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ABSTRACT: DELINEATION OF NEW MECHANISMS OF DNA DAMAGE 

RESPONSES AND REPAIR 

Yanqiu Li, Ph.D. 

University of Nebraska Medical Center, 2021 

Supervisor: Aimin Peng, Ph.D. 

Upon DNA damage, cells promptly activate the cellular DNA damage response 

(DDR), a surveillance mechanism that leads to DNA repair, cell cycle arrest, and 

apoptosis. DDR deficiencies cause genomic instability, and are tightly associated with 

cancer predisposition, immunodeficiency, neurological diseases, and aging. On the other 

hand, radiation and many chemotherapeutics eliminate cancer cells by inducing DNA 

damage. Therefore, understanding the DDR and its involvement in cancer is a crucial 

step toward improving anti-cancer therapeutics. The overarching goal of this project is to 

delineate how cells respond to, and repair, DNA damage, thus to develop new strategies 

to overcome cancer resistance. 

Microtubule associated serine/threonine kinase like (MASTL), also known as 

greatwall (GWL), was recently characterized as novel kinase that plays an important role 

in regulating mitosis. High-level of MASTL expression is frequently observed in various 

cancers, promoting cancer metastasis and resistance to therapeutics. However, little is 

known about how MASTL itself is regulated during replication stress and DNA damage, 

and whether MASTL is involved in immune response, requiring further research to 

answer these questions.  

In the beginning of this project, we identified an E3 ubiquitin ligase that mediates 

MASTL protein degradation. Interestingly, we also highlighted that human cancer cells 

depleted of this enzyme exhibited weakened DNA damage checkpoints and faster cell 



 

recovery from DNA damage. Afterwards, we examined the new function of MASTL in 

regulating innate immune response. This finding provides conceptual advances of 

MASTL in promoting tumorigenesis and evasion. Lastly, we characterized a novel 

function of Sm core proteins in DNA repair. Our research revealed that Sm proteins were 

associated with DNA damage and were required for homologous recombination (HR), an 

important mechanism to repair double strand breaks (DSBs).  

Taken together, our studies delineated several novel mechanisms involved in the 

DNA damage response and repair, bringing better understandings of how cancer cells 

bypass DNA damage during tumorigenesis and treatment. Future investigations will 

potentially lead to new therapeutic strategies that predict cancer resistance and enhance 

treatment outcomes.
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CHAPTER 1: E6AP REGULATES MASTL IN DNA DAMAGE AND REPLICATION 

STRESS 

1.0 Abstract 

MASTL (Microtubule associated serine/threonine kinase-like), also known as 

greatwall (GWL), was recently found to play a role as a required kinase to enter and 

maintain mitosis by activating its substrates ENSA/ARPP19, which inhibits PP2A-B55, a 

major phosphatase responsible for dephosphorylation of mitotic substrates to promote 

mitotic exit. Studies from our laboratory demonstrated a role of MASTL in promoting cell 

cycle resumption after replication stress and DNA damage. Consistent with these 

functions, MASTL is frequently overexpressed in various types of cancer, including head 

and neck cancer. However, compared to the function of MASTL, little is known about 

how MASTL itself is regulated in these important processes. Here we demonstrate a 

direct binding relationship between the E3 ubiquitin ligase E6AP and MASTL through 

their N-terminal domains, which could be disrupted by DNA damage and replication 

stress. We also proved that E6AP promotes MASTL protein degradation by 

ubiquitination. Finally, we found that E6AP knockout cells exhibited less accumulation of 

DNA damage response checkpoints but faster cell recovery capability from replication 

stress. Given the fact that cell cycle resumption promoted by MASTL has been 

suggested as a driver of cancer resistance to radiation and chemotherapy, our new 

findings may lead to clinically relevant information for cancer therapy. 

1.1. Introduction  

Microtubule associated serine/threonine kinase like (MASTL) is a master kinase 

to regulate mitosis and meiosis [1, 2]. It is required for both mitotic entry and mitotic 

maintenance and has the potential to phosphorylate many substrate proteins, including 

ARPP19 and ENSA [3]. At mitotic entry, cyclin-B–Cdk1 phosphorylates MASTL at its 
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kinase domain (residues T194 and T207), followed by subsequent MASTL 

autophosphorylation at residue S875 [4]. MASTL-regulated phosphorylation of ARPP19 

and ENSA inhibits PP2A-B55, the phosphatase that antagonizes cyclin-B–Cdk1 activity 

and that is responsible for the dephosphorylation of mitotic substrates, thereby 

promoting a correct timing and progression of mitosis [4]. At mitotic exit, concomitantly 

with cyclin B degradation, MASTL activity is downregulated by dephosphorylation, which 

is regulated by three phosphatases – protein phosphatase 1 (PP1), PP2A-B55 and RNA 

polymerase II C-terminal domain phosphatase (Fcp1, also known as CTDP1), thus 

promoting effective mitotic exit [5-8]. In mouse zygotes, MASTL-ENSA-PP2A pathway 

regulates the timing of pronuclear formation onset, during which ribosomal S6 kinase 

regulates MASTL phosphorylation at residue T297 and enhances MASTL kinase activity 

even after CDK1 inactivation [9]. Recent evidence demonstrated that AKT also regulates 

MASTL phosphorylation at residue T299 in HEK293 cells [10]. Ablation of MASTL 

results in cell cycle dysregulation and loss of germ cells in mouse, which could be 

rescued by PP2A deletion [11]. Moreover, loss of function of MASTL was found 

correlated with reduced circulating thrombocytes in zebrafish [12]. 

Besides its function in cell cycle regulation, MASTL also shows its role in human 

disease progression. For instance, MASTL deficiency impairs megakaryocytes 

maturation and shortens the half-life of circulating platelets in mice [13]. MASTL 

dysfunction also seems to contribute to high UV signature mutation load, which is a 

primary environmental driver of melanoma [14]. Besides, high level of MASTL was 

expressed in thyroid tumor cells, while silencing MASTL in thyroid tumor cells induces 

less cell proliferation, more DNA damage, and higher cell sensitivity to cisplatin [15]. 

High MASTL level was also related with high-risk of colon cancer and lower survival 

probability, and silencing MASTL expression, which sensitized colon cancer cells to 
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chemotherapy, rendered cell arrest and apoptosis in vitro and inhibited xenograft-tumor 

growth in vivo [16]. Moreover, MASTL was frequently upregulated in estrogen receptor-

positive (ER+) breast cancer, which was associated with higher metastatic relapse (MR) 

risk, worse MR-free survival and cancer resistance to chemotherapy [17, 18]. Other 

studies demonstrated that MASTL depletion impaired cells proliferation and resulted in 

cell cycle defects in breast cell lines and slower breast tumor growth in vivo, thus 

blocking breast cancer cells invasion, migration and metastasis [19, 20]. Knockdown 

MASTL re-sensitize non–small cell lung cancer (NSCLC) cells to radiotherapy [21], and 

has been predicted to be a promising target for cancer treatment [22]. 

While so much research has been focused on MASTL function, there is a great 

limitation in what is known about how MASTL expression is regulated, especially under 

the conditions of DNA damage and replication stress, which are the major mechanisms 

of current chemotherapy and radiotherapy to kill cancer cells.  

E6AP, encoded by gene UBE3A, was initially discovered in 1993 and is the 

prototype HECT domain family of E3 ubiquitin protein ligases, which regulate protein 

expression [23]. As an E3 ubiquitin ligase, E6AP has been found to be related with viral 

infection, cancer development and neurodegenerative disorders [24]. Loss function of 

E6AP activity is the molecular etiology of Angelman syndrome (AS), a severe 

neurological disorder characterized by mental retardation, absent speech, ataxia, 

seizures and hyperactivity [25]. Complete deletion of UBE3A gene in rat could generate 

a model for AS, which phenotypically mirrors human AS [26]. A point mutation of E6AP 

at amino-terminal Zinc-binding (AZUL) domain impairs its ability to bind with 26S 

proteasome and contributes AS [27]. UBE3A gene copy number variation resulting 

overexpression of E6AP is directly linked to autism spectrum disorders [28]. 
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In addition, dysfunction of E6AP was associated with a series of cancers. High 

level of E6AP was found in 60% of B-cell lymphoma and Burkitt’s lymphoma, where 

E6AP acted as an E3 ligase to promote the degradation of the well-established tumor 

suppressor promyelocytic leukemia (PML) protein [29]. In prostate cancer, upregulated 

E6AP targeted both PML and p27 for their degradation, which was associated with 

regional metastasis, poor prognosis and relapse in prostate cancer patients [30]. 

Overexpression of E6AP triggered mesenchymal characteristics of prostate epithelial 

cells, while knockdown E6AP reduced metastasis potential and mesenchymal features 

of prostate cancer cells, which also promoted cellular senescence in vivo and sensitized 

prostate cancer cells to radiation-induced death [31, 32]. In human papillomavirus (HPV) 

infection, E6AP was hijacked by HPV E6 oncoprotein at the LXXLL peptide motif, then 

catalyzed the ubiquitination and proteolysis of p53, promoting HPV-induced cervical 

tumorigenesis [33, 34]. In addition to these known tumor suppressors, another set of 

proteins, including MAPK1, CDK1, CDK4, PRMT5, β-catenin, and UbxD8, have been 

found to be targets of E6AP for their ubiquitination and degradation [35]. In breast 

cancer cells, E6AP was found to interact with ENO1 and direct degradation of ENO1, a 

protein that has been shown to be associated with cancer cell invasion and metastasis, 

tamoxifen resistance and shorter overall survival in patients with breast cancers [36]. 

E6AP was also found highly expressed in hepatic stellate cells, which were essential for 

liver fibrosis derived from virus infection, chronic alcohol abuse and other etiology [37]. 

Other researchers demonstrated that E6AP also played a role in inhibiting HIV-1 

replication by mediating viral protein Gag degradation [38].  

Recent proteomic-transcriptomic measurements in prostate cancer cells exposed 

novel potential links of E6AP with DNA damage repair, DNA replication translation and 

centrosome regulation [39, 40]. Cells with E6AP depletion showed reduced capacity to 
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accumulate ROS and impaired senescent and apoptotic responses to oxidative DNA 

damage and stress [41]. In a xenograft model, downregulation of E6AP rendered 

transplanted tumors refractory to growth-suppressive effects of hydrogen peroxide [41]. 

Mouse embryonic fibroblasts (MEFs) lacking E6AP exhibited a range of transformed 

phenotypes, including the ability to grow under DNA damage, enhanced proliferation, 

anchorage independent growth and enhanced growth of xenografts in mice, suggesting 

that E6AP may act as an important regulator of the cellular response to stress [42]. 

Our recent proteomics assay revealed E6AP as a potential molecule that 

associates with MASTL, promoting study as to the relationship between E6AP and 

MASTL expression under conditions of DNA damage and replication stress. 

1.2. Materials and methods 

1.2.1. Cell lines and establishment of stable cell lines  

 Human cervix carcinoma (HeLa) and Human embryonic kidney 293 (HEK293) cell 

lines, authenticated by ATCC, were maintained in Dulbecco’s modified Eagle medium 

(DMEM, Hyclone) with 10% fetal bovine serum (FBS, Hyclone). Human head and neck 

squamous cell carcinoma UM-SCC-38 cells were obtained from Dr. Thomas Carey 

(University of Michigan, Ann Arbor, MI) and maintained in DMEM (HyClone) with 10% 

FBS (HyClone).  

 For the generation of stable E6AP KO cell lines expressing different variants, 

HEK293 E6AP KO cells were transfected with plasmids as follows: pCDNA3.1 (+) EV, 

E6AP wild type (WT), E6AP S218A mutant. Transfections were performed using 

Lipofectamine 2000 (Thermo Fisher Scientific) and transfected cells were selected with 

G418 (800μg/mL) and cultured in the presence of lower concentration of G418 

(400μg/mL). The expression level of E6AP variants were analyzed by Western blot. 
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1.2.2. Plasmid and siRNA transfections 

 As described previously [43], transfection of plasmid vectors was carried out using 

Lipofectamine 2000 (Invitrogen) following the manufacturer’s protocol. siRNA targeting 

human UBE3A or human MASTL (Integrated DNA Technologies) was transfected into 

cells using Lipofectamine RNAi MAX (Invitrogen). A non-targeting control siRNA was 

used as a control. UBE3A siRNA sequence: 5’-3’AGGAAUUUGUCAAUCUUU; 5’-3’ 

UCAGAAUAAAGAUUGACA. MASTL siRNA sequence: 5’-

3’GUCUACUUGGUAAUGGAA; 5’-3’ UAAGAUAUUCCAUUACCA. 

1.2.3. Generation of E6AP knockout cell lines by CRISPR-Cas9 

 HeLa and HEK293 cell lines were used to build the E6AP knockout (KO) cell line 

using the established CRISPR-cas9 gene editing method with following single guide 

sequence: GCAAGCTGACACAGGTGCTG in lentiCRISPR v2 vector [44, 45]. In brief, 

cells were seeded in 35-cm dish before transfection of CRISPR-sgRNA targeting E6AP 

was introduced at 32°C. Twenty-four hours after transfection, the cells were digested 

with trypsin and single cell was seeded in 96-well plate. Selection was performed with 

G418 to get single colony, and the knockout efficiency was assessed by TIDE (Tracking 

of Indels by Decomposition) analysis using the web tool (https://tide.deskgen.com/) and 

confirmed by western blot.  

1.2.4. Western blot analysis 

 Cell lysates or IP products were harvested in 1X Laemmli sample buffer (Bio-Rad) 

and boiled on 95 °C for 5 minutes before they were resolved by SDS-PAGE and electro-

transferred to PVDF membranes (Millipore, Billerica, MA). Then membranes were 

blocked with 5% nonfat dry milk in 1× TBST (10mM Tris-HCl, pH7.5, 150mM NaCl, 

0.05% Tween 20) for 30 mins at room temperature, followed by washing three times in 

1× TBST and incubation with primary antibodies overnight at cold room. On the next 



7 
 

day, these first antibody-conjugated membranes were washed three times again in 1× 

TBST, and transferred into horseradish peroxidase (HRP)-conjugated secondary 

antibodies solution (Sigma) for 1 hour at room temperature before detection using an 

enhanced chemiluminescence (ECL) substrate kit (0.1M Tris-HCl, pH8.5, luminol, Couric 

acid, peroxide hydrogen).  

1.2.5. Immunofluorescence 

 For immunofluorescence (IF), 1x106 HeLa cells were seeded on 35-mm dishes 

with microscope cover glasses (Fisher Scientific, PA) on the bottom. After incubation in 

fresh medium for 24 hours, the cells were transfected with HA-tagged plasmid vector 

expressing E6AP. Then these microscope cover glasses were harvested, washed with 

PBS and fixed in 100% ethanol for 30 minutes on a rocker at room temperature, followed 

by incubation in 5% saponion for 30 minutes then in 10% goat serum for 30 minutes 

before they were immersed in the mixture of goat-anti rabbit HA or E6AP antibody (Cell 

Signaling Technology) and goat-anti mouse MASTL antibody overnight. The subsequent 

day, cells on the glasses were washed and incubated in Alexa Fluor secondary 

antibodies (Invitrogen, 1: 1,000) for 1 hour at room temperature before cells nuclei were 

stained with 4', 6-diamidino-2-phenylindole (DAPI). The stained cells were imaged using 

a Zeiss Axiovert 200M inverted fluorescence microscope at the Microscopy room of Dr. 

James K. Wahl’s laboratory (University of Nebraska Medical Center, USA). 

1.2.6. Antibodies for western blot and immunofluorescence 

 Mouse antibody to MASTL was purified as described previously [46]. α-tubulin 

(Santa Cruz Biotechnology, #sc-5286), E6AP (Bethyl Laboratories, Inc, A300-351-T), HA 

(self-purified), gamma H2AX/ phospho-histone H2A.X ser139 (Cell signaling technology 

#9718S), phospho-ATM/ATR substrate motif (Cell signaling technology, #6966S), 

phospho-SMC1 Ser957(Cell signaling technology, #58052), phospho-CHK1 Ser345 
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(Cell signaling technology, #2348), phospho-CHK2 (Cell signaling technology, #2197), 

RPA2 (Thermo Fisher Scientific Cat# PA5-22256), S5a (Boston Biochem,#SP-400), 

ubiquitin (Cell Signaling Technology, #3936), GFP (Cell Signaling Technology #2555). 

1.2.7. Chemicals 

 The following chemicals were used: Hydroxyurea (HU, MP Biomedicals, LLC, Cat 

No.102023), doxorubicin (DOX, MilliporeSigma, CAS No. 25316-40-9), caffeine (Sigma-

Aldrich, C0750), ATM/ATR inhibitor (ATM/ATRi, Sigma-Aldrich), ATM inhibitor (ATMi, 

Selleckchem, Cat No.S1092), ATR inhibitor (ATRi, Selleckchem, Cat No.S8007), 

cycloheximide (CHX, Fluka analytical, 01810), etoposide(Sigma Life Science, E1383), 

camptothecin (Sigma Life Science, C9911), G418 sulfate (Thermo Fisher Scientific, Cat 

No.10131035), MG132 (Calbiochem, CAS No.133407-82-6), cisplatin(R&D systems, 

CAS No.15663-27-1), propidium iodide (PI,Thermo Fisher Scientific, Cat No.P1304MP), 

nocodazole (Pubchem, CAS No. 31430-18-9), paclitaxel (taxol, LC Laboratories, Cat No. 

P-9600), Lambda protein phosphatase (lambda PP) were purchased from New England 

Biolabs (P0753S). Isopropyl-beta-D-thiogalactopyranoside (IPTG, RPI research products 

international, CAS No. 367-93-1). 

1.2.8. Flow cytometry 

 Cell cycle progression were examined in HEK293 wild type (WT) cells and E6AP 

knockout (KO) cells. Briefly, cells were treated with either hydroxyurea or doxorubicin for 

2 hours, then washed with 1X PBS and incubated in fresh medium and allowed for 

recovery up to 24 hours. Then cells were harvested at indicated times and fixed in 70% 

cold ethanol, washed with cold PBS at least once and stained with propidium iodide 

(20ug/ml propidium iodide and 200ug/ml RNAse A diluted in PBS with 0.1% Triton X100) 

at 37°C for 15 mins before analysis by flow cytometry. 
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1.2.9. Plasmid construction, protein expression and pulldown assay 

 Three segments of MASTL/ GWL (N, amino acids1-340; M, amino acids335-660; 

C, amino acids656-887) were fused into vector pGex 4T-1(GE Healthcare), while full-

length E6AP was fused with pMBP vector as previously described [47]. Conversely, 

three segments of E6AP were also sub-cloned into pMBP vector and full-length 

MASTL/GWL was sublimed into pGex 4T-1 vector. The resulting constructs were 

transfected into BL21 bacteria strain for protein expression and purification. GST-tagged 

protein or fragments were purified and concentrated on glutathione-Sepharose beads 

(New England Biolabs) from BL21 bacteria lysates, while MBP-tagged ones were 

purified and enriched on Amylose resin. For GST pulldown assays, glutathione-

Sepharose beads were firstly washed with GST washing buffer three times before 

overnight incubation with purified specific recombinant GST-tagged proteins. After 

washing away unbound proteins, those MBP-tagged proteins were introduced to the 

reaction system whether with addition of Xenopus egg extracts or not. The reaction 

system was then incubated at room temperature for 1hour with gentle rotation before the 

protein-bonded beads were isolated, washed and eluted for immunoblotting.  

1.2.10. In vitro ubiquitination assay 

 Our in vitro ubiquitination assay was performed using the E6AP ubiquitin ligase kit 

(Boston Biochem, Cat#K-230) according to the protocol provided by manufacturer. All 

reactions were prepared on ice. Briefly, all protein reagents and buffers were quickly 

thawed with rapid back-and-forth rolling between palms and hands. Then His6-S5a 

substrate protein (provided by the kit and used as positive control) or our self-purified 

GST-tagged MASTL protein and other reagents provided by the kit were added into a 

1.5ml polypropylene tube following the recommended volumes and order of addition. 

Afterwards, the tube was spun and incubated at 37°C for up to 180 minutes. The 



10 
 

reaction was terminated by adding 8ul of 5X loading buffer and 1ul of 1M DTT, then 

heated to 95 °C for 5 minutes. The acquired samples were analyzed by western blot, 

while samples from reactions without Mg2+-ATP were used as negative control. 

1.2.11. Immunoprecipitation 

 HeLa cells which is continuously expressing GFP-tagged MASTL were seeded into 

60-mm dishes at appropriate density. 24 hours after seeding, cells were treated with 

10mM of hydroxyurea (HU) or 1xPBS overnight before they were harvested with lysis 

250 buffer and stored at -80 degrees. In the meanwhile, anti-rabbit magnetic beads 

(Thermo Fisher) were washed thrice with 1XPBS and conjugated to GFP antibody (self-

purified) overnight at cold room with gentle shaking. The unbounded GFP antibody was 

washed away before the magnetic beads were incubated with HeLa cell lysates 

prepared in earlier steps. After 1hour of reaction at room temperature, the beads were 

isolated on magnet racks and washed 3-5 times with 1XPBS and then eluted with 

Laemmli sample buffer for immunoblotting analysis. 

1.2.12. Xenopus egg extracts 

 Cytostatic factor (CSF) extracts were prepared as described previously [48]. Eggs 

were dejellied with 2% cysteine in 1× XB (1 M KCl, 10mM MgCl2, 100mM HEPES (pH 

7.7), and 500 mM sucrose) and washed in 1× XB (1M KCl, 11mM MgCl2, 100mM 

HEPES (pH 7.7), and 500mM sucrose). Eggs were packed in centrifuge tubes by low-

speed centrifugation and then crushed by centrifugation at 10,000 × g. The cytoplasmic 

layer was collected and further separated by another centrifugation at 10,000 × g. For 

cycling extracts, eggs were rinsed with distilled water and then dejellied with 2% cysteine 

in 1× XB. The eggs were washed five times in 0.2× MMR buffer (100mM NaCl, 2mM 

KCl, 1mM MgCl2, 2mM CaCl2, 0.1mM EDTA, 10mM HEPES, and KOH to pH 7.8). The 

Ca2+ ionophore A23187 (MilliporeSigma,CAS No.52665-69-7) was added to 10ng/ml 
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until the animal poles rotated. The eggs were then washed and packed by low-speed 

centrifugation. The eggs were crushed by centrifugation at 10,000 × g. The cytoplasmic 

layer was transferred to new tubes, and energy mix (7.5mM creatine phosphate, 1mM 

ATP, and 1 MgCl2) was added. The cytoplasmic layer was further separated by another 

centrifugation at 10,000 × g and store at -80 C̊ freezer for later use. 

1.2.13. Clone and site-directed mutagenesis 

 Human MASTL gene was cloned from a Homo sapiens cDNA library, and inserted 

into a pEGFP vector (Addgene) with an N-terminal MBP-tag. Plasmid vector HA-tagged 

human E6AP isoform II was obtained from Addgene (Plasmid #8658) and E6AP mutant 

variants were generated using site-directed mutagenesis (Agilent) following the protocol 

recommended by the manufacturer. 

1.2.14. Purification of antibodies 

 Monoclonal antibodies recognizing human MASTL were generated as described 

before [46]. For antibodies to α-tubulin or phospho-E6AP S218, three 8- to 9-week-old 

female Balb/C mice were injected subcutaneously with 50–150mg of purified antigen per 

mouse. Intraperitoneal booster injections were given at 2-week intervals, followed by 

daily injections 3 days prior to sacrifice. Then mice splenocytes were isolated and fused 

with the mouse myeloma cell line P3/NS1/1-Ag4-1 (ATCC, Manassas, VA) in the 

presence of polyethylene glycol (ATCC). The complete fusion was plated in 30 96-well 

plates before unfused myeloma cells were eliminated with medium containing 

hypoxanthine, aminopterin, and thymidine the following day. Hybridoma supernatants 

were screened by immunoblotting analysis and positive hybridomas were cloned by 

limited dilution and maintained in Sigma HY medium supplemented with 20% FBS. 
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1.2.15. In vitro dephosphorylation assay 

 The dephosphorylation assay was completed following the manufacturer’s 

protocol. In brief, 40µl of cell lysates were mixed with 5μl of 10X NEBuffer for Protein 

MetalloPhosphatases (PMP) and 5μl of 10mM MnCl2, with subsequent 1µl of Lambda 

Protein Phosphatase (New England Biolabs, Cat No. P0753S). Then the mixture was 

incubated at 30°C for 30 minutes to 1 hour before reactions were terminated by adding 

1X Laemmli sample buffer (Bio-Rad) and boiled for immunoblotting. 

1.2.16. Statistical analysis 

 Depending on specific conditions, either one-ANOVA analysis or student’s t-test 

was used to compare the differences between means±standard deviation; only p<0.05 

was considered as statistically significant. 

1.3. Results  

1.3.1. MASTL expression is upregulated after DNA damage or replication stress 

via protein stabilization 

First, we examined the characteristics of MASTL expression upon DNA damage 

and replication stress induced by commercial DNA-damaging drugs. Western blot results 

showed that MASTL protein level was increased upon drug treatments, including 

doxorubicin (DOX), hydroxyurea (HU), camptothecin (CPT) (Figure 1.3.1A, B&D-J); so 

was that of phosphorylated RPA2, a subunit of replication protein A (RPA). Further 

protein stability assay revealed that MASTL up-regulation under replication stress and 

DNA damage was due to more protein stabilization, because MASTL protein level 

continued to increase in the HU-pretreated cells compared to continuous degradation in 

the control cells (Figure 1.3.1C). 
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Figure 1.3. 1. MASTL expression is upregulated after DNA damage or 
replication stress via protein stabilization.  

(A) HEK293 cells were treated with 10mM of hydroxyurea (HU) for indicated hours 
before cell lysates were collected for analysis by immunoblotting. (B) HEK293 cells 
were treated with 0.5μM of doxorubicin (DOX) for indicated hours; then cell lysates 
were harvested for western blot (left panel) and quantification of MASTL protein level 
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1.3.2. E6AP associates with MASTL and mediates MASTL degradation via 

ubiquitination 

In order to find out candidate molecules that might bind or regulate MASTL 

protein expression, a proteomics mass spectrum was did and the result revealed 

multiple peptides from several proteins, including16 peptides of E6AP (Figure 1.3.2A), 

encoded by gene UBE3A, which suggested that E6AP might bind or regulate MASTL 

expression under DNA damage and replication. This hypothesis was firstly confirmed in 

pulldown assays in vitro (Figure 1.3.2B) and in HeLa cell lysates (Figure 1.3.2C). Further 

pulldown and immunoprecipitation assays revealed that the N-terminal domain of E6AP 

binds with the N-terminal domain of MASTL (Figure 1.3.2D&E). Then we studied the role 

of E6AP on MASTL expression. Our results showed that silencing or knockout of E6AP 

increased MASTL protein level (Figure 1.3.2F, I&J), while overexpressing E6AP in HeLa 

cells reduced MASTL protein level (Figure 1.3.2H&I). However, silencing UBE3A didn’t 

normalized to α-tubulin was shown as the right panel. (C) HeLa cells were treated 
with cycloheximide (CHX, 20μg/ml) alone (upper panel) or HU and cycloheximide 
(CHX 20μg/ml) (middle panel) for different time; then cell lysates were collected and 
MASTL, RPA2 and α-tubulin expression was determined by western blot. 
Quantification of MASTL protein level normalized to α-tubulin was shown as the 
lower panel. Data from Feifei Wang. (D-F) SCC38 cells were treated with 10mM of 
hydroxyurea (HU) (D) or 0.5μM of doxorubicin (DOX) (E) for indicated hours; then 
cell lysates were collected and MASTL, RPA2 and α-tubulin expression was 
determined by western blot. Quantification of MASTL protein level normalized to α-
tubulin was shown as panel (F). (G) HeLa cells were treated with 0.5μM of 
doxorubicin (DOX), (H) HeLa cells were treated with10mM of hydroxyurea (HU) for 
indicated hours, then cell lysates were collected and MASTL, RPA2 and α-tubulin 
expression was determined by western blot (upper panel). Quantification of MASTL 
protein level normalized to α-tubulin was shown as the lower panel. (I) HeLa cells 
were treated with 10µM of camptothecin for up to 4 hours, and cell lysates were 
harvested for western blotting. (J) SCC-38 cells were treated with 10µM of 
camptothecin for up to 4 hours, and cell lysates were harvested for western blotting, 
and quantification of MASTL protein level normalized to α-tubulin was shown as the 
right panel. All experiments were carried out at least three times. Statistical analysis 
was performed using student’s t-test and data were shown as mean ± standard 
deviation.  
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affect MAST mRNA transcription (Figure 1.3.2G). In addition, protein degradation results 

revealed that E6AP knockdown prolonged MASTL protein stability to over 12 hours 

compared to about 8 hours in the control cells (Figure 1.3.2K&L). As E6AP is an E3 

ubiquitin ligase, we wondered if MASTL is a substrate of E6AP for ubiquitination. 

Surprisingly, our ubiquitination assay demonstrated that MASTL was ubiquitinated in a 

time-dependent manner (Figure 1.3.2N), confirming that MASTL is a substrate of E6AP 

for ubiquitination. The immuno-precipitation assays also uncovered that E6AP knockout 

in HeLa cell disrupted MASTL ubiquitination (Figure 1.3.2M), supporting the idea that 

MASTL ubiquitination is mediated by E6AP. 
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Figure 1.3. 2. E6AP associates with MASTL and mediates MASTL degradation. 

(A) Proteomic mass spectrum results. Data from Feifei Wang. (B) A pulldown was 
performed using MBP-tagged full length E6AP in vitro. The pulldown product, cell 
lysates input, and a control (-) pulldown (using empty beads) were analyzed by 
immunoblotting for E6AP, GWL. (C) Another pulldown assay was performed using 
MBP-tagged full length E6AP in HeLa cell lysates. The pulldown product, cell lysate 
input, and a control (-) pulldown (using empty beads) were analyzed by 
immunoblotting for E6AP and MASTL. (D) A pulldown assay was performed using 
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MBP-tagged full length E6AP and GST-tagged truncated GWL in xenopus egg 
extract. The pulldown product, egg extract input, and a control (-) pulldown (using 
empty beads) were analyzed by immunoblotting for GST and E6AP. (E) An 
immunoprecipitation (IP) assay was performed using GFP-tagged truncated E6AP in 
HeLa cell lysates. The IP product, cell lysate input, and a control IP (using empty 
beads) were analyzed by immunoblotting for GFP, MASTL and α-tubulin. (F&G) 
HeLa cells were transfected with control or siRNA targeting UBE3A for at least 24 
hours, then cells were collected and analyzed for either immunoblotting (F) or qPCR 
(G).for E6AP, MASTL and β-actin. (H&J) HeLa cells were transfected with HA-
tagged E6AP (isoform II), then MASLT and E6AP/HA expression were analyzed by 
either western blot (H) or immunofluorescence (J). (I) MASTL, E6AP and α-tubulin 
expression were compared by western blot among wild type (WT) HeLa cells, E6AP 
knockout (E6AP KO) HeLa cells and E6AP KO cells with reconstruction of HA-
tagged E6AP. (K) HeLa cells were transfected with control or siRNA targeting 
UBE3A. 24 hours after transfection, these cells were treated with cycloheximide 
(CHX, 20μg/ml) up to 10 hours, then cell lysates were harvested and determined by 
immunoblotting for MASTL and β-actin. (L) MASTL protein level normalized to β-
actin in panel (J) was quantified to that before cycloheximide (CHX) treatment as 
time went by. P=0.0107<0.05 with paired t-test. (M) Wild type (WT) HeLa cells or 
E6AP knockout HeLa cells were transfected with HA-tagged ubiquitin for 12 hours, 
followed by 4 hours of 50μM of MG132 treatment. Then cell lysates were harvest for 
IP assay. The IP product, cell lysate input, and a control IP (using empty beads) were 
analyzed by immunoblotting for HA, MASTL, E6AP and α-tubulin. (N) In vitro E6AP-
mediated ubiquitination of MASTL was performed as described in Materials and 
Methods 2.2.10. The acquired samples were analyzed by western blot for MASTL, 
ubiquitin and S5a. All experiments were carried out at least three times. Statistical 
analysis was performed using student’s t-test and data were shown as mean ± 
standard deviation. 
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1.3.3. E6AP and MASTL association is regulated by ATM/ATR-mediated DNA 

damage signaling 

 As we demonstrated earlier that MASTL was upregulated upon drug-induced DNA 

damage and replication stress (Figure 1.3.1), and that E6AP associated with MASTL 

and mediated MASTL ubiquitination (Figure 1.3.2), we wondered if such association 

would also be impacted by DNA damage or replication stress. As the 

immunoprecipitation results showed in Figure 1.3.3A, though MASTL protein level 

increased under HU-induced replication stress, its association with E6AP was 

dramatically disrupted. Considering that ATM/ATR pathways play in initiating activation 

of the DNA damage checkpoints, which leads to DNA damage repair [49], we further 

examined if these pathways involved in regulating the association between MASTL and 

E6AP under HU-induced replication stress. The results turned out that blocking 

ATM/ATR pathways by caffeine greatly rescued the association disruption induced by 

HU treatment (Figure 1.3.3B), suggesting that ATM/ATR pathways mediate MASTL 

association with E6AP under DNA damage and replication stress. 
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1.3.4. ATM/ATR pathways mediate E6AP S218 phosphorylation to modulate E6AP 

and MASTL association 

ATM/ATR are serine/threonine protein kinases that phosphorylate serine or 

threonine, thus serine/threonine residues would be an important characteristic for 

ATM/ATR substrates. Based on the results that ATM/ATR pathways regulated E6AP 

 

Figure 1.3. 3. E6AP and MASTL association is regulated by ATM/ATR-mediated 
DNA damage signaling. 

(A) HeLa cells continuously overexpressing GFP-tagged MASTL were treated with or 
without 10mM of hydroxyurea (HU) overnight. Then celllysates were harvested for 
immunoprecipitation (IP) assay. The IP product, cell lysate input, and a control IP 
(using empty beads) were analyzed by immunoblotting for MASTL, E6AP and β-
actin. (B) HeLa cells continuously overexpressing GFP-tagged MASTL were treated 
with each of 1x PBS, 10mM of hydroxyurea (HU) or 10mM of hydroxyurea (HU) 
combined with 4mM of caffeine. Then cell lysates were harvested for 
immunoprecipitation (IP) assay. The IP product, cell lysate input, and a control IP 
(using empty beads) were analyzed by immunoblotting for MASTL, E6AP, phosphor-
CHK1 S345 and α-tubulin. All experiments were carried out at least three times. 
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association with MASTL under replication stress, we examined amino acid sequences of 

E6AP and MASTL trying to find potential motifs of ATM/ATR substrate. The sequencing 

data revealed that E6AP has conserved residue serine/threonine at amino acid 218 

through all of three species (upper panel in Figure 1.3.4A) while no such conserved 

residue was found in MASTL. In addition, using self-purified antibody recognizing 

phosphorylated E6AP at S218, we further demonstrated that E6AP was phosphorylated 

at S218 under drug-induced DNA damage (Figure 1.3.4B&C). These data promoted us 

to hypothesize that DNA damage- and replication stress-induced association collapse 

between MASTL and E6AP was due to E6AP phosphorylation at S218. To verify this, 

two mutants of HA-tagged E6AP were sub-cloned for research: serine mutation to 

alanine at residue 218 (S218A), causing phosphorylation unavailable at this position, 

and serine mutation to aspartic at residue 218 (S218D), enabling consistent 

phosphorylation. To our surprise, mutant S218D lost its ability to associate with MASTL, 

while mutant S218A maintained such ability (lower panel in Figure 1.3.4A). More data 

showed that E6AP was phosphorylated at S218 under either HU or doxorubicin-induced 

DNA damage in both HeLa and HEK293 cells (Figure 1.3.4D&E). However, such DNA 

damage induced-phosphorylation of E6AP at S218 was eliminated by inhibiting 

ATM/ATR pathways, especially by ATM inhibitor (Figure 1.3.4F). Taken together, we 

demonstrated that, in response to DNA damage and replication stress, ATM/ATR 
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mediated E6AP phosphorylation at S218 modulates its association with MASTL, thus 

reducing MASTL ubiquitination for degradation to promote MASTL protein level.  
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Figure 1.3. 4. ATM/ATR-mediates E6AP S218 phosphorylation to modulate 
E6AP and MASTL association.  

(A) Upper panel: amino acid sequence of E6AP in different species. Lower panel: 
HeLa cells were transfected with HA-tagged E6AP wild type, or S218 mutants. The 
cell lysates were harvest for immunoprecipitation (IP) assay. The IP product, cell 
lysate input, and a control IP (using empty beads) were analyzed by immunoblotting 
for MASTL and HA. (B) Wild type (WT) HEK293 cells or E6AP knockout (E6AP KO) 
HEK293 cells were treated with 0.5μM of doxorubicin for 4 hours. Then cells were 
harvested and determined by immunoblotting for phospho-E6AP S218 and α-tubulin. 
(C) E6AP knockout (E6AP KO) HEK293 cells were transfected with HA-tagged E6AP 
wild type for 24 hours, followed by 0.5μM of doxorubicin for 4 hours. Then cells were 
harvested and determined by immunoblotting for E6AP, phospho-E6AP S218 and α-
tubulin. (D) HEK293 cells were treated with either 0.5μM of doxorubicin (DOX) alone 
or 0.5μM of doxorubicin combined with 4mM of ATM inhibitor (ATMi) overnight, then 
cell lysates were harvested for western blot. (E) HeLa cells were treated with 0.5μM 
of doxorubicin (DOX) alone or 0.5μM of doxorubicin combined with 4mM of ATM 
inhibitor (ATMi) for 3 hours, then cell lysates were collected for western blot. (F) 
HeLa cells were treated with 10mM of hydroxyurea (HU) alone, 10mM of 
hydroxyurea (HU) combined with 4mM of ATM/ATR inhibitor (ATM/ATRi) or 10mM of 
hydroxyurea (HU) combined with 4mM of ATM inhibitor (ATMi) for 12 hours, then cell 
lysate was collected and determined by immunoblotting for phospho-ATM/ATR 
substrates, phospho-E6AP S218 and α-tubulin. All experiments were carried out at 
least three times.  
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1.3.5. E6AP is required for the DNA damage checkpoints via MASTL modulation 

To continue, the effect of E6AP on DNA damage checkpoints was examined 

between wild type (WT) and E6AP knockout (KO) HeLa cells. Our data showed that 

E6AP-depleted HeLa cells exhibited less DNA damage checkpoint signals, including 

phospho-ATM/ATR substrates, phospho-SMC1, phospho-CHK1, phospho-CHK2, and -

H2AX under drug-induced DNA damage (Figure 1.3.5A). The dynamic kinetics of these 

checkpoints upon different DNA damaging drugs were also slower in E6AP knockout 

(KO) cells than that in the wild type (WT) HeLa cells (Figure 1.3.5B&C), indicating that 

E6AP was required for DNA damage checkpoints activation. Besides, our cell cycle 

analysis results revealed that the E6AP knockout (KO) cells recovered from drug-

induced DNA damage faster than the wild type (WT) cells (Figure 1.3.5D&E).  
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1.3.6 MASTL expression increases in M phase 

A previous study demonstrated that MASTL was phosphorylated in M phase and 

plays important role in mitotic entry and maintaining mitotic [3]. Here, our data confirmed 

MASTL phosphorylation in M phase-arrested human cell lines (Figure 1.3.6A-D), such 

phosphorylation was sustained through M mitosis (Figure 1.3.6E&F). In addition, we also 

found that MASTL protein level was higher in M phase than that in interphase because 

 

Figure 1.3. 5. E6AP is required for the DNA damage checkpoint via MASTL 
modulation.  

(A) Wild type (WT) HeLa cells or E6AP knockout (KO) HeLa cells were treated with 
or without 0.5μM of doxorubicin (DOX) for 4 hours, then cells were harvested and 
determined by immunoblotting for E6AP, phospho-ATM/ATR substrates, phospho-
SMC1 S957, phospho-CHK1 S345, phospho-CHK2 T68 and γ-H2AX and α-tubulin. 
(B) Wild type (WT) HeLa cells or E6AP knockout (KO) HeLa cells were treated with 
or without 0.5μM of doxorubicin (DOX), then cell lysates were harvested for western 
blotting to determine the dynamics of DNA damage response. (C) Wild type (WT) 
HeLa cells or E6AP knockout (KO) HeLa cells were treated with or without 0.1μM of 
etoposide; then cell lysates were harvested at different times for western blotting. (D) 
Wild type (WT) HEK293 or E6AP knockout (KO) HEK293 cells were treated with 
4mM of hydroxyurea (HU) for 2 hours, then HU was removed and cells were allowed 
to recover up to 12 hours then fixed for flow cytometry. (E) Wild type (WT) HEK293 
or E6AP knockout (KO) HEK293 cells were treated with 10µM of camptothecin (CPT) 
for 1 hour, then the drug was removed and replaced with fresh medium to allow cell 
recovery at indicated times  before flow cytometry analysis. All experiments were 

carried out at least three times. 
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MASTL protein level increased in M phase after phosphate groups were removed from 

all proteins by lambda phosphatase (Figure 1.3.6A-D), indicating that MASTL was not 

only phosphorylated but also upregulated in M phase.  
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Figure 1.3. 6. MASTL expression increases in M phase.  

(A) HEK293 cells, (B) SCC38 cells and (C) HeLa cells were arrested at M phase with 
2μ g/ml of nocodazole for 24 hours, then cell lysates were harvested and treated with 
or without lambda phosphatase at 30 C̊ for 1 hour before analysis by immunoblotting. 
(D) HeLa cells were arrested at M phase with 100nM of paclitaxel (Taxol) for 16 
hours, then cell lysates were harvested and treated with or without lambda 
phosphatase at 30 C̊ for 1 hour before analysis by immunoblotting. (E) HeLa cells 
were treated with 2μg/ml of nocodazole for different hours; (F) HeLa cells were 
treated with or without 100nM of paclitaxel (Taxol); then cell lysates were harvested 
and treated with or without lambda phosphatase at 30 C̊ for 1 hour before analysis to 
monitor the kinetics of MASTL upregulation in M phase. All experiments were carried 

out at least three times. 
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1.3.7. E6AP associates with MASTL and mediates MASTL degradation in M phase 

Lastly, we verified the association between MASTL and E6AP in M phase. Our 

degradation assay revealed that MASTL protein degradation speeded up in M-phase 

arrested cells (Figure 1.3.7A). Immunoblotting demonstrated that the protein levels of 

both MASTL and E6AP were increased in M phase-arrested cells compared to that in 

control cells (Figure 1.3.7B). On the contrary, MASTL lost its association with E6AP in M 

phase compared to interphase as revealed by Co-IP assay (Figure 1.3.7C). Though 

E6AP knockout (KO) cells exhibited higher level of MASTL protein (Figure 1.3.7D)and 

retarded protein degradation of MASTL (Figure 1.3.7E), no further amplification of 

MASTL protein in M phase was observed in knockout (KO) cells compared with the wild-

type (WT) cells (Figure 1.3.7D), suggesting that MASTL upregulation in M phase was 

dependent on E6AP. 
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Figure 1.3. 7. E6AP associates with MASTL and mediates MASTL degradation 
in M phase.  

(A) HeLa cells were pre-treated with or without 2μg/ml of nocodazole for 12 hours, 
followed by 20μg/ml of cycloheximide (CHX) treatment for up to 12 hours, then cell 
lysates were harvested for western blotting. (B) HeLa cells were arrested at M phase 
with 2μg/ml of nocodazole, then cell lysates were collected and incubated 
with/without lambda phosphatase at 30 C̊ for 1 hour before MASTL, E6AP and α-
tubulin expression was determined with western blot. I: interphase, M: M phase 
arrested by nocodazole. (C) HeLa cells were treated with 2μg/ml of nocodazole 
overnight, then cell lysates were collected and used for immunoprecipitation (IP) with 
antibody against MASTL. The IP products, cell lysate input, and a control IP (using  
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1.4. Discussion 

 MASTL, with another known name, Greatwall kinase (GWL), is a novel kinase that 

has been demonstrated to play an important role in mitosis. Previous studies 

demonstrated that the localization, phosphorylation and activation of MASTL/GWL were 

precisely regulated during the cell cycle [4, 6, 7, 9, 10, 50]. Besides its function in cell 

cycle regulation, MASTL has been found to be upregulated in various human cancers 

[16, 19, 22, 51]. Overexpression of MASTL rendered cancer cell resistant to 

chemotherapy and was related with poor patient survival and tumor recurrence [19]. 

Even though, limited knowledge has been known about how MASTL expression itself is 

regulated in tumor, especially after chemotherapy and radiation therapy, which aims to 

triggering cancer cell death by inducing DNA damage and replication stress. 

 In this study, we firstly explored how MASTL expression was regulated in response 

to DNA damage and replication stress. Our data revealed that MASTL protein level was 

increased after both drug- and irradiation-induced DNA damage and replication (Figure 

1.3.1A, B&D-J), resulting from more protein stability (Figure 1.3.1C). Consistent with a 

previous study stating that MASTL was phosphorylated in M phase [4], our current 

research also confirmed MASTL phosphorylation in multiple human cell lines arrested at 

M phase (Figure 1.3.6A-D). We also revealed that MASTL protein level was dynamically 

regulated depending on cell cycle progression, in that MASTL protein level was 

empty beads) were analyzed by immunoblotting. (D) Wild type (WT) HeLa cells and 
E6AP knockout (KO) cells were arrested at M phase with 2μg/ml of nocodazole, then 
cell lysates were collected and MASTL, E6AP and α-tubulin expression was 
determined by western blot. (E) Wild type (WT) HeLa cells and E6AP knockout (KO) 
cells were treated with 20μg/ml of cycloheximide (CHX) treatment for up to 10 hours, 
then cell lysates were harvested for immunoblotting. All experiments were carried out 
at least three times. 
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significantly upregulated in M phase compared to interphase (Figure 1.3.6A-D), adding 

more clues on the regulation of MASTL expression during cell cycle. 

 As an E3 ubiquitin ligase, E6AP was found to play a role in regulating 

ubiquitination and degradation of many substrates [35, 39, 52]. Our proteomic assay 

identified possible molecules that regulate MASTL expression and found E6AP as one of 

the candidate regulators (Figure 1.3.2A). Further protein interaction analysis confirmed 

that MASTL directly associated with E6AP through their N-terminal domains (Figure 

1.3.2B-E). To test function of E6AP on MASTL expression, we used siRNA targeting 

E6AP in human cancer cell lines and found that MASTL protein level was increased after 

E6AP silencing (Figure 1.3.2F, I&H), and such MASTL upregulation was associated with 

less E6AP-mediated ubiquitination and degradation of MASTL protein (Figure 

1.3.2L&M). This line of evidence confirmed that E6AP directly bound with MASTL and 

mediated MASTL ubiquitination and degradation.  

 Besides its function in protein ubiquitination and degradation, E6AP was recently 

demonstrated to involve in DNA damage and replication stress [41, 42]. Here we 

discovered that E6AP lost its ability to bind with MASTL under DNA damage and 

replication stress (Figure 1.3.3A&B), which partially explained MASTL upregulation after 

chemotherapy treatment. Moreover, our data revealed that residue S218 of E6AP is a 

conserved motif that regulated its association with MASTL (Figure 1.3.4A). Using self-

purified antibody to phospho-E6AP and pathway inhibitors, we demonstrated that 

ATM/ATR pathways regulated E6AP phosphorylation at S218 under DNA damage 

conditions (Figure 1.3.4D-F), making E6AP unable to bind with MASTL and mediate 

MASTL degradation.  

 Lastly, we examined E6AP function in DNA damage response, and found that 

E6AP was required for DNA damage response checkpoints. Human cell lines depleted 
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of E6AP showed less accumulation of DNA damage checkpoints but faster recover 

ability from drug-induced replication stress (Figure 1.3.5). Besides, our data revealed 

that protein level of both E6AP and MASTL were increased in M phase (Figure 

1.3.7B&C), but their direct association was impaired in M phase, compared to that in 

interphase (Figure 1.3.7C), the mechanism of which remains to be uncovered. 

 In summary, our study found that MASTL was upregulated after DNA damage-

induced drug treatment. We also recognized E6AP as a regulator of MASTL expression, 

which may lead to clinically relevant information for cancer therapy. Nevertheless, there 

are still more questions to be answered, such as whether E6AP is phosphorylated at M 

phase, whether such phosphorylation is dependent on any known DNA damage 

response signaling pathways. Thus, more efforts are needed to uncover the 

mechanisms. 
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CHAPTER 2: MASTL REGULATES DNA DAMAGE-INDUCED STAT1 

PHOSPHORYLATION 

2.0 Abstract 

Microtubule associated serine/threonine kinase like (MASTL) is a novel kinase 

that plays important role in regulating mitosis and cell cycle. Overexpression of MASTL 

promotes cancer metastasis and resistance to radiation and chemotherapy, where 

antitumor immunotherapy is emerging as an alternative option for cancer treatment in 

recent decades. However, it is unclear how MASTL is involved in human immune 

response. In this study, we explored MASTL function in regulating innate immune 

response. We revealed that MASTL overexpression in human cancer cell lines inhibited 

immune response by negatively controlling cGAS/STING/TBK1/IRF3 pathway, resulting 

in decreased activation of STAT1 induced by DNA damage or interferon (IFN), which 

could be partially rescued by re-activating PP2A-B55α. Our study uncovered a new 

function of MASTL involved in immune response, suggesting MASTL as a potential 

target in immunotherapy to kill cancer cells that are resistant to classical treatments. 

2.1  

2.2 Introduction 

Microtubule associated serine/threonine kinase like (MASTL) is a master kinase 

that regulates meiosis and mitosis [1-3]. At mitotic entry, MASTL phosphorylates and 

activates ARPP19 and ENSA, which inhibits PP2A-B55, thereby promoting a correct 

timing and progression of mitosis [4]. In mouse zygotes, MASTL-ENSA-PP2A pathway 

regulates the timing of pronuclear formation onset to delay pronuclear formation after 

oocyte activation [9]. MASTL ablation results in cell cycle dysregulation and loss of germ 

cells, which could be rescued by PP2A deletion [11]. MASTL deficiency also impairs 

megakaryocytes maturation and shortens the half-life of circulating platelets in mice [13]. 



43 
 

Recent studies also revealed a role of MASTL involved in human cancer 

development and progression. MASTL was inducible by inflammatory cytokines, 

including interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-a) in liver cancer 

cells, suggesting that MASTL may relate to hepato-carcinoma development [53]. High 

level of MASTL has been found in lung cancer, thyroid tumor, breast cancer, gastric 

cancer and colon cancer. Overexpression of MASTL facilitates transformation of human 

fibroblasts, and promotes cell proliferation, migration and tumor growth in colon cancer 

through hyperactivating AKT oncoprotein [54]. In gastric cancer, increased MASTL was 

related to epithelial to mesenchymal transition (EMT) and poor patient survival [55]. In 

estrogen receptor-positive (ER+) breast cancer, upregulated MASTL expression reduced 

cisplatin-induced G2/M arrest and promoted chromosome instability and cancer 

resistance to chemotherapy [17]. High level of MASTL expression was associated with 

poor patient survival, higher metastatic relapse (MR) risk and worse MR-free survival 

[18, 19]. While depletion of MASTL impaired cancer cell proliferation, inhibited tumor 

growth, blocked cancer cell invasion, and sensitized cancer cells to chemotherapy and 

radiotherapy in various malignancy [15, 16, 19-21, 56], and MASTL has been predicted 

to be a promising target for cancer treatment in oral squamous cell carcinomas [22]. 

However, emerging cancer resistance has compromised efficiency of classical treatment 

options, including surgical removal, radiotherapy and chemotherapy, calling for new 

options to fight cancers. In recent decades, immunotherapy has been commonly used to 

treat allergies, autoimmune disorders and certain cancers. The study of the interaction 

between the immune system and cancer cells can lead to diagnostic tests and therapies 

to find and fight cancers. 

The signal transducer and activator of transcription 1 (STAT1) is a pivotal 

transcription factor that contributes to modulating both innate and adaptive immune 
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immunity during type I interferon (IFN)-mediated lethal virus infection [57], enabling the 

transcription of genes that inhibit cell division and stimulate inflammation [58, 59]. IFN-

dependent upregulation of STAT1 protects cells from viral infection and increases 

resistance to doxorubicin-induced DNA damage [60]. STAT1 activation by IL-6 

contributes to controlling virus replication by inducing expression of IRF1, IRF7, and 

IRF9, which enhance IFN- expression, while knockdown of STAT1 significantly 

increased Theiler's murine encephalomyelitis virus (TMEV) RNA in macrophage [61]. 

In the brain, hypoxia triggers tyrosine phosphorylation of STAT1 at Y701, thus 

activating microglia cells towards M1 phenotype and resulting in oxidative stress and the 

release of pro-inflammatory cytokines [62]. DSBs caused by IR, etoposide or 

camptothecin (CPT) up-regulated IRF1 and STAT1 phosphorylation in U2OS and H1299 

cells, which requires ATM/ATR/Chk1 activity [63, 64]. Besides, exposure to solar 

ultraviolet (SUV) leads to upregulation of IFN-γ and downstream pSTAT1/IRF-1/STAT1 

signaling [65], while alkylating agent induces more DNA damage, including -H2AX and 

CHK2 T68 activation, and poor cell survival in STAT1-deficient human fibrosarcoma cell 

lines, indicating that STAT1 is involved in DNA damage response [66]. 

During antitumor response, STAT1 is an essential mediator through inhibition of 

myeloid derived suppressor cell accumulation and promotion of T‐cell mediated immune 

responses in murine head and neck squamous cell carcinoma. STAT1 deficient mice 

displayed increased tumor growth and metastasis, impaired T‐cell expansion and PD-1 

overexpression, which was associated with enhanced T‐cell exhaustion [67].The protein 

level phospho-STAT1 Y701 decreased with the increase of malignant grade of glioma. 

STAT1 overexpression suppressed the proliferation of glioma cells while STAT1 

knockdown by siRNA promoted glioma cell growth [68]. In human breast cancer 

samples, progesterone receptor-positive (PR+) tumors exhibited lower levels of 



45 
 

phospho-STAT1 Y701 as compared to PR-negative (PR-) counterparts, indicating that 

this phosphorylation phenotype translates to human tumors [69]. Combined these data 

suggest a promising STAT1 involvement in antitumor therapy.  

The cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) 

pathway is a component of the innate immune system that functions to detect the 

presence of cytosolic DNA, which is associated with tumorigenesis, viral infection, and 

bacteria invasion, thereby triggering expression of inflammatory genes, leading to 

senescence or activation of defense mechanisms. Upon binding cytosolic DNA, cGAS 

triggers reaction of GTP and ATP to form cyclic GMP-AMP (cGAMP), which binds to 

STING, inducing phosphorylation of IRF3 via TBK1. IRF3 can then dimerize prior to 

nuclear import for transcription of inflammatory genes, such as IFN-.  

The cGAS/STING/TBK1/IRF3 innate immunity pathway also plays a pivotal role 

in the DNA damage-induced innate immune response and helps to maintain 

chromosomal stability [70]. Depleting either component of this pathway resulted in 

decreased p21 level and chromosomal instability in HeLa and U2OS cancer cells [71]. 

STING is required for paclitaxel-induced pro-apoptotic response in breast cancer cells, 

which was impaired by depletion of either STING depletion or cGAS [72]. In mouse 

models, pharmacological activation of STING induced remarkable tumor regression by 

stimulating T cell proliferation and causing tumor vascular collapse, which contributes to 

tumor cell death and tumor-associated antigens release, indicating the role of the cGAS–

STING pathway in cancer treatment [73]. However, the cGAS-STING pathway 

dysfunction was observed recently in lung cancer, which closely related with tumor stage 

and lymph node metastasis [74]. STING-deficient mice had higher number of large 

tumors at late stages of hepatocellular carcinoma (HCC) and exhibited less phospho-

STAT1, autophagy, and cleaved caspase3. STING agonist cyclic dinucleotide (CDN) 
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treatment of mice after HCC development efficiently reduced tumor size, reinforcing that 

the cGAS-STING pathway is a therapeutic target in a preclinical model of hepatocellular 

carcinoma [75]. 

Herein, MASTL expression upon treatment with a DNA damage drug, as well as 

the IFN/Toll-like receptor 3 (TLR3) pattern recognition receptor (PRR) pathway 

activation, was firstly studied in this project, followed with MASTL’s function on activation 

of STAT1 and the cGAS-STING pathway. Our data revealed that MASTL was increased 

after treatments of etoposide, IFN and poly I: C. Further experiments uncovered that 

MASTL negatively regulates STAT1 Y701 phosphorylation and the cGAS-STING 

pathway through inhibiting PP2A. In summary, we demonstrated a new role of MASTL in 

immune response, which might propose novel treatment options for antitumor therapy to 

fight cancers, especially those with higher MASTL expression, such as ER+ breast 

cancer and head and neck squamous cell carcinoma. 

2.2. Materials and methods 

2.2.1. Cell culture and transfection 

Human aneuploid immortal keratinocyte (HaCaT) cells, human cervix carcinoma 

(HeLa) cells, human head and neck squamous cell carcinoma UM-SCC-38, and breast 

carcinoma MDA-MB-231 cell lines were maintained at Dulbecco’s modified Eagle 

medium (DMEM, Hyclone) with 10% fetal bovine serum (FBS, Hyclone) and 1% of P.S. 

Human cell lines overexpressing CFP-MASTL were made as described before [22]. The 

HA-tagged PP2A-B55α expression vector was a gift from Dr. Xuan Liu (University of 

California Riverside) [76]. Human cell lines were seeding into 35-cm dishes at least 24 

hours before transfection of HA-B55α vectors was carried out using Lipofectamine 2000 

(Invitrogen). siRNA targeting gene ARPP19, ENSA or STING (Integrated DNA 

Technologies) was transfected into cells using Lipofectamine RNAi MAX (Invitrogen), 
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with a non-targeting control siRNA as a control. ARPP19 siRNA sequence: 5’-

3’GAUUACAACAUGGCUAAA, 5’-3’UUUUUGCUUUAGCCAUGU; ENSA siRNA 

sequence: 5’-3’GUACUUUGACUCAGGAGA, 5’-3’GUUGUAGUCUCCUGAGUC; STING 

siRNA sequence: 5’-3’AAUCAGCAUUACAACAAC, 5’-3’GUAGCAGGUUGUUGUAA. 

2.2.2. Immunoblotting 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 

immunoblotting were carried out as previously described [43]. The following antibodies 

were used for immunoblotting: MASTL and -tubulin self-purified by our laboratory [46];  

STAT1, phospho-STAT1 Y701, phospho-STAT1 S727, IRF3, phospho-IRF3 (Cell 

Signaling Technology, Beverly, MA) kindly donated from Dr. Petro, T. M (University of 

Nebraska Medical Center) [61]; cGAS, PRA2, phospho-RPA2 s4/8, TBK1, phospho-

TBK1, STING, and phospho-STING bought from Cell Signaling Technology (Beverly, 

MA). 

2.2.3. Statistical analysis 

 According specific conditions, either one-ANOVA analysis or paired t-test was 

used to compare the differences between means±standard deviation; only p<0.05 was 

considered as statistically significant. 

2.3. Results  

2.3.1. MASTL upregulation upon DNA damage and immune-stimuli 

Our previously unpublished data demonstrated that MASTL protein level was 

upregulated upon drug-induced DNA damage. A recent study revealed that IFN-γ and 

poly I: C reduced UM-SCC38 cell growth and reduced cyclin-D1 [77], a crucial kinase in 

mitosis regulation. Considering MASTL function in regulating mitosis entry and 

maintenance, we wondered if these immuno-stimuli would also affect MASTL 

expression. So, we firstly treated several human cell lines with either etoposide or IFN-γ 
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and poly I: C. We found that MASTL protein level was increased in a time-dependent 

manner after different treatments (Figure 2.3.1.A-J). Further protein stability analysis 

showed that MASTL upregulation after immune-stimulus and DNA damage was due to 

enhanced protein stability, as shown in as Figure 2.3.1K-L, both exogenous and 

endogenous MASTL protein degraded at a slower speed in the poly I: C or etoposide-

pretreated cells than that in the control cells. 
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Figure 2.3. 1. MASTL upregulation induced by immuno-stimulus and DNA 
damage due to protein stability. (A-D) HaCaT cells were treated with 2μg/ml of 
poly I:C (A), 20ng/ml of IFN-α (B), 4μM of cisplatin (C), 1μM of etoposide (D) for 
indicated time period, then cell lysates were collected and MASTL expression was 
analyzed by western blot. (E-G) HeLa cells were treated with 10μg/ml of poly I: C 
alone (E), 20ng/ml of IFN-γ alone (F), or both poly I: C and IFN gamma (G) for 
indicated time period, then cell lysates were collected for western blot. (H-J) SCC38 
cells were treated with 2μg/ml of poly I: C (H), 20ng/ml of IFN-α (I), 1μM of etoposide 
(J) for indicated time period, then cell lysates were collected and MASTL expression 
was analyzed by western blot. (K-L) SCC38 cells overexpressing CFP-MASTL (T-
SCC38) were treated with 2μg/ml of poly I: C or not (K) or with 1μM of etoposide or 
not (L) for 36 hours, then followed by 20μg/ml of cycloheximide (CHX) for indicated 

hours; then cell lysates were collected for western blot. 
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2.3.2. MASTL regulates STAT1 phosphorylation through PP2A-B55α 

As MASTL was upregulated after poly I:C and IFN-α/γ, important factors in the 

immune response, we wondered if MASTL would affect signal transducer and activator 

of transcription 1 (STAT1), an important downstream of the IFN receptor pathway [78], 

and interferon regulatory factor 3 (IRF3), which plays an important role in the innate 

immune system's response to viral infection and activates the transcription of IFN-α/β 

and other IFN-induced genes [79]. To verify this hypothesis, we firstly modified HeLa 

and MDA-MB-231 cell lines to stably overexpress CFP-tagged MASTL, which were 

renamed as T-HeLa and T-231 cells, respectively. Treatment with DNA damage drug or 

poly I: C and IFN-α in either HeLa or MDA-MB-231 cell lines did not change STAT1 

protein level but induced more STAT1 phosphorylation at Y701 in a time-dependent 

manner, which was counteracted by overexpression of MASTL (Figure 2.3.2A-F). 

Interestingly, MASTL overexpression also reduced IRF3 protein level in HeLa cells 

(Figure 2.3.2A), which was due to impaired protein stability, as we demonstrate later in 

Figure 2.3.3C&D. 

Then we further explored the detailed mechanism about how MASTL regulated 

STAT1 phosphorylation at Y701. As a novel kinase regulating mitotic entry, MASTL 

functions by phosphorylating and activating its substrates ARPP19/ENSA, which inhibits 

PP2A-B55α, a crucial phosphatase that antagonizes CDK1/cyclin B to promote mitotic 

exit [4]. Thus, we entertained the possibility of MASTL-ARPP19/ENSA-PP2A B55 axis 

regulation on STAT1 phosphorylation. Our data revealed that MASTL overexpression 

inhibited PP2A-B55 protein level (Figure 2.3.2G), while silencing ARPP19/ ENSA using 

specific siRNA in T-HeLa cells only slightly to moderately rescued STAT1 

phosphorylation at Y701(Figure 2.3.2H), but re-overexpressing HA-tagged 

PPP2R2A/PP2A-B55 greatly induced STAT1 phosphorylation in T-HeLa cells, 
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regardless of DNA damage drug treatment (Figure 2.3.2I). These evidences indicated 

that MASTL regulated STAT1 phosphorylation at Y701 mainly through PP2A-B55α. 
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Figure 2.3. 2. MASTL regulates STAT1 phosphorylation through PP2A-B55α. 
HeLa and T-HeLa cells were treated with 2μg/ml of poly I: C (A), 1μM of etoposide 
(B), 20ng/ml of IFN-α (C) for up to 3 days; then cells were allowed for recovery up to 
3 days; then cell lysates were collected by western blot. (D-F) MDA-MB-231 and T-
231 cells were treated with 20ng/ml of poly I: C (D), 1μM of etoposide (E), 20ng/ml of  
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2.3.3. MASTL-PP2A-B55α axis mediates cGAS-STING pathway to regulate STAT1 

phosphorylation 

cGAS - STING pathway is a component of the innate immune system that 

functions to detect the presence of cytosolic DNA and induce an innate immune 

response [80]. cGAS is also essential for cellular senescence induced by DNA damaging 

agents, including radiation and etoposide [80, 81]. We examined the MASTL-PP2A-

B55α axis function on the cGAS-STING pathway. Our immunoblotting results showed 

that MASTL overexpression in HeLa and MDA-MB-231 cell lines reduced etoposide-

induced STAT1 phosphorylation at Y701 and also inhibited the cGAS-STING pathway, 

including less protein levels of cGAS, STING, TBK1 and IRF3 (Figure 2.3.3A&B). 

Besides, overexpression of MASTL in HeLa cells induced more IRF3 degradation 

(Figure 2.3.3C&D), providing an explanation of reduced IRF3 signal in T-HeLa cells 

(Figure 2.3.3A & Figure 2.3.3A&B). Luckily, depleting MASTL with siRNA mildly induced 

more cGAS in HeLa cells (Figure 2.3.3E), while re-expressing HA-tagged PP2A-B55α in 

T-HeLa cells moderately rescued cGAS level but greatly restored STAT1 

phosphorylation and induced STING phosphorylation in T-HeLa cells (Figure 2.3.3F). 

Moreover, we found that etoposide-induced STAT1 phosphorylation at Y701 was 

dependent on STING signal, as STING siRNA made such phosphorylation faded away 

IFN-α (F) for up to 3 days; then cells were allowed for recovery up to 3 days; then cell 
lysates were collected by western blot. (G) HeLa and T-HeLa cell lysates were 
analyzed for MASTL, PP2A-B55α and α-tubulin by western blot; (H) T-HeLa cells 
were treated with control (Ctl) siRNA or siRNA targeting either ARPP19 or ENSA, 
followed with or without 1μM of etoposide overnight; (I) T-HeLa cells were treated 
with ENSA siRNA or transfected with HA-tagged PP2A-B55α, followed by treatment 
with or without 1μM of etoposide overnight; then cell lysates were collected by 
western blot. 
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(Figure 2.3.3G). Taken together, our data demonstrated that MASTL-PP2A-b55α axis 

regulates STAT1 phosphorylation through cGAS-STING pathway. 
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2.4. Discussion 

Recent studies revealed that MASTL was inducible by inflammatory cytokines, 

including interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-a) in liver cancer cells 

[53]. Other studies also demonstrated high level of MASTL expression in various human 

cancers, which was related to poor patient survival, cancer invasion and resistance to 

chemotherapy [15-21, 54-56]. Subsequently it is important to uncover detailed 

mechanisms about how MASTL promotes tumor progression to overcome MASTL-

associated tumor resistance, proposing better choices for cancer treatment. 

Our current research studied MASTL’s involvement in immunotherapy, which is 

most commonly used to treat allergies, autoimmune disorders and certain cancers [82]. 

Here we revealed that MASTL was inducible in response to DNA damaging drug, IFN 

and poly I: C in multiple human cancer cell lines (Figure 2.3.1A-J), consistent to previous 

Figure 2.3. 3. MASTL-PP2A-B55α axis mediates cGAS-STING pathway to 
regulate STAT1 phosphorylation.  

(A) HeLa and T-HeLa cells were treated with 1μM of etoposide for up to 3 days, then 

cell lysates were analyzed by western blot. (B) MDA-MB-231 and T-231 cells were 

treated with 1μM of etoposide for up to 3 days; then cell lysates were collected for 

western blot. (C) HeLa and T-HeLa cells were treated 20μg/ml of cycloheximide 

(CHX) for indicated hours, then cell lysates were collected for western blot. (D) 

Quantification of relative IRF3 protein level in panel (C), data were shown as mean ± 

standard deviation. Statistical analysis was performed using student’s t-test. (E) 

HeLa cell lysates with or without MASTL siRNA and T-HeLa cell lysates were 

analyzed by western blot. (F) HeLa cell lysates, T-HeLa cell lysates with or without 

HA-tagged PP2A-B55α transfection, were analyzed by western blot. (G) HeLa cells 

were treated with or without STING siRNA for 24 hours, followed by 1μM of 

etoposide treatment overnight, then cell lysates were collected for immunoblotting 

analysis. 
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study induced by IL-6 [53]. Further protein degradation assay uncovered that the DNA 

damage- or poly I: C-induced MASTL upregulation was due to prolonged protein stability 

(Figure 2.3.1K&L). 

Then we examined STAT1 activation during different treatment options in HeLa 

and MDA-MB-231 cell lines. Corresponding to previous study that DNA damage and 

oxidative stress upregulated STAT1 activation [62-65], our data showed that etoposide-

induced DNA damage, as well as IFN and poly I: C treatments, triggered STAT1 

phosphorylation at Y701, but causing no change to STAT1 protein level (Figure 2.3.2A, 

B&F). However, MASTL overexpression compromised upregulation of STAT1 

phosphorylation at Y701 (Figure 2.3.2A-F) and reduced IRF3 protein level (Figure 2.3.2A 

& Figure 2.3.3A&B), but it did not affect STAT1 phosphorylation at S727 (Figure 2.2.2B). 

STAT1 modulates its downstream pathways via phosphorylation at Y701 or S727. 

Generally, STAT1 phosphorylation at Y701 is designated to work as a tumor suppressor 

that is involved in the JAK/STAT1 signaling pathway [69], while phosphorylation at S727 

is related with tumor progression. Phosphorylation of STAT1 on S727 was prominently 

observed in uterine serous carcinoma and breast cancer [83, 84] and promotes 

autoimmune antibody-forming cells and germinal center responses, driving autoantibody 

production and systemic lupus erythematosus (SLE) development [85]. Our results that 

MASTL overexpression inhibited STAT1 phosphorylation at Y701, but not at S727 

suggested a possible pathway that MASTL promotes tumor progression and cancer 

resistance to chemotherapy through STAT1.  

As MASTL was known to inhibit PP2A-B55α function through activating 

ARPP19/ENSA [86], we wondered if PP2A- B55α played a role in MASTL-regulated 

STAT1 phosphorylation. As indicated in Figure 2.3.3G, PP2A- B55α protein level was 

decreased in T-HeLa cells, tempting us to investigate the effect of PP2A-B55α rescue in 
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T-HeLa cells on STAT1 phosphorylation at Y701. The obtained data showed that, 

independent of etoposide treatment, depletion of either ARPP19 or ENSA (Figure 

2.3.2H) only slightly restored STAT1 phosphorylation, while re-expressing HA-tagged 

PP2A-B55α cells dramatically renovated STAT1 phosphorylation in T-HeLa (Figure 

2.3.2I). 

The cGAS/STING/TBK1/IRF3 innate immunity pathway also plays a pivotal role 

in the DNA damage-induced innate immune response and helps to maintain 

chromosomal stability [70]. Our data demonstrated that MASTL overexpression inhibited 

nearly every step of the cGAS-STING pathway in human cancer cell lines (Figure 2.3.3 

A&B), which could be partially relieved by depleting MASTL (Figure 2.3.3E) or 

recovering PP2A-B55α (Figure 2.3.3F). Taken together, our results suggested that 

MASTL overexpression found in human cancers may help tumorous cells to evade 

immune-surveillance, thus promoting tumor invasion and metastasis, in a similar way 

that some pathogenic viruses use to antagonize host innate immune responses [87-89]. 

Previous studies showed that AKT kinase and beclin-1 autophagy protein 

suppresses cGAS-mediated antiviral immunity and that E3 ligase TRIM56 prompts 

cGAS dimerization and anti-DNA viral immunity [90]. In gastric cancer cells, MTMR2 

upregulates ZEB1 to induce EMT by inactivating IFN-γ/STAT1 pathway [91]. FRK 

suppressed glioma through promoting STAT1 activation [68]. Consistent with that 

research, our current study revealed MASTL as a new factor negatively regulating the 

cGAS-STING pathway and its downstream IFN-induced STAT1 activation, proposing 

MASTL as a future target for antitumor immunotherapy and infection control. 

Nevertheless, more clinical evidence and future study are still needed to support this 

option. 
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CHAPTER 3: THE SM CORE COMPONENTS OF SMALL NUCLEAR 

RIBONUCLEOPROTEINS PROMOTE HOMOLOGOUS RECOMBINATION REPAIR* 

3.0 Abstract 

Double strand breaks (DSBs) are hazardous to the cell, where both DNA strands 

are severed. In response to DSBs, three mechanisms are used to repair DSBs in the 

cell: non-homologous end joining (NHEJ), homologous recombination (HR) and 

microhomology-mediated end joining (MMEJ).  Sm core proteins, or simply Sm proteins, 

are a group of proteins that bind with small nuclear RNA (snRNA) to form small nuclear 

ribonucleoproteins (snRNPs), which aids RNA processing. Using mass spectrum assay, 

we found that Sm proteins were associated with DNA damage. Further micro-laser cut 

experiments revealed that the Sm proteins were recruited to DNA damage sites in cell 

nuclear, where they formed foci with other known DNA damage repair proteins, including 

gamma H2AX, phosphor-ATM s1981, PARP1 and phospho-53bp1. We later found that 

silencing Sm D3 or Sm B/B’ induced more accumulation of gamma H2AX, phopho-

RPA2, and impaired the HR repair efficiency with reduced protein levels of RAD51, 

CKH1 and/or BRCA1, but caused no change to these proteins mainly involved in NHEJ, 

such as FEN1, PARP1, MRE11, ku70/80 and DNA-PKcs. Lastly, our co-

immunoprecipitation results demonstrated that Sm proteins were core components that 

associated with HR proteins, which promotes HR proteins stability to maintain DNA 

repair efficiency. In summary, our data exposed a novel function of Sm proteins as a 

regulator of DNA damage repair proteins to promote homologous recombination repair 

and maintain genome stability. 

 

 

*The material presented in this chapter was previously submitted to DNA Repair for 
review. 
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3.1. Introduction 

DNA damage happens in the cell every day naturally or due to exposure to 

chemotherapeutic drugs, which induces either single-strand breaks (SSBs) or double-

strand breaks (DSBs). In particular, DSBs are more hazardous to the cell considering 

that both DNA strands are impacted. Two repair mechanisms are widely used in the cell 

to repair DSBs: the non-homologous end joining (NHEJ) and homologous recombination 

(HR). Unlike NHEJ, which is somewhat error-prone, the repair efficiency of HR is 

accurate with the need of an identical template [92]. Dysfunction of HR has been linked 

with some congenital disease [93, 94] and cancer formation [95-99]. 

In response to DSBs, numerous of proteins are activated and participating in 

chromatin remodeling and cell cycle arrest to promote efficient DNA repair. In the early 

steps of repair, PARP1 is recruited to DSBs sites [100-102], followed by later recruitment 

of the DNA repair enzyme MRE11 [103-105] to initiate DNA repair. H2AX 

phosphorylation is also involved in the early steps leading to chromatin de-condensation 

after DSBs [106-109]. After rapid chromatin remodeling, cell cycle checkpoints activation 

allows DNA repair to occur before the cell cycle progresses. ATM and ATR are two 

master kinases controlling checkpoints activation [49, 105, 110-112]. Once activated, 

they phosphorylate and activate downstream targets, including CHK1, CHK2, BRCA1, 

MDC1, and 53BP1, eventually leading to cell cycle arrest [111, 113-116]. 

In HR, after DSBs recognition and resection [117], the RPA protein, binds the 3' 

overhangs [118-120]. Then the Rad51 protein binds with the RPA-coated DNA, 

promoting searching for homology to the 3' overhang and strand invasion [121, 122]. 

Though much is known about HR importance in DSBs repair, it is still not clear the 

mechanism that regulates this important process. 
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Including mainly SmB, SmB′, SmN, SmD1, SmD2, SmD3, SmE, SmF and SmG, 

Sm proteins are a group of molecules, that bind with small nuclear RNA to form small 

nuclear ribonucleoproteins, or snRNPs, which play various roles in pre-mRNA 

processing and regulation [123]. The Sm proteins were first discovered as antigens 

targeted by so-called anti-Sm antibodies in a patient with a form of systemic lupus 

erythematosus [124]. Mutation of RNA binding protein in bacteria results in decreased 

growth rates and yields and increased sensitivity to ultraviolet light [125]. SmB 

upregulation or dysfunction has been observed in several human diseases, such as 

cervical cancer, hepatocellular carcinoma, non-small cell lung cancer (NSCLC), Crohn’s 

disease, glioblastoma and cerebro-costo-mandibular syndrome [126-131].  Our recent 

proteomic assay revealed that Sm proteins were associated with DNA damage. 

However, it is ambiguous that what function Sm proteins have during DNA repair. Here 

we identified Sm proteins as DNA damage-associated proteins, which were recruited to 

DNA damage sites. Further experiments demonstrated that knockdown SNRPD3 or 

SNRPB reduced repair efficiency of HR, which was due to compromised HR repair 

protein stability of RAD51 and CHK1. We proposed a novel role of Sm proteins in DNA 

repair, which might throw new light to the therapeutic options for human disease. 

3.2. Materials and Methods 

3.2.1. Cell culture and transfection 

Human cervix carcinoma (HeLa) and Human head and neck squamous cell 

carcinoma UM-SCC-38 cell lines were maintained at Dulbecco’s modified Eagle medium 

(DMEM, Hyclone) with 10% fetal bovine serum (FBS, Hyclone). cDNA of human Sm 

genes and RAD51 were synthesized by Twist Bioscience and then amplified and cloned 

into the pEGFP vector (Addgene). Transfection of plasmid DNA was performed using 

Lipofectamine 2000 (Invitrogen), following the protocol recommended by the 
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manufacturer. siRNAs targeting Sm genes were ordered from IDT company (Integrated 

DNA Technologies) and transfected into cells using Lipofectamine RNAi MAX 

(Invitrogen), a non-targeting siRNA was used as a control. The Sm-D3 siRNA 

sequences are #1: 5’-3’GGUAUUCUGAGGAAUAA; 5’-3’ACUGAUGCUUAUUCCUCA, 

and #2: 5’-3’GUCUAUUGGUGUGCCGA; 5’-3’UACUUUAAUCGGCACACC.  Sm-B 

siRNA sequences are: 5’-3’GAGAAUCUGGUCUCAAUG; 5’ 

3’CUACUGUCAUUGAGACCA. 

3.2.1. Chromatin fractionation 

As described in our previous study [132], HeLa cells were wash with PBS and 

trypsinized. One fifth of the cell pellet was resolved with Laemmli sample buffer (Bio-

Rad), as input. The remaining cell pellet was resolved with buffer A (10mM Hepes, 

PH7.9; 10mM KCl; 1.5mM MgCl2; 0.34M sucrose; 10% Glycerol; 1mM DTT; 1mM 

protease inhibitor in sterilized ddH2O and 0.1% Triton X-100 ) on ice for 8 mins, then 

washed with triton X-100 free buffer A and resuspended in buffer B (3mM EDTA; 0.2mM 

EGTA; 1mM DTT and 1mM protease inhibitor in sterilized ddH2O) at room temperature 

for 30 mins. The chromatin fraction was then isolated by centrifugation, resolved with 

Laemmli sample buffer (Bio-Rad) and analyzed by immunoblotting. 

3.2.2. Co-immunoprecipitation 

For immunoprecipitation, RAD51 (Cell Signaling Technology #8875), Sm-B/B’ 

(Santa Cruz Biotechnology, sc-271094), or GFP antibody (produced using full-length 

GFP protein) was conjugated on magnetic beads (Thermo Fisher Scientific) and 

incubated in human cell lysates. The beads were then re-isolated on a magnetic rack 

and analyzed by immunoblotting. 
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3.2.3. Immunoblotting 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 

immunoblotting were carried out as previously described [133], using the following 

antibodies: KU80 (A302-627) and Sm-D3 (A303-954) from Bethyl Laboratories 

(Montgomery, TX); PARP1 (sc-74470), Sm-B/B’ (sc-271094), Sm-D1 (sc-166650), ATM 

(sc-377293), DNA-PKcs (sc-390849), GFP (sc-9996), -actin (sc-47778) and γ-H2AX 

(sc-517348) from Santa Cruz Biotechnology (Dallas, TX); FEN1 (ab109132), H2B 

(ab1790-100) and α-tubulin (ab7291) from Abcam (Cambridge, MA); CHK1 (#2345), 

phospho-ATM (#13050) and γ-H2AX (#9718) from Cell Signaling Technology (Beverly, 

MA). 

3.2.4. I-PPOI assay and Chromatin immunoprecipitation 

Gnomic DSBs are induced by I-PPOI digestion, as in previous studies [134, 135]; 

chromatin immunoprecipitation was performed using the simple ChIP enzymatic 

chromatin IP kit (CST#9003), following the protocol recommended by the manufacturer. 

Briefly, HeLa cells were transfected with control plasmid or pBABE-HA-ER-IPpoI (a gift 

from Michael Kastan via Addgene; plasmid # 32565), followed by 4-hydroxytamoxifen (4-

OHT) treatment. Cells were crosslinked in 1% formaldehyde solution for 10 minutes with 

briefly swirling at room temperature, then quenched with glycine. Then cell nuclei were 

isolated by centrifugation, digested with Micrococcal Nuclease, and processed by 

sonication. The resulted cross-linked chromatin was incubated with Sm-B/B’ antibody, or 

negative control Normal rabbit IgG at 4ºC overnight. ChIP-grade protein G magnetic 

beads were added into the reactions, and the chromatin DNA in the IP was eluted, 

purified, and quantified by PCR analysis. 
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3.2.5. HR and NHEJ repair assays  

Homologous recombination and nonhomologous end joining assays were 

performed as in our previous studies [43, 136]. Briefly, HR was measured in a HeLa-

derived cell line that was stably integrated with a DR-GFP reporter cassette. DSBs were 

induced in these cells by expressing I-SceI endonuclease. In these cells, GFP is 

expressed only after DSBs introduced by I-SceI endonuclease are repaired by HR, and 

the level of full-length GFP (and control -tubulin) expression was quantified by 

immunoblotting and NIH ImageJ. The NHEJ assay was performed in U2OS-EJ5 cells. 

The cells were transfected with an expression vector of I-SceI endonuclease. In these 

cells, GFP is expressed only after DSBs introduced by I-SceI endonuclease are repaired 

by NHEJ, and the level of GFP expression, normalized to control -tubulin, was 

quantified by immunoblotting.  

3.2.6. Immunofluorescence and laser micro-irradiation 

HeLa cells were seeded on microscope cover glasses and fixed with 3% 

formaldehyde with 0.1% Triton X-100 for 30 min, followed by treatment with 0.05% 

Saponin and blocking in 5% goat serum. Primary antibodies were diluted in 5% goat 

serum and incubated with the cover-glasses overnight at cold room. The cells were then 

incubated with Alexa Fluor secondary antibodies (Invitrogen) for 1 hour at room 

temperature. The nuclei of cells were stained with 4', 6-diamidino-2-phenylindole (DAPI). 

The stained cells were imaged using a Zeiss Axiovert 200M inverted fluorescence 

microscope at the UNMC College of Dentistry. HeLa cells seeding on dishes with bottom 

glasses were transfected with GFP-tagged Sm components for laser micro-irradiation, 

which was performed using 405 nm laser under the Zeiss Axiovert 200M Microscope 

with Marianas Software (Intelligent Imaging Innovations, Inc Denver, CO). 
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3.2.7. DNA binding and mass spectrum assay 

As described in our previous studies [43, 136], biotin-labeled double strand DNA 

fragment (dsDNA, 300 bp) was generated using biotin-11-ddUTP (Thermo Scientific) 

incorporation. Biotin-labeled DNA (produced as above) or biotin dA-dT (Invitrogen) was 

conjugated on streptavidin magnetic beads (New England Biolabs) and incubated in 

Xenopus egg extracts or HeLa cell lysates. The beads were re-isolated using a magnet 

rack, washed five times, and resolved in SDS-PAGE gels, and submitted for mass 

spectrum analysis at the Taplin mass spectrometry facility, Harvard. 

3.2.8. Statistical analysis 

Each experiment was carried out at least three times and the results were shown 

as the mean values and standard deviations. Unpaired two-tailed Student's t-test was 

used to analyze statistical significance. A P-value<0.05 was considered statistically 

significant. 

3.3. Results 

3.3.1. Sm proteins are associated with DNA damage and recruited to DNA 

damage sites 

As described in our previous studies [43, 136], a 300 bp double stranded DNA 

fragment and a 70-mer dA-dT double stranded oligonucleotide were used as DNA DSB-

mimicking templates to isolate potential DSB-associated proteins. These studies were 

performed in both HeLa cell lysate and Xenopus egg extract, a cell-free system well-

defined for DNA damage repair and signaling [137]. The associated proteins were 

analyzed by mass spectrometry for identification. Interestingly, these experiments 

recovered multiple members of the Sm core proteins [138] (Figure 3.3.1A & B). The 

identification of Sm proteins was consistent between HeLa cell lysate and Xenopus egg 

extract, and between the two different DSB-mimicking templates (Fig 3.3.1B). 
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To confirm the role of these Sm proteins in the cellular DNA damage response, 

we showed in HeLa cells that GFP-tagged Sm-D3 protein was recruited to DNA damage 

sites within one minute after laser micro-irradiation (Figure 3.3.1C), indicating Sm-D3 as 

an early responder to DNA damage. A similar pattern of DNA damage recruitment was 

seen for other components of the Sm core, including Sm-B, Sm-D1, Sm-G and Sm-F 

(Figure 3.3.1D). Next, we asked if the rapid recruitment of Sm-D3 to laser-induced DNA 

damage sites was dependent on known upstream players of the DNA damage response, 

or on active RNA synthesis. As shown in Figure 3.3.1E, Sm-D3 recruitment to the laser 

track was independent of ATM/ATR kinase activities which play an important role in DNA 

damage signaling and repair, or PARP1-mediated PARylation which rapidly detects DNA 

damage and initiates DNA repair [102]. The recruitment of Sm-D3 was also independent 

of RNA synthesis, as disruption of RNA synthesis using 8-aminoadenosine did not 

impact the recruitment of Sm-D3 to the laser track (Figure 3.3.1E). These results 

suggested that Sm proteins either directly recognize DNA damage, or are recruited by 

another, yet unknown upstream factor.  

As laser micro-irradiation induces a variety of DNA damage, we used the I-PPOI 

endonuclease system to specifically generate DNA DSBs in the genomic DNA. The 

chromatin immunoprecipitation assay following I-PPOI digestion demonstrated that Sm-

B protein was indeed associated with the I-PPOI substrate genomic locus, in a manner 

that was dependent on I-PPOI induction (Figure 3.3.1F). Furthermore, we used 

immunofluorescent staining to study the DNA damage localization of endogenous Sm 

proteins. Our data confirmed that Sm-B and Sm-D1 proteins co-localized with well-

established DNA damage response markers, including ATM phosphorylation and γ-

H2AX, in cells treated with etoposide, hydroxyurea, or cisplatin (Figure 3.3.1G-L). 
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Figure 3.3. 1. Sm proteins are recruited to DNA damage sites.  
(A) A diagram of the Sm core protein complex. (B) As described in Materials and 
Methods, biotin-coated double-strand DNA templates were incubated in HeLa cell 
lysate or Xenopus egg extracts. Co-purified proteins were analyzed by mass 
spectrometry, and the identified Sm core proteins are shown, with the numbers of 
their peptides identified by mass spectrometry. Ctr: control pull-down. (C) HeLa cells 
expressing GFP-tagged Sm-D3 were subjected to laser micro-irradiation as 
described in Materials and Methods. The fluorescent signal of GFP is shown at the 
indicated time points. The laser track is marked by a white line. (D) HeLa cells 
expressing GFP-tagged Sm core proteins were subjected to laser micro-irradiation 
as described in Materials and Methods. The fluorescent signals of GFP are shown. 
The laser track is marked by a white line. (E) The recruitment of GFP- Sm-D3 to  
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3.3.2. Sm proteins are required for DSB repair via homologous recombination 

We sought to investigate the role of Sm proteins in DSB repair. Interestingly, 

deletion of Sm-D3 using independent siRNAs caused accumulation of γ-H2AX, as 

measured by immunoblotting (Figure 3.3.2A). The similar phenotype was also observed 

with depletion of Sm-B (Figure 3.3.2B). Moreover, measurement of γ-H2AX foci 

formation by immunofluorescence confirmed that Sm-D3 depletion increased the level of 

γ-H2AX (Figure 3.3.2C&D); γ-H2AX induction was alleviated by re-expression of siRNA-

resistant, recombinant Sm-D3 (Figure 3.3.2E&F), confirming that the phenotype was 

caused by specific depletion of Sm-D3.  

A potential reason for the accumulation of endogenous DNA damage is DNA 

repair deficiency. We further assessed the impact of Sm proteins on DNA repair, 

particularly DSB repair via NHEJ and HR. Using a well-established, intra-chromosomal, 

I-SceI-induced reporter system [139], we measured the repair efficiency of HR and 

laser tracks was shown as in panel (C). These cells were pre-treated with ATM/ATRi 
(caffeine, 4mM), PARPi (olaparib, 10μM), or 8-aminoadenosine (10μM), 1hr before 
laser irradiation. Consistent results were observed in >10 cells for each treatment. 
(F) As described in the Materials and Methods, ChIP assay was performed in HeLa 
cells with or without I-PPOI induction, at the SLCO5A1 gene locus. The input, IgG IP, 
and Sm-B IP products were analyzed by PCR and shown. Data from Feifei Wang. 

(G, H) HeLa cells were treated with 1M of etoposide for 3hrs, and then analyzed by 

immunofluorescence. The partial co-localization of Sm-B or Sm-D1 with -H2AX is 
shown in panel (G). The number of foci co-localized with each other were counted 
and quantified as shown in panel (H). Consistent results were observed in >10 cells 

for each treatment. (I, J) HeLa cells were treated with 2M of hydroxyurea overnight, 
and analyzed by immunofluorescence. The partial co-localization of Sm-B or Sm-D1 
with phospho-ATM Ser-1981 is shown in panel (I). The number of foci co-localized 
with each other were counted and quantified as shown in panel (J). Consistent 
results were observed in >10 cells for each treatment. (K, L) HeLa cells were treated 

with 1M of cisplatin for 3hrs, and then analyzed by immunofluorescence. The partial 
co-localization of Sm-B or Sm-D1 with phospho-ATM Ser-1981 is shown in panel (K). 
The number of foci co-localized with each other were counted and quantified as 
shown in panel (L). Consistent results were observed in >10 cells for each treatment. 
Statistical analysis was performed using Excel and data were shown as mean± 
standard deviation. 
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NHEJ in control and Sm-D3 depleted cells. Interestingly, Sm-D3 depletion reduced HR 

repair activity by approximately 50% (Figure 3.3.2G), while causing no reduction in 

NHEJ repair (Figure 3.3.2H). 

 

 
Figure 3.3. 2. Sm proteins are required for DSB repair via homologous 
recombination. (A) HeLa cells were treated with control siRNA (-) or Sm-D3 siRNAs 
(#1 and #2) for 2 days, and then harvested and analyzed by immunoblotting. 
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3.3.3 Sm-D3 depletion reduced the expression level of RAD51 and CHK1 

As we discovered the importance of Sm-D3 in the HR repair pathway, we 

furthered explored its effects on the expression levels of HR factors. Sm-D3 depletion 

using two independent siRNAs reduced the protein level of RAD51 and CHK1, but not 

CHK2 or PARP1, in HeLa cells (Figure 3.3.3A). This result was also confirmed in UM-

SCC38 cells where Sm-D3 knockdown reduced the protein level of RAD51 and CHK1, 

but not CHK2, ATM, DNA-PKcs, FEN1, PARP1, or KU80 (Figure 3.3.3B). Furthermore, 

re-expression of siRNA resistant Sm-D3 rescued RAD51 reduction from Sm-D3 

depletion in UM-SCC38 or HeLa cells (Figure 3.3.3C&D).  

 (B) HeLa cells were treated with control siRNA (-) or Sm-B siRNAs, and analyzed by 
immunoblotting. (C, D) HeLa cells were treated control siRNA (-) or Sm-D3 siRNAs 
(#1 and #2) as in panel (A), cells were analyzed by immunofluorescence for γ-H2AX. 
The γ-H2AX foci number per cell was counted and quantified and shown as panel 
(D).More than 100 cells were counted in each treatment. More than 100 cells were 
counted in each treatment. (E, F) HeLa cells were treated with Sm-D3 siRNA (#1), 
and co-transfection with GFP-Sm-D3. 2 days after siRNA treatment, cells were 
analyzed by immunofluorescence for γ-H2AX foci. GFP and DAPI signals are shown 
in panel (E). The γ-H2AX foci number per cell was counted and quantified as shown 
in panel (F), more than 50 cells were counted. (G, H) HR and NHEJ assays were 
performed as described in the Materials and Methods. Cells were first treated with 
control siRNA or Sm-D3 siRNA, followed by co-transfection with I-SceI 
endonuclease. The repair efficiency of HR in HeLa (G), and NHEJ in U2OS (H), was 
measured by the expression level of GFP, normalized to that of β-actin. The mean 
values and standard deviations, calculated from three independent experiments, 
were shown. Statistical analysis was conducted using unpaired 2-tailed Student’s t-
test, only p value <0.05 was considered as significant difference while p >0.05 as no 
difference (NS). 
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3.3.4. Sm-D3 associates with RAD51, and is required for its protein stability 

Sm proteins are known to mediate mRNA processing, and can thereby, modulate 

gene expression, such as that of RAD51 or CHK1. However, we speculated that Sm 

proteins may directly participate in the DNA damage response, as suggested by their 

recruitment to DNA damage sites. Along this line, our reciprocal co-immunoprecipitation 

assays revealed an association between Sm-D3 and RAD51 (Figure 3.3.4A&C). We 

also confirmed the associations of Sm-B with RAD51 and CHK1 (Figure 3.3.4B&C). In 

addition, such associations between Sm proteins and RAD51 were independent of DNA, 

Figure 3.3. 3. Sm-D3 depletion reduced the expression level of RAD51.  

(A) HeLa cells were treated with control siRNA (-) or Sm-D3 siRNAs (#1 and #2) for 2 
days. Cells were then harvested and analyzed by immunoblotting for α-tubulin, Sm-
D3, RAD51, CHK1, CHK2 and PARP1 by immunoblotting. (B) UM-SCC38 cells were 
treated with control siRNA (-) or Sm-D3 siRNAs (#1), and analyzed for the indicated 
DNA repair proteins. (C, D) HeLa cells (C) or UM-SCC38 cells (D) were treated with 
control siRNA or Sm-D3 siRNA (#1), and reconstituted with siRNA-resistant GFP-
Sm-D3, as indicated. Cell lysates were analyzed by immunoblotting.   
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as DNase I treatment didn’t disrupted such association (Figure 3.3.4D); neither did DNA 

damaging agent, such as hydroxyurea, change their interactions (Figure 3.3.4E). 

Strikingly, depletion of Sm-D3 accelerated the degradation of both GFP-tagged, 

recombinant, and endogenous RAD51 in HeLa cells (Figure 3.3.4F, 4G, 4I&4K). In this 

assay, new protein synthesis was inhibited by cycloheximide, and protein turnover 

indicated protein stability. The result was consistent with increased RAD51 ubiquitylation 

in cells depleted of Sm-D3 (Figure 3.3.4H&4L). Depletion of Sm-D3 also similarly 

reduced the protein stability of CHK1 (Figure 3.3.4I&4J). Thus, Sm-D3 influenced the 

level of RAD51 and CHK1 at the post-translational level, by preventing these proteins 

from proteolysis. Finally, our chromatin fractionation assay revealed that Sm-D3 

depletion much more profoundly reduced the protein levels of CHK1 and RAD51 in the 

chromatin-bound fraction, in comparison to those in the whole cell lysate (Figure 3.3.4M-

O). Together, the results support a model that the recruitment of Sm proteins to 

damaged chromatin plays an important role in HR by stabilizing RAD51 and CHK1 at the 

sites of DNA damage. 
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Figure 3.3. 4. Sm-D3 associates with RAD51 and is required for its protein 
stability. (A) Immunoprecipitation (IP) was performed in HeLa cells, as described in 
Materials and Methods. The input, control (empty magnetic beads) IP, and GFP-Sm-
D3 IP samples were analyzed by immunoblotting for GFP and RAD51. (B) UM-
SCC38 cell lysates were used for IP using Sm-B/B’ antibody or control (empty 
magnetic beads). The input and IP samples were analyzed by immunoblotting. (C) 
Control or RAD51 IP was performed in HeLa cell lysates, then cell lysates input and 
IP samples were analyzed by immunoblotting. (D) HeLa cell lysates were incubated 
with or without DNase I (200 units/ml) (New England Biolabs) at 37̊C for 30mins 
before immune-precipitation with RAD51 antibody or control (empty magnetic beads), 
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then cell lysates input and IP samples were analyzed by immunoblotting. (E) HeLa 
cells were treated with or without 2mM of hydroxyurea (HU) overnight before ready 
use for immune-precipitation with RAD51 antibody or control (empty magnetic 
beads), then cell lysates input and IP samples were analyzed by immunoblotting. (F) 
HeLa cells were pre-treated with control (the upper panel) or Sm-D3 siRNA (the 
lower panel) for 5hrs, and then co-transfected with GFP-RAD51 plasmid DNA. After 
24-hour incubation, cells were treated with 20µg/ml of cycloheximide (CHX), and 
incubated for indicated times. Cell lysates were collected and analyzed by 
immunoblotting for the expression of GFP and H2B. (G) Quantification of GFP-H2B 
ration in panel (F) is shown. (H) HeLa cells were pre-treated with control or Sm-D3 
siRNA for 5hrs, then co-transfected with GFP-RAD51 plasmid DNA, and incubated 
for another 24hrs. After 4-hour treatment with 50mM of MG132, cell lysates were 
harvested for IP using anti-GFP antibody or control empty magnetic beads. The 
input, control IP and GFP IP samples were analyzed by immunoblotting. (I) HeLa 
cells were pre-treated with control or Sm-D3 siRNA for 1 day, followed by 20µg/ml of 
cycloheximide (CHX) treatment for indicated times. Then cell lysates were collected 
and analyzed by immunoblotting for CHK1, RAD51 and H2B. (J, K) Quantification of 
CHK1-H2B ration (J) and RAD51-H2B ration (K) in panel I were shown. (L) HeLa 
cells were pre-treated with control or Sm-D3 siRNA for 2 days. Then 4-hour 
treatment of 50mM of MG132 was introduced before cell lysates were harvested for 
IP using anti-RAD51 antibody or control empty magnetic beads. The input, control IP 
and RAD51 IP samples were analyzed by immunoblotting. (M) HeLa cells were 
treated with control siRNA (-) or Sm-D3 siRNAs (#1 and #2) for 2 days. Cells were 
treated with 1mM of hydroxyurea overnight and cell lysates were harvested for 
chromatin fractionation. The whole cell lysis and chromatin-bounded portion were 
analyzed by immunoblotting. (N, O) Quantification of chromatin-bounded CHK1 (N) 
and chromatin-bounded RAD51 (O), normalized to those in whole cell lysis, in panel 
(M). The mean values and standard deviations, calculated from at least three 
independent experiments, were shown. Statistical analysis was conducted using 
unpaired 2-tailed Student’s t-test. 
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3.4. Discussion  

As the core components of the small nuclear ribonucleoproteins (snRNPs), Sm 

proteins play many important roles in the post-transcriptional regulation of gene 

expression, including spliceosome assembly and pre-mRNA splicing [140]. Interestingly, 

adding to these known functions of Sm proteins, we reported here a direct involvement 

of Sm proteins in DNA repair (Figure 3.3.1& Figure 3.3.2). First, we showed that Sm 

proteins associated with DSB-mimicking structures in human cell lysates and Xenopus 

egg extracts (Figure 3.3.1B). Second, Sm proteins were recruited to DNA damage sites 

in human cells (Figure 3.3.1C, D&F); the recruitment of Sm proteins to DNA damage 

occurred within one minute (Figure 3.3.1C); and such recruitment was independent of 

ATM/ATR or PARP activities (Figure 3.3.1E). Functionally, our study found that Sm 

proteins were required for efficient DNA DSB repair via HR (Figure 3.3.2G), and 

depletion of Sm proteins led to accumulation of endogenous DSBs (Figure 3.3.2A-D).  

Mounting evidence in recent studies characterized the involvement of many RNA 

binding and processing proteins, as well as RNA synthesis per se, in DNA repair, 

especially HR. Several genome-wide screens identified a large number of RNA binding 

and processing proteins as factors that mediate HR and prevent genomic instability 

[141-146]. Although this can be attributed partially to the role of these proteins in 

regulation of gene expression, the direct involvement of these proteins in DNA repair has 

been indicated by the recruitment of these proteins to DNA damage. In fact, a broad 

spectrum of RNA processing enzymes, including RNA endonucleases, RNA helicases, 

RNA polymerases II and III components, and RNA splicing factors, have been directly 

connected to HR [143, 145-147]. Hand in hand with these findings is the emerging 

theory of DNA damage response RNA. Interestingly, it has been proposed that RNA 

molecules may be synthesized at DNA damage sites, to serve as a template to guide 
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HR, to facilitate the recruitment of downstream repair factors, and to enhance the 

stability of 3’-single strand DNA overhang [147-149]. 

The involvement of RNA binding and processing proteins in DNA repair is also 

highlighted by the formation and resolution of R-loops. R-loop defines DNA/RNA hybrids 

that can occur during transcription and are normally maintained in homeostasis through 

balanced formation and removal [150, 151]. R-loops can be formed at DNA damage 

sites to promote DNA repair. However, mis-regulated R-loops is an important source of 

genomic instability [152, 153]. On this note, a number of RNA binding proteins are 

required for the resolution of R-loops, and their depletion leads to accumulation of DNA 

damage-induced R-loops [154-157]. 

In this study, we revealed a role of Sm protein in regulation of RAD51 and CHK1 

(Figure 3.3.3 & Figure 3.3.4). Sm proteins associated with RAD51 and CHK1 (Figure 

3.3.4A-C). Depletion of Sm-D3 reduced the protein levels of CHK1 and RAD51 (Figure 

3.3.3A&B), consistent with increased ubiquitination and compromised protein stability 

(Figure 3.3.4F-I). Interestingly, depletion of Sm-D3 more profoundly impact the level of 

chromatin-associated RAD51 and CHK1 (Figure 3.3.4J-L), which is consistent with the 

direct recruitment of Sm proteins to DNA damage (Figure 3.3.1C, D&F). Together, our 

results defined a new role of Sm proteins in binding and stabilizing HR proteins, and 

thereby promoting DNA repair. These findings indicate a new and unexpected 

mechanism for these RNA processing proteins in DNA repair. However, there are many 

important questions remain to be further investigated, for example, do Sm proteins 

interact with the ubiquitination enzymes and prevent them from degrading repair proteins 

on damaged chromatin; if other RNA binding and processing factors play similar 

functions in DNA repair; and what is the implication of these findings to the involvement 

of Sm proteins in human diseases. 
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