalyzed excision 

during end resection must be properly regulated, as it is in MMR (Zhang et al., 2005). 

Collectively, these data drove our hypothesis that MutLα regulates Exo1 activity and that 

loss of MLH1 causes Exo1-catalyzed hyper-excision, which leads to genome instability and 

activation of the cGAS-STING pathway to facilitate immune checkpoint inhibitor therapy.

We show here that MutLα modulates Exo1’s activity through a mutual physical interaction, 

and depleting MLH1 or disrupting the MLH1–Exo1 interaction allows Exo1 to conduct 

hyperactive excision in both MMR and DNA end resection. Exo1-mediated hyper-resection 

causes increased ssDNA, RPA exhaustion, increased ssDNA breaks. These aberrant 

intermediates eventually result in chromosomal abnormalities and accumulation of cytosolic 

DNA, which activates the cGAS-STING pathway.

Results

MLH1-deficiency activates the cGAS-STING pathway

To determine whether dMMR-mediated immunotherapy responsiveness occurs via activation 

of the cGAS-STING pathway, we generated Mlh1-knockout (Mlh1−/−) and Mlh1-rescued 

mouse 4T1 tumor cells, and the resulting cells were analyzed for DNA breaks and cytosolic 

DNA accumulation, events required for cGAS activation (Ablasser and Chen, 2019; Li 

and Chen, 2018). We measured cytosolic DNA using the PicoGreen dye, a widely used 

fluorescent stain that selectively binds to double-stranded DNA (Shen et al., 2015), and 

found that without any treatment, the percentage of cells accumulating cytosolic DNA 

in Mlh1−/− 4T1 cells was significantly higher than that in wild-type (WT) 4T1 and Mlh1-

rescued Mlh1−/− 4T1 cells (Figures 1A and 1B). This number increased significantly (Figure 

1B) when cells were treated with 10 Gy of ionizing radiation (IR). These results suggest that 

MLH1 deficiency causes DNA release from the nucleus to the cytoplasm, and IR stimulates 

this process.

Because the accumulation of cytoplasmic DNA is a consequence of nuclear DNA damage 

(Li and Chen, 2018), we next assessed the phosphorylation of histone H2AX (γH2AX), an 

indirect marker of DNA double-strand breaks (DSBs) in the cell lines. Comparable levels 

of γH2AX were found 1-hour after IR in all cell lines (Figure 1C). Interestingly, γH2AX 

levels persisted in Mlh1−/− 4T1 cells, as indicated by γH2AX still being present 12 hours 

after IR in Mlh1−/− 4T1 cells, but not in WT 4T1 cells (Figures 1C and 1D). The same 

results were also obtained in the MLH1-deficient colorectal cancer cell line HCT116, and 

its MLH1-rescued derivative (Supplemental Figures 1A–1C). These results strongly suggest 

that MLH1−/− cells have delayed repair and/or persistent generation of DSBs.

To determine whether the observed cytosolic DNA in Mlh1−/− cells leads to cGAS 

activation, we measured the production of cGAMP in WT and Mlh1−/− 4T1 cells with 

or without IR treatment, as described previously (Gui et al., 2019). The results show that 

Mlh1−/− cells, regardless of IR treatment, contained a cGAMP level significantly higher than 

that in WT cells (Figures 1E and S1D), and that IR treatment significantly stimulated the 
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production of cGAMP (Figure 1E). Consistent with the fact that cGAMP activates STING 

and its downstream factors, the increase in cGMAP in Mlh1−/− 4T1 cells is associated 

with increased phosphorylation of STING (Figures 1F and 1G) and STAT1 (Figures 1F 

and 1H), as well as upregulation of interferon-stimulated gene 15 (Isg15) (Figure 1I) and 

interferon regulatory factor 7 (Irf7) (Figure S1E). The innate immune signaling triggered 

by MLH1 deficiency depends on cGAS and STING, as knocking out either abolished 

this signaling (Figures 1J, 1K, and S1F–S1I). Collectively, the data indicate that MLH1 

deficiency decreases the repair of IR-induced DSBs, which increases leaking of nuclear 

DNA into the cytoplasm, thereby inducing innate immune signaling.

Exo1 is essential for MLH1−/−-mediated DNA breaks and innate sensing signaling

Previous studies have shown that MLH1 physically interacts with Exo1 (Schmutte et al., 

1998; Tishkoff et al., 1998; Tran et al., 2001) and that MutLα modulates Exo1 nuclease 

activity during mismatch-provoked excision (Zhang et al., 2005). This drove us to postulate 

that the increased presence of DSBs in Mlh1−/− cells is because MLH1 also modulates 

Exo1 activity in DSB repair and loss of MLH1 results in excessive Exo1-mediated DNA 

end resection and dysfunctional DSB repair (Cejka, 2015; Niu et al., 2009; Tsubouchi 

and Ogawa, 2000). To explore this, we knocked out Exo1 in both 4T1 and Mlh1−/− 4T1 

cells, treated the resulting Exo1−/− and Mlh1−/−-Exo1−/− cells with IR, and analyzed for 

cytosolic DNA and innate immune signaling. Depleting Exo1 in Mlh1−/− cells significantly 

reduced the number of cells exhibiting cytosolic DNA both in IR-treated and untreated cells, 

and the double knockout (Mlh1−/−-Exo1−/−) cells, as well as Exo1−/− cells, behaved like 

WT 4T1 cells (Figures 2A and S2A). Correspondingly, we did not observe the prolonged 

γH2AX detected in Mlh1−/− cells after IR treatment in Mlh1−/−-Exo1−/− cells (Figures 2B 

and 2C), which suggests that Exo1 is directly responsible for the prolonged DNA breaks 

in Mlh1-deficient cells, and that DSBs in Mlh1−/−-Exo1−/− cells could be repaired via the 

non-homologous end-joining pathway or processed by other end resection enzymes (e.g., 

DNA2) in the absence of Exo1 before being repaired via HR (Liu and Huang, 2016). 

The lower γH2AX levels in Mlh1−/−-Exo1−/− double knockout cells were also associated 

with reduced phosphorylation of STAT1 (Figures 2B and 2C) and STING (Figures 2D 

and 2E), as well as reduced expression of Isg15 (Figure 2F), Irf7 (Figure S2B), and type 

I interferon Ifn-β (Figure S2C). The results strongly suggest that Exo1 is essential for 

generating persistent, prolonged DNA damage in Mlh1−/− cells, which leads to cytosolic 

DNA, followed by cGAS-STING pathway activation.

MutLα–Exo1 interaction controls Exo1’s nuclease activity

To determine whether the MutLα–Exo1 interaction regulates Exo1’s nuclease activity in 

MMR and DNA end resection, we generated several Exo1 mutants that disrupt Exo1’s 

MLH1-interaction domains (Tran et al., 2004) (also see Figure 3A). We selected mutants 

that retained Exo1 nuclease activity but reduced or ablated the Exo1–MLH1 interaction. 

The three mutants selected were substitution of Phe at residues 506 and 507 with Ala (Exo1-

FF-AA, or FF-AA), deletion of the C terminal 244 (603–846) residues (Exo1-ΔC or ΔC), 

and combined FF-AA and ΔC (FF-AAΔC) mutations (Figure 3A). Co-immunoprecipitation 

(Co-IP) experiments using purified proteins (Figure 3B, left) revealed that each of the three 

Exo1 mutants interacted less with MutLα than WT Exo1 did (Figure 3B, right).
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First, we tested the MutLα–Exo1 interaction on the mismatch-provoked excision. We 

performed a reconstituted excision reaction using purified proteins and a circular 

heteroduplex DNA containing a single G-T mismatch and a nick 128 bp 5’ to the mismatch, 

as previously described (Zhang et al., 2005). As shown in Figure 3C, higher levels of MutLα 
were associated with higher levels of excision intermediates (see red bracket), which are 

~25-nt and 60-nt downstream of the mismatch site (red asterisk, the 416-nt marker), in 

reactions with WT Exo1 (lanes 4–6). However, the same conditions did not generate higher 

levels of excision intermediates immediately downstream of the mismatch in reactions with 

the Exo1-FF-AA mutant (lanes 9–11), which suggests that appropriate excision termination 

in MMR relies on the proper interaction between MutLα and Exo1.

We next determined whether MutLα modulates Exo1 activity in DNA end resection, using 

previously described in vitro end resection assays (Cannavo et al., 2013; Cejka et al., 2010). 

The results show that Exo1 alone digested a 2.7-kb linear dsDNA into a series of molecules 

much smaller than the 2.7-kb ssDNA (Figure 3D, lane 3, Product I). Addition of MutLα 
to the reaction made the excision products migrate more slowly (Figure 3D, lanes 4 and 

5), and this was concentration dependent. In the presence of 4 pmol MutLα, all excision 

products (Product II) became bigger than the 2.7-kb ssDNA (Figure 3D, lane 5). However, 

MutLα essentially failed to do the same when Exo1 mutants FF-AA and FF-AAΔC were 

used in the DNA end resection assays (Figure 3D, lanes 7, 8, 10 and 11). The amount of 

Product II is apparently determined by how strongly MutLα interacts with Exo1, as the 

reaction containing WT Exo1, which has the strongest interaction with MutLα generated the 

most Product II, and the reaction containing FF-AA•ΔC, which has the weakest interaction 

with MutLα produced the least Product II (Figure 3D, compare lane 5 with lanes 8 and 

11). Quantitative analysis revealed that the amount of product II in the WT Exo1-containing 

reaction is significantly higher than that in reactions containing either Exo1 mutant (Figure 

3E). Taken together, these results strongly support the hypothesis that MutLα regulates 

Exo1’s excision activity during DNA end resection through its physical interaction with 

Exo1.

RPA has also been reported to suppress Exo1’s nuclease activity during end resection 

(Cannavo et al., 2013). We performed the DNA end resection assay in the presence of 

RPA, as described previously (Cannavo et al., 2013), and we found that, under experimental 

conditions, RPA by itself did not suppress DNA end resection conducted either by Exo1 

or FF-AA (Figure 3F, lanes 3 and 8). However, RPA appears to facilitate MutLα in 

effectively controlling Exo1’s excision activity. Reactions with RPA generated Product II 

using less MutLα than reactions without RPA (Figure 3F, lane 5), and the highest MutLα 
concentration (4 pmol) essentially inhibited Exo1 activity (Figure 3F, lane 6). We did not 

observe this phenomenon when Exo1-FF-AA replaced Exo1 in the DNA end resection 

reactions (Figure 3F, lanes 7–11).

To determine the impact of MLH1 on DNA end resection in vivo, we used the ER-AsiSI 

system established in U2OS cells, in which the AsiSI restriction enzyme is fused to 

the estrogen receptor hormone-binding domain and induced when cells are treated with 

4-hydroxytamoxifen (4-OHT) (Iacovoni et al., 2010; Zhou et al., 2014). Upon expression, 

AsiSI can generate DSBs at an AsiSI sequence (5′-GCGATCGC-3′) located in chromosome 
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1 (Figure 3G). Since ssDNA resists restriction digestion, the amount and length of ssDNA 

generated during end resection at the AsiSI-created DSB can be determined using three 

pairs of quantitative PCR (qPCR) primers, i.e., near each of the three BsrGI sites, which 

are located 335, 1618, and 3500 bp away, respectively, from the AsiSI site (see Figure 3G). 

As expected, the amount of ssDNA generated in WT U2OS cells is inversely correlated 

to the distance between the DSB and BsrGI sites (Figure 3H), i.e., resection at the 

DSB site is more frequently terminated near the strand break, which is consistent with 

previous findings (Iacovoni et al., 2010; Zhou et al., 2014). However, MLH1-deficent cells 

generated significantly higher amounts of ssDNA than WT cells, and we did not observe 

any differences in the amount of ssDNA produced in the three different qPCR reactions 

(Figure 3H ). This suggests that end resection at the AsiSI site can go at least 3500 bp and 

likely beyond in the absence of MLH1. Collectively, these observations suggest that MLH1 

regulates Exo1’s nuclease activity during DNA end resection.

Exo1 is more stable and abundant in MLH1-deficient cells

To directly visualize the recruitment of Exo1 to IR-induced strand breaks, we micro-

irradiated WT and MLH1-deficient HeLa cells transiently expressing GFP-tagged Exo1 

using a laser microscope, as previously described (Lu et al., 2019). We observed that 

similar amounts of Exo1 were recruited to the damage sites at early time points in WT 

and MLH1-deficient cells. However, the level of Exo1 in WT cells reached a plateau at ~2 

min before gradually declining. In contrast, the fluorescence intensity in MLH1-deficient 

cells did not reach the peak until 4 min and stayed at that level for at least several hours 

(Figures 4A, 4B and 4C). Similar results were also obtained in MLH1-deficient HCT116 

and MLH1-rescued HCT116 cells (Figures S3A and S3B). These observations suggest that, 

in MLH1-deficient cells, not only does more Exo1 interact with damaged DNA, but Exo1 is 

retained longer at DNA damage sites. This supports the idea that, in the absence of MLH1, 

Exo1 excessively excises damaged DNA.

To determine whether the higher levels of Exo1 in MLH1-deficient cells are related to 

Exo1 expression and/or stability, we measured Exo1 levels in MLH1-proficient and deficient 

HeLa cells. We found that the overall level of Exo1 is higher in MLH1-deficient cells 

than in WT HeLa cells both before and after IR treatment (Figures 4C upper and 4D). 

We also observed a higher level of Exo1 in U2OS-MLH1−/− cells than in WT U2OS 

cells both before and after inducing DSBs by 4-OHT (Figure 4E). Similar results were 

found in MLH1-deficient HCT116 cells, in comparison with MLH1-rescued HCT116 

cells (Figures S3C–S3F). To confirm this finding in human cancers, we analyzed Exo1 

expression in microsatellite stable (MSS) and MLH1-deficient (dMLH1) colorectal tumors 

from the Cancer Genome Atlas (https://gdac.broadinstitute.org/). Consistent with the results 

in cell lines, we found that the level of Exo1 in dMLH1 tumors is significantly higher 

than that in MSS tumors (Figure 4F). These results suggest that MLH1 may have a 

role in modulating Exo1 expression. Although the exact mechanism(s) by which MLH1 

regulates Exo1 expression is unknown, previous studies have suggested that MutLα plays an 

important role in regulating miRNA biogenesis (Mao et al., 2012). It is possible that MutLα 
regulates the production of Exo1-specific miRNAs. We would like to mention that since we 

could not obtain a specific antibody for mouse Exo1, we used the human Exo1 antibody to 
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detect Exo1 expression in 4T1 cells (Figure 2B). Although the human Exo1 antibody can 

recognize a specific band with the correct size, we did not observe IR-enriched Exo1 in 4T1 

cells, which could be due to the fact that the human antibody cannot detect modified (e.g., 

phosphorylated) Exo1 in mouse cells (see below).

Recent studies have shown that the phosphorylation of Exo1 promotes its recruitment to 

DSBs and is required for appropriate DNA end resection (Bolderson et al., 2010; Tomimatsu 

et al., 2014). We examined Exo1 phosphorylation in WT and MLH1-deficient cells and 

found that, as with Exo1 expression, the level of phosphorylated Exo1 was significantly 

higher in MLH1-deficient HeLa cells than in WT HeLa cells, regardless of IR treatment 

(Figure 4C). Interestingly, we found that more Exo1, as well as pExo1, was associated with 

chromatin in MLH1-deficient cells than in WT HeLa cells (Figures 4C and 4G). These 

results are consistent with the fact that Exo1 is retained at laser-generated DSBs longer in 

MLH1-deficient cells than in WT cells (Figure 4B), suggesting that higher levels of Exo1 on 

DNA results in excessive DNA end resection (Figure 3H) and more DSBs (Figure 1C). The 

current literature reports contradictory roles for pExo1 in the DNA damage response, with 

two studies showing that Exo1 phosphorylation activates its activity (Doerfler and Schmidt, 

2014; Tomimatsu et al., 2014), one showing Exo1 inactivation (Morafraile et al., 2020), and 

another showing that pExo1 results in protein degradation (El-Shemerly et al., 2005). Our 

data suggest that chromatin-bound pExo1 is active in DNA end resection.

RPA exhaustion and phosphorylation in MLH1-deficient cells

RPA protects ssDNA from nicking during DNA replication, repair, and recombination 

(Bhat and Cortez, 2018; Marechal and Zou, 2015). However, generating excess ssDNA 

causes RPA exhaustion and genomic instability (Chen et al., 2013; Ibler et al., 2019). We 

hypothesized that Exo1-catalyzed hyper-resection in MLH1-deficient cells increases the 

production of ssDNA and subsequently, RPA exhaustion. To examine this, we performed 

RPA-protection assays, as described previously (Ibler et al., 2019), in U2OS cells that carry 

the ER-AsiSI system. In this assay (see Figure S4A), hyper-resection-generated ssDNA 

fragments, which are not protected by RPA, can serve as a template for DNA synthesis 

using nucleotide analogue 5-bromo-2’-deoxyuridine (BrdU) and Taq DNA polymerase, and 

an antibody specific for BrdU can be used to identify sites of unprotected ssDNA (see STAR 

Methods for details). Upon treatment with 4-OHT, a BrdU-specific antibody detected few 

foci in WT cells, but significantly more in MLH1-deficient U2OS cells (Figures 5A and 5B), 

which is consistent with the fact that there are more than 150 AsiSI restriction sites in the 

human genome. In addition to the number of foci per cell (Figure 5B), the percentage of 

cells displaying BrdU foci is significantly lower in WT U2OS cells than in MLH1-deficient 

cells (Figure 5C). These RPA exhaustion assay results strongly suggest that MLH1-deficient 

cells contain high levels of RPA-free ssDNA, which supports the idea that Exo1 conducts 

extensive end resection in the absence of MLH1.

RPA is phosphorylated in response to DNA damage (Bhat and Cortez, 2018; Marechal 

and Zou, 2015). As expected, we observed phosphorylated RPA (pRPA) foci in U2OS 

cells treated with 4-OHT (Figure 5A). However, the number of pRPA foci per nucleus was 

significantly higher in mutant cells than in WT cells (Figures 5A and 5D). We also observed 
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similar results in HeLa cells, as we detected higher levels of pRPA in MLH1-deficient cells, 

which correlated to the levels of γH2AX (Figure 5E, lanes 5–8). This effect appears to 

depend on MLH1 deficiency because rescuing MLH1 in MLH1−/− HeLa cells has largely 

reduced the production of both pRPA and γH2AX (Figure 5E, lanes 9–12, and Figure 5F). 

Although the rescued MLH1 level is lower than that in WT cells (Figure 5E, compare 

MLH1 expression in lanes 1–4 with lanes 9–12), the intermediate MLH1 expression in the 

rescued cells seems to be able to restore most of the MLH1 activity in controlling Exo1 

nuclease activity, because the RPA/RAD51 foci number and size in MLH1-rescued cells 

are closer to those observed in WT cells. Therefore, these data further support the idea that 

MLH1 regulates Exo1 nuclease activity.

RPA and Rad51 form large foci in MLH1−/− cells

Because Exo1-catalyzed hyper-resection in MLH1-deficient cells generated excess ssDNA 

and increased RPA binding, we postulated that RPA foci formed in MLH1-deficient cells 

should be larger than those in WT cells. We tested this hypothesis in MLH1-proficient and 

deficient HeLa cells treated with IR. We found that RPA foci in MLH1-deficient HeLa cells 

are significantly larger and brighter than those in WT HeLa cells, as judged by focus size 

and fluorescence intensity (Figure 5G). In addition, both focus number per nucleus and 

percentage of cells displaying RPA foci were significantly higher in MLH1-deficient cells 

than in WT HeLa cells (Figures 5H and S4B). In support of these data, we observed that 

pRPA foci were larger and more numerous in U2OS-MLH1−/− cells than in WT U2OS cells 

(Figure 5A). These data strongly support the hypothesis that the hyper-resection by Exo1 in 

MLH1-deficient cells increases the formation of ssDNA, which leads to more RPA loading, 

larger RPA foci, and RPA exhaustion.

The next step in DSB repair by HR is the replacement of RPA by Rad51 and the 

formation of Rad51 nucleofilament on the ssDNA, which is required for strand invasion. 

We hypothesized that the increase in DNA end resection in MLH1-deficient cells would 

result in increased and longer Rad51 nucleofilaments. To test this, we examined IR-induced 

Rad51 focus formation in MLH1-proficient and -deficient HeLa cells. The results revealed 

that, like RPA, Rad51 forms much larger foci in MLH1-deficient than in WT and HeLa 

cells (Figure 5I). In addition, we observed more Rad51 foci per nucleus in MLH1−/− cells 

than in WT cells (Figure 5J). We also observed a few relatively large Rad51 foci (Figure 

5I), as well as relatively higher levels of pRPA, particularly 8 h after IR (Figure 5E) in 

MLH1-rescued HeLa-MLH1−/− cells than those found in WT HeLa cells. We attributed this 

to the relatively lower expression of MLH1 in the MLH1-rescued cells (Figure 5E, compare 

MLH1 expression between WT and MLH1-rescued cells). These results further support the 

idea that MLH1 regulates Exo1 nuclease activity during end resection. Similar results were 

also obtained in HCT116 and MLH1-rescued HCT116 cells (Figures 5K, S4C–4E). Taken 

together, we conclude that in the absence of MLH1, Exo1-catalyzed end resection generates 

a large quantity of ssDNA, which results in RPA exhaustion and genomic instability.

DNA hyper-excision causes various chromosomal abnormalities

We hypothesized that RPA exhaustion results in SSBs that lead to abnormal HR and 

chromosome breaks. We performed a metaphase chromosome spreading experiment to 
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visualize chromosomal abnormalities associated with hyper-resection in WT and Mlh1−/− 

4T1 cells. Representative metaphase chromosome spreads are shown in Figure 6 (A–D). In 

the absence of IR, about 20% of WT 4T1 cells showed chromosome abnormalities, mainly 1 

chromosome aberration (Figure 6E, column 1); but most (70%) Mlh1−/− 4T1 cells exhibited 

this low number of chromosome abnormalities (Figure 6E, column 2). These numbers 

changed dramatically after we delivered a single low dose (2 Gy) of radiation. More than 

92% of the Mlh1−/− cells displayed chromosomal instability (Figure 6E, column 4), as 

compared with ~50% of WT cells showing instability (Figure 6E, column 3). MLH1−/− 

HeLa cells also display a higher percentage of chromosome instability than WT HeLa cells 

(Figures S5E and S5F). In addition to chromosomal breakages (see green arrows in Figures 

6D and S5D), we also observed unseparated chromosomes (see blue arrows in Figures 

6D and S5D), which could be derived from unresolved Holliday junctions as a result of 

defective HR.

We then analyzed the average number of chromosomal abnormalities in our cohort of 

4T1 cells, and found that cells with an MLH1 knockout exhibited a significant increase 

in chromosomal abnormalities with or without IR treatment, in comparison with their 

corresponding WT cells (Figure 6F). The same experiments were performed in MLH1-

proficient and MLH1-deficient HeLa cells (Figure 6G), as well as in HCT116 and MLH1-

rescued HCT116 cells (Figure 6H). The results are essentially the same, i.e., all MLH1-

deficient cells (HCT116 and MLH1−/− HeLa) with or without IR treatment show a rate of 

chromosomal instability that is 3–5-fold higher than that in their corresponding WT cells 

(MLH1-rescued HCT116 and HeLa). These results are consistent with the fact that MLH1-

deficient tumor cells expressing reduced ATR or Chek1, essential DNA damage response 

factors, display chromosomal instability when treated with chemotherapy drugs (Jardim et 

al., 2009), and that Mlh1-knockout mice are associated with abnormal crossover in meiosis 

I and severely damaged chromosomes (Baker et al., 1996). Taken together, we conclude that 

MLH1 deficiency-triggered hyper-excision by Exo1 induces chromosome instability.

Discussion

We demonstrate here that MLH1 deficiency induces cytosolic DNA and activates the cGAS-

STING pathway. This is because MutLα regulates Exo1’s nuclease activity in DNA end 

resection via the physical interaction between these two proteins. Depleting MLH1 or 

disrupting the MLH1-Exo1 interaction leads to hyper-excision during DNA end resection, 

which causes RPA exhaustion, DNA breaks, and eventually chromosome abnormalities. 

This leads to the release of nuclear DNA into the cytoplasm to activate the cGAS-STING 

pathway.

Interestingly, we observed chromosomal abnormalities in MLH1-deficient cells, especially 

when they were treated with IR. MMR deficiency is known to cause base-base substitution 

and small insertion-deletion mutations. However, increasing evidence suggests that dMMR, 

particularly MLH1 deficiency, can cause chromosomal instability (CIN) under certain 

circumstances. It is known that Mlh1-knockout mice are infertile because of prematurely 

separated chromosomes and unsuccessful completion of recombination, leading to abnormal 

crossover in meiosis and severely damaged chromosomes (Baker et al., 1996). Partial 

Guan et al. Page 10

Cancer Cell. Author manuscript; available in PMC 2022 January 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



knockdown ATR or Chk1 expression in multiple MLH1-deficient colorectal cancer cell 

lines resulted in cells displaying a CIN phenotype, including chromosomal breaks and 

gaps, chromosome bridge, and micronuclei formation (Jardim et al., 2009). Strikingly, 

the chromosomal abnormalities disappeared when the MLH1 gene was restored to these 

tumor cells (Jardim et al., 2009). It is possible that the observed phenomena in these MLH1-

deficient cells and animals are caused, at least in part, by Exo1-catalyzed hyper-resection. 

The CIN phenotype in MLH1-deficient cells could be related to dMMR-caused mutations 

that impair critical DNA damage response genes, such as ATR and Chk1. Thus, cells 

cannot appropriately deal with damaged DNA, which induces an abnormal repair process, 

e.g., hyper-resection by Exo1, and augments the DNA damage, leading to chromosomal 

instability.

Based on published data and the results presented here, we propose a model that elucidates 

the mechanism through which MLH1 deficiency triggers the activation of the cGAS-STING 

pathway to facilitate immunotherapy. Under normal circumstances, DSBs repaired via HR 

undergo end resection by Exo1. The excision reaction is appropriately terminated through 

the MutLα-Exo1 interaction, which generates appropriate length of ssDNA essential for 

normal HR (Figure 7, left). However, MLH1 deficiency depletes Exo1’s regulator, MutLα 
from cells. Also, Exo1 appears to be more abundant and more stable in MLH1-deficient 

cells (Figure 4). Thus, a stable and highly concentrated Exo1 can digest DNA essentially at 

will, and generate a large quantity of ssDNA to use up cellular RPA stores, which leaves 

the remaining but continuously growing ssDNA chain unprotected. The unprotected ssDNA 

can be easily digested or nicked by various nucleases. These could impair HR by blocking 

DNA invasion and Holliday junction formation and/or resolution. These abnormal HR 

intermediates can provoke cells to degrade a part or all of the damaged chromosome, which 

leads to the release of nuclear DNA into the cytoplasm. The latter then activates the cGAS-

STING pathway and downstream immune responses. Together with dMMR-generated large 

number of neoantigens, the immune signaling activated by Exo1 hyper-resection facilitates 

immunotherapy. Because IR stimulates the accumulation of cytosolic DNA and immune 

signaling, the data presented suggest that a radio-immunotherapy combination could be 

a more effective treatment for dMMR tumors, especially those defective in MLH1. This 

appears to be consistent with a recent study reporting that adjuvant radiotherapy improves 

survival in patients with dMMR cancers (Reijnen et al., 2019). However, further clinical 

trials are required to confirm this prediction.

While MLH1 deficiency-caused chromosome instability benefits immunotherapy via 

activating the cGAS-STING pathway, merging evidence suggests that MLH1 deficiency 

can cause genome instability that leads cancer cells to evade immunotherapy. A study by 

von Loga et al. (von Loga et al., 2020) indicated that MLH1-deficient gastro-oesophageal 

adenocarcinomas (GOAs) display unusually high intratumor heterogeneity (>20-fold found 

in other cancers), a tumor phenotype mainly driven by chromosome instability (Bakhoum 

and Landau, 2017) and characterized by a diverse population of cancer cells with high 

numbers of both mutations and copy number alterations (Gerlinger and Swanton, 2010; 

Raynaud et al., 2018). This tumor heterogeneity has been shown to introduce significant 

challenges in treatment (Gerlinger and Swanton, 2010). In addition, the MLH1-deficient 

GOAs also have a gain of chromosomes (von Loga et al., 2020). Because tumor 
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heterogeneity in dMMR cancers is usually associated with mutations in antigen presentation 

genes (Cancer Genome Atlas Research, 2014) and interferon signaling pathway genes 

(Albacker et al., 2017; Shin et al., 2017; von Loga et al., 2020), it has been postulated that 

this type of dMMR tumors are refractory to checkpoint blockade immunotherapy (von Loga 

et al., 2020). Therefore, although dMMR benefits immunotherapy, the hypermutable nature 

of dMMR will likely introduce mutations in the pathways (e.g., the cGAS-STING-IFN 

pathway) that are required for dMMR-mediated immunotherapy. As a result, these tumors 

will not respond to checkpoint blockade treatment, which may explain why ~50% of dMMR 

tumors refractory to checkpoint blockade immunotherapy.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—Human cell lines HeLa, HCT116, ER-AsiSI U2OS (a gift from Tanya T. 

Paull and Gaelle Leube), and mouse breast cancer cell line 4T1 were used in this 

study. HCT116 was grown in McCoy’s 5A medium and other cell lines were grown 

in DMEM medium supplemented with 10% FBS at 37 °C in a 5% CO2 incubator. 

MLH1-deficient cell lines 4T1-Mlh1−/−, HeLa-MLH1−/−, and ER-AsiSI U2OS-MLH1−/− 

were created by CRISPR-Cas9 technologies using sgRNA sequences targeting mouse Mlh1 
(sg1: CAACCAGGGCACCCTGATCA; sg2: CTAATTCAGATCCAAGACAA) or human 

MLH1 (TGATAGCATTAGCTGGCCGC), as described (Shalem et al., 2014). 4T1-cGas−/−, 

4T1-Sting−/−, and 4T1-Exo1−/− were generated using sgRNA sequences targeting mouse 

cGas (sg: CGCAAAGGGGGGCTCGATCG), Sting (sg: GTGCCCAGGGCGTCTCCTTG), 

and Exo1 (sg: TAGAGCGAGCGAAGCAGTCT), respectively. 4T1-Mlh1−/−cGas−/−, 4T1-

Mlh1−/−Sting−/−, and 4T1-Mlh1−/−Exo1−/− double knock cells were generated by targeting 

specific sequences based on 4T1-Mlh1−/− cells. Positive clones were confirmed by DNA 

sequencing and Western blotting using corresponding antibodies. HeLa-MLH1−/−+MLH1 
and HCT116+MLH1-rescued cell lines were created by transfecting plasmid pLVX-CMV-

hMLH1 and sorted by FACS. The 4T1-Mlh1−/−+Mlh1 cell line was generated by 

transfecting pCMV6-Entry-mouse tagged Mlh1 and screening with 400 μg/ml G418.

METHOD DETAILS

Preparation of cell extracts, proteins, and Western blotting—Whole cell lysates 

were prepared using radioimmunoprecipitation assay (RIPA) lysis and extraction buffer, 

as instructed by the manufacturer (ThermoFisher Scientific, Waltham, MA). Chromatin 

fractionation was performed, as described previously (Daikoku et al., 2006). Briefly, cells 
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were resuspended and incubated on ice for 20 min in hypotonic buffer (10 mM KCl, 2 

mM MgCl2, 20 mM Hepes (pH 7.9), 1 mM DTT, 1 mM EDTA, 0.3% Nonidet P-40, 

phosphatase inhibitor cocktail). Samples were centrifuged at 14000 rpm for 15 min, and the 

supernatants were collected as cytosolic extracts. The pellets were washed once with PBS 

and once with ddH2O, centrifuged at 14000 rpm for 5 min. The pellets were resuspended 

in 0.2 N HCl and incubated on ice for 10 min, followed by centrifugation at 14000 rpm 

for 5 min. The supernatants were neutralized with 1.0 M Tris buffer (pH 8.5) and mixed 

with 6xSDS protein loading buffer. Proteins were separated in SDS-PAGE and transferred 

onto a nitrocellulose membrane, followed by Western blotting analysis using the indicated 

antibodies. Human MMR proteins MutLα, MutSα, Exo1, Exo1(FF-AA), Exo1(ΔC244), 

Exo1(FF-AAΔC244), and RPA were expressed and purified as described previously (Zhang 

et al., 2005). Protein concentrations were determined using the Bradford reagent (Bio-Rad, 

Hercules, CA).

cGAMP Extraction and Quantification—cGAMP extraction was essentially performed 

as described previously (Gui et al., 2019). In brief, WT 4T1 or Mlh1−/− 4T1 cells (3.3 

×106) were treated with or without 20 Gy IR, and harvested 36 hr post IR treatment. 

After washing with PBS, cells were quickly frozen with liquid nitrogen. Cells were 

then lysed in 80% (vol/vol) methanol and 2% (vol/vol) acetic acid solution before the 

addition of an internal standard and an equal volume of 2% acetic acid. Cell lysates were 

fractionated by centrifugation (10,000 g for 5 min), and pellets were extracted (with 2% 

acetic acid) and fractionated (by centrifugation) two more times. The supernatants from 

all three centrifugations were combined and applied to a HyperSep Aminopropyl SPE 

column for cGAMP purification. The purified cGAMP was then loaded onto a tandem mass 

spectrometer for quantification.

RNA Extraction and Quantitative Real-Time PCR—Total mRNAs were 

isolated from 4T1 cells and reversely transcribed to cDNA by using M-

MuLV Reverse Transcriptase (NEB). Quantitative Real-Time PCR (qRT-PCR) 

was performed by using SsoAdv Univer SYBR GRN SMX (Bio-Rad) with 

specific primers for mouse Isg15 (Primer F: GAGCTAGAGCCTGCAGCAAT, 

Primer-R: TCACGGACACCAGGAAATCG) and mouse Irf7 (Primer F: 

TTGGGCAAGACTTGTCAGCA; Primer R: ATACCCATGGCTCCAGCTTC). 

Mouse Gapdh (Primer F: CAACTGCTTAGCCCCCCTGG; Primer R: 

GCAGGGTAAGATAAGAAATG) was used for normalization.

In vitro and in vivo excision assays—Unless otherwise mentioned, in vitro mismatch-

provoked excision assays were performed in 20-μL reactions containing 5 fmol Exo1 or 

its derivatives, 400 fmol MutSα, 260 fmol MutLα, 800 fmol RPA, 24 fmol of a nicked 

single G-T mismatch-containing circular heteroduplex DNA, 10 mM Tris-HCl (pH 7.5), 

5 mM MgCl2, 1.5 mM ATP, and 110 mM KCl, as described (Zhang et al., 2005). The 

amount of each protein used, except for Exo1, whose amount is difficult to detect in 

cells or extracts, was essentially based on its amount in 50 μg of HeLa nuclear extracts 

(Dzantiev et al., 2004). The reactions were incubated at 37°C for 10 min and terminated 

by Proteinase K digestion. Excision products were digested with SspI and separated on 
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a 6% denaturing polyacrylamide gel, followed by Southern hybridization analysis using a 
32P-labeled oligonucleotide probe (5′-ATTGTTCTGGATATTACC-3′) near the 3′ SspI site. 

Reaction products were visualized by autoradiography.

In vitro end resection assays were performed as described previously (Cannavo et al., 2013). 

The end resection assays were assembled in 20 μL reactions containing 18 ng of 3’-end 
32P-labeled linearized pUC19 plasmid DNA (2.7 kb), 1 pmol Exo1 WT or its derivatives, 

1 pmol, 2 pmol or 4 pmol MutLα and 4 pmol RPA (if present), 25 mM MOPS (pH 

7.0), 2 mM DTT, 60 mM KCl, 1% Tween 20, 2 mM ATP, 5 mM MgCl2, terminating 

with 5 μl of Proteinase K buffer (2% SDS, 150 mM EDTA, 1 mg/ml proteinase K). After 

separation through agarose gel electrophoresis, the 32P signal was detected by using a 

Typhoon phosphor imaging system.

For in vivo end resection assays, WT and MLH1−/− ER-AsiSI U2OS cells were treated 

with 900 nM 4-OHT for 4 h before harvest. Genomic DNA was carefully prepared, 

and the resection assay was performed as described (Zhou et al., 2014). Briefly, 1.5 

μL of genomic DNA (~10 ng) were mixed with 10 μL of the Taqman qPCR reaction 

reagent (ThermoFisher), and primers and probes specific for DSB1–335 (primer-F 

GAATCGGATGTATGCGACTGATC and primer-R TTCCAAAGTTATTCCAACCCGAT, 

probe 6FAM CACAGCTTGCCCATCCTTGCAAACC-TAMRA), DSB1–

1618 (primer-F TGAGGAGGTGACATTAGAACTCAGA and 

primer-R AGGACTCACTTACACGGCCTTT, probe 6FAM 

TTGCAAGGCTGCTTCCTTACCATTCAA-TAMRA), and DSB1–3500 

(primer-F TCCTAGCCAGATAATAATAGCTATACAAACA and primer-

R TGAATAGACAGACAACAG ATAAATGAGACA, probe 6FAM 

ACCCTGATCAGCCTTTCCATGGGTTAAG-TAMRA). The percentage of resection-

generated ssDNA was calculated using the formula ssDNA%=1/(2^(ΔCt-1)+0.5)*100. For 

each condition, ΔCt means subtracting the Ct value of undigested DNA from the Ct value of 

digested DNA.

RPA exhaustion assay—The RPA exhaustion assay was performed as described (Ibler et 

al., 2019) (also see Supplementary Materials, Figure S4A). Briefly, WT and MLH1−/− ER-

AsiSI U2OS cultures on glass coverslips were treated with 300 nM 4-OHT to induce DSBs. 

The cells were then inverted onto Parafilm placed in a sealed chamber and incubated with 

Taq DNA polymerase, dNTP, and BrdU at 72 °C for 5 min. After being permeabilized with 

0.25% TritonX-100 in PBS for 20 min, the slides were incubated with a specific antibody 

against BrdU (BDB347580, Fisher Scientific) at 4 °C overnight, followed by incubation 

with a secondary anti-mouse IgG Alexa Fluor 555 for 1 h. The slides were mounted 

using Prolong Diamond Antifade Mountant with DAPI (P36962, Fisher Scientific), then 

imaged using a Leica TCS SP8 confocal microscope. Phosphorylated RPA was similarly 

detected using an antibody against serine residues of the RPA2 subunit (A300–245A, Bethyl 

laboratories, Montgomery, TX).

Microscopy and immunofluorescence analysis—Cells were cultured on glass 

coverslips, treated with IR for indicated times, and fixed for 10 min with 4% 

paraformaldehyde in PBS. After washing with PBS, the cells were permeabilized 
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with 0.25% TritonX-100 in PBS for 20 min and blocked with 1% BSA in PBS. 

To detect cytosolic DNA, cells were incubated with Pico488 dsDNA quantification 

reagent (Lumiprobe, Hunt Valley, Maryland). For immunofluorescence analysis, cells were 

incubated with the indicated primary antibodies (i.e., those against RPA from Millipore, 

cyclin A from AB clonal, Rad51 from Cell Signaling Technology) and then with a 

corresponding secondary antibody before mounting with DAPI and imaging via Leica TCS 

SP8 confocal microscope.

Real-time recruitment and retention dynamics of GFP-tagged Exo1 were performed as 

previously described (Lu et al, NAR, 2019). Briefly, 0.3×106 WT or MLH1−/− HeLa cells 

that had been plated in a 35 mm glass-bottomed dish (MatTek) were transiently transfected 

utilizing 2 μg of GFP-Exo1 plasmid via JetPrime® (Polyplus). Twenty-four hours after 

transfection, GFP-Exo1 expression was verified, and the cells were placed and maintained 

in CO2-independent medium (Invitrogen) at 37°C in a heated chamber. The fluorescence 

signal of GFP-Exo1 was monitored by using a Carl Zeiss Axiovert 200M microscope 

with a Plan-Apochromat 63X/NA 1.40 oil immersion objective (Carl Zeiss, Inc). A 365-

nm pulsed nitrogen laser (Spectra-Physics) was applied to generate DNA double-stranded 

breaks (DSBs), and time-lapse images were taken via a Carl Zeiss AxioCam HRm camera. 

Fluorescence intensities of the micro-irradiated area and control area were determined by 

Carl Zeiss Axiovision software, v4.91, and the intensity of irradiated was normalized to 

non-irradiated control area.

Metaphase chromosome spreading—Cells were cultured to 70% confluence and 

treated with or without 2 Gy IR. Two hours after treatment, the cells were incubated with 

Colcemid (Sigma) for 4 h before dissolving in 75 mM KCl solution. After incubation at 

37°C for 15 min, the cells were fixed with fresh fixation buffer (Methanol : Acetic acid 

3:1), and chromosome spreading was performed onto the pre-cleaned slide and stained with 

5% Giemsa solution. Images were captured by using a Zeiss AxioImager microscope (×100 

objective lens). Chromosome aberration was analyzed by using Zeiss ZEN lite software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Western blotting was repeated 3 times independently and blots were quantified using Image 

J software. For whole cell lysates, the relative amounts of γH2AX, pSTING, pSTAT1, Exo1, 

and pRPA were normalized with that of tubulin. For chromatin-bound Exo1, the relative 

Exo1 level was normalized with that of histone H3. Quantitative data were shown as mean ± 

SEM.

For in vitro end resection assay, three independent experiments were performed and 

quantified by Image J software. The amount of resection product II generated in each 

reaction was divided by the total amount of DNA substrates, and a percentage of product II 

was shown as mean ± SEM. Statistical analysis was performed using GraphPad Prism 8.

To quantify cells with cytosolic DNA, 50–100 cells were used to calculate BrdU and RPA 

foci in three independent experiments. Quantitative data are shown as mean ± SEM. For 

Exo1 recruitment, immunofluorescence assaying, and chromosomal aberration experiments, 

the indicated number of cells were counted and calculated. For real-time PCR results, three 
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independent experiments were performed and the data are shown as means ± SEM. All 

data were analyzed using GraphPad Prism with one-way ANOVA multiple comparisons, and 

Tukey’s Multiple Comparison Test was used to compare variations. P values <0.05 were 

considered significant (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. MLH1 deficiency triggers cytosolic DNA release and activates the cGAS-

STING pathway

2. MLH1 regulates Exo1 nuclease activity during DNA end resection

3. Loss of MLH1 leads to DNA hyper-excision, RPA exhaustion, and 

chromosomal instability
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Figure 1. MLH1 deficiency activates innate immune signaling pathway.
(A) Detection of cytosolic DNA in WT, Mlh1−/− 4T1 and Mlh1-rescued (Rescd) 4T1 

cells treated with or without IR, as indicated. DNA was detected using the PicoGreen 

fluorescence dye selectively binding dsDNA. Arrows point to cytosolic DNA. (B) 

Percentage of cells displaying cytosolic DNA with and without IR treatment. (C) Western 

blot analysis showing prolonged γH2AX in Mlh1−/−, but not in WT and Mlh1-rescued 

4T1 cells after IR treatment. (D) Quantification of relative γH2AX levels in various 4T1 

cells. (E) Increased production of cGAMP in Mlh1−/− 4T1 cells. (F) Western blots showing 

enhanced phosphorylation of STING (pSTING) and STAT1 (pSTAT1) induced by IR in 

Mlh1−/− cells. (G) and (H) Quantification of relative levels of pSTING and pSTAT1, 

respectively. (I) qRT-PCR analysis showing increased production of Isg15 in Mlh1−/− cells. 
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(J) and (K) Western blots and qRT-PCR, respectively, showing that immune signaling 

induced by MLH1 deficiency depends on cGAS. When present, “−” indicates untreated 

cells. Data represent the mean ± SEM of 3 independent experiments (B, D, G and H) or 

3 replicates (E, I and K). P value was calculated using one-way ANOVA. **, p<0.01; ***, 

p<0.001; and ****, p<0.0001. See also Figure S1.
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Figure 2. Exo1 is essential for innate sensing signaling in Mlh1−/− 4T1 cells.
(A) Depletion of Exo1 reduces cytosolic DNA accumulation in Mlh1−/− cells regardless of 

IR treatment. (B) Western blots showing reduced DNA breaks and pSTAT1 when Exo1 was 

depleted from Mlh1−/− cells. A non-specific band detected by an Exo1 antibody is indicated 

by an asterisk. (C) Quantification of the relative γH2AX levels in Mlh1 knockout and 

Mlh1-Exo1 double knockout (Dbl KO) cells. (D) Western blots showing that Exo1 knockout 

abolishes IR-induced STING activation. (E) Quantification of relative pSTING levels in 

Mlh1-knockout and Mlh1-Exo1 Dbl KO cells. (F) qRT-PCR analysis showing that Exo1 
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depletion suppressed expression of Isg15. Data represent the mean ± SEM of 3 independent 

experiments (A, C and E) or 3 replicates (F). P value was calculated using one-way ANOVA. 

****, p<0.0001. See also Figure S2.
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Figure 3. MutLα regulates Exo1 nuclease activity.
(A) Diagram of major functional domains in Exo1. (B) Co-immunoprecipitation–Western 

analysis of MutLα interactions with WT and mutant Exo1 (right) using purified proteins 

(left). (C) Southern blot analysis determining the impact of the MutLα–Exo1 interaction 

on mismatch-provoked excision in a purified MMR system. The excision products were 

digested with SspI and processed for Southern blot analysis, as described in the Methods 

section. Schematic representation of the 5′ G-T heteroduplex after SspI digestion is 

shown on the right side of the gel. Positions of the nick and mismatch (red asterisk) 

are 544-bp and 416-bp away, respectively, from the bottom SspI site. Red bar indicates 

the 32P-labeled oligonucleotide probe, which is complementary to the nicked strand near 

the bottom SspI site. Red bracket shows mismatch-provoked excision products terminated 

upon mismatch removal in reactions with WT Exo1, but in those with Exo1-FF-AA. (D) 

In vitro end resection assay to determine the impact of the MutLα–Exo1 interaction on 

Exo1-catalyzed resection using purified proteins and a linearized 2.7-kb pUC19 plasmid 

DNA. (E) Percentage of end resection product II shown in D in three independent assays. 

(F) In vitro end resection assay to determine the role of RPA in Exo1-catalyzed resection. 
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(G) Principle of in vivo end resection assay. (H) qPCR analysis determining the amount of 

ssDNA generated at a specific DBS site (AsiSI) in WT and MLH1−/− U2OS cells. Data 

represent the mean ± SEM of 3 independent experiments (E) or 3 replicates (H). P value was 

calculated using one-way ANOVA. **, p<0.01; ***, p<0.001; and ****, p<0.0001.
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Figure 4. Exo1 recruitment, abundance and stability in MLH1−/− cells.
(A) Live cell imaging showing real-time recruitment and retention dynamics of GFP-tagged 

Exo1 after laser micro-irradiation in WT and MLH1−/− HeLa cells. (B) Quantification of 

GFP-tagged Exo1 levels from the indicated number of cells. (C) Western blots showing 

whole cell lysate (WCL) and chromatin-bound levels of Exo1 and phosphorylated Exo1 

(pExo1) in WT and MLH1−/− HeLa cells. (D) Quantification of relative total Exo1 levels 

in WT and MLH1−/− HeLa cells. (E) Western blots showing WCL levels of Exo1 in WT 

and MLH1−/− U2OS cells. (F) RNA-seq data from the TCGA database showing significantly 

higher Exo1 expression in dMLH1 tumors than in MSS tumors. (G) Quantification of 

relative pExo1 levels in whole cell lysate (upper) and on chromatin (lower) in WT and 

MLH1−/− HeLa cells. Data represent the mean ± SEM of 3 independent experiments. P 

value was calculated using one-way ANOVA. ****, p<0.0001. See also Figure S3.
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Figure 5. RPA exhaustion and aberrant resection intermediates in MLH1−/− cells.
(A) Microscope imaging showing BrdU incorporation by DNA polymerase using 

hyperesection-generated unprotected RPA as a template for DNA synthesis in the RPA 

exhaustion assay. ssDNA binding by phosphorylated RPA (pRPA) is also shown. (B) and (C) 

Quantification of BrdU foci/cell and percentage of cells exhibiting BrdU foci, respectively, 

in WT and MLH1−/− U2OS cells. (D) Quantification of pRPA foci per cell. (E) Western 

blots detecting pRPA and its association with DNA break marker γH2AX in the indicated 

cells before and after IR. (F) Quantification of relative pRPA levels shown in E, with 3 

independent assays. (G) Immunoflurescence confocal analysis showing large RPA foci in 

HeLa MLH1−/− cells. (H) Quantification and comparison of the percentage of WT and 

MLH1−/− cells displaying RPA foci. (I) Immunofluorescence confocal analysis showing 

large Rad51 foci in MLH1−/− HeLa cells. (J) Quantification of RAD51 foci/nucleus in 

various HeLa cells, as indicated. (K) Immunofluorescence confocal analysis showing large 

Rad51 foci in HCT116 and MLH1-rescued HCT116 cells. Data represent the mean ± SEM 

of 3 independent experiments (C, F and H) or the indicated number of cells (B, D and 

J). P value was calculated using one-way ANOVA. **, p<0.01; ***, p<0.001; and ****, 

p<0.0001.
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Figure 6. Chromosomal abnormalities in MLH1−/− cells.
(A-D) Chromosomal spreading analysis to determine metaphase chromosomal breaks and 

other aberrations in 4T1 cells (A and C) and Mlh1−/− 4T1 cells (B and D) with (C and D) 

and without (A and B) IR treatment. Chromosome breaks are indicated by green arrows, 

while unresolved chromosomes are indicated by blue arrows. (E) Percentage of WT and 

Mlh1−/− 4T1 cells containing the indicated number of chromosome abnormalities. (F) and 

(G) Average number of chromosomal abnormalities in WT and Mlh1−/− 4T1 (F) and HeLa 
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(G) cells, respectively. (H) Average number of chromosomal abnormalities in HCT116 and 

MLH1-rescued HCT116 cells. *** and **** represent p<0.001 and p<0.0001, respectively.
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Figure 7. Model for MLH1−/−-mediated cGAS activation and immunotherapy.
MutLα (MLH1-PMS2) properly terminates Exo1-catalyzed end resection, which facilitates 

DSB repair by HR (left). However, depleting MLH1 deprives cells of MutLα, allowing 

Exo1 to conduct uncontrolled excision. This hyper-resection generates a large quantity of 

ssDNA that exhausts the RPA pool, leaving ssDNA chain unprotected. The unprotected 

ssDNA can be digested or nicked by various nucleases in the nucleus, which leads to 

abnormal recombination intermediates and chromosome breaks. The latter can trigger 

cells to degrade a part or all of the damaged chromosome to release nuclear DNA 
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into the cytoplasm, activating the cGAS-STING pathway and the downstream immune 

responses. Together with the large number of neoantigens generated from mutations caused 

by MLH1 deficiency, the immune signaling activated by Exo1 hyper-resection facilitates 

immunotherapy.
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Key Resource Table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Purified mouse anti- human MLH1 Antibody BD Bioscience Cat#550838; RRID:AB_2297859

cGAS (D3O8O) Rabbit mAb (Mouse specific) Cell Signaling Cat# 31659; RRID:AB_2799008

STING (D2P2F) Rabbit mAb Cell Signaling Cat# 13647; RRID:AB_2732796

Phospho-STAT1 (Tyr701) (58D6) Rabbit mAb Cell Signaling Cat# 9167; RRID:AB_561284

Phospho-STING (Ser365) (D8F4W) Rabbit mAb Cell Signaling Cat# 72971; RRID:AB_2799831

Anti-mouse IgG (H+L), F(ab’)2 Fragment (Alexa Fluor 555 Conjugate) 
antibody

Cell Signaling Cat# 4409; RRID:AB_1904022

Anti-rabbit IgG (H+L), F(ab’)2 Fragment (Alexa Fluor® 488 Conjugate) 
antibody

Cell Signaling Cat# 4412; RRID:AB_1904025

Anti-rabbit IgG (H+L), F(ab) 2 Fragment (Alexa Fluor 555 Conjugate) 
antibody

Cell Signaling Cat# 4413; RRID:AB_10694110

α Tubulin antibody (B-5-1-2) Santa Cruz Cat# sc-23948; RRID:AB_628410

Beta Actin mAb (8H10D10) Novus Biologicals Cat# NBP1-47423; 
RRID:AB_10010376

Phospho-RPA32 (S4/8) antibody (A300-245A) Bethyl laboratories Cat# A300-245A; 
RRID:AB_210547

BrdU (5-bromo-2-deoxyuridine) antibody Millipore Sigma Cat# MAB3510; 
RRID:AB_2314031

Anti-Replication Protein A, clone RPA34-20 antibody) Millipore Sigma Cat# MABE285; 
RRID:AB_11205561

Phospho-Histone H2AX (Ser139) mouse mAb Millipore Sigma Cat# 05-636-I; 
RRID:AB_2755003

Goat Anti-Rabbit IgG Antibody, (H+L) HRP conjugate Millipore Sigma Cat# AP307P; RRID:AB_92641

Goat Anti-Mouse IgG & IgM Antibody, HRP conjugate Millipore Sigma Cat# AP130P; RRID:AB_91266

Anti-human Exo1 Antibody This paper Custom-made

Phospho-Exo1 (S746) Antibody (Li et al., 2019) N/A

Chemicals, Peptides, and Recombinant Proteins

ProLong™ Diamond Antifade Mountant with DAPI Fisher Scientific Cat# P36962

Pico488 dsDNA quantification reagent Lumiprobe Cat# 12010

Critical Commercial Assays

Mouse IFN Beta ELISA Kit PBL Assay Science Cat# 42410

M-MuLV Reverse Transcriptase New England Biolabs Cat# M0253S

SsoAdvanced Uni SYBR Grn Supmix Bio-Rad Cat# 1725272

Taqman™ Fast Advanced master mix Thermo Fisher Cat# 4444557

Bio-Rad protein assay dye reagent concentrate Bio-Rad Cat#5000006

jetPRIME™ Transfection reagent PolyPlus #114-07

Deposited Data

Raw and analyzed data This paper Mendeley data: Reserved DOI: 
10.17632/mrg4443z7m.1

Experimental Models: Cell Lines
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REAGENT or RESOURCE SOURCE IDENTIFIER

4T1 ATCC Cat# CRL-2539; 
RRID:CVCL_0125

HeLa ATCC Cat# 60005; RRID:CVCL_0030

HCT116 ATCC Cat# KCB 200706YJ; 
RRID:CVCL_0291

ER-AsiSI-U2OS (Zhou et al., 2014) N/A

Oligonucleotides

Mouse Isg15 forward: 5’-GAGCTAGAGCCTGCAGCAAT-3’ This paper N/A

Mouse Isg15 reverse: 5’-TCACGGACACCAGGAAATCG-3’ This paper N/A

Mouse Irf7 forward: 5’-TTGGGCAAGACTTGTCAGCA-3’ This paper N/A

Mouse Irf7 reverse: 5’-ATACCCATGGCTCCAGCTTC-3’ This paper N/A

Mouse Gapdh forward: 5’-CAACTGCTTAGCCCCCCTGG-3’ This paper N/A

Mouse Gapdh reverse: 5’-GCAGGGTAAGATAAGAAATG-3’ This paper N/A

DSB1-335 forward: 5’-GAATCGGATGTATGCGACTGATC-3’ This paper N/A

DSB1-335 reverse: 5’-TTCCAAAGTTATTCCAACCCGAT-3’ This paper N/A

DSB1-335 probe: 6FAM-CACAGCTTGCCCATCCTTGCAAACC-TAMRA This paper N/A

DSB1-1618 forward: 5’-TGAGGAGGTGACATTAGAACTCAGA-3’ This paper N/A

DSB1-1618 reverse: 5’-AGGACTCACTTACACGGCCTTT-3’ This paper N/A

DSB1-1618 probe: 6FAM-TTGCAAGGCTGCTTCCTTACCATTCAA-
TAMRA

This paper N/A

DSB1-3500 forward: 5’-TCCTAGCCAGATAATAATAGCTATACAAACA-3’ This paper N/A

DSB1-3500 reverse: 5’-TGAATAGACAGACAACAG-3’ This paper N/A

DSB1-3500 probe: 6FAM-ACCCTGATCAGCCTTTCCATGGGTTAAG-
TAMRA

This paper N/A

Recombinant DNA

pLentiCRISPR v2 (Sanjana et al., 2014) Addgene Plasmid Cat#52961

pSpCas9(BB)-2A-GFP (PX458) (Hmelo et al., 2015) Addgene Plasmid Cat #48138

pCMV6-Entry-mouse Mlh1 Origene Cat#: MR210511

pEGFP-N1-Exo1 This paper N/A

pLVX-CMV-human MLH1 This paper N/A

Software and Algorithms

GraphPad Prism software 8.0 GraphPad Software N/A

Carl Zeiss Axiovision software v4.91 Carl Zeiss N/A

Carl Zeiss ZEN lite software Carl Zeiss N/A

ImageJ software NIH N/A

the LAS X software Leica N/A
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