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Abstract 

Methylation of histone 3 at lysine 4 via lysine methyltransferases KMT2A-D results in a 

relaxed chromatin state, leading to transcriptional activation. In non-small cell lung 

cancer (NSCLC) we report KMT2 gene mutations, especially those of KMT2C and 

KMT2D occur often and are correlated with poor survival. We show that KMT2C and 

KMT2D play an important role in DNA damage response (DDR) and repair. We identify 

KMT2C/D as being directly recruited to double strand break (DSB) sites, and through 

histone methylation induce chromatin relaxation conducive for the recruitment of DDR 

factors and repair proteins. We show that KMT2C and KMT2D are required for 

homologous recombination (HR), as disruption of either gene via shRNAs results in 

reduced HR-mediated repair. Through this disruption in repair, we show that mutations 

in KMT2C and KMT2D sensitize NSCLC cells to PARP inhibitors (PARPi). Our findings 

have established a previously unknown critical role for KMT2C and KMT2D in DDR and 

repair. There is a paucity of biomarkers available for predicting response to PARPi 

therapy in lung cancer. Our data indicate that KMT2C and KMT2D mutations may be 

clinically relevant biomarkers in NSCLC. 
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Introduction:  

Histone Modifications 

 Chromatin is organized in nucleosomes, which are comprised of 147 base pair 

(bp) segments of DNA wrapped around an octet of core histone proteins 1. The 

nucleosome is the fundamental chromatin polymer 2 and serves as a gene repressor, 

restricting transcription and DNA access 3. Nucleosomes are highly dynamic 4 and 

during processes such as gene transcription, replication, and DNA damage repair, 

chromatin structures are altered or remodeled as a result of posttranslational 

modifications (PTMs) to histones 5. This results in the unwinding of the DNA, which 

allows proteins mediating these processes access to that segment of DNA 6. PTMs on 

histone tails are diverse 5, including acetylation 7, methylation, phosphorylation, 

ubiquitylation, and others 8.  

 Posttranslational modifications to the N-terminal tails of histones has been shown 

to play an important role in a multitude of cellular events 6. These diverse modifications, 

along with modifications of the DNA directly, are referred to as the epigenetic code 9. 

Currently, modifications to DNA involve modifying the cytosine residues via methylation, 

hydroxyl-methylation, formylation, or carboxylation 10. PTMs associated with histones are 

even greater in number. Histone signaling is accomplished through the organization of 

several multi-protein complexes 11 that are able to recognize, add, or remove these 

PTMs 12. The enzymes and proteins responsible for this can be grouped into “readers”, 

“erasers”, or  “writers” 6 11 12 10. 

Epigenetic Regulation 

 Epigenetic readers or chromatin readers are proteins that contain specialized 

domains which are capable of recognizing specific posttranslational modifications and 
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respond to upstream signaling 13. These domains can be found on chromatin modifying 

proteins as well as chromatin remodeling proteins 12. The specificity of these domains 

contribute to the ability of the epigenetic readers to be able to distinguish different 

modified amino acid residues, as well as the same residue in a different state 13. For 

example, there are three states of methylation for the residue Lysine. There’s mono-, di-, 

and trimethylation (me1, me2, and me3 respectively) 6. There are several domains that 

are able to recognize PTMs like the plant homeodomain (PHD), which recognizes 

methyl-lysines, as well as bromodomains which recognize acetyl-lysines 13.  

 Erasers are proteins that are capable of removing posttranslational modifications 

to regulate gene expression 13. Eraser function is carried out through the actions of 

demethylation of DNA or histones and deacteylation of histones. DNA demethylation is 

the result of enzymatic reactions using the ten-eleven translocation (TET) family 

enzymes to oxidize 5-methylcytosine 14. The resulting 5-hydroxymethylcytosine is 

ultimately restored to an unmodified cytosine through base excision repair (BER) 15. 

Over 20 lysine demethylases have been discovered and are responsible for the 

demethylation of histones 16.  These demethylases can be divided into two main groups, 

the KDM1 subfamily, consisting of lysine specific demethylase (LSD) enzymes, and the 

KDM2-KDM7 subfamilies, which consist of JmjC domain containing enzymes 16. Histone 

deacetylases (HDACs) are enzymes that catalyze the removal of acetyl groups of lysine 

residues using either zinc or NAD+ -dependent mechanisms 17. These HDACs can be 

divided into two families and further divided into four classes 17. 

 Epigenetic writers are proteins or enzymes that are able to modify histones or 

DNA directly 13. As stated previously, there are several different types of modifications 

that can occur to DNA and especially histones; however, some of the most widely 

studied modifications are that of methylation and acetylation 10. DNA methyltransferases 
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(DNMTs) are responsible for the direct methylation of cytosine residues of DNA 13, via 

the direct transfer of a methyl group to the 5’ position of the cytosine  10.  Histone 

acetyltransferases (HATs) transfer an acetyl group from acetyl coenzyme A to the 

epsilon amino group of lysine residues 13. Histone acetylation is generally associated 

with open chromatin conformation and is carried out on specific lysine residues 18. 

Histones H3 and H4 are preferentially acetylated at lysines 9, 14, 18, and 23 for H3 and 

5, 8, 12, and 16 for H4. Many biological processes are affected by HATs involvement, 

but their main function is the activation of transcription 18. Histone methylation is carried 

out by a large class of histone methyltransferases (HMTs), composed of histone lysine 

methyltransferases (HKMTs) and protein arginine methyltransferases (PRMTs) 19. 

PRMTs transfer a methyl group to arginines and as a result aid in transcriptional 

regulation 20. These methyltransferases can catalyze three distinct types of methylation 

to form methylargenines 21. Lysine methyltransferases (KMTs) are different from the 

other PTMs due to the fact there can be multiple methyl groups added to one lysine as 

explained earlier 13 10. Different from the case with HATs, lysine methyltransferases 

activity can be linked to either transcriptional activation or repression depending on the 

context 12 22. Many of these methyltransferases contain the Suppressor of variegation 3-

9, Enhancer-of-zeste and Trithorax (SET) domain, which was found to be a conserved 

sequence in Drosophila proteins 23. Canonical lysine methylation sites in humans are 

found on H3 lysine 4 (H3K4), lysine 9 (H3K9), lysine 27 (H3K27), lysine 36 (H3K36), 

lysine 79 (H3K79), and on H4 at lysine 20 (H4K20) 24. Of the diverse methyltransferases, 

the mixed lineage leukemia (MLL) family also known as the KMT family is among the 

most notable methyltransferases due to their mutation prevalence in several diseases, 

as discussed in more detail in the following section 25. 
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The KMT2 Gene Family 

 The MLL family consists of six members, including SET1A and SET1B along with 

MLL1-MLL4, also known as KMT2A-KMT2D 26. KMT2 proteins work in concert with a 

series of other proteins to form multiunit complexes referred to as SET1/COMPASS-like 

complexes 27. The proteins involved in these complexes vary depending on which KMT2 

protein is at the core 27, though all complexes contain a common set of proteins, 

including Wdr5, Rbbp5, Ash2, and Dpy30 28. These writer proteins are primarily 

responsible for the methylation of H3K4 27. H3K4 methylation is well established as a 

mark for transcriptional activity and open chromatin structure 29, with H3K4me3 peaking 

close to transcription start sites (TSS), while H3K4me1 and H3K4me2 are found 

downstream of TSS sites 28.  Di- and trimethylation of H3K4 are generally associated 

with promoters of active genes 30 29. Global di-and trimethylation are the result of 

COMPASS complexes containing SET1A or SET1B, while site specific di- and 

trimethylation are the result of complexes containing KMT2A and KMT2B 27. 

Monomethylation of H3K4 has been associated with active gene enhancers 30 and is the 

product of KMT2C and KMT2D complexes 27 31. KMT2C and KMT2D are implicated in 

MRE11 nuclease recruitment to stalled replication forks for replication restart through 

H3K4me1 mediated open chromatin structure and recruitment 32 33 34. KMT2C/D appear 

to have some redundancy in function, as both are responsible for the regulation of 

enhancer activity via H3K4me1 31. Knockout of either KMT2C or KMT2D in mice was 

found to be embryonic lethal or perinatal lethal 35. Using KMT2D conditional knockout 

(via Myf5-Cre) in brown adipose tissue and skeletal muscle in mice resulted in 

significantly impaired adipogenesis and myogenesis respectively, while KMT2C 

conditional knockout had no effect 35. This highlights some of the importance that these 

proteins have on cell growth and differentiation. 
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 Alterations in all of the KMT2 proteins have been implicated in a number of 

diseases including cancer 27. Rearrangements of the KMT2A gene, such as 

chromosomal translocations are associated with both child and adult leukemia 36. 

Mutations in KMT2B have been linked to early onset forms of dystonia 37. In addition, 

Hepatitis B virus (HBV) preferentially targets KMT2B for insertion in hepatocellular 

carcinoma (HCC) 38 39 40 41. Both KMT2C and KMT2D are commonly inactivated by 

mutations or deletions in a plethora of solid tumors such as in lung cancer, breast cancer 

42, and bladder cancer 43 44. As stated previously, knockout of either of these proteins 

results in embryonic or perinatal lethality 35, but targeted deletion of a catalytic core 

region in the SET domain of KMT2C led to incomplete embryonic lethality, cellular 

hyperproliferation, and ultimately ureter epithelial tumor formation 45. KMT2C as well as 

KMT2D complexes have been identified as coactivators of p53 and are implicated in the 

p53 tumor suppression pathway 45 46 47. These findings lend support to the idea that 

KMT2C and KMT2D are tumor suppressive in several different cell lineages and 

contexts. Downregulation of KMT2C in bladder cancer cells was shown to lead to 

significant epigenetic changes as well as significant changes in DNA damage response 

(DDR) and DNA repair genes expressions further supports this idea 48. 

DNA damage response (DDR) 

 The DNA damage response is a tightly regulated complex signaling network able 

to sense DNA damage and transduce that information, influencing the cell response 

resulting in checkpoint activation (proliferative arrest, senescence, or apoptosis) and 

DNA repair 49 50 51. Genomic insults occur frequently and from a variety of sources. DNA 

damage can occur as the result of both endogenous factors, such as stalled replication 

forks and reactive oxygen species generated during cellular metabolism, and exogenous 

influences, like ultraviolet (UV) light, ionizing radiation (IR) and environmental agents 
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such as tobacco 52. Checkpoint pathways monitor cell cycle progression and in the event 

of DNA damage can inhibit progression and activate repair pathways 53. Many different 

pathways are utilized for the repair of these DNA lesions and the specific pathway 

involved depends on the type of damage that occurred. Many single-stranded breaks, 

oxidative lesions, and alkylated bases are repaired through base excision repair (BER) 

54. BER involves the excision of damaged bases, leaving an abasic site 55, and sections 

of DNA backbone that are replaced with a synthesized section 56. Poly-(ADP-ribose)-

polymerase-1 (PARP-1) initiates repair in this pathway via its apurinic/apyrimidinic (AP) 

lyase strand incision activity 54. For bulky chemical adducts, UV radiation, and single-

stranded lesions nucleotide excision repair (NER) is utilized to repair the DNA 57. NER 

consists of two separate pathways termed transcription-coupled repair (TC-NER) and 

global genome repair (GG-NER), with each having distinct DNA damage sensor proteins 

58. Double strand breaks (DSBs) are another form of damage to the DNA, which can be 

caused by ionizing radiation, stalled replication forks, etc. 59.  

 DDR and subsequent DNA repair rely on the recruitment and assembly of DDR 

factors into foci at DNA damage sites  60. This DNA damage foci assembly occurs in two 

kinetically distinct waves termed primary and secondary recruitment 61 62 63 64. DSBs will 

trigger the primary recruitment of DDR factors, in which, the MRE11-RAD50-NBS1 

(MRN) complex recognizes the DNA lesions, then recruits and activates ataxia-

telangiectasia mutated (ATM) kinase 65 66. Activated ATM phosphorylates p53 at serine 

15 to enforce checkpoint 67 68 69, as well as serine 139 on H2A.X, which is then referred 

to as γH2A.X, resulting in the local accumulation of γH2A.X and recruitment of primary 

DDR factors at the DSB site 70. Following the phosphorylation of H2A.X, MDC1 will 

directly bind to γH2A.X utilizing the phosphoepitope 71, resulting in MDC1, a scaffolding 

protein, acting as a platform for activated ATM and more MRN complexes, initiating 
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secondary recruitment 72. This facilitates the spreading of γH2A.X to the distal regions 

surrounding DSB locations 73 and amplification of the DDR signal along the chromatin. 

MDC1 also recruits the ubiquitin ligases RNF8/RNF168, which ubiquitylate histones and 

chromatin, leading to the recruitment of 53BP1, BRCA1, and other DDR factors that will 

direct DNA repair 74 75. 

 Double-strand breaks are among the most devastating DNA lesions and are 

repaired by two major pathways including non-homologous end joining (NHEJ) or 

homologous recombination (HR) 76, although alternative pathways such as alternative-

non-homologous end joining (alt-NHEJ), also known as microhomology-mediated end-

joining (MMEJ) can also be utilized 77. Chromatin structure also plays an important role 

in the recruitment of DDR factors. The chromatin needs to be in an open or relaxed 

structure, achieved through chromatin remodeling and histone modifications around the 

DSB site 78.  In addition to the generation of γH2A.X, other histone modifications such as 

H4K16 acetylation (H4K16ac) by Tip60/Trrap 79, H4K20 monomethylation by MMSET 80, 

and others have been shown to be present at DNA damage sites. 

 More recently, the endoribonucleases Dicer and Drosha were implicated in the 

activation of DDR through the genesis of small non-coding RNAs called DNA damage 

response RNA (DDRNA)  81. Following a double-strand break incidence, RNA 

polymerase II binds to the MRN complex and is subsequently recruited to the DSB site. 

This results in the generation of damage-induced long non-coding RNAs (dilncRNAs), 

which act as precursor DDRNAs that are then processed by Dicer and Drosha 82 83. 

These Dicer- and Drosha-dependent DDRNAs have been shown to function as guiding 

molecules able to recruit histone modifiers such as MMSET and Tip60 to DSB sites, 

where they can induce an open, relaxed chromatin state conducive to DDR foci 

assembly 84.  
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Human Lung Cancer   

 Recently, several whole genome or exome sequencing studies have revealed 

KMT2C and KMT2D mutations occurring at a high frequency in lung cancer 85 86 87. Lung 

cancer is a leading cause of death in both men and women globally, and over 1.5 million 

die from this disease each year 88. Despite advances in treatment and early detection, 

lung cancer has an overall five year survival of approximately 15% 89. Primary lung 

cancer is divided into two histopathological types: small cell lung cancer (SCLC) and 

non-small-cell lung cancer (NSCLC) 90. NSCLC accounts for roughly 85% of all lung 

cancer cases 90, and can be further divided into three subtypes: lung adenocarcinoma 

(LUAD), lung squamous cell carcinoma (LUSC), and large cell carcinoma 91. 

 LUAD accounts for roughly half of all lung cancer cases and typically arises in 

the glandular epithelium of the lung parenchyma 91. Lung cancer is a heterogeneous 

disease and the mutational landscape of each subtype is quite different 92. Genes such 

as TP53, KRAS, and EGFR have been described  as some of the most common 

mutations in LUAD 92.  LUSC accounts for about 35% of NSCLC cases, and is found 

mostly among smokers 93. Unlike LUAD, there are few actionable mutations that can be 

targeted for treatment 93. Recently, genomic studies have identified aberrations in the 

fibroblast growth factor (FGF) pathway and thus fibroblast growth factor receptors 

(FGFR) are currently being targeted in clinical trials 94. Large cell carcinoma is a rare and 

aggressive disease that is associated with a poor prognosis 95.  

PARP inhibitors (PARPi) 

 SCLC is characterized by a high growth rate with rapid rates of metastases 

forming 96. Alterations in the regulation of DNA repair genes are thought to contribute to 

this aspect and are thus, being targeted for therapy 96. One such method that is currently 
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being investigated is the use of poly-(ADP-Ribose) polymerase (PARP) inhibitors 96 97. 

PARP-1 enzymes are recruited to single-strand breaks to regulate PARylation 98, which 

is a post-translational modification that ultimately results in the recruitment of DNA repair 

proteins, like XRCC1, crucial to single-strand break repair 99. PARP-1 can then undergo 

autoPARylation after DNA repair, which inhibits its catalytic activity and likely allows 

PARP-1 to be released from repaired DNA 99 100. 

 When PARP is inhibited, single-strand breaks are allowed to persist, resulting in 

stalled replication forks and subsequent DSBs 101. PARP inhibitors are generally used 

when there are mutations in BRCA1 or BRCA2 mutations. These mutations lead to HR 

deficiency and results in the use of more error-prone repair mechanisms like NHEJ and 

ultimately causes the accumulation of genetic aberrations 101 102. These aberrations 

cause genomic instability and can kill tumor cells. PARPi are used to induce synthetic 

lethality, killing tumor cells in a targeted manner. Synthetic lethality is described as the 

phenomenon where two non-lethal mutations have no effect when they occur alone, but 

when they occur together they lead to cell death 103. PARPi take advantage of this 

concept, when BRCA mutations are present, targeted inhibition of a synthetic lethal 

“partner” PARP-1 results in tumor specific cell death 103. PARPi have seen some clinical 

success and have been used in the treatment of several cancers including breast, 

ovarian, prostate and pancreatic cancers 104. However, there has also been an 

emergence in PARPi resistance. Some mechanisms of resistance include the restoration 

of BRCA1/BRCA2 function, loss of 53BP1, and increased expression of p-glycoprotein 

efflux transporters that mediate multiple drug resistance 105 106. 

 The current study presented here was stimulated by the observation that 

chromatin remodeling genes, especially those of the KMT2 family, were frequently 

mutated in non-small cell lung cancer (NSCLC), using genomic data from patients 
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enrolled in the Precision Oncology Initiative (POI) at Wake Forest Baptist 

Comprehensive Cancer Center (WFBCCC). We hypothesize that KMT2C and KMT2D 

are essential in the DNA damage response and repair pathways in lung cells. Using data 

obtained from The Cancer Genome Atlas (TCGA), we were able to validate this 

observation in lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC). 

We found that KMT2 mutations were correlated with high mutation loads and poor 

survival as well. We provide evidence that KMT2C and KMT2D are directly recruited to 

DSB sites and are required for DDR and DNA repair. We also show that KMT2C/D 

inactivation in NSCLC cells and patient derived xenografts (PDX) disrupts HR-mediated 

DNA repair and sensitizes those cells to PARP inhibitors (PARPi). Collectively, our 

findings have identified a novel role for KMT2C and KMT2D in DDR and DNA repair and 

propose KMT2C/D may be novel biomarkers that could potentially predict the success of 

PARPi therapy in NSCLC. 
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Materials and Methods 

Cell Culture and Reagents 

 BJ cells were maintained in MEM with 10% FBS and 1 mM non-essential amino 

acids; HEK-293T cells in GlutaMAX™ DMEM (Gibco) with 10% FBS; LinX-A, U2OS cells 

were maintained in DMEM supplemented with 10% FBS and 1 mM Sodium Pyruvate, 

while U2OS AsiSI cells were maintained in DMEM; HSAECs were purchased from Life 

Cell Technology and maintained in BronchiaLife Complete Kit (LL-0023); NCI-H2342 

and NCI-H2135 cells were from ATCC and maintained in DMEM: F12 with 5% FBS, 1× 

ITS (Insulin-Transferrin-Sodium Selenite Supplement, Roche), 10 nM Hydrocortisone, 10 

nM β-estradiol and extra 2 mM L-glutamine; NCI-H1975, NCI-H522 and HCC-827 cells 

were from ATCC and cultured in RPMI-1640 with 10% FBS; COR-L105 cells were from 

Sigma, and maintained in RPMI-1640 with 10% FBS and extra 2 mM L-glutamine. All 

cells were cultured at 37°C in a humidified incubator containing 5% CO2. 

Xenograft tumor studies and TUNEL assays for apoptosis in tumor tissues 

 Homozygous 6-week-old female athymic nude mice were purchased from 

Charles River Laboratories and maintained under the guidelines for laboratory animals 

of Wake Forest Baptist Medical Center (WFBMC). Mice were injected subcutaneously 

with 5×105 COR-L105, 1×106 NCI-H1975, 3×106 NCI-H2135 or HCC-827, or 5×106 NCI-

H2342 or NCI-H522 cells, respectively, and treated via intraperitoneal (i.p.) injection 

daily with 50 mg/kg of Olaparib (Adooq Bioscience, Irvine, CA, in PBS containing 10% 

DMSO and 10% 2-hydroxy-propyl-β-cyclodextrin) or vehicle starting on day-7 when 

tumors reached a volume of 40-50 mm3. Tumor volumes were measured every 4 days. 

Tumor volume was calculated by Length×Width2/2. Tumor tissues were harvested at the 

end of studies, washed with PBS, fixed in 4% paraformaldehyde (PFA), paraffin-
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embedded and sectioned in 7-μm thickness. Apoptosis in tumor sections was analyzed 

by the DeadEnd™ Fluorometric TUNEL System (Promega) according to manufacturer’s 

protocol and then analyzed by a fluorescence microscope. 5 fields were counted and the 

average of percentage of TUNEL positive cells was used as a measure for cell 

apoptosis. 

Human samples and immunohistochemical staining of DDR markers 

 After obtaining institutional IRB-approval, frozen or formalin-fixed paraffin-

embedded human lung cancer tissue samples were obtained from the Tumor Tissue and 

Pathology Shared Resource of Wake Forest Baptist Comprehensive Cancer Center. 

Five (FFPE) or 7 (frozen) micron sections were stained with hematoxylin and eosin for 

morphologic evaluation and tumor confirmation. Immunohistochemistry for DDR markers 

was performed as describe before 107, with modifications of conditions for each antibody, 

as shown in Supplementary Table S1. A pathologist examined sections in their entirety 

for tumor, and the percent of tumor with positive nuclear staining was quantitated in a 

double-blinded fashion. Only the tumor cells, as determined by morphology in the 

parallel H&E staining, were counted. 

Antibodies 

 The antibodies in this study used for Western blot analysis, immunostaining 

assays, chromatin immunoprecipitation assays and co-immunoprecipitation assays are 

provided below in Supplemental Table S1. 

Plasmids 

 Lentiviral vectors encoding short hairpin RNAs (shRNAs) used in the study were 

designed based on the single oligonucleotide RNA interference technology (Biosettia). 

The DNA oligonucleotide for each shRNA was cloned into the lentiviral pLV-H1-EF1α-
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puro (SORT-B19) or pLV-H1-EF1α-bsd (SORT-B22) vectors, following manufacturer's 

protocol, and verified by DNA sequencing. The sequences of oligos used to generate 

shRNAs are listed in Supplemental Table S2. 

Retrovirus-based and lentivirus-based gene transduction 

 Recombinant retroviruses and lentiviruses were packaged and transduced into 

cells as previously described 108 109. Transduced cells were purified with either 80 (BJ) or 

50 (HSAECs) μg/mL of hygromycin B, or 1.5 (BJ and HSAECs) or 2 (U2OS) µg/mL of 

puromycin, or 10 (U2OS-ER-AsiSI) μg/mL of Blasticidin S HCl. 

RNA isolation and quantitative Real-Time PCR 

 Total RNA was isolated from cells using TRIzol reagent, transcribed to cDNA 

using iScriptTM Reverse Transcription Supermix(Bio-Rad), and quantified by qRT-PCR 

using SsoAdvancedTM SYBR Green Supermix (Bio-Rad) in Bio-Rad CFX96 following 

manufacturer’s protocols. GAPDH was used as an internal control to normalize the 

mRNA level for each gene. PCR primers used are listed in Table 3 in Supplemental 

Materials. 

Western blot analysis  

 Cells were collected and lysed in RIPA buffer supplemented with protease 

inhibitor cocktail (Roche) for 30 min on ice, centrifuged at full speed for 15 min at 4°C. 

The supernatants were collected and subjected to SDS-PAGE followed by 

immunoblotting as described before 109. Signals were detected using enhanced 

chemiluminescence and captured by the FluorChem-HD2 Imaging System 

(Proteinsimple). 
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DNA double-strand break resection assay 

 DNA double-strand break resection assay was carried out as described in 

previous studies 110 111. U2OS-ER-AsiSI cells (kindly provided by Dr. Gaëlle Legube, 

Université de Toulouse, France) were treated with 500 nM 4-OHT (Tamoxifen, Sigma) 

for 4 hours to induce DSBs. Genomic DNA was extracted using Blood/Cultured Cell 

Genomic DNA Extraction Kit (FAVORGEN). 200 ng of genomic DNA were digested or 

mock-digested with 16 units of respective restriction enzymes (BanI, BsrGI-HF, BamHI-

HF, PstI-HF, or HindIII-HF; NEB) at 37 °C for overnight (see Supplementary Table S4 for 

detail). The percentage of ssDNA (single-strand DNA) generated by DNA resection at 

selected AsiSI sites was determined by qPCR, and then calculated with the following 

equation: % ssDNA = 1/[2^(ΔCT − 1) + 0.5] * 100. The ΔCt value is defined as the 

difference in average cycles between the mock-digested samples and the corresponding 

digested samples 110. PCR primers for each site are listed in Table S4 of Supplemental 

Materials. 

 

Chromatin immunoprecipitation (ChIP) assay for DDR factor enrichment at AsiSI/I-PpoI-

induced DSBs 

 The enrichment of DDR factors at I-PpoI-induced DSBs was analyzed as 

reported 112. I-PpoI is a restriction enzyme that cuts the human genome at defined sites, 

including a single site on Chromosome 1. U2OS cells were transduced with retroviruses 

encoding tamoxifen (4-OHT)-inducible ER-I-PpoI. 24 hours after infection with 

retroviruses encoding ER-I-PpoI, U2OS cells were treated with 500 nM 4-OHT for 12 

hours (DDR factor enrichment), and then washed with PBS. Cells were crosslinked with 

0.67 mg/ml EGS in PBS containing 10% DMSO for 20 min, followed by a second 
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crosslink with 1% formaldehyde for 15 min at room temperature. Cells were then washed 

with PBS, collected with scraper and subjected to ChIP-qPCR assay as described 

before 113 107.  

 To detect the enrichment of DDR factors at the selected AsiSI-induced DSB 

sites, U2OS-ER-AsiSI cells were treated with 500 nM 4-OHT for 2 hours to induce 

DSBs, and then collected and subjected to ChIP-qPCR assay as described above. 

 Approximately 500 μg genomic DNA were subjected to ChIP-qPCR assay for 

each sample. All the ChIP-qPCR data were normalized to the Input-qPCR data following 

Percent Input Method 114 . The PCR primers are listed in Table S5 (I-PpoI) and Table S6 

(AsiSI) of Supplemental Materials. 

RNase A treatment and DDRNA complementation experiments 

 After indicated treatment, cells were permeabilized with 2% Tween 20 in PBS for 

10 min and treated with 1 mg/ml of RNase A from bovine pancreas (Sigma) in PBS for 

25 min at room temperature and then subjected to ChIP-qPCR assays or chromatin 

fractionation and Western blotting analysis.  

 In complementation experiments with synthetic DDRNA (DNA damage-induced 

response RNA) oligonucleotides, 4 pairs of complementary 22-24 bp DDRNA 

oligonucleotides derived from the 150-bp region surrounding the I-PpoI site on 

Chromasome1, and 4 pairs of complementary 22-24 bp DDRNA oligonucleotides 

derived from the 500-bp region surrounding the AsiSI HR site 1 or HR site 2 were 

designed respectively as reported 81 84,  and synthesized with a monophosphate 

modification at the 5’ end. Two pairs of RNA oligonucleotides derived from the IRF6 

promoter that are far away from the I-PpoI site on Chromosome 1 (also far away from 
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the AsiSI sites) were used as negative control (control RNAs). Sequences of DDRNAs 

are listed in Table S7 of Supplemental Materials. 

 DDRNAs were suspended in 60 mM KCl, 6 mM HEPES, pH7.5, 0.2 mM MgCl2, 

denatured at 95°C for 5 min and annealed for 10 min at room temperature. After RNaseA 

treatment, cells were washed and then treated with 80 units of protector RNase inhibitor 

(Roche) and 20 μg/ml of α-amanitin (Sigma) for 15 min and incubated with 1 µg/ml 

DDRNAs or control RNAs for an additional 25 min at room temperature. After washing in 

PBS, cells were then cross-linked with both EGS and formaldehyde and subjected to 

ChIP-qPCR assays. 

Chromatin fractionation  

 The chromatin fractions were isolated following a published protocol 115. BJ, 

U2OS or HSAECs were treated with 10 µg/ml of bleomycin for 6 hours, or irradiated with 

2 Gy of ionizing radiation and then allowed to recover for indicated time (time course) to 

induce DSBs. After wash once with PBS, cells were lysed in solution A (10 mM HEPES, 

pH 7.9, 0.34 M sucrose, 10 mM KCl, 1.5 mM MgCl2, 10% glycerol, 1 mM DTT, 

1×protease and phosphatase inhibitors) for 5 min on ice. The cytoplasmic (S1) and 

nuclear (P1) fractions were harvested by centrifugation at 1,300g for 4 min. The P1 

fraction was then washed once in solution A and lysed in solution B (0.1% Triton X-100, 

3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, protease and phosphatase inhibitors) for 10 

min on ice. The soluble nuclear (S3) and chromatin (P3) fractions were harvested by 

centrifugation at 1,700g for 4 min. To release chromatin-bound proteins, the P3 fraction 

was incubated in solution A plus 1 mM CaCl2 and 5 U micrococcal nuclease (Sigma) for 

20 min at 37 °C, and stopped by the addition of 1 mM EGTA, and then spun down at full 

speed for 10 min to collect the supernatant enriched for chromatin proteins (P4). The 
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chromatin fraction, along with whole cell lysates, were subjected to Western blot 

analysis.  

 

Co-immunoprecipitation (Co-IP) assay 

 Cells were treated with 10 µg/ml of bleomycin for 6 hours, followed by 

permeabilization with 2% Tween 20 in PBS for 10 min, and then treated with1 mg/ml 

RNase A for 25 min at room temperature. After washing in PBS, cells were lysed in RIPA 

buffer for Co-IP assay as described previously 116.  

Immuno-staining for DNA damage foci 

 Immuno-staining for DNA damage foci were determined as described 117 107. 

Cells were seeded on cover glass in 24-well plates, cultured for 24-48 hours, and treated 

with 2 µg/ml of Bleomycin for 2 hours or 100 µM of Olaparib for 12 hours, or irradiated 

with 2 Gy of ionizing radiation, and then allowed to recover for 30 min. After wash with 

PBS, cells were fixed by either 4% PFA in PBS, pre-treatment with CSK buffer followed 

by 4% formaldehyde in PBS 118, or methanol 119, for 10 min and permeated with 0.5% 

Triton-X100 in PBS for 5 min. Cells were then washed three times with 0.1% PBS-

Tween (PBST), blocked with 3% BSA in PBST for 1 h, washed three times with 0.1% 

PBST and incubated with indicated primary antibody for overnight at 4 °C (see 

Supplementary Table S1 for detail). Cells were then washed three times with 0.1% 

PBST, and incubated with secondary antibodies (Alexa Fluor 488/594, Cell Signaling) in 

3% BSA for 1 hour at room temperature away from light. After the third wash with 0.1% 

PBST, cells were mounted with Antifade Mounting Medium with DAPI (Vector 

laboratories). Images were obtained using KAYENCE BZ-X810 All-in-One Fluorescence 

Microscope, using 60× objectives. Foci number and size were counted and analyzed 
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using ImageJ. For Foci number analysis, cells with ≥ 10 or 15 foci based off the initial 

impression of foci in multiple fields (as indicated in figure legends) were considered as 

positive, and at least 100 cells in 5 fields were counted for each repeat, or the number of 

total foci per cell was measured for at least 50 cells in 5 fields. For Foci size analysis, 

foci in 50 cells were measured for each repeat. 

Laser micro-irradiation 

 Laser micro-irradiation was performed as reported 120. Cells were grown on 

glass-bottom microwell dish (MatTek) for 24-48 hours, pre-sensitized with 10µg/ml 

Hoechst 33342 for 10 min at 37 °C, and then micro-irradiated with laser (Olympus 

FV1200 confocal microscope, line scan, 405 nm laser) at 90% output intensity for 50 

iterations in CO2-independent medium (L-15 containing 10% FBS), or in CO2-dependent 

medium (DMEM with 10% FBS and 1 mM Sodium Pyruvate) with a CO2 chamber. Cells 

were then fixed and permeated for immuno-staining of DDR markers as described 

above. 

HR-mediated DNA repair assay 

 4×105/well of U2OS-I-SceI-EGFP reporter cells 121 (generously gifted from Dr. 

Xiaohua Wu, the Scripps Research Institute) were plated into 6-well plates and 

transduced with lentiviruses encoding I-SceI. 48 hours after transduction, cells were 

harvested for measuring the percentage of GFP positive cells (successful HR repair) 

using BD Accuri C6 flow cytometry. Each experiment was performed in triplicate. 

NHEJ assay 

 The NHEJ reporter construct 122 (kindly provided by Dr. V. Gorbunova, University 

of Rochester) was digested overnight with HindIII at 37°C and then gel purified. 0.5 µg of 

pre-digested or non-digested (negative control) construct was co-transfected with 0.1 µg 
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DsRed expression vector into U2OS cells using lipofectamine 2000 (Invitrogen). 72 

hours after transfection, cells were harvested for FACS analysis. The ratio of GFP-

positive cells (successful NHEJ repair) to DsRed-positive cells was used as a measure 

of NHEJ efficiency. Each experiment was performed in triplicate. 

 

Alternative-NHEJ (MMEJ) assay 

 2×105/well of U2OS-MMEJ reporter cells 121 (gifted from Dr. Xiaohua Wu, the 

Scripps Research Institute) were plated into 6-well plates and transduced with 

lentiviruses encoding I-SceI. 6 days after transduction, cells were harvested for FACS 

analysis. Percentage of GFP positive cells was used as a measure of MMEJ efficiency, 

with each experiment done in triplicate. 

BrdU incorporation assay 

 BJ cells were seeded on cover glass in 24-well plate, cultured for 24-48 hours, 

and then treated with 2 µg/ml Bleomycin plus 10 µM BrdU for 2 hours at 37°C. Cell were 

stained with an anti-BrdU (Abcam) and an Alexa Fluor 488 anti-Rat secondary antibody 

(Cell Signaling) according to manufacturer’s protocol. BrdU incorporating cells were 

analyzed using a fluoresce microscope. Each experiment was performed in triplicate 

with 50 cells/field and a total of 5 fields counted. 

Chromatin Accessibility Assay 

 U2OS-ER-AsiSI cells were treated with 500 nM 4-OHT for 2 hours to induce 

DSBs, and then collected for the Chromatin Accessibility Assay according to the 

manufacturer's protocol (EPIGENTEK, Farmingdale, NY). qPCR was performed using 

the sample primers that were used for ChIP assay of DDR factors at AsiSI-induced 
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DSBs to analyze the chromatin accessibility at selected AsiSI sites (see Supplementary 

Table S6 for detail). % FE (fold enrichment) was used as a measure of chromatin 

accessibility, and was calculated using a ratio of amplification efficiency of the 

undigested (No-Nse) control sample over that of the digested (Nse-treated) DNA 

sample. To calculate % FE the following equation was applied: % FE=2^(Nse Ct-No-Nse Ct) 

*100%.  

Chromatin remodeling assay 

 Chromatin remodeling was determined via NaCl solubility assay as described 107 

Cells were treated with 10 µg/ml bleomycin for 6 hours, and then harvested and washed 

in ice-cold PBS. After centrifugation, cell pellet was resuspended in extraction buffer (20 

mM HEPES, pH7.9, 0.5 mM DTT, 1 mM PMSF, 1.5 mM MgCl2, 0.1% Triton X-100, 

1×protease and phosphatase inhibitors) containing 1.0 M NaCl. Samples were agitated 

for 1h at 4°C and centrifuged at 14,000 rpm for another 1h at 4°C. Supernatant were 

collected for Western Blot analysis of histones. 

Cell viability assay for drug sensitivity 

 Lung cancer cells were plated into 96-well plates overnight (2000/well), treated 

with indicated concentration of Olaparib (Adooq Bioscience, Irvine, CA) or Cisplatin 

(Sigma) for 6 days, and then incubated with CCK-8 substrate (Dojindo) for 1-2 hours at 

37°C. Cell viability was determined by the absorbance at 450 nm using the GloMax 

Explorer (Promega). Cells without treatment were set as 100%, while medium control 

(no cells) were set as 0%.   

PDX (patient-derived xenograft) mouse model 

 Lung cancer PDX models were analyzed by Lide Biotech Co (Shanghai, China) 

on a fee-for-service basis. For the in vitro analysis of PDX cells, tumor tissues were 
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immersed in Hanks' Balanced Salt Solution (HBSS, Thermo) on ice and cut into 1-3 mm3 

pieces in 3 ml HBSS after removal of non-tumor and necrotic tumor tissue. After brief 

centrifugation, tissue pellets were resuspended and incubated in 10 ml digestion buffer 

[RPMI1640 with 2 mg/ml collagenase IV (Sigma), 2 mg/ml collagenase II (Sigma), 50 

Units/ml DNase (Sigma), 0.25 mg/ml hyaluronidase (Sigma), 3 mM CaCl2 and 1% FBS] 

at 37°C for 1-2 hours, and passed through 70μm strainers. Cell pellets were harvested 

by centrifugation at 400g for 3 min and were resuspended in 15 ml of RPMI1640 

containing 10% FBS. To purify tumor cells, cell suspension was carefully layered on the 

top of 15 ml Histopaque solution (Sigma) in a 50 ml tube, and then centrifuged at 400g 

for 15min. Tumor cells from middle layer were carefully collected and resuspended in 

PC-1 medium (LONZA). 1×104/well of live tumor cells were plated into 96-well plates in 

150 μl of PC-1 medium containing indicated concentration of Olaparib, and cultured for 6 

days. Cells were then incubated with 50 μl of CellTiter-Glo Reagent (Promega) for 5 min. 

Cell viability was measured by SpectraMax M Series Multi-Mode Microplate Readers. 

Cells without treatment were set as 100%, and medium control (no cells) was set as 0%. 

 For the in vivo analysis of PDX lines, 6-week-old female Nu/Nu immunodeficient 

nude mice were transplanted subcutaneously with PDX tumors. When tumor size 

reached 100-200 mm3, mice were treated via intraperitoneal (i.p.) injection daily with 50 

mg/kg of Olaparib (in PBS containing 10% DMSO and 10% 2-hydroxy-propyl-β-

cyclodextrin) or vehicle. Tumor volumes were measured every 3-4 days, and calculated 

by Length×Width2/2. 

Biostatistical and bioinformatics analysis 

 Genomic and clinical data of the patients from the TCGA 123 124 and MSKCCC 125 

cohorts were downloaded from the latest version of cBioPortal 126 127. Survival estimates 

were generated using the Kaplan-Meier method, and curves were compared with log-
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rank tests. Mutation data of cell lines were obtained from the Broad Institute Cancer Cell 

Line Encyclopedia (CCLE) 128. Comparisons of tumor mutation loads and expression 

levels between groups were assessed with the Mann-Whitney test. 

 A two-sample unpaired Student’s t-test was utilized for analyzing the differences 

in size and number of foci in immunostaining experiments. The error bars presented in 

the figures of the present study represent mean ± standard deviation (SD), unless 

otherwise stated. The error bars are derived from technical replicates within a single 

experiment, but each experiment has been repeated at least 3 times, all showing 

significance. Although the variations among the biological repeats are usually quite 

large, the trends in each biological repeat are consistent, leading to the same 

conclusion. 
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Chapter 1: KMT2C mediates DDR and Repair Through Direct Recruitment to DSBs 

Please refer to supplemental figures in the Appendix for data presented in the submitted 

manuscript performed by others, mainly Antao Chang PhD., to which I had no 

contribution. Data presented in this chapter were generated in collaboration with Antao 

Chang. 

KMT2 gene mutations occur frequently in NSCLC and are correlated with high 

mutational load and poor survival. 

 Genomic data of patients enrolled into the Precision Oncology Initiative (POI) 

cohort at Wake Forest Baptist Comprehensive Cancer Center (WFBCCC) were 

analyzed and revealed frequent mutations in chromatin remodeling (CR) genes, 

especially those of the KMT2 gene family 129. Utilizing genomic data obtained from the 

Cancer Genome Atlas (TCGA) we were able to corroborate our observation in lung 

adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) (Figure 1A and B). 

Both KMT2C and KMT2D were among the most frequently mutated genes among CR 

genes and DDR genes in LUAD and LUSC groups. KMT2C had a mutation rate of 15% 

in the LUAD cohort and a rate of 18% in the LUSC cohort. KMT2D had mutation rates of 

10% and 25% in LUAD and LUSC cohorts respectively (Figure 1A and B). Missense 

(MS) mutations are the most prevalent mutations found in KMT2C and 2D, but function 

disrupting mutations such as frameshift (FS) and nonsense (NS) are also found 

prevalently. Frameshift and nonsense mutations account for 21.5% of mutations in 

KMT2C in LUSC and 9.9% in LUAD. In KMT2D their prevalence is increased to 42.8% 

and 11.3% respectively (Figure 1C). No obvious mutation hotspots were observed in 

KMT2C or KMT2D, though it appears that many of the mutations are clustered around 

the N-terminal portions (Figure 1J-K).  
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 Using Kaplan-Meier analysis, utilizing TCGA genomic data, we show that 

mutations in KMT2 genes (Figure 1D) or KMT2C and KMT2D (Figure 1E) are associated 

with poor disease-free survival (DFS) in LUAD. No statistically significant association 

was found in LUSC however. The significant correlation between KMT2 mutations and 

DFS in LUAD signals that these may be driving mutations in lung cancer development. 

 When considering chromatin remodeling genes, we show that those of the KMT2 

gene family as well as SMRCA4, ATRX, SETD2, and ARID1A are associated with high 

mutation loads in corresponding tumors (Figure 1F). We similarly observe this in DDR 

genes such as BRCA1, BRCA2, ATR, and others (Figure 1G). Our observations are 

consistent with findings of previous studies using WFBCCC POI data 129. 
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Figure 1. Mutations in KMT2 genes occur often, are associated with poor disease-free 

survival and high mutation loads.  

KMT2 genes are frequently mutated in lung adenocarcinoma (LUAD) (A) and lung 

squamous cell carcinoma (LUSC) (B) in the TCGA database. Mutation rates and the 

number and distribution of each type of mutations of the 8 indicated chromatin 

remodeling factor (CR) genes and 7 indicated DNA damage response (DDR) genes 

identified by the Wake Forest Baptist Comprehensive Cancer Center Precision Oncology 

Initiative (POI) (WFBCCC-POI) are shown. Waterfall plots (left) indicate the mutation of 

each gene in each individual patient, and the bar plots (right) show the number of 

mutations in each gene across all patients. Frequencies of frame-shift (FS), nonsense 

(NS) and missense (MS) mutations in KMT2C and KMT2D genes in LUAD and LUSC 

(C). Kaplan–Meier analysis showing that combined mutations in all the KMT2 genes (D) 

and those in KMT2C and KMT2D genes (E) significantly correlate with poor disease-free 

survival in LUAD in the TCGA database. P values are assessed by the log-rank test. 

Correlations between mutations in the 8 chromatin remodeling factor genes and 

increased mutation loads in LUAD (top panels) and LUSC (bottom panels) (F), (G) 

correlations between mutations in the 7 DNA damage response (DDR) genes and 

increased mutation loads in LUAD and LUSC determined by Mann-Whitney test.  
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KMT2C is required for DDR and Repair through Homologous Recombination. 

 The association between KMT2 gene mutations and high mutation loads (Figure 

1F) suggests that they may be involved in DNA damage response (DDR) and repair in 

addition to their known roles as transcriptional regulators 25. We focus on KMT2C here 

as mutations in this gene are strongly correlated with high mutation loads, has one of the 

highest mutation rates in LUAD and LUSC (Figure 1A and B), and one of the strongest 

survival associations (Figure 1E). Knockdown of KMT2C in primary BJ human fibroblast 

cells, signified by the short hairpin (sh) RNA groups (sh25, sh1566, and sh4191), 

significantly reduced the percentage of cells containing DDR foci of either 53BP1, 

BRCA1, or RAD51, when exposed to Bleomycin, a DNA damage inducing 

chemotherapeutic 130 (Figure 2A). These findings were reproduced when using 2 Gy of 

ionizing radiation (IR) or γ-radiation to induce DNA damage (Figure 2B), as well as in 

human small airway epithelial cells (HSAECs) (Figure 2L-M). Both Bleomycin and 

ionizing radiation contribute to the induction of double-strand breaks (DSBs). Knockdown 

efficiency of the KMT2C shRNAs were assessed using mRNA levels (Figure 2C and 2N) 

and we show that KMT2C is required for DDR foci formation at an earlier step than the 

recruitment of BRCA1, 53BP1, and RAD51. 

 Central to the DNA damage response is the recruitment and assembly of DDR 

factors into foci near the double-strand breaks. This results in cell cycle checkpoint 

activation and DNA repair 131 Using either γ-radiation or Bleomycin, dramatically reduced 

the percentage of BJ cells that incorporated BrdU, indicating an S-phase checkpoint. 

Knockdown of KMT2C partially mitigated this response (Figure 2D-E and 2O-P). 

Consistent with checkpoint disruption, knockdown of KMT2C partially abrogated cell 

cycle arrest in damage induced (γ-radiation or Bleomycin) cells (Figure 2F). 
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 Using GFP reporter assays as described 132, we investigated the role of KMT2C 

in the major DSB repair pathways, including homologous recombination (HR), non-

homologous end-joining (NHEJ), and alternative non-homologous end-joining (alt-

NHEJ). KMT2C knockdown reduced HR-mediated DNA repair in the U2OS-I-SceI-EGFP 

reporter cell system (Figure 2G) 121. Knockdown of KMT2C did not reduce NHEJ- or alt-

NHEJ-mediated repair (Figure 2H and 2I), using U2OS cell lines transfected with a 

NHEJ 122 or an alt-NHEJ reporter 133. We also show that knockdown of KMT2C via 

shRNAs does not affect I-SceI expression, which induces damage in the HR and alt-

NHEJ reporter assays. We then used an assay developed for 5’ strand resection, which 

is a crucial step in HR-mediated repair. This assay generates DSB at specific sites in a 

inducible manner by utilizing the restriction enzyme AsiSI 110 111 134 (Figure S2D). We 

found that KMT2C was required for 5’ strand resection at AsiSI-induced DSBs primarily 

repaired by HR (Figure 2J), while sites primarily repaired by NHEJ were not affected by 

the knockdown of KMT2C (Figure S2F). Compounding on this, when we administered γ-

radiation or Bleomycin to BJ cells to induce DNA damage, similar percentages of cells 

containing γH2A.X or NBS1 foci were observed between the control (SC) groups and the 

knockdown KMT2C (sh) groups (Figure 2K and Figure S2H), suggesting that knockdown 

of KMT2C had no effect on the amount of DNA damage induced. The foci in the 

knockdown groups dissipated after a significantly longer time when compared to the 

control groups when the damaging agents were removed. This shows that knocking 

down KMT2C reduces the overall rate of repair. These findings indicate that KMT2C is 

required for DDR foci formation, checkpoint activation, and HR-mediated DNA repair, as 

well affects the overall rate of DNA DSB repair in general. 
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Figure 2. KMT2C is required for DNA damage responses and HR-mediated repair.  

Left, representative BJ cells transduced with KMT2C shRNAs or shRNA control (SC) 
and treated with 2 µg/ml of Bleomycin or PBS for 2h (A) or with 0 or 2 Gy of γ-radiation 

and then incubated for 1h (B) before staining for 53BP1- or BRCA1- or RAD51-foci 
(Left). Quantification for the percentage of cells with ≥ 15 (53BP1) or 10 (BRCA1 and 
RAD51) foci (Right). Values are represented as mean ± SD, n=3. *p<0.05; **p<0.01; *** 
p<0.001 vs SC+Bleom/2Gy using unpaired Student’s t-test. Knockdown efficiency of the 
KMT2C shRNAs in BJ cells, determined by quantitative RT-PCR (qRT-PCR) (C). Values 
are mean ± SD, n=3. Representative images (D) and quantification of percentage (E) of 
BrdU-positive cells in BJ cells transduced with KMT2C shRNAs or SC, treated with 0 or 
2 Gy of γ-radiation, and incubated with BrdU for 2h before stained by an anti-BrdU 

antibody and a FITC-conjugated secondary antibody. Values are mean ± SD, n=3. 
**p<0.01; *** p<0.001 vs SC+Bleom using unpaired Student’s t-test. Viability of BJ cells 
at indicated time after treatment with 0 or 2 Gy of γ-radiation (left) or 2 µg/ml of 

Bleomycin or PBS for 2h (right), as measured using CCK-8 (F). Values are mean ± SD, 
n=3. *p<0.05; **p<0.01 vs SC+2Gy/Bleom using unpaired Student’s t-test. U2OS-I-SceI-
EGFP (HR) reporter cells transduced with KMT2C shRNAs or SC were infected with a 
lentivirus encoding I-SceI [I-SceI(+)] or vector control [I-SceI(-)]. Cells were collected 48h 
later and analyzed for KMT2C mRNA levels by qPCR (left) and percentage of GFP 
positive cells by flow cytometry (right) (G). Values are mean ± SD, n=3. *** p<0.001 vs 
SC-I-SceI(+) using unpaired Student’s t-test. U2OS cells transduced with KMT2C 
shRNAs or SC were transfected with the NHEJ reporter vector that was linearized by 
Hind III (NHEJ) or unlinearized (Negative) and DsRed expression vector (internal 
control) (H). The efficiency of KMT2C knockdown was measured by qPCR (left). 
Percentages of GFP and DsRed positive cells were determined 72h after transfection by 
flow cytometry. The ratio of GFP+ to DsRed+ cells was used to measure the NHEJ 
efficiency (right). Values are mean ± SD, n=3; ns, not significant, p>0.05; **p<0.01 vs 
SC-NHEJ in unpaired Student’s t-test. U2OS-MMEJ (alternative-NHEJ) reporter cells 
transduced with KMT2C shRNAs or SC were infected with a lentivirus encoding I-SceI [I-
SceI(+)] or vector control [I-SceI(-)] (I). Cells were collected 6 days later and analyzed for 
KMT2C mRNA levels by qPCR (left) and percentage of GFP positive cells by flow 
cytometry (right). Values are mean ± SD, n=3. ns, not significant, p>0.05 vs SC-I-SceI(+) 
using unpaired Student’s t-test. U2OS-ER-AsiSI cells transduced with KMT2C shRNAs 
or SC were treated with 500 nM 4-OHT [4-OHT(+)] or vehicle [4-OHT(-)] for 4h, genomic 
DNA was extracted and digested or mock digested with BanI or HindIII overnight (J). 
DNA end resection adjacent to HR site 1, HR site 2 or No DSB site were measured by 
qPCR. Values are mean ± SD, n=3. ns, not significant, p>0.05; **p<0.01; *** p<0.001 vs 
SC-4-OHT(+) at each site using unpaired Student’s t-test. Repair rate of γH2A.X-foci in 

BJ cells transduced with KMT2C shRNAs or SC (K). Cells were treated with 2 Gy of γ-

radiation and recovered for 0h, 3h, 6h, 12h, 24h or 48h before stained for γH2A.X-foci. 
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Percentage of cells containing ≥ 15 foci was quantified. Values are mean ± SD, n=3. 
*p<0.05; **p<0.01 vs SC in unpaired Student’s t-test. (L-M) Left, representative images 
for HSAECs transduced with KMT2C shRNAs or shRNA control (SC) and treated with 2 
µg/ml of Bleomycin or PBS for 2h (L) or with 0 or 2 Gy of γ-radiation and then incubated 
for 1h (M) before staining for BRCA1- or RAD51-foci. Right, quantification of percentage 
of cells with ≥10 foci. Values are mean ± SD, n=3. *p<0.05; **p<0.01 vs SC+Bleom/2Gy 
using unpaired t-test. (N) Knockdown efficiency of the KMT2C shRNAs in HSAECs as 
determined by quantitative RT-PCR. Values are mean ± SD, n=3. (O-P) Representative 
pictures of (O) and quantification of percentage of BrdU-positive cells in (P) BJ cells 
transduced with KMT2C shRNAs or SC and treated with 2 µg/ml of Bleomycin or PBS in 
the presence of BrdU for 2h before stained by an anti-BrdU antibody and a FITC-
conjugated secondary antibody. Values are means ± SD, n=4. *** p<0.001 vs SC+Bleom 
using unpaired t-test. (Q) qRT-PCR analysis of I-SceI mRNA level in U2OS-I-SceI-EGFP 
(HR) reporter cells (left) or U2OS-MMEJ (alternative-NHEJ) reporter cells (right) 
transduced with KMT2C shRNAs or SC and I-SceI. Values are mean ± SD, n=3.  
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KMT2C is directly recruited to DNA DSB sites. 

 KMT2 genes are known to regulate transcriptional activity 25, thus we sought to 

determine if KMT2C shRNAs disrupt DDR by downregulating gene expression. 

Knockdown of KMT2C had no effect on the mRNA levels or protein levels of DDR 

factors such as ATM, 53BP1, BRCA1, NBS1, MDC1, RAD54B or EXO1 in both BJ and 

HSAEC cells, in the presence of Bleomycin or without it (Figure S3A-D). Additionally, 

KMT2C knockdown had no effect on KMT2D mRNA levels, emphasizing the specificity 

of the shRNAs developed (Figure S3A and S3B). Neither KMT2C or KMT2D shRNAs 

altered the protein levels of DDR genes in NSCLC cell lines (Figure S3E and S3F). This 

suggests that another mechanism may be in play regarding the regulation of DDR 

through KMT2C and/or KMT2D. This is further evidenced by the analysis of TCGA data, 

showing that KMT2C and/or KMT2D mutations did not correlate with reduced expression 

levels of the DDR genes mentioned above in LUAD (Figure S3G) and LUSC (Figure 

S3H). This was the overall trend, however, it is noted that in LUAD KMT2C and D 

mutations did significantly correlate with increased expression of BRCA2, NBS1 and 

RAD54B and KMT2D mutations with slightly increased expression of EXO1 in LUSC. 

The biological significance of these particular findings remained to be determined, but 

overall the findings reveal that functional KMT2C and KMT2D are not essential for DDR 

expression in NSCLC. While we previously found a correlation between KMT2 mutations 

and a higher mutation load (Figure 1F), we find no association between KMT2C or 

KMT2D expression levels and mutation loads in LUAD and LUSC patients (Figure S3I 

and S3J). This suggests that mutations of KMT2C or D, rather than differential 

expression, lead to disruption of DDR in NSCLC development. 

 Our findings so far point us away from the possibility that KMT2C’s mechanism in 

regulating DDR genes comes from transcriptional regulation. Using 
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immunofluorescence, we found that KMT2C co-localized with γH2A.X in BJ, U2OS, and 

HSAEC cells using either Bleomycin or γ-radiation to induce DSBs (Figure 3A and 3B). 

The specificity of the anti-KMT2C antibody used was determined by the reduction of 

DSB induced KMT2C foci, as well as the overall KMT2C signals, in KMT2C knockdown 

groups (Figure S3K and S3L). We used laser micro-irradiation to induce DNA damage 

as well in BJ and U2OS cells, again seeing the co-localization of KMT2C and γH2A.X 

(Figure 3C). 

 We performed chromatin immunoprecipitation (ChIP) using an inducible DNA 

DSB system that uses the restriction enzyme I-PpoI transfected in U2OS cells 112. 

Utilizing this system, we found KMT2C and H3K4me1-3 enriched at a site away from 

any I-PpoI sites on chromosome 1 in an I-PpoI independent manner (Figure 3D and 

S3M). At an I-PpoI site we found I-PpoI-dependent enrichment of KMT2C and DDR 

factors including ATM and 53BP1(Figure 3D and S3M). Peaks of KMT2C and H3K4me1 

enrichment are seen broadly over approximately an 18kb region, overlapping with 

BRCA1 and RAD51, HR proteins, peaks, while NHEJ proteins like XRCC4 and Ku-86 

were only found to peak in proximal regions around the DSB site (Figure 3E). These 

proteins were not found to be enriched in the absence of DSBs (Figure S3O). Similar to 

the I-PpoI we also confirmed our observations in a U2OS-ER-AsiSI system, which is 

another system of inducible site specific DSB damage. Upon induction of DSBs, we 

found KMT2C, H3K4me1, γH2A.X, ATM, and H3K4me2 enrichment at AsiSI-induced 

sites, but not in control regions where there is no DSB damage (Figure 3F and S3N). In 

unison with our observations in the I-PpoI system, KMT2C, H3K4me1, γH2A.X, BRCA1 

and RAD51 were all enriched in a broad spanning chromosomal region around a DSB 

site, with the NHEJ factors, XRCC4 and Ku-86, only enriched in proximal regions 

surrounding the DSB site, but not in the control region with no DSBs (Figure 3G and 
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S3P). We found enrichment of H3K4me3 at I-PpoI-induced DSBs upon damage (Figure 

S3M), while, using the AsiSI system, H3K4me3 localization was either decreased, 

unchanged, or increased (Figure S3N and S3Q). H3K4me3 localization was also 

restricted to proximal regions around the DSB sites solely (Figure S3Q). It is unclear if 

basal levels of H3K4me3 are sufficient, negating the need for consistent enrichment, or if 

H3K4me3 even contributes to DDR in our system. KMT2A and KMT2B are responsible 

for site specific di- and trimethylation at H3K4 and their potential for being involved in 

DDR as yet to confirmed. Our findings establish KMT2C as being directly recruited to 

DSB sites in both AsiSI- and I-PpoI-inducible systems.  
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Figure 3. The KMTC protein is directly recruited to DNA DSBs. 

Co-localization of KMT2C with γH2A.X on DDR foci. BJ or U2OS cells treated with 2 
µg/ml of Bleomycin or PBS for 2h (A) or BJ, HSAEC or U2OS cells treated with 0 or 2 Gy 
of γ-radiation and recovered for 30 min (B) were stained for KMT2C and γH2A.X. The 
numbers (mean ± SD, n=3) indicate the percentage of KMT2C foci-positive cells with 
overlapping KMT2C- and γH2A.X-foci. Co-localization of KMT2C with γH2A.X on laser 
micro-irradiation-induced DNA damage tracks. U2OS (top panels) and BJ (bottom 
panels) cells were irradiated with laser at 90% output for 50 iterations and stained for 
KMT2C and γH2A.X 10min after irradiation (C). Co-localization of KMT2C with 
H3K4me1, γH2A.X and ATM at I-PpoI-induced DSBs (D). U2OS cells were transduced 
with retroviruses encoding 4-OHT-inducible ER-I-PpoI. ChIP assays were performed in 
U2OS-ER-I-PpoI cells with [I-PpoI(+)] or without [I-PpoI(-)] 4-OHT induction for 12h using 
the indicated antibodies, measuring a region proximal to the I-PpoI cleavage site on 
chromosome 1 by qPCR. The ChIP data were normalized to the input. Values are mean 
± SD, n=3. ns, not significant, p>0.05; **p<0.01; *** p<0.001 vs I-PpoI(-) at each site 
using unpaired Student’s t-test. ChIP analysis measuring the distribution of KMT2C and 
other DDR factors in a 18kb region surrounding the I-PpoI site 6h after 4-OHT induction 
(E). The ChIP data were normalized to the input. Values are means, n=3. ns, not 
significant, p>0.05; **p<0.01; *** p<0.001 vs I-PpoI(-) at each site using unpaired 
Student’s t-test. Co-localization of KMT2C with H3K4me1, γH2A.X and ATM at AsiSI-
induced DSBs (F). U2OS-ER-AsiSI cells were treated with tamoxifen,[4-OHT(+)] or 
without [4-OHT(-)] for 2h, and then subjected to ChIP-qPCR assay using indicated 
antibodies, measuring a region proximal to each indicated cleavage site. The ChIP data 
were normalized to the input. Values indicate mean ± SD, n=3. ns, not significant, 
p>0.05; *p<0.05; **p<0.01; *** p<0.001 vs 4-OHT(-) at each site using unpaired 
Student’s t-test. ChIP analysis measuring binding of KMT2C and other DDR factors in 
distal and proximal regions surrounding the indicated AsiSI site 2h after 4-OHT induction 
(G). The ChIP data were normalized to the input. Values are means, n=3. ns, not 
significant, p>0.05; **p<0.01; *** p<0.001 vs 4-OHT(-) at each site using unpaired 
Student’s t-test. 
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KMT2C mediates secondary recruitment of DDR factors and induces an open chromatin 

structure conducive for repair. 

 We have already shown that KMT2C is required for the recruitment of DDR 

factors such as 53BP1, BRCA1, and RAD51 (Figure 2A and 2B) however, we wanted to 

determine if KMT2C is required for upstream components of the DDR pathway. The 

DNA damage response occurs in two kinetically distinct waves of recruitment 61. DDR is 

initiated by the sensing of DNA damage and the recruitment of the MRN complex, 

followed by the local enrichment of γH2A.X and recruitment of ATM 135. Secondary 

recruitment follows via the docking of MDC1 to γH2A.X, leading to more recruitment of 

ATM and MRN complexes and facilitating the spreading of γH2A.X and other DDR 

factors along the chromatin to distal regions of the DSBs 71 63 64. This expansion of DDR 

factors along the chromatin leads to the formation of large foci, detectable by 

immunofluorescence. Knockdown of KMT2C via shRNAs resulted in a decrease in the 

size of γH2A.X and NBS1 foci in BJ (Figure 4A and 4G) and HSAEC (Figure 4I and 4J) 

cells induced by either γ-radiation (Figure 4A and 4I) or Bleomycin (Figure 4G and 4J) 

damage, without altering the percentage of cells containing γH2A.X or NBS1 foci. 

Analysis of MDC1 recruitment in the context of KMT2C silencing revealed that both the 

size of the foci as well as the percentage of cells with these foci were decreased 

compared to the control cells (Figure 4A, 4G, 4I, and 4J). Phosphorylated ATM’s (p-

ATM) prevalence was also reduced when using KMT2C shRNAs, though the excessive 

background staining nullified our ability to measure the size of the foci formed (Figure 

4H). The p-ATM foci that were observed were most likely those indicative of secondary 

recruitment nevertheless. These data suggest that KMT2C may be necessary for 

secondary recruitment of DDR factors. 
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 To further elucidate the role of KMT2C in recruitment of DDR factors we 

analyzed the effect of KMT2C knockdown in U2OS cells with DSBs induced with either 

AsiSI or I-PpoI (Figure 4K and 4L). Knockdown of KMT2C resulted in reduced 

enrichment of H3K4me1, MDC1, and BRCA1 at both proximal and distal regions relative 

to the DSB sites. We also saw reduction in the enrichment of γH2A.X, NBS1, and ATM 

at the distal sites, but not the proximal sites (Figure 4B and 4M-N). Ku-86, an NHEJ 

factor, was not affected by KMT2C shRNAs, but it’s also noted that it was only enriched 

at proximal locations (Figure 4M and 4N). Using the AsiSI system, a time course study 

was performed. Enrichment of γH2A.X, NBS1, and KMT2C were detectable around 30-

60min in the proximal regions and around 60-120min for the distal regions. KMT2C 

shRNAs reduce the enrichment of KMT2C at proximal and distal locations, but reduced 

γH2A.X and NBS1 enrichment solely at the distal regions (Figure 4C and S4A). MDC1 

recruitment was analyzed as well, and was detectably recruited around 30-60min at the 

proximal regions, and around 60min for the distal regions. Both of these locations were 

reduced in enrichment with the use of KMT2C shRNAs (Figure S4A). These findings 

show that KMT2C is not required for the primary recruitment of DDR factors (γH2A.X 

and NBS1), but it is required for MDC1 recruitment, which initiates secondary 

recruitment. Next, we measured the effect of KMT2C on the recruitment of DDR factors 

to γ-radiation damaged chromatins by Western blot analysis for the chromatin fractions 

of BJ cells (Figure 4D and S4B). After inducing damage with IR, the enrichment of NBS1 

and p-ATM and that of ATM, γH2A.X, and KMT2C were initially detected at 2min and 

10min, respectively. Higher levels of these proteins were found around 30min after IR, 

which is most likely reflective of secondary recruitment. Repair factors such as BRCA1, 

Ku-86, and Ku-70 were enriched at the damaged chromatins around 10min, with KMT2C 

silencing reducing BRCA1 enrichment, while having no effect on Ku-86 or Ku-70. 

KMT2C shRNAs overall reduced the enrichment of p-ATM and γH2A.X without altering 
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the total levels of these proteins. These results coincide with our previous findings that 

KMT2C is required for secondary recruitment but not primary recruitment of DDR factors 

to DSBs. 

 KMT2 members are known for their ability to methylate H3K4, a mark that is 

known to be associated with an open chromatin structure, ultimately allowing access for 

transcriptional machinery at damage sites 29. We sought to investigate the role of 

KMT2C on chromatin remodeling at proximal and distal sites of DSBs. Using an assay 

that measures chromatin relaxation based on nuclease accessibility (EpiQuik, 

Epigentek), we show activation of AsiSI-induced chromatin relaxation in both proximal 

and distal regions of DSBs that are mainly repaired by HR, but not at a control site 

where there are no DSBs. This effect was reduced when silencing KMT2C (Figure 4E). 

At NHEJ sites, KMT2C knockdown had a significant reductive effect, though to a lesser 

extent compared to HR sites (Figure S4D). In a NaCl extraction assay, which measures 

chromatin relaxation determined via histone release extracted by high concentrations of 

NaCl 84 136. Bleomycin increased the solubility of γH2A.X, H2A.X and H3 in NaCl, an 

effect that was reduced with KMT2C shRNA in BJ (Figure 4F) and HSAEC (Figure S4E) 

cells. Our findings demonstrate that KMT2C mediates the methylation of H3K4, resulting 

in an open chromatin structure that allows for the recruitment of secondary DDR factors 

to the damage sites. 
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Figure 4. KMT2C recruitment is essential for H3K4me1, chromatin relaxation, and 

secondary recruitment of DDR factors at DSB sites. 

On the left are representative images of BJ cells transduced with KMT2C shRNAs or 

shRNA control (SC) and treated with 0 or 2 Gy of γ-radiation and then incubated for 1h 

before staining for γH2A.X- or NBS1- or MDC1-foci (A). Middle, quantification of the 

percentage of cells with ≥ 10 foci. Right, quantification of foci size using Image J. Values 

are means ± SD, n=3. ns, not significant, p>0.05; *p<0.05 vs SC+2Gy using unpaired 

Student’s t-test. ChIP analysis measuring the effect of KMT2C knockdown on 

enrichment of H3K4me1, γH2A.X, NBS1 and MDC1 in distal and proximal regions 

surrounding the indicated AsiSI sites (B). U2OS-ER-AsiSI cells transduced with KMT2C 

shRNAs or SC were treated with [4-OHT(+)] or without [4-OHT(-)] 4-OHT for 2h, and 

then subjected to ChIP-qPCR assay using indicated antibodies. The ChIP data were 

normalized to input values. Values are mean ± SD, n=3. ns, not significant, p>0.05; 

*p<0.05; **p<0.01 vs SC-4-OHT(+) at each site using unpaired Student’s t-test. U2OS-

ER-AsiSI cells transduced with KMT2C shRNAs or SC were treated with 4-OHT for 

0min, 10min, 30min, 60min or 120min, and subjected to ChIP-qPCR assay using 

indicated antibodies, measuring enrichment of KMT2C and γH2A.X in the distal and 

proximal regions surrounding the HR site1 (C). The ChIP data were normalized to the 

input. Values indicate mean ± SD, n=3. ns, not significant, p>0.05; *p<0.05; **p<0.01 vs 

SC at each site using unpaired t-test. BJ cells transduced with KMT2C shRNA or SC 

were treated with 2 Gy of γ-radiation, and incubated for indicated time (D). Chromatin 

fractions were collected and subjected to Western blot analysis of chromatin-bound DDR 

proteins. H2A.X was used as loading control. U2OS-ER-AsiSI cells transduced with 

KMT2C shRNAs or SC were treated with [4-OHT(+)] or without [4-OHT(-)] 4-OHT for 2h 

(E). Genomic DNA was extracted and digested or mock digested with Nse. Chromatin 

accessibility of indicated AsiSI sites was measured by qPCR, as the ratio of amplification 

efficiency of undigested DNA over that of digested DNA (% fold enrichment). ns, not 

significant, p>0.05; *p<0.05; **p<0.01 vs SC-4-OHT(+) at each site using unpaired 

Student’s t-test. BJ cells transduced with KMT2C shRNAs or SC were treated with 10 

µg/ml of Bleomycin or PBS for 6h before extracted by 1M NaCl. Released γH2A.X, 

H2A.X and H3 were detected by Western blot analysis (F). (G) Left, representative 

images of BJ cells transduced with KMT2C shRNAs or shRNA control (SC) and treated 

with 2 µg/ml of Bleomycin or PBS for 2h before staining for γH2A.X- or NBS1- or MDC1-

foci. Middle, quantification of percentage of cells with ≥ 10 foci. Right, quantification of 

foci size using Image J. Values are mean ± SD, n=3. *p<0.05 vs SC+Bleom using 

unpaired t-test. (H) BJ cells transduced with KMT2C shRNAs or SC were treated with 2 

Gy of γ-radiation and then incubated for 1h (top) or 2 µg/ml of Bleomycin or PBS for 2h 

(bottom) and stained for p-ATM foci. Representative images of cells (left panels) and 

quantification of percentage of cells with ≥ 15 foci (right panels) are shown. Values are 

mean ± SD, n=3. **p<0.01; *** p<0.001 vs SC+2Gy/Bleom using unpaired t-test. (I-J) 

Left, representative images of HSAECs transduced with KMT2C shRNAs or SC and 

treated with 2 Gy of γ-radiation and then incubated for 1h (I) or 2 µg/ml of Bleomycin or 

PBS for 2h (J) before staining for γH2A.X- or NBS1- or MDC1-foci. Middle, quantification 

of percentage of cells with ≥ 10 foci. Right, quantification of foci size using Image J. 

Values are mean ± SD, n=3. *p<0.05 vs SC+2Gy/Bleom using unpaired t-test. (K-L) 

Knockdown efficiency of the KMT2C shRNAs in U2OS-ER-AsiSI (K) or U2OS-ER-I-PpoI 
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(L) cells as determined by qPCR. Values are mean ± SD, n=3. (M) ChIP analysis 

measuring the effect of KMT2C knockdown on the recruitment of ATM, BRCA1 and Ku-

86 in distal and proximal regions surrounding the indicated AsiSI sites. U2OS-ER-AsiSI 

cells transduced with KMT2C shRNAs or SC were treated with [4-OHT(+)] or without [4-

OHT(-)] 4-OHT for 2h, and then subjected to ChIP-qPCR assay using indicated 

antibodies. The ChIP data were normalized to the input. Values are mean ± SD, n=3. ns, 

not significant, p>0.05; *p<0.05; **p<0.01; *** p<0.001 vs SC-4-OHT(+) at each site 

using unpaired t-test. (N) ChIP analysis measuring the effect of KMT2C knockdown on 

the enrichment of H3K4me1 and DDR factors in distal and proximal regions surrounding 

the I-PpoI-induced DSB. U2OS cells transduced with KMT2C shRNAs or SC were 

transduced with retroviruses encoding 4-OHT-inducible ER-I-PpoI. ChIP assays were 

performed in U2OS-ER-I-PpoI cells with [I-PpoI(+)] or without [I-PpoI(-)] 4-OHT induction 

for 6h using indicated antibodies, measuring regions distal or proximal to the I-PpoI 

cleavage site on chromosome 1 by qPCR. The ChIP data were normalized to the input. 

Values are mean ± SD, n=3. ns, not significant, p>0.05; **p<0.01 vs SC-I-PpoI(+) at 

each site using unpaired t-test.  
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KMT2C and D gene mutations sensitize lung cancer cell lines to PARP inhibitors 

 

 PARP1 is an important enzyme used in the repair of single-strand breaks through 

PARylation and recruitment of repair proteins such as XRCC1 99 PARP inhibitors 

(PARPi) inhibit this repair, causing the formation of DSBs when replicated, which 

induces cell death in tumor cells deficient in DSB repair from mutations in DDR genes 

such as BRCA1 and BRCA2 137 138. PARPi have been implemented with moderate 

success in breast 139, ovarian 140, prostate 141, and pancreatic 104 cancer patients with 

mutations in BRCA1/BRCA2. However, BRCA1/BRCA2 mutations are rare in lung 

cancer (Figure 1A and B). With our finding of KMT2C inactivation resulting in the 

disruption of HR-mediated DNA repair, it is possible that cells with KMT2C mutations 

may be sensitive to PARPi therapy. From a list of lung cancer cell lines that had been 

subjected to whole exome sequencing (WES) in the Broad Institute Cancer Cell Line 

Encyclopedia (CCLE), we selected 3 cell lines, one with a frameshift mutation in KMT2D 

(NCI-H2135), another with a nonsense mutation in KMT2C (NCI-H2342), or lastly a 

frameshift mutation in KMT2D and a nonsense mutation in KMT2C (COR-L105), 

respectively, but no mutation in other chromatin remodeling (CR) genes or DDR genes 

identified to be associated with lung cancer in our analysis (Figure 1A-B). We also chose 

3 lines without any mutations in those CR or DDR genes (HCC-827, NCI-H522 and NCI-

H1975) (Figure 5A), and compared their sensitivity to the PARPi Olaparib. The KMT2-

mutant lines were 10-30 time more sensitive to Olaparib compared to the wild type lines 

(Figure 5A-B). In xenograft models, Olaparib significantly inhibited the 3 KMT2-mutant, 

cell lines, while the wild-type cell lines were unaffected by treatment (Figure 5C). Among 

Olaparib-treated xenograft tumors, 5 of the 8 H2342 tumors, 4 of the 6 H2135 tumors 

and 3 of the 7 COR-L105 tumors regressed and many eventually disappeared after 

treatment (Figure S6A). In the mutant cell lines, γ-radiation-induced γH2A.X foci were 
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reduced in size; in addition, the percentage of cells with BRCA1 and RAD51 foci were 

decreased compared to the wild-type cell lines (Figure 5D). This further suggests that 

KMT2C/KMT2D mutations disrupt DDR, likely at the secondary recruitment step, in 

NSCLC cells. 

 Using shRNAs for KMT2C or KMT2D resulted in the sensitization of the wild-type 

cell lines to Olaparib in vitro (Figure 5E and S6B-F), as well as wild-type H1975 cells in 

vivo in xenograft tumors (Figure 5F), compared to the shRNA control group (SC). In the 

H1975 cell lines, the increased sensitivity to Olaparib observed was also accompanied 

by increase apoptosis compared to the SC group (Figure 5G and S6G). In addition, 

shRNAs for either KMT2C or KMT2D reduced the percentage of HCC-827 cells with 

Olaparib-induced 53BP1-, BRCA1- or RAD51-foci and the size of γH2A.X foci (Figure 

S6H). This finding illustrates how KMT2C and KMT2D are required for DDRs, including 

HR-mediated DNA repair for Olaparib-induced DSBs in NSCLC cells. Silencing of either 

KMT2C or KMT2D did not affect the expression of DDR genes including ATM, 53BP1, 

BRCA1 and NBS1 in H1975 and HCC-827 cells (Figure S3E and S3F), suggesting that 

sensitization to Olaparib and disruption of DDR is unlikely to be the result of reduced 

DDR gene expression due to the inactivation of KMT2C or KMT2D. Using BRCA1 

shRNAs, wild-type H1975 cells were sensitized to Olaparib to the same extent as when 

KMT2C shRNAs were utilized, both in vitro and in xenograft tumors (Figure S6I-K). In 

addition, knockdown of Ago2, Dicer or Drosha, which are essential for KMT2C 

recruitment to DNA damage sites, also rendered the three wild-type NSCLC cell lines 

sensitive to Olaparib (Figure S6L-Q). 

 Furthermore, the 3 KMT2-mutant cell lines (Figure S6R-S), the three wild-type 

cell lines with either KMT2C or KMT2D knockdown (Figure S6T-V), and the wild-type 

H1975 cells with BRCA1 (Figure S6W) or Ago2, Dicer or Drosha (Figure S6X) shRNAs 
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showed increased sensitivity to Cisplatin, a chemotherapeutic agent, as compared to 

their respective controls. These results are indicative of, and consistent with, the 

disruption of DNA repair by the inactivation of the DDRNA-KMT2C/D pathway or 

BRCA1. In summary, our findings here suggest that NSCLC patients with KMT2C or 

KMT2D mutations are likely to respond better to PARPi, Cisplatin treatment, or a 

combination therapy compared to those patients without KMT2 mutations. 
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Figure 5. KMT2C and KMT2D gene mutations sensitize NSCLC to PARPi treatment via 

disruption of HR-mediated repair. 

NSCLC cell lines without mutations in the CR or DDR genes described in Figure 1A-B 

(WT) and those with indicated statuses in KMT2 gene mutations and mutation loads (A) 

were treated with increasing concentrations of Olaparib for 6 days with replenishment of 

medium every 2 days. Cell proliferation was analyzed by CCK8 assays (B). Values 

indicate mean ± SEM, n=3 in (B). The Olaparib IC50 for each cell line is listed in (A). p 

values represent unpaired Student’s t-test between WT and mutant groups. Nude mice 

were injected subcutaneously with NSCLC cell lines listed in (A) (1x106 of NCI-H1975, 

3x106 of HCC-827, 5x106 of NCI-H522, 3x106 of NCI-H2135, 5x106 of NCI-H2342, and 

5x105 of COR-L105), and treated via intraperitoneal injection daily with 50 mg/kg of 

Olaparib or vehicle starting on day-7 when tumors were 40-50 mm3 in size (C). Tumor 

volumes were measured every 4 days. Values are mean ± SEM; ns, not significant, 

p>0.05; *** p<0.001 vs vehicle in unpaired Student’s t-test. (D) Left, representative 

images of NSCLC cells treated with 0 or 2 Gy of γ-radiation and then incubated for 1h 

before staining for γH2A.X- or BRCA1- or RAD51-foci. Middle, quantification of 

percentage of cells with ≥ 10 foci. Right, quantification of foci size using Image J. Values 

are mean ± SD, n=3. p values represent unpaired Student’s t-test between WT and 

mutant groups. NCI-H1975 cells containing no mutations in KMT2 or other CR and DDR 

genes described in Fig. 1A-B were transduced with KMT2C (left) or KMT2D (right) 

shRNAs or shRNA control (SC) and treated with increasing concentrations of Olaparib 

for 6 days with replenishment of medium every 2 days (E). Cell proliferation was 

analyzed by CCK8 assays. Values are mean ± SEM, n=3; **p<0.01; *** p<0.001 vs SC 

in unpaired Student’s t-test. The Olaparib IC50 for each cell line is provided in 

parenthesis. Nude mice were injected subcutaneously with 1x106 of NCI-H1975 cells 

transduced shRNAs for KMT2C (left) or KMT2D (right) or shRNA control (SC), and 

treated ip daily with 50 mg/kg of Olaparib or vehicle starting on day-7 when tumors were 

40-50 mm3 in size (F). Tumor volumes were measured every 4 days. Values are mean ± 

SEM, n=6; *** p<0.001 vs SC+Olaparib in unpaired Student’s t-test. (G) Percentage of 

TUNEL-positive, apoptotic cells in sections of xenograft tumors from (F) at the end of the 

study. Values are mean ± SD, n=6; *** p<0.001 vs SC+Olaparib in unpaired Student’s t-

test. 
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KMT2 mutations are associated with DDR disruption and PARPi sensitivity in NSCLC 

patient samples. 

 Using a more clinically relevant approach, we examined more closely the 

relationship of KMT2 mutations and disruption of DDR, as well as sensitivity to PARPi 

therapy. In human lung cancer samples, obtained from the Wake Forest POI 129, we 

performed immunohistochemistry (IHC) and found that samples with KMT2 mutations 

exhibited a lower percentage of both γH2A.X and phospho-p53 (p-p53) positive cancer 

cells compared to KMT2 mutant free tumor samples (Figure 6A-D, and S7A). This 

further provides support for the notion that KMT2 mutations abrogate DDR in NSCLC. 

We’ve shown earlier that KMT2C and KMT2D mutations do not reduce the expression of 

DDR genes in NSCLC (Figure S4G and S4H), thus, the disruption in DDR in tumor 

samples shown here is likely not the result of decreased DDR gene expression. 

 We selected patient-derived xenograft models (PDX) that through whole exome 

sequencing were determined to have either frameshift or missense mutations in the 

KMT2 genes, but no other mutations in CR and DDR genes that were identified to be 

associated with lung cancer in our analysis (Figure 1A and B). These PDX models were 

available from LIDE Biotech Co (Shanghai, China) and we selected six mutant KMT2 

lines and three wild-type lines for study (Figure S7B). We compared the effect of 

Olaparib treatment in vitro on the mutant PDX lines compared to the wild-type lines and 

determined that the IC50 Olaparib values were significantly lower in the mutant lines 

(Figure 6E). Next we further investigated this in an in vivo model using the three wild-

type lines and three of the mutant lines (Figure 6F). We found that all three of the wild-

type lines were resistant to Olaparib treatment and two of the mutant lines responded to 

treatment (Figure 6G). The third mutant line was resistant to treatment, but within that 

group, one of the four mice showed inhibition of growth in response to Olaparib. It is 
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unclear as to why this line was not responsive to the overall treatment. One possibility is 

that it’s the result of other mutations that disrupt the effect of KMT2 mutations on PARPi 

therapy. Regardless, this PDX line will need to be further analyzed with a larger sample 

size moving forward. Our findings from the IHC and in vitro and in vivo studies show that 

KMT2 mutations, especially KMT2C and KMT2D, associate with PARPi sensitivity and 

disruption of DDR in NSCLC patients, and are potential biomarkers capable of predicting 

successful response to PARPi therapies and chemotherapies.  

 

  



51 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



52 

 

Figure 6. KMT2C and D gene mutations can potentially predict the success of PARPi 
therapy in NSCLC. 

Human patient NSCLC tissue samples stained for DDR markers. Representative images 

(under 20X microscope) of (A, C) and quantifications of percentage of positive tumor 

cells in (B, D) sections of tumors with (KMT2 Mut) or without (WT) KMT2 mutations after 

stained for γH2A.X (A-B) or p-p53Ser15 (C-D) by IHC. Values are mean ± SEM. p 

values represent unpaired Student’s t-test. Olaparib IC50 of the NSCLC patient-derived 

tumor cells with KMT2 mutations (KMT2 Mut) and those without any mutations in the CR 

or DDR genes (E) identified by the WFBCCC-POI (Fig. 1A) (WT). Values are mean ± 

SD, p values represent unpaired Student’s t-test between WT and KMT2 Mut groups. 

Nu/Nu mice were transplanted subcutaneously with PDX tumors listed in (F), and treated 

by intraperitoneal injection daily with 50 mg/kg of Olaparib or vehicle when tumors were 

100-200 mm3 in size. Tumor volumes were measured every 3-4 days. Values are mean 

± SEM in (G); ns, not significant, p>0.05; * p<0.05 vs vehicle in unpaired t-test 
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Chapter 2: KMT2D is directly recruited to DSBs and mediates the secondary 

recruitment of DDR factors and HR-mediated DNA repair. 

KMT2D is required for DDR and Repair. 

 We found that KMT2D was frequently mutated in both LUAD (10%) and LUSC 

(25%) NSCLC subtypes (Figure 1A and B), with many mutations being disruptive to the 

protein structure and function (Figure 1C). In LUAD and LUSC, there is a trend towards 

co-occurrence of KMT2C and KMT2D mutations with log odds ratios of 0.861 and 0.837, 

respectively 87. As mentioned previously, it was found that mutations in KMT2C and 

KMT2D correlate with poor disease-free survival (Figure 1E) using TCGA data. In 

addition, we have shown that mutations in KMT2D are significantly associated with an 

increased mutational burden (Figure 1F). We then silenced KMT2D using shRNAs and 

looked at some of the resulting effects. 

 Knockdown of KMT2D resulted in the reduction of the average number of 

phospho-ATM (pATM) foci per cell in γ-radiation-induced DNA damage in U2OS cells 

(Figure S6A and S6D). ATM undergoes autophosphorylation at S1981, causing 

dissociation and monomerization, in turn resulting in the activation of ATM, followed by 

the phosphorylation of several DDR factors 142 143. Knockdown of KMT2D did not affect 

the average number of γH2A.X foci detected, however, the size of the γH2A.X foci were 

reduced in the KMT2D shRNA groups compared to the control group (Figure 7A-C). 

Knockdown of KMT2D was verified using mRNA expression levels compared to that of 

GAPDH, while also looking at KMT2C levels to confirm specificity (Figure 7E). We were 

unable to effectively verify knockdown by western blot analysis due to the immense size 

of the protein and heavy background. Our findings show that KMT2D is required for the 

distal, but not proximal enrichment of γH2A.X at DSB sites in an IR-induced DSB 

system. We also see significant reduction in p-ATM foci with KMT2D silencing. Taken 
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together, our findings suggest that KMT2D is required for secondary recruitment of DDR 

factors. 

 We further investigated the role of KMT2D in DDRs using the U2OS-ER-AsiSI 

system. We examined the enrichment of γH2A.X at a proximal, as well as a distal region 

of the chromatin relative to a site primarily repaired by HR (Figure 7F). AsiSI-induced 

DSB sites have been determined to be either HR prone or NHEJ prone by the 

recruitment of either RAD51 (HR) or XRCC4 (NHEJ) 144. We observed moderate 

reduction in the enrichment of γH2A.X at the proximal location, however, this was found 

to be not significant. At the distal location, there was significant reduction in the 

enrichment of γH2A.X in both knockdown groups (Figure 7F). This further strengthens 

the notion that KMT2D is required for secondary recruitment, but not primary 

recruitment. We also used the U2OS-I-SceI-EGFP reporter cell system 121 to further 

investigate KMT2D in HR-mediated repair (Figure 7G). We found that KMT2D shRNAs 

reduced HR-mediated repair. Our findings suggest that KMT2D is required for DDR and 

is involved in HR-mediated repair.  
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Figure 7. KMT2D is essential for the secondary recruitment of DDR factors and HR-

mediated DNA repair.  

Left, representative U2OS cells transduced with KMT2D shRNAs (SH2, SH6/SH1) or 

shRNA control (SC) given a dose of 0 or 2 Gy γ-radiation then incubated for 1hr (A) 

before staining for pATM and γH2A.X. Right, the quantification for the average number 

of γH2A.X foci per cell (B), with values indicating mean ± SD *p<0.05; **p<0.01; *** 

p<0.001 vs SC 2 Gy using unpaired Student’s t-test. Quantification of γH2A.X foci size 

(C), with values indicating mean ± SD *p<0.05; **p<0.01; *** p<0.001 vs SC 2 Gy using 

unpaired Student’s t-test. Quantification of the average number of pATM foci per cell (D), 

with values indicating mean ± SD *p<0.05; **p<0.01; *** p<0.001 vs SC 2 Gy using 

unpaired Student’s t-test. Validation and efficiency of KMT2D shRNAs in U2OS cells 

using quantitative RT-PCR (qRT-PCR) (E). Values are mean ± SD, n=3. ChIP analysis 

measuring the enrichment of γH2A.X at a proximal and a distal region surrounding 

AsiSI-induced HR site 1, 2 hours after 4-OHT administration (F). ChIP values were 

normalized to the input and values are mean ± SD *p<0.05; **p<0.01; *** p<0.001 vs 4-

OHT(-) using unpaired Student’s t-test. U2OS-I-SceI-EGFP (HR) reporter cells 

transduced with shRNAs for KMT2D (G) or shRNA control (SC) were infected with a 

lentivirus encoding I-SceI [I-SceI(+)] or vector control [I-SceI(-)]. Cells were collected 48h 

later and analyzed for KMT2D mRNA levels by qRT-PCR (left) and percentage of GFP 

positive cells by flow cytometry (right). Values are mean ± SD, n=3; *** p<0.001 vs SC-I-

SceI(-) in unpaired Student’s t-test. 
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KMT2D is recruited directly to DSBs. 

 As discussed earlier in chapter 1, we found that neither KMT2C or KMT2D 

knockdown by shRNAs reduced the expression of DDR genes such as ATM, 53BP1, 

BRCA1, and NBS1 in the NSCLS cell lines H1975 and HCC-827 (Figure S3E and S3F 

respectively). This emphasizes the increased likelihood that KMT2C and KMT2D 

regulate DDR through a transcriptional regulation independent mechanism. Furthermore, 

upon analysis using data from the TCGA database, we have shown that there is no 

correlation between KMT2C or KMT2D mutations and a reduced expression of DDR 

genes, including ATM, ATR, BRCA1, BRCA2, EXO1, MDC1, NBS1, RAD54B, and 

53BP1 in LUAD (Figure S3G) and in LUSC (Figure S3H).  

 Focusing on a transcriptional regulation independent mechanism, we tried co-

localization staining of KMT2D with γH2A.X in BJ-TERT and U20S cells using either 

Bleomycin or γ-radiation (2 Gy) to induce DNA damage (Figure 8A and 8B). However, 

unlike with KMT2C staining (Figure 3A and 3B), we were unable to see KMT2D foci. We 

tried using multiple antibodies to determine if this was a real result or a limitation of that 

particular antibody, but we saw no change. We also performed laser microirradiation to 

induce a damage track to see if we could find co-localization in a more powerful damage 

inducing system. Again, inconsistent with KMT2C staining (Figure 3C), we were not able 

to definitively detect DNA damage tracks positive for KMT2D (Figure 8C). Even amidst 

further optimization of both assays, we did not find DDR foci that were stained positively 

for KMT2D. We used KMT2D shRNAs to silence KMT2D and found that the 

immunofluorescence signal for KMT2D decreased with KMT2D reduction. This adds a 

certain degree of confidence that the antibodies are in fact recognizing KMT2D, 

however, this does not confirm nor validate the antibodies used are suitable for detecting 

DDR foci in immunofluorescence assays. 
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 To further elucidate if KMT2D is recruited directly to DSB sites we used the 

U2OS-ER-AsiSI system. For this we selected one proximal site and one distal site that 

are repaired primarily by HR and one proximal and distal site that are repaired primarily 

by NHEJ as reported 144. Interestingly, despite our inability to detect KMT2D co-

localization with γH2A.X using immunofluorescence, we found significant recruitment of 

KMT2D at both proximal and distal regions around both the HR and NHEJ selected DSB 

site upon 4-OHT administration (Figure 8D and 8E). Significant enrichment of γH2A.X 

was also observed at both the proximal and distal locations for HR and NHEJ. KMT2D 

recruitment was more significant in the proximal regions for both the HR and NHEJ sites. 

Unlike KMT2C (Figure 3G), KMT2D was significantly recruited at distal regions in the 

NHEJ site (Figure 9E) suggesting that KMT2D may interact with proteins involved in 

NHEJ, though further analyses need to be performed. At a control region, where there 

are no HR or NHEJ sites close, we saw no increase in KMT2D enrichment (Figure 8F), 

strengthening our findings. 
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Figure 8. KMT2D is directly recruited to double-strand break sites.  

Co-localization of KMT2D and γH2A.X on DDR foci. BJ-TERT cells treated with 

indicated concentration of Bleomycin or control (PBS) for 2hr (A), U2OS cells treated 

with 0 or 2 Gy of γ-radiation and recovered for 30min (B), were stained for γH2A.X and 

KMT2D. Co-localization of KMT2D and γH2A.X on laser microirradiation-induced DNA 

damage track (C). Cells were irradiated at a laser output of 90% for 50 iterations and 

stained for γH2A.X and KMT2D. U2OS-ER-AsiSI cells were used to perform ChIP 

analyses. Cells were treated with [4-OHT(+)] or without [4-OHT(-)] 4-OHT for 2h, and 

then subjected to ChIP-qPCR assay using antibodies for γH2A.X and KMT2D, 

measuring proximal and distal regions for HR site 1 (D), NHEJ site 2 (E), or control (No 

DSB) (F). The ChIP data were normalized to the input. Values are mean ± SD, n=3. ns, 

not significant, p>0.05; *p<0.05; **p<0.01; *** p<0.001 vs 4-OHT(-) at each site using 

unpaired Student’s t-test.  
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 A model for the role of KMT2C/D in DDR. 

 Based on our findings, we propose a new model illustrating novel roles for the 

KMT2 proteins in the DNA damage response (Figure 9). Following the recruitment of 

ATM, NBS1, and the local enrichment of γH2A.X (primary recruitment) in response to 

activation of oncogenes, DNA damage agents, or the presence of PARPi, DDRNAs 

generated by microRNA processing machinery including Dicer and Drosha direct an 

Ago2-containing complex to DNA damage sites through sequence complementarity. 

Ago2 then recruits KMT2C, possibly other KMT2 members as well, to mediate H3K4 

methylation and induce an open chromatin structure. This relaxation of chromatin allows 

for the recruitment of secondary DDR factors, leading to the spreading of γH2A.X along 

the chromatin and the formation of DNA damage repair foci, composed of repair factors 

such as RAD51 and BRCA1. This foci formation results in checkpoint activation, 

preventing further genomic damage. When KMT2 members are mutated, the chromatin 

is not effectively remodeled, preventing recruitment of secondary DDR factors and HR-

mediated repair, leading to enhanced tumorigenesis and PARPi sensitivity. 
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Figure 9. The KMT2 family in DDR and repair, a novel function.  

A proposed model for the role of the KMT2 family in DNA damage response, PARPi 
sensitivity, and HR-mediated repair. Left, a schematic representation of normal wild-type 
KMT2 proteins methylating H3K4, resulting in chromatin remodeling. This allows for the 
recruitment of secondary DDR factors such as RAD51, MDC1, and BRCA1, and the 
spreading of DDR foci and signals for repair and checkpoint activation. Right, a 
schematic representation of when the KMT2 family is mutated, resulting in failure for 
H3K4 to be methylated and chromatin to be in a relaxed structure, preventing secondary 
recruitment of DDR factors and the propagation of DDR foci and signaling, resulting in 
deficient HR-mediated repair and enhanced tumorigenesis.  
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Discussion: 

 Based on findings from the Precision Oncology Initiative at Wake Forest Baptist 

Comprehensive Cancer Center, the KMT2 gene family of lysine methyltransferases have 

been found to correlate with high mutation loads in lung cancer. Our lab has found novel 

roles for KMT2C and KMT2D in DNA damage response and DNA repair, through a 

mechanism distinct from their known roles as transcriptional coactivators. We show that 

KMT2C is directly recruited to DSBs sites by co-localization with γH2A.X in BJ, U2OS, or 

HSAEC cells with DNA damage induced by either Bleomycin (Figure 3A), 2 Gy of γ-

radiation (Figure 3B), or by laser microirradiation (Figure 3C). We have shown that 

KMT2C is directly enriched at DSB sites performing ChIP assays utilizing an inducible 

site-specific DSB system via I-PpoI (Figure 3D and 3E) or AsiSI (Figure 3F and 3G). 

Unlike KMT2C, we were unable to detect localization of KMT2D in DDR foci in 

immunofluorescence assay using the antibodies currently available (Figure 8A-8C), 

prompting additional optimization, but we were able to confirm its recruitment by ChIP 

analysis using the U2OS-ER-AsiSI system (Figure 8D-8F). We observed that KMT2C 

mediates H3K4me1, inducing an open chromatin structure that is conducive for the 

recruitment of secondary DDR factor to the DSB sites, along with the propagation of 

DDR signals necessary for repair and checkpoint activation (Figure 9). Further studies 

are needed to investigate the potential effect of KMT2D on H3K4 methylation and 

chromatin structure nevertheless. We found that knockdown of KMT2C disrupted the 

recruitment of MDC1 and the enrichment of γH2A.X, ATM, and NBS1 in the distal 

regions relative to DSB sites, supporting an essential role of KMT2C in secondary 

recruitment, but not in primary recruitment.  We also observed moderate, but statistically 

insignificant reduction in the proximal enrichment of γH2A.X and recruitment of NBS1 

and ATM at DSBs (Figure 4B, 4M) especially at later time points, such as 60min and 
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120min after IR (Figure 4C). This suggests that KMT2C assists the secondary 

recruitment at proximal regions to a limited extent, but more prominently in the distal 

regions, likely in part for the remodeling of the chromatin. KMT2D silencing resulted in a 

reduction in γH2A.X enrichment at the distal site and statistically insignificant reduction 

at the proximal regions relative to an HR site. Based on the control groups, it appears 

that there may have been some of the AsiSI fusion proteins within the nucleus of the 

cells without 4-OHT administration. It’s possible that there is a certain degree of 

leakiness to the AsiSI-ER-system, which has been suggested in another studying using 

this system 145. Taken together, the data suggest that KMT2D also has a role in proximal 

secondary enrichment of γH2A.X, but its prominent role is allowing for enrichment at the 

distal regions.  

 Silencing of KMT2C or KMT2D reduced the assembly of DDR factors without 

reducing the expression of the DDR genes at either the mRNA or protein levels in 

normal or lung cancer cell lines, with or without damage (Figure S3A-S3F). This 

suggests that their role is independent of their ability to regulate transcription of DDR 

genes. This finding is inconsistent with another study, which suggested that KMT2C was 

required for the transcription of DDR genes in bladder cancer cells 48. This study also 

found that high KMT2C expression correlated with high DDR gene expression in NSCLC 

using TCGA data, but their findings fail to take into account the high KMT2C mutation 

rate in NSCLC. This difference in manner of mediating DDR could likely be attributed to 

differences in the specificity of the tissues or different experimental conditions. Indeed, 

KMT2 functions seem to depend on their contexts. Loss of KMT2C in breast cancer has 

been shown to disrupt estrogen-driven proliferation, while conversely promoting the 

tumor growth in a hormone depleted environment 146. KMT2D has been shown to 

regulate glucocorticoid receptor-mediated transcription in a cell-type-specific manner 147. 
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We believe that mutations in KMT2C and KMT2D, and not differential expression of the 

two, are responsible for disruptions in DDR and repair in NSCLC. We found that KMT2C 

and KMT2D mutations correlated with an increased tumor mutation load (Figure 1F), but 

not with the expression levels of KMT2C and D genes, regardless of their mutation 

status, in NSCLC in TCGA (Figure S3I and S3J). KMT2C/KMT2D mutations were not 

associated with DDR gene expression (Figure S3G and S3H), suggesting that the 

disruption in of DDR in tumors with mutations in these genes are unlikely from the 

transcription of the DDR genes, but rather the inability of KMT2C/KMT2D to be recruited 

to DSB damage sites in NSCLC. 

 We showed that knockdown of KMT2C/D resulted in significantly reduced HR-

mediated DNA repair. In the case of KMT2C, we saw that NHEJ and alt-NHEJ pathways 

were not disrupted in knockdown groups. We also saw the reduction in the recruitment 

of HR factors such as BRCA1 and RAD51, but not reduction in the recruitment of NHEJ 

factors Ku-70 and Ku-86, in response to DNA damage-induced DSBs. It seems 

counterintuitive, since we showed that KMT2C is required for the recruitment of 53BP1, 

which promotes NHEJ by inhibiting BRCA1-mediated resection. It is possible that in the 

absence of BRCA1 recruitment and HR-mediate repair due to KMT2C inactivation, 

NHEJ repair can occur in the absence of 53BP1. 148 This phenomenon has actually been 

observed in the case of tumor cells acquiring resistance to PARP inhibitors. Loss of 

53BP1 in cells with mutant BRCA gene(s) or deficient HR results in cells to regain the 

ability to form RAD51 filaments at DSB sites, a process normally blocked by 53BP1 149 

150. Even though KMT2C knockdown did not disrupt NHEJ- or alt-NHEJ-mediated repair, 

the overall rate of DNA repair was slowed as shown by the delayed disappearance of 

the damage-induced γH2A.X- and NBS1-foci in cells with KMT2C shRNA as compared 

to the control cells. We found KMT2C knockdown to disrupt DDR at an early stage in 
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secondary recruitment, thereby disrupting both BRCA1 and 53BP1, as well as MDC1 

recruitment and distal enrichment of ATM, NBS1, and γH2A.X. With DDR being 

disrupted early on in secondary recruitment, loss of 53BP1 is not able to partially rescue 

HR-mediated repair. This finding is in agreement with other studies that found that 

defects in DDR complex formation can disrupt both 53BP1 recruitment and HR-mediated 

repair 151 117 110.  

 Many histone modifications have been characterized at DNA damage sites, 

including the phosphorylation of H2A.X (γH2A.X), H4K16 acetylation, H2A/H2A.X/H2B 

ubiquitylation and H4K20 methylation 152 62 80 153 79 154, in the present study we have 

identified H3K4 methylation as another modification present at DSB sites. We show that 

KMT2C-mediated H3K4me1 is required for the recruitment of secondary DDR factors. 

KMT2C and KMT2D are responsible for the monomethylation of H3K4, while specific 

H3K4me2 and me3 are due to KMT2A and KMT2B actions 25. We found both H3K4me1 

and H3K4me2 consistently enriched at I-PpoI- and AsiSI-induced DSBs, while H3K4me3 

was more sporadic, with it induced at I-PpoI DSBs and only some AsiSI-induced DSBs. 

We have found both KMT2C and KMT2D to be directly recruited to DSB sites, while 

other KMT2 proteins (KMT2A and B) may also be recruited directly to DSB sites, but 

further analysis is needed. 

 The KMT2 interactions with DDR and repair appear to be in part functionally non-

redundant, as we found that knockdown of any of the KMT2 genes disrupted HR-

mediated repair. We also did not find KMT2C and KMT2D, the most frequently mutated, 

mutated together in most of our analyses in NSCLC (Figure 1A and B), although this has 

been observed in other studies 87. We observed KMT2C recruitment to HR sites at both 

proximal and distal regions and NHEJ sites at the proximal regions. KMT2D was seen at 

both proximal and distal regions for both HR and NHEJ sites, further implicating non-
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redundant functions of KMT2D in DDR and repair. We believe that methylations of H3K4 

(Me1,2, and 3) are all important for sufficient chromatin remodeling at DSBs, though we 

are uncertain as to why some AsiSI DSB locations do not have H3K4me3 enrichment. 

H3K4me3 levels have been recently reported to be decreased at DSBs through KDM5A 

155, but we were unable to consistently reproduce H3K4me3 reduction at all AsiSI-

induced DSB locations (Figure S3N and S3Q). It is possible that some of the AsiSI sites 

contain sequences that are bound by transcription factors that promote H3K4me3, and 

that the overall high level of H3K4me3 at these sites may obscure or obviate the 

increase induced by DNA damage. Further exploration of this is needed to better 

understand the methylation patterns. 

 Several studies have shown how crucial DDRNAs and microRNA processing 

machinery, including Dicer, Drosha, and Ago2, are for DDR 81 117 107 83. For miRNA, the 

leading strand of a mature miRNA is incorporated into the miRNA-induced Silencing 

Complex (miRISC) containing Ago2 and directs miRISC to the target mRNA it regulates 

156 157. It’s possible that after DDRNAs are processed by Dicer and Drosha, they are 

found in an Ago2-containing complex that will target the complex to the damage site. 

This could be achieved through their complementary sequences, resulting in the 

assembly of DNA damage foci and the induction of DDR. When KMT2C was silenced, 

we found a reduction in the protein levels of Ago2 in the chromatin fractions of BJ cells 

(Figure 4D). Ago2 can form a complex with KMT2C upon DNA damage, in a DDRNA-

dependent manner (Figure S5C-H). Co-immunoprecipitation assays revealed that NBS1 

was in the Ago2-KMT2C-containing complex (Figure S5C-H) and thus we are unable to 

rule out that NBS1 also contributes to the direct recruitment of KMT2C, though we 

suspect that NBS1 aids in the recruitment of Ago2. Our findings show that Ago2 is 

required for the secondary recruitment of DDR factors including NBS1, which was 
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consistent with other studies 81. Whether the recruitment of KMT2D to DSBs is also 

mediated by Ago2 and DDRNA remains to be determined. 

 KMT2 gene mutations correlate with reduced DDR and with poor disease-free 

survival in NSCLC patients (Figure 1D-1E, 6A-6D). KMT2 genes also have an essential 

role in HR-mediated repair, suggesting that NSCLC patients with inactivating KMT2 

mutations may be sensitive to PARPi therapy. NSCLC cell lines with inactivating KMT2 

mutations or wild type lines with KMT2C or KMT2D silencing via shRNA are sensitized 

to PARPi in both cell culture and in xenograft models, as compared to respective 

controls, and PDX NSCLC models with KMT2 mutations are more sensitive to PARPi 

than the wild type PDX in vitro and in vivo. PARPi is currently used to treat patients with 

breast, ovarian and prostate cancers with defective HR-mediated repair due to BRCA1/2 

mutations 104 140 141 139. Clinical trials evaluating the efficacy of PARPi therapy in other 

cancer types with rare BRCA1/2 mutations, such as lung cancer (Figure 1A-B), have 

shown limited success 158, likely due to lack of BRCA1/2-like biomarkers for stratifying 

patients with defects in HR-mediated repair. The present study has identified KMT2 

mutations as a new set of biomarkers for guiding the PARPi therapy in lung cancer and 

potentially other cancers with rare BRCA1/2 mutations. Tumors with high mutation loads 

are generally thought to be more responsive to immunotherapy, compared to those with 

a lower mutational load. We found a correlation between KMT2 mutations and tumor 

mutation loads (Figure 1F), as well as KMT2C mutations and increased success of 

immunotherapy (Figure 1G). Continuing further analyses on these relationships will most 

likely prove beneficial and yield potential biomarkers that can be assessed quickly. We 

have also shown that NSCLC cells with KMT2 mutations or KMT2C and KMT2D 

knockdown are more sensitive to Cisplatin than control cells (Figure S6R-S6V), which 
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suggests that KMT2 mutations may also be able to predict the success of combination 

therapies of chemo and PARPi, or chemotherapy alone.  
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Appendix 

Supplementary Table S1. Lists of antibodies used throughout the present study, along 

with their dilution for the respective application. WB, Western blot; IF, 

immunofluorescence; IHC, immunohistochemistry; ChIP, chromatin immunoprecipitation; 

IP, immunoprecipitation. 

Antibody Species 
Application Suppliers 

WB IF IHC IP ChIP Suppliers Cat. No 

KMT2C Rabbit 1:1000 1:200   1:100 Sigma 
SAB130008

2 

KMT2C Rabbit    1:100  Sigma HPA074736 

KMT2D Rabbit  1:400    Invitrogen PA5-57490 

KMT2D Rabbit  1:200   1:100 Sigma HPA035977 

γH2A.X (ser139) Mouse 1:1000 1:400   1:200 Millipore 05-636 

γH2A.X (ser139) Mouse   1:200   Invitrogen MA5-27753 

53BP1 Rabbit 1:1000 1:1000   1:100 Novus NB-100-304 

ATM Mouse 1:1000    1:100 Abcam ab78 

p-ATM (ser1981) Rabbit 1:1000  1:800  1:200 Abcam ab81292 

p-ATM (ser1981) Mouse  1:200    Rockland 200-301-400 

Ago2 Mouse 1:1000 1:200  1:100 1:50 Santa cruz sc-376696 

NBS1 Mouse 1:1000 1:100  1:100 1:50 Santa cruz sc-515069 

MDC1 Rabbit  1:200   1:100 Abcam ab11169 

BRCA1 Mouse 1:1000    1:50 Santa cruz sc-6954 

Rad51 Rabbit 1:1000 1:400   1:100 Abcam ab63801 

Ku-70 Mouse 1:1000    1:50 Santa cruz sc-5309 

Ku-86 Mouse 1:1000    1:50 Santa cruz sc-5280 

XRCC4 Mouse     1:50 Santa cruz sc-271087 

p-p53 (ser15) Rabbit 1:1000     CST 9284 

p-p53 (ser15) Rabbit   1:200   Abcam ab38497 

p53 Mouse 1:1000     Santa cruz sc-126 

p21 Rabbit 1:1000  1:800   Santa cruz sc-397 

H-Ras Rabbit 1:1000     Santa cruz sc-259 

H3K4me1 Rabbit     1:400 Abcam ab8895 

H3K4me2 Rabbit     1:400 Abcam ab7766 
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H3K4me3 Rabbit     1:400 Abcam ab8380 

H3 Mouse 1:1000     CST 4499 

H2A.X Mouse 1:1000     CST 7631 

Dicer Rabbit 1:1000     CST 5362 

Drosha Mouse 1:1000     Santa cruz sc-393591 

β-actin Rabbit 1:5000     Sigma A2066 

BrdU Rat  1:200    Abcam ab6326 

HRP-linked Anti-

Mouse IgG 
Goat 1:5000     CST 7076 

HRP-linked Anti-

Rabbit IgG 
Goat 1:5000     CST 7074 

Alexa Fluor 488 

Anti-Mouse IgG 
Goat  1:800    CST 4408 

Alexa Fluor 594 

Anti-Rabbit IgG 
Goat  1:800    CST 8889 

Alexa Fluor 488 

Anti-Rat IgG 
Goat  1:800    CST 4416 

 

 

Supplementary Table S2. shRNA sequences for gene silencing. shRNAs were 
designed using the online tool of Biosettia Inc. SC (shRNA control) targeting the LacZ 
gene was used as negative control. Single-strand shRNA oligos were annealed, and 
ligated to the pLV-RNAi vector according to the manufacturer’s protocol (Biosettia). 

Genes shRNA Sequence (5’ to 3’) 

KMT2A 

sh1 
AAAAGTGCCAAGCACTGTCGAAATTGGATCCAATTTCGACAGTGCTTGGCA
C 

sh2 
AAAAGCAAGGGCATTGGTTGCTATATTGGATCCAATATAGCAACCAATGCC
CTTGC 

KMT2B 

sh1 
AAAAGGAGAACTCTGATCGAGAAAGTTGGATCCAACTTTCTCGATCAGAGT
TCTCC 

sh2 
AAAAGGAAGTGCACCTTTGACATGTTTGGATCCAAACATGTCAAAGGTGCA
CTTCC 

KMT2C 

sh25 
AAAACCTCTTTGCCTCAGCCAAATTGGATCCAATTTGGCTGAGGCAAAGAG
G 

sh1566 
AAAAGCACCACAATTGCCTGATATTGGATCCAATATCAGGCAATTGTGGTG
C 

sh4191 AAAAGCAGTTACCAGATACTTTATTGGATCCAATAAAGTATCTGGTAACTGC 

KMT2D sh1 
AAAAGCACATGGAGTGCGAAATTAATTGGATCCAATTAATTTCGCACTCCAT
GTGC 
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sh2 
AAAAGCTCCTACACTGACCCATATGTTGGATCCAACATATGGGTCAGTGTA
GGAGC 

ATM 

sh1 
AAAAGCAGTATGCTGTTTGACTTTGTTGGATCCAACAAAGTCAAACAGCATA
CTGC 

sh2 
AAAAGCTGCAGAGTCAATCAATAGATTGGATCCAATCTATTGATTGACTCTG
CAGC 

53BP1 
sh1 AAAAGCTTGAGTTCTCACAGAATTTGGATCCAAATTCTGTGAGAACTCAAGC 

sh2 AAAAGGAGGAAGCTATGGAAATTTTGGATCCAAAATTTCCATAGCTTCCTCC 

Ago2 
sh2 AAAAGCAGGACAAAGATGTATTATTGGATCCAATAATACATCTTTGTCCTGC 

sh3 AAAAGGGTCTGTGGTGATAAATATTGGATCCAATATTTATCACCACAGACCC 

Dicer 

sh2 
AAAATTGGCTTCCTCCTGGTTATTTGGATCCAAATAACCAGGAGGAAGCCA
A 

sh4 
AAAATGCTTGAAGCAGCTCTGGATTGGATCCAATCCAGAGCTGCTTCAAGC
A 

Drosha 

sh1 
AAAAAACGAGTAGGCTTCGTGACTTGGATCCAAGTCACGAAGCCTACTCGT
T 

sh2 
AAAAAAGGACCAAGTATTCAGCATTGGATCCAAAAGGACCAAGTATTCAGC
A 

NBS1 
sh1 AAAAGGAACGTGTGTTGTTGATATTGGATCCAATATCAACAACACACGTTCC 

sh2 AAAAGCCAAGGATGGATATAGAATTGGATCCAATTCTATATCCATCCTTGGC 

BRCA1 

sh1 AAAACCATACAGCTTCATAAATATTGGATCCAATATTTATGAAGCTGTATGG 

sh2 
AAAAGAGCTCCTCTCACTCTTCAGTTTGGATCCAAACTGAAGAGTGAGAGG
AGCTC 

Control SC 
AAAAGCAGTTATCTGGAAGATCAGGTTGGATCCAACCTGATCTTCCAGATAA
CTGC 

 

Supplementary Table S3. Primer sequences of respective genes used for qPCR 

Genes Primers Sequence (5’ to 3’) 

KMT2A 
Forward CTTTACGCAGACGGTAGACGC 

Reverse TCGTTTCTTGGTCTGGAATGTGT 

KMT2B 
Forward GTGATGAGGAAGAGGATGAGGTGC 

Reverse GAGCGGATGACAATGCCAGAGT 

KMT2C 
Forward TATGCCTGCGTCTAATGTGC 

Reverse CTTCGTGGAACTGTAACTGTGAG 

KMT2D 
Forward TTCCTAATCTCACGCAAGACTAC 

Reverse GGTCAGTCTTACGGGCTATGT 

ATM 
Forward TCAGGGTAGTTGAGTTGAGGTTG 

Reverse AGAGCCATTTCATTATTGATTCC 
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53BP1 
Forward GACAAGATAAGCCAATGGACACG 

Reverse GGTGTTGAGGCTTGTGGTGATAC 

Ago2 
Forward CCTCCCATGTTTACAAGTCG 

Reverse TCTTTGTCCTGCCACAATG 

Dicer 
Forward CAAGTGTCAGCTGTCAGAACTC 

Reverse CAATCCACCACAATCTCACATG 

Drosha 
Forward CACCTGTTCTAGCAGCTCAGAC 

Reverse CTCCTCCCACTGAAGCATATTG 

NBS1 
Forward CCCTGTGAACACTACAACATACG 

Reverse GTTTGGGATTCTCATCTTAGCC 

BRCA1 
Forward ATACCCTATAAGCCAGAATCCAG 

Reverse TGTTTCCGTCAAATCGTGTG 

MDC1 
Forward AGTGCGATCCAGCCGAGTTAG 

Reverse TTCTCAGCAGGTGGCATCTTG 

RAD54B 
Forward TTATGCCACGACCAGATAAGAATC 

Reverse CCTAAACCCATTTCATCAGCAAG 

EXO1 
Forward CTCTGAACGCCTATGAAGATGATG 

Reverse TGGGCAGGCATAGCAGTGTC 

I-SceI 
Forward CTGATTCTGGGCGACGCTTAC 

Reverse CTTGTTGAATGCCTGGTGCTTG 

GAPDH 
Forward AATCCCATCACCATCTTCCAG 

Reverse CACGAGTCCTTCCACGATACC 

 

 

Supplementary Table S5. Primer sequences for ChIP assay of DDR factors at I-PpoI-

induced double strand breaks on chromosome 1, designed according to Berkovich E et 

al. Nat Cell Biol. 2007 Jun;9(6):683-90. 

Description DDRNA Sequence (5’ to 3’) 

Primers for ChIP-qPCR 

I-PpoI single site at 

chromosome 1 

Forward TGCTGCTTTTTCTTCTTCTCC 

Reverse CTTCTTTCCCACCAAGTCTTC 

Negative control primers at the 

promoter of IRF6 

Forward ATGCCATCGTCTAAGTTCCGTTC 

Reverse AATACCTTGTAACTCCCATTCGCC 
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Primers for DDR protein distribution assay (I-PpoI cut site at 0bp) 

-8923bp 
Forward GCAAGGGCTCATGAATGATA 

Reverse CAAGGTAGCAAGGTAGTGTAGCA 

-6247bp 
Forward TGCCTAAATGCCTCTTTCTACTG 

Reverse AAGCTGGAAATTGGCCTAGA 

-3629bp 
Forward TTCCACACTCATTGGAGGTAA 

Reverse TTGGCACACACAAACAGAATAA 

-2927bp 
Forward TAAACACTGGGTGCCTTTCA 

Reverse CCCAAACATACCAACATCCA 

-597bp 
Forward CTCCAGGGCATCCTTAGTGT 

Reverse GGGCCAGGTGTGTACTTAGG 

-182bp 
Forward TTCACAGCACTCTCCATTCC 

Reverse TCTTTCCCACCAAGTCTTCA 

+407bp 
Forward TTCCCATTATCTGAAGAGCGT 

Reverse TGGATGGCTCTGATAGTTACAAA 

+1755bp 
Forward GGTTGTTCACACCCTTTCTG3 

Reverse CAAGCACAGAGACTCAAATGC 

+3563bp 
Forward GGCTTGTAACCCACAACACA 

Reverse GATGCTGCTCATACCCAATG 

+4471bp 
Forward TTTGAAGACTTATCTCTGTCTGTGTTT 

Reverse AGCCTCGTGTCCATTCTCAT 

+5903bp 
Forward GATGGAGGACAATTATGATGTGA 

Reverse TGTGACTATCCTTGCCCAAA 

+7013bp 
Forward GCATTCTGGAGTTCCTTGCT 

Reverse TAATGCACCCACTCATGCTT 
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Supplementary Table S6. Primer sequences for ChIP assay of DDR factors at AsiSI-

induced double strand breaks, designed according to Zhou Y et al. Nucleic Acids Res. 

2014 Feb; 42(3):e19, and Lu WT et al. Nat Commun. 2018 Feb 7; 9(1):532. 

DSB sites 

Distance 

from DSB 

(nt) 

Primers Sequence (5’ to 3’) 

HR site 1 

Chr22:3846810

0 

-9293 
Forward CACCAGACGGAATGAGGACAAC 

Reverse TCCCCATTGGTAACAGGTGC 

-9236 
Forward ACGAGGTCTCCCAAGGGTAAG 

Reverse CTGCGAAGGTCTGGATAGTGC 

-8329 
Forward AGGCGAAGGCAGGAGAATCAC 

Reverse GGCTACCTCAGTTTGCCTCATC 

-247 
Forward CTTCCCTCCGCAGAAACTG 

Reverse CCGGGAAGATGAGGACAATA 

+131 
Forward ACCATGAACGTGTTCCGAAT 

Reverse GAGCTCCGCAAAGTTTCAAG 

+851 
Forward ACAGATCCAGAGCCACGAAA 

Reverse CCCACTCTCAGCCTTCTCAG 

+1532 
Forward CCCTGGTGAGGGGAGAATC 

Reverse GCTGTCCGGGCTGTATTCTA 

+8156 
Forward CCTGTGTCAGTCTCCCGAAGT 

Reverse GGCAAGAGAATGGCGTGAAC 

+9754 
Forward TGAGGACTGGAAATCACCGTCTA 

Reverse CAAATGCTGGAATGAGTGAATGA 

HR site 2 

Chr20:3235851

3 

-9534 
Forward TTCCACTGGTCCAAGATGTTATG 

Reverse CCAAGATGGTGTCACTGCACTC 

-8104 
Forward GAAGCAAGCAGTCCCTTACATCA 

Reverse TCCATCCTCCCATACCACTCAAT 

-554 
Forward TAGGCGAGGAGAAGCACGAAGT 

Reverse GGATTCTGGGAGGCGATGCT 
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+615 
Forward GTCCCCTCCCCCACTATTT 

Reverse ACGCACCTGGTTTAGATTGG 

+2001 
Forward GTTCCTGTTATGCGGGTGTT 

Reverse TGGACCCCAAATTCCTAAAG 

+8208 
Forward GGTGGCAGTGGGTGAACATC 

Reverse GTAGCGTTAGGCACAATAGAGGC 

+9263 
Forward GCTGTTGGACCACTTTGCCTAT 

Reverse TTACGGAGCTGCTCACTCATCAT 

+9356 
Forward TTCTTAGAGGAGTTATGAAGCAGTC 

Reverse TCTGGAGTATCAAGTGGGTGTG 

HR site 4 

Chr1: 8899291 

-9212 
Forward 

Reverse 

TTCCATTCATGTCTCTGGCTGC 

TTCATTGGTGGGCTTAATACGG 

-8912 
Forward 

Reverse 

TGGCGGCTGTCAGTTAGGAG 

CTTTCATTTCTTCCACCATTACAGG 

+ 245 
Forward GAATCGGATGTATGCGACTGATC 

Reverse TTCCAAAGTTATTCCAACCCGAT 

+ 1522 
Forward TGAGGAGGTGACATTAGAACTCAGA 

Reverse AGGACTCACTTACACGGCCTTT 

+3424 
Forward 

TCCTAGCCAGATAATAATAGCTATACAAAC

A 

Reverse TGAATAGACAGACAACAGATAAATGAGACA 

+9016 
Forward 

Reverse 

TGCCATTTTCTTGTCATTGTTGC 

GCTTTCACCAGTGCTCCTCAATC 

+9461 
Forward 

Reverse 

TAATCTCGCTAATGGTCTATCAATG 

AAGTTCAGAGCCCTAAACACCTAC 

NHEJ site1 

Chr6:89638470 

-9743 
Forward AAACTTAGTCAGGCGTGGTGGT 

Reverse CCTCACGGTTAGTAAGTTCTTGCTC 

-8447 
Forward GACTACTCTTAGGGCTTGTCGTGG 

Reverse CTCTGGTCCTGTTTCCTGATGC 
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-431 
Forward CAAACCACGCTGTAACCAGAGTA 

Reverse GGCTTACCTCACCTTAGACCTCC 

+860 
Forward GGCACCTCAACAGGTAGCAT 

Reverse GCCTCTCTTCGATGCTTTTG 

+2600 
Forward GGAAATGAGTCGGAGACAGC 

Reverse TGCCCTCATATTCAGTGTGC 

+8643 
Forward AAGCGGTCCTCACACCTCAAC 

Reverse TGAGGGAGTATTGATTTCTTATGCC 

+9575 
Forward GTTCTCCCTCCAACCTACACCAG 

Reverse TGTTACACCCATTTCATGAGCAGT 

NHEJ site2 

Chr9:29212805 

-9325 
Forward GGCTTGGGTAAATGAACTAGATGG 

Reverse TGTGATTGGATTCCTGGTAGTGG 

-8397 
Forward TCCCTGTCATTCAACTTCATTTC 

Reverse GGTAAGCACTGGAGTAGGTAGGC 

-792 
Forward AGAGCACCACGGAGCAACACT 

Reverse GTAATGCCCTCTTTCTCCTCCAC 

+617 
Forward GATGAGGCGGAAAGGTGTAA 

Reverse CCTCCTCAAAGCCTCCTCAC 

+1087 
Forward CGAGAGGCCACCAGACTAAA 

Reverse TTCACGAAGCGATGTGTAGG 

+8429 
Forward TTGCTAAATCAACCCACTCTGC 

Reverse TCCTTCTTCATTCTTCTTCCTCTG 

+9423 
Forward AGGTTAGGCAAACAGATTAGTGG 

Reverse CACAAATTCACTGACAACTGTATCC 

No DSB - 
Forward ATTGGGTATCTGCGTCTAGTGAGG 

Reverse GACTCAATTACATCCCTGCAGCT 
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Supplementary Table S7. Sequences of synthetic DDRNA (DNA damage-induced 

response RNA) oligonucleotides for complementation experiments. 

Description DDRNAs Sequence (5’ to 3’) 

I-PpoI sites 

Single site at chromosome 

1 

DDRNA1 AGAAGUCAUCUCCAUUUCAGAGC 

DDRNA2 CUCUGAAAUGGAGAUGACUU 

DDRNA3 GAGCACCUUUAGCAUUCCUUU 

DDRNA4 GGAAUGCUAAAGGUGCUCAG 

DDRNA5 GGACCUCUCUUAAGGUAGCUUAUC 

DDRNA6 GAUAAGCUACCUUAAGAGAG 

DDRNA7 ACACUCUGCCACGUAUGGUUUAUU 

DDRNA8 UAAACCAUACGUGGCAGAGUG 

AsiSI sites 

HR site 1 

Chr22:38468100 

HR-S1-DDRNA1 GCACUUGGGGCAUGGGCGACAU 

HR-S1-DDRNA2 UCGCCCAUGCCCCAAGUGCCCUCU 

HR-S1-DDRNA3 GGGCCGCGCCGCUUCCUGGCU 

HR-S1-DDRNA4 CAGGAAGCGGCGCGGCCCGGAGA 

HR-S1-DDRNA5 CUGACUGGCUGGACCAUGAACGU 

HR-S1-DDRNA6 GUUCAUGGUCCAGCCAGUCAGUC 

HR-S1-DDRNA7 AUCCUCGGCGACCUGAGCCACCU 

HR-S1-DDRNA8 AGGUGGCUCAGGUCGCCGAGGAUU 

AsiSI sites 

HR site 2 

Chr20:32358513 

HR-S2-DDRNA1 CCAGCCAGUUCUCGCACCUCG 

HR-S2-DDRNA2 UCGCGAGGUGCGAGAACUGGCUG 

HR-S2-DDRNA3 AAGUGGGAACUGCGAGUCGAGCU 

HR-S2-DDRNA4 GAGCUCGACUCGCAGUUCCCAC 

HR-S2-DDRNA5 CAGGCCGGCUCCUCCCACUCU 

HR-S2-DDRNA6 AGAGUGGGAGGAGCCGGCCUGC 

HR-S2-DDRNA7 UCUGGGGCAGCUUCGUUCAUUCA 

HR-S2-DDRNA8 GUGAAUGAACGAAGCUGCCCCA 

Control site 

On IRF6 promoter 

at chromosome 1 

Control RNA1 UCUCUAACAGGUACUUAAACAGCC 

Control RNA2 CUGUUUAAGUACCUGUUAGAGAC 

Control RNA3 GGUAAACUGCAGGCCUCUAGUCA 

Control RNA4 UGACUAGAGGCCUGCAGUUUAC 
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Figure S1, related to Figure 1. Mutations in KMT2 genes occur often, are associated 
with poor disease-free survival and high mutation loads, and KMT2C mutations are 
associated with immunotherapy success. Types and locations of mutations found in 
KMT2A-KMT2D.  
 
(A-D) The types and locations of mutations in the KMT2A (A), KMT2B (B), KMT2C (C) 

and KMT2D (D) genes in LUAD and LUSC, derived from cBioPortal. The functional 

domains of the proteins encoded by these genes are shown. Truncating mutations 

include frameshift and non-sense mutations. 
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Figure S2, related to Figure 2. KMT2C is required for DNA damage responses and HR-

mediated repair. Reporter assays for DNA resection and repair. 

(A-C) Schematic diagrams of HR (A), NHEJ (B) and alternative-NHEJ (C) reporter 

systems used in this study. (D) Schematic diagram of quantitative DNA double-strand 

break resection assay. U2OS-ER-AsiSI cells were treated with 4-OHT to induce Double-

strand breaks (DSBs). Genomic DNA was harvested and then subjected to restriction 

digest. qRT-PCR primers (red arrow) were designed at either side of the restriction sites. 

Only loci that had been resected prior to digest can be amplified. (E-F) U2OS-ER-AsiSI 

cells transduced with KMT2C shRNAs or SC were treated with 500 nM 4-OHT [4-

OHT(+)] or vehicle [4-OHT(-)] for 4 h, genomic DNA was extracted and digested or mock 

digested with BamHI or PstI overnight. The knockdown efficiency of the KMT2C shRNAs 

(E), and DNA end resection adjacent to NHEJ site 1 or NHEJ site 2 were measured by 

qRT-PCR. Values are means ± SD, n=3. ns, not significant, p>0.05 vs SC-4-OHT(+) at 

each site using unpaired t-test. (G) Representative images of BJ cells transduced with 

KMT2C shRNAs or SC and treated with 2 Gy of γ-radiation and recovered for 0h, 3h, 6h, 

12h, 24h or 48h before staining for γH2A.X-foci. (H) Repair rate of NBS1-foci in BJ cells 

transduced with KMT2C shRNAs or SC and treated with 2 µg/ml of Bleomycin or PBS 

(0h) for 2h and stained for NBS1-foci 6h (8h), 12h (14h) or 24h (26h) after removal of 

Bleomycin. Percentage of cells containing ≥ 15 foci was quantified. Values are mean ± 

SD, n=3; **p<0.01; *** p<0.001 vs SC in unpaired t-test. 
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Figure S3, related to Figure 3. The KMTC protein is directly recruited to DNA DSBs.   

(A-B) The mRNA levels of KMT2D and DDR genes (ATM, 53BP1, BRCA1, NBS1, 

MDC1, RAD54B and EXO1) were not affected by KMT2C knockdown in BJ (A) and 

HSAEC (B) cells, as determined by qRT-PCR. Values are mean ± SD, n=3. (C-D) The 

protein levels of DDR genes (ATM, 53BP1, BRCA1 and NBS1) are not affected by 

KMT2C knockdown in BJ (C) and HSAEC (D) cells, as determined by Western blotting.  

(E-F) The protein levels of DDR genes (ATM, 53BP1, BRCA1 and NBS1) are not 

affected by KMT2C (left panels) or KMT2D (right panels) knockdown in H1975 (E) and 

HBB-827 (F) cells, as determined by Western blotting. (G-H) Mutations in KMT2C and/or 

KMT2D are not associated with expression of DDR genes (p > 0.05) in LUAD (G) or 

LUSC (H) in the TCGA database unless indicated otherwise (* p < 0.05). The wild type 

and mutant groups were compared using Mann-Whitney test. (I-J) Expression of KMT2C 

or KMT2D is not associated with tumor mutation loads regardless of the KMT2C/D gene 

mutation status in LUAD (I) and LUSC (J). Pairwise comparisons are performed among 

patients with higher (>=75%), lower (<=25%) and intermediate (>25%; <75%) KMT2C or 

KMT2D expression levels, using Mann-Whitney test. (G-J) Mann-Whitney test are used 

for comparisons between mutant and wildtype patients (G-H) or between patients with 

higher (>=75%) and lower (<=25%) KMT2C/D expression level (I-J). (K-L) Verification of 

KMT2C antibody used for immunofluorescence. Left, representative images of BJ cells 

transduced with KMT2C shRNAs or shRNA control (SC) and treated with 2 µg/ml of 

Bleomycin or PBS for 2h (K) or with 0 or 2 Gy of γ-radiation and then incubated for 

30min (L) before staining for KMT2C-foci. Right, quantification of percentage of cells with 

≥ 10 foci. Values are mean ± SD, n=3. *p<0.05; **p<0.01 vs SC+Bleom/2Gy using 

unpaired t-test. (M) ChIP analysis measuring enrichment of H3K4me2/3, p-ATM and 

53BP1 on I-PpoI-induced DSBs. U2OS cells were transduced with retroviruses encoding 

4-OHT-inducible ER-I-PpoI. ChIP assays were performed in U2OS-ER-I-PpoI cells with 

[I-PpoI(+)] or without [I-PpoI(-)] 4-OHT induction for 12h using indicated antibodies, 

measuring a region proximal to the I-PpoI cleavage site on chromosome 1 by qPCR. 

The ChIP data were normalized to the input. Values are mean ± SD, n=3. ns, not 
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significant, p>0.05; *p<0.05; **p<0.01; *** p<0.001 vs I-PpoI(-) at each site using 

unpaired t-test. (N) ChIP analysis measuring enrichment of H3K4me2/3 on AsiSI-

induced DSBs. U2OS-ER-AsiSI cells were treated with [4-OHT(+)] or without [4-OHT(-)] 

4-OHT for 2h, and then subjected to ChIP-qPCR assay using indicated antibodies, 

measuring a region proximal to each indicated cleavage site. The ChIP data were 

normalized to the input. Values are mean ± SD, n=3. ns, not significant, p>0.05; *p<0.05; 

**p<0.01 vs 4-OHT(-) at each site using unpaired t-test. (O) ChIP analysis of U2OS cells 

transduced with retroviral ER-I-PpoI with [I-PpoI(+)] or without [I-PpoI(-)] 4-OHT 

induction for 6h using indicated antibodies, measuring the enrichment of the indicated 

proteins in a control region (No DSB) in the IRF6 promoter (more than 60Mb from the I-

PpoI site) on chromosome 1 by qPCR (related to Fig. 3E). The ChIP data were 

normalized to the input. Values are mean ± SD, n=3. (P) ChIP analysis measuring 

enrichment of KMT2C and other DDR factors in a control region (No DSB) 2h after 4-

OHT induction, which does not span an AsiSI restriction site (related to Fig. 3G). The 

ChIP data were normalized to the input. Values are means, n=3. (Q) ChIP analysis 

measuring enrichment of H3K4me3 in distal and proximal regions surrounding the 

indicated AsiSI site 2h after 4-OHT induction. The ChIP data were normalized to the 

input. Values are mean, n=3. ns, not significant, p>0.05; *p<0.05; ** p<0.01 vs 4-OHT(-) 

at each site using unpaired t-test. 
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Figure S4, related to Figure 4. KMT2C recruitment is essential for H3K4me1, chromatin 

relaxation, and secondary recruitment of DDR factors at DSB sites. KMT2C silencing 

reduces NBS1 and MDC1 recruitment. 

(A) U2OS-ER-AsiSI cells transduced with KMT2C shRNAs or SC were treated with 4-

OHT for 0min, 10min, 30min, 60min and 120min, and then subjected to ChIP-qPCR 

assay using indicated antibodies, measuring the distal and proximal regions surrounding 

the HR site1. The ChIP data were normalized to the input. Values are mean ± SD, n=3. 

ns, not significant, p>0.05; *p<0.05; **p<0.01 vs SC at each site using unpaired t-test. 

(B) BJ cells transduced with KMT2C shRNA (sh25) or SC were treated with 2 Gy of γ-

radiation, and incubated for indicated time. Chromatin fractions were then collected and 

subjected to Western blot analysis of chromatin-bound DDR proteins. H2A.X was used 

as loading control. (C) Western blot analysis of p-ATM and γH2A.X in whole cell lysates 

of BJ cells transduced with KMT2C shRNA or SC and treated with 2 Gy of γ-radiation, 

and incubated for 1h. (D) U2OS-ER-AsiSI cells transduced with KMT2C shRNAs or SC 

were treated with [4-OHT(+)] or without [4-OHT(-)] 4-OHT for 2h. Genomic DNA was 

extracted and digested or mock digested with Nse. Chromatin accessibility of indicated 

AsiSI sites was measured by qPCR, as the ratio of amplification efficiency of undigested 

DNA over that of digested DNA (% fold enrichment). *p<0.05 vs SC-4-OHT(+) at each 

site using unpaired t-test.  (E) HSAECs transduced with KMT2C shRNAs or SC were 

treated with 10 µg/ml of Bleomycin or PBS for 6h before extracted by 1M NaCl. 

Released γH2A.X, H2A.X and H3 were detected by Western blot analysis 
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Recruitment of KMT2C to DSBs is mediated by an Ago2 and NBS1 containing complex. 

 As KMT2C silencing had no significant effect on the proximal recruitment of 

primary DDR factors like NBS1 (Figure 4B), or ATM (Figure 4M), we reciprocally 

examined the effects of NBS1 and ATM knockdown on KMT2C recruitment (Figure 

S5A).  At a DSB (HR site 1) generated by the restriction enzyme AsiSI, the use of NBS1 

shRNAs reduced both proximal and distal recruitment of NBS1, ATM, 53BP1, and 

KMT2C (Figure S5B). ATM silencing reduced proximal and distal recruitment of KMT2C, 

ATM, and 53BP1, but only the distal recruitment of NBS1; whereas 53BP1 knockdown 

only reduced proximal and distal recruitment of 53BP1 alone (Figure S5B). Our data, 

together with the finding that KMT2C is required for the distal enrichment of NBS1 

(Figure 4A and 4B), indicate the primary recruitment of KMT2C also requires NBS1 and 

ATM at the proximal regions of DSBs. 

 An interaction was detected between Ago2, KMT2C, and NBS1 using co-

immunoprecipitation assays in cells in a DNA damage-dependent, as well as an RNA-

dependent manner. When one of the above proteins was immunoprecipitated, the other 

2 proteins were co-precipitated from BJ (Figure S5F-H) and U2OS (Figure S5C-E) cells 

treated by Bleomycin. In cells that were not treated with Bleomycin, the interaction was 

weaker. In addition, cells that received RNase A treatment also had weaker interactions 

of these proteins (Figure S5C-E). Given that NBS1 is also in complex with KMT2C and 

Ago2 (Figure S5C-E), it is also possible that NBS1, rather than Ago2, directly recruits 

KMT2C. However, given the essential role of DDRNAs, it is more likely that NBS1 is in 

complex to recruit more Ago2, which in turn will directly recruit KMT2C. 
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Figure S5. Recruitment of KMT2C via an Ago2 and NBS1 containing complex.  

(A) Knockdown efficiency of the NBS1 or ATM or 53BP1 shRNAs in U2OS-ER-AsiSI 

cells treated with [4-OHT(+)] or without [4-OHT(-)] 4-OHT for 2h, as determined by 

Western blot. (B) ChIP analysis of U2OS-ER-AsiSI cells transduced with shRNAs for 

NBS1, ATM or 53BP1, or SC, and with [4-OHT(+)] or without [4-OHT(-)] 4-OHT for 2h 

using indicated antibodies, measuring enrichment of indicated DDR factors in regions 

distal and proximal to the HR site1 by qPCR. The ChIP data were normalized to the 

input. Values are mean ± SD, n=3. ns, not significant, p>0.05; *p<0.05; **p<0.01; *** 

p<0.001 vs SC-4-OHT(+) at each site using unpaired t-test. (C-E) Interaction among 

KMT2C, Ago2 and NBS1 in a DNA damage- and DDRNA-dependent manner in U2OS 

cells. KMT2C (C), Ago2 (D) or NBS1 (E) was immunoprecipitated from U2OS cells 

treated with 10 µg/ml of Bleomycin (+) or PBS (-) for 6h, and then with RNaseA (+) or not 

(-) for 15 min after permeabilization, using respective antibodies or IgG. The presence of 

KMT2C, Ago2 and NBS1 in the immunoprecipitates and lysate inputs was detected by 

Western blot analysis. Interaction among KMT2C, Ago2 and NBS1 in a DNA damage- 

and DDRNA-dependent manner in BJ cells. KMT2C (F), Ago2 (G) or NBS1 (H) were 

immunoprecipitated from BJ cells treated with 10 µg/ml of Bleomycin (+) or PBS (-) for 

6h, and then with RNaseA (+) or not (-) for 15 min after permeabilization, using 

respective antibodies or IgG. The presence of KMT2C, Ago2 and NBS1 in the 

immunoprecipitates and lysate inputs was detected by Western blot analysis. 
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Figure S6, related to Figure 5. KMT2C and KMT2D gene mutations sensitize NSCLC to 

PARPi treatment via disruption of HR-mediated repair. In addition to KMT2C and 

KMT2D, Ago2, Dicer, and Drosha gene mutations sensitize NSCLC to PARPi treatment. 

(A) Growth curve of each individual tumor generated from 3x106 of NCI-H2135, 5x106 of 

NCI-H2342 or 5x105 of COR-L105 injected subcutaneously into nude mice and treated ip 

daily with 50 mg/kg of Olaparib starting on day-7 when tumors were 40-50 mm3 in size. 

Tumor volumes were measured every 4 days. (B) Knockdown efficiency of the KMT2C 

or KMT2D shRNAs in NCI-H1975 cells as determined by qPCR. (C-D) KMT2C and 

KMT2D knockdown sensitizes NCI-H522 cells to Olaparib. NCI-H522 cells containing no 

mutations in KMT2 or other CR and DDR genes were transduced with KMT2C (left 

panels) or KMT2D (right panels) shRNAs or shRNA control (SC) and treated with 

increasing concentrations of Olaparib for 6 days with replenishment of medium every 2 

days. The knockdown efficiency of KMT2C and KMT2D shRNAs were determined by 

qPCR (C). Cell proliferation was analyzed by CCK8 assays (D). Values are mean ± 

SEM, n=3; ***p<0.001 vs SC in unpaired t-test. The Olaparib IC50 for each cell line is 

provided in parenthesis. (E-F) KMT2C and KMT2D knockdown sensitizes HCC-827 cells 

to Olaparib. HCC-827 cells containing no mutations in KMT2 or other CR and DDR 

genes were transduced with KMT2C (left panels) or KMT2D (right panels) shRNAs or 

SC and treated with increasing concentrations of Olaparib for 6 days with replenishment 

of medium every 2 days. The knockdown efficiency of KMT2C and KMT2D shRNAs 

were determined by qPCR (E). Cell proliferation was analyzed by CCK8 assays (F). 

Values are mean ± SEM, n=3; **p<0.01; ***p<0.001 vs SC in unpaired t-test. The 

Olaparib IC50 for each cell line is provided in parenthesis. (G) Xenograft tumors derived 

from NCI-H1975 cells transduced shRNAs for KMT2C (top) or KMT2D (bottom) or SC 

and treated ip daily with 50 mg/kg of Olaparib or vehicle from the experiments described 

in Figure S5E were collected at the end of the study. The sections of these tumors were 

stained for TUNEL using the DeadEnd™ Fluorometric kit from Promega. Representative 

pictures are shown. Percentage of TUNEL-positive, apoptotic cells in these sections are 

shown in Figure S5G. (H) Left, representative images of HCC-827 cells treated with 100 

μM Olaparib or vehicle (DMSO) for 12h before staining for γH2A.X-, or 53BP1-, or 

BRCA1- or RAD51-foci. Middle, quantification of percentage of cells with ≥ 10 (γH2A.X, 

BRCA1 and RAD51) or 15 (53BP1) foci. Right, quantification of foci size using Image J. 

Values are mean ± SD, n=3. ns, not significant, p>0.05; *p<0.05; **p<0.01 vs 

SC+Olaparib in unpaired t-test. (I) Knockdown efficiency of the BRCA1 shRNAs in NCI-

H1975 cells as determined by qPCR. (J) NCI-H1975 cells were transduced with BRCA1 

shRNAs or SC and treated with increasing concentrations of Olaparib for 6 days with 

replenishment of medium every 2 days. Cell proliferation was analyzed by CCK8 assays. 

Values are mean ± SEM, n=3. *** p<0.001 vs SC in unpaired t-test. The Olaparib IC50 for 

each cell line is provided in parenthesis. (K) Nude mice were injected subcutaneously 

with 1x106 of NCI-H1975 cells transduced shRNAs for KMT2C or BRCA1 or SC, and 

treated ip daily with 50 mg/kg of Olaparib or vehicle starting on day-7 when tumors were 

40-50 mm3 in size. Tumor volumes were measured every 4 days. Values are means ± 

SEM, n=6; *p<0.05; **p<0.01 vs SC+Olaparib in unpaired t-test. (L-M) Ago2, Dicer and 

Drosha knockdown sensitizes NCI-H1975 cells to Olaparib. NCI-H1975 cells were 

transduced with Ago2 (left panels), or Dicer (middle panels) or Drosha (right panels) 

shRNAs or SC and treated with increasing concentrations of Olaparib for 6 days with 
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replenishment of medium every 2 days. The knockdown efficiency of Ago2, Dicer and 

Drosha shRNAs were determined by qPCR (L). Cell proliferation was analyzed by CCK8 

assays (M). Values are mean ± SEM, n=3. *p<0.05; **p<0.01; ***p<0.001 vs SC in 

unpaired t-test. The Olaparib IC50 for each cell line is provided in parenthesis. (N-O) 

Ago2, Dicer and Drosha knockdown sensitizes HCC-827 cells to Olaparib. HCC-827 

cells were transduced with Ago2 (left panels), or Dicer (middle panels) or Drosha (right 

panels) shRNAs or SC and treated with increasing concentrations of Olaparib for 6 days 

with replenishment of medium every 2 days. The knockdown efficiency of Ago2, Dicer 

and Drosha shRNAs were determined by qPCR (N). Cell proliferation was analyzed by 

CCK8 assays (O). Values are mean ± SEM, n=3. *p<0.05; **p<0.01; ***p<0.001 vs SC in 

unpaired t-test. The Olaparib IC50 for each cell line is provided in parenthesis. (P-Q) 

Ago2, Dicer and Drosha knockdown sensitizes NCI-H522 cells to Olaparib. NCI-H522 

cells were transduced with Ago2 (left panels), or Dicer (middle panels) or Drosha (right 

panels) shRNAs or SC and treated with increasing concentrations of Olaparib for 6 days 

with replenishment of medium every 2 days. The knockdown efficiency of Ago2, Dicer 

and Drosha shRNAs were determined by qPCR (P). Cell proliferation was analyzed by 

CCK8 assays (Q). Values are mean ± SEM, n=3. *p<0.05; **p<0.01; ***p<0.001 vs SC in 

unpaired t-test. The Olaparib IC50 for each cell line is provided in parenthesis. (R-S) 

NSCLC cell lines without mutations in the CR or DDR genes and those with indicated 

KMT2 gene mutations (S) were treated with increasing concentrations of Cisplatin for 6 

days with replenishment of medium every 2 days. Cell proliferation was analyzed by 

CCK8 assays (R). Values are mean ± SEM. The Cisplatin IC50 for each cell line is listed 

in (S). p values represent unpaired t-test between WT and mutant groups. (T-V) NCI-

H1975 (T), NCI-H522 (U) and HCC-827 (V) cells containing no mutations in KMT2 or 

other CR and DDR genes were transduced with KMT2C (left panels) or KMT2D (right 

panels) shRNAs or SC and treated with increasing concentrations of Cisplatin for 6 days 

with replenishment of medium every 2 days. Cell proliferation was analyzed by CCK8 

assays. Values are mean ± SEM, n=3; **p<0.01; ***p<0.001 vs SC in unpaired t-test. 

The Cisplatin IC50 for each cell line is provided in parenthesis. (W) BRCA1 knockdown 

sensitizes NCI-H1975 cells to Cisplatin. NCI-H1975 cells were transduced with BRCA1 

shRNAs or SC and treated with increasing concentrations of Cisplatin for 6 days with 

replenishment of medium every 2 days. Cell proliferation was analyzed by CCK8 assays. 

Values are mean ± SEM, n=3. ** p<0.01 vs SC in unpaired t-test. The Cisplatin IC50 for 

each cell line is provided in parenthesis. (X) Ago2, Dicer and Drosha knockdown 

sensitizes NCI-H1975 cells to Cisplatin. NCI-H1975 cells were transduced with Ago2 

(left panel), or Dicer (middle panel) or Drosha (right panel) shRNAs or SC and treated 

with increasing concentrations of Cisplatin for 6 days with replenishment of medium 

every 2 days. Cell proliferation was analyzed by CCK8 assays. Values are mean ± SEM, 

n=3. *p<0.05; **p<0.01 vs SC in unpaired t-test. The Cisplatin IC50 for each cell line is 

provided in parenthesis. 
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Figure S7, related to Figure 6. KMT2C and D gene mutations can potentially predict the 

success of PARPi therapy in NSCLC. Mutation status for cell lines selected for IHC and 

PDX experiments. 

(A) Mutation statuses in KMT2 genes in the human NSCLC tissues that are used for 

detection of DDR markers. Representative images and quantification results are shown 

in Fig. 6A-D. (B) Mutation statuses in KMT2 genes in the patient-derived tumor cells that 

are used in this study. 
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