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Abstract 

The protein Snm1B binds to the telomere binding protein TRF2 to help protect 

telomeres from DNA damage during S phase.  In addition, Snm1B protects DNA from 

agents that induce interstrand crosslinks (ICLs), lethal lesions that covalently attach the 

opposite strands of DNA together.  To elucidate how Snm1B performs these functions I 

performed a yeast two-hybrid screen to identify proteins binding to the C-terminus of 

Snm1B.  From this screen I identified PSF2 (GINS2), a member of the tetrameric protein 

complex GINS, to bind Snm1B.  The GINS complex is required for replication initiation 

and elongation.  Of interest, the knockdown of PSF2 sensitizes cells to ICL inducing 

agents.  I therefore tested the interaction of PSF2 and Snm1B by co-immunoprecipitation 

from human cells and discovered that PSF2 binds to two regions of Snm1B.  Deletion of 

the first of these regions inhibited the ability of Snm1B to co-immunoprecipitate with the 

protein Mus81, a structure specific endonuclease that is required to form double strand 

breaks (DSBs) as an intermediate in ICL repair.  Deletion of the second binding region 

reduced the ability of PSF2 to localize Snm1B onto chromatin.  These data support a role 

for an interaction of Snm1B with PSF2 in ICL repair.
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1. Introduction 

1.1 Précis 

I discovered that the protein Snm1B, which associates with telomeres (Freibaum 

2006; Lenain, Bauwens et al. 2006; van Overbeek and de Lange 2006) and is involved in 

the repair of DNA damage(Demuth, Digweed et al. 2004) caused by interstrand 

crosslinks (ICLs), binds to a component of the DNA replication machinery, the GINS 

component PSF2.  I will thus review the relationship of DNA damage and human 

diseases, the major forms of DNA damage repair, the telomere and its DNA and protein 

components, DNA replication, the GINS complex, and finally Snm1B.   

1.2 DNA Damage and Human Diseases 

Maintaining the integrity of DNA is critically important for cellular and 

organismal viability.  The lengths to which cells go to protect their DNA are highlighted 

by the transcriptional response of S. cerevisiae to a variety of DNA damaging agents.  Of 

the 6,200 genes in the S. cerevisiae genome, more than 2,500 are transcriptionally 

regulated by one or more DNA damaging agents (Jelinsky, Estep et al. 2000).  This 

demonstrates that a large portion of the S. cerevisiae genome is important for the cellular 

response to DNA damaging agents.  In addition, it emphasizes the complexity of the 

DNA damage response.   

  In humans, one of the greatest concerns with regards to DNA damage is cancer.  

DNA damage, if not properly repaired, can lead to mutations (Figure 1) that can 
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promote carcinogenesis (Jackson and Loeb 2001).  There are multiple DNA repair 

pathways which are required to ensure that DNA is maintained with as few mutations 

as possible. Each of these pathways is required to respond to certain DNA lesions 

caused by a specific DNA damaging agent, although some DNA lesions utilize multiple 

pathways in concert to repair DNA (Hoeijmakers 2009). 

 

Figure 1: Depiction of the relationship between DNA damage, mutation and 

cancer.  Adapted from (Jackson and Loeb 2001). 

The DNA damage response is mediated by a number of different proteins.  Much 

of the information about the different proteins and pathways has come from the study of 

human diseases and I will briefly discuss some of them here. Ataxia telangiectasia and 
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Seckel syndrome are two diseases that are caused by mutations in the 

phosphatidylinositol 3-kinase-like kinases, ataxia telangiectasia mutated (ATM) and 

telangiectasia and Rad3-related (ATR) proteins, respectively (Savitsky, Bar-Shira et al. 

1995; O'Driscoll, Ruiz-Perez et al. 2003) .  Ataxia telangiectasia is an autosomal recessive 

disorder that is characterized by ataxia (an unsteady gait), neurodegeneration, 

chromosomal instability, immunodeficiency, sensitivity to double strand breaks (DSBs), 

and predisposition to cancer (Higurashi and Conen 1973; Savitsky, Bar-Shira et al. 1995).  

Seckel syndrome is an autosomal recessive disorder that causes dwarfism, mental 

retardation, and sensitivity to ICLs and ultra violet (UV) radiation (O'Driscoll, Ruiz-

Perez et al. 2003).   

ATM and ATR are involved in the intricate network of DNA damage signaling 

and respond to different DNA damaging agents (Hurley and Bunz 2007).  ATM is more 

significantly activated by double strand breaks (DSBs) while ATR is most significantly 

activated by blocks to DNA replication (Osborn, Elledge et al. 2002; Hurley and Bunz 

2007) .  ATR and ATM are important for phosphorylating and activating the checkpoint 

kinases Chk1 and Chk2, halting the cell cycle, and promoting DNA repair through 

phosphorylation and activation of downstream target DNA repair proteins (Kastan and 

Bartek 2004).   

A related disease, Nijmegen breakage syndrome, is an autosomal recessive 

disease characterized by chromosomal instability, growth retardation, microcephaly, 
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immunodeficiency, predisposition to cancer, and sensitivity to DSBs and ICLs 

(Matsuura, Tauchi et al. 1998; Nakanishi, Taniguchi et al. 2002).  The protein NBS1 is 

mutated in Nijmegen breakage syndrome from which it gets its name (Matsuura, Tauchi 

et al. 1998).  NBS1 is a member of the MRN complex which is required for DNA damage 

signaling and S phase cell cycle arrest in response to DSBs and ICLs (Carney, Maser et 

al. 1998; Pichierri and Rosselli 2004). 

Fanconi anemia (FA) is another genetic disorder characterized by chromosomal 

instability, bone marrow failure, increased risk of cancer, and sensitivity to ICLs 

(Adachi, Oda et al. 2002; Rosenberg, Greene et al. 2003; Wang 2007).  In addition to ICL 

sensitivity, FA patients are sensitive to multiple DNA damaging agents that cause 

replication stress and DSBs (Moldovan and D'Andrea 2009).   A mutation in one of the 

14 known FANC proteins (A, B, C, D1, D2, E, F, G, I, J, L, M, N, and P) are responsible 

for more than 90% of Fanconi anemia cases (Su and Huang 2011).  All of these proteins 

are required for the response to ICLs and have a myriad of functions including DNA 

repair signaling, S phase arrest, and repair of the DNA directly (Hinz 2010).   

The FA proteins are divided into groups based on their role in mono-

ubiquitination of each protein in in the ID complex which is comprised of FANCD2 and 

FANCI (Wang 2007).  The ID complex is required for S phase arrest and repair of 

multiple types of DNA damage (Nakanishi, Taniguchi et al. 2002; Pichierri and Rosselli 

2004).  Eight of the FA proteins are members of the core complex (A, B, C, E, F, G, L, and 
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M) which is required for mono-ubiquitination of the ID complex by the E3 ligase 

FANCL (Meetei, de Winter et al. 2003; Wang 2007).  The other FA proteins (D1, J, N, and 

P) are not required for the mono-ubiquitination of ID complex but for downstream 

repair (Su and Huang 2011).  This is important because the mono-ubiquitination of the 

ID complex is a crucial step which allows the ID to interact with the chromatin and 

downstream ICL repair proteins (Wang, Andreassen et al. 2004). 

  Each of these diseases has helped elucidate the functions of certain DNA repair 

proteins.  Ataxia telangiectasia, Nijmegen breakage syndrome, and Fanconi anemia 

predispose patients to cancer through the inability to repair DNA (Figure 1).  Seckel 

syndrome does not seem to predispose patients to cancer, however, ATR, the protein 

mutated in Seckel syndrome, is crucial for replication. Thus, too little ATR likely inhibits 

replication which is a necessary process for rapidly dividing cancer cells (Murga, 

Bunting et al. 2009).  All of these data demonstrate how critical the DNA damage 

response machinery is to maintaining cell and organismal viability and to the prevention 

of cancer. 

Not only do these insights offer a deluge of information about how important 

genomic maintenance is to prevent cancer, they also offer insights into the effectiveness 

of potential therapeutics for the treatment of cancer.  DNA damaging agents are used 

commonly as chemotherapeutics in the clinic to treat a number of cancers (Deans and 

West 2011; Lord and Ashworth 2012).   DNA damage affects cancer cells because they 
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divide rapidly, have impaired DNA damage response checkpoints, and have 

compromised DNA repair pathways (Helleday, Petermann et al. 2008; Lord and 

Ashworth 2012).  As the manner that DNA damage is repaired and the status of DNA 

repair pathways in specific cancers is more clearly elucidated, we can determine which 

drugs will have the greatest effects on cancer cells as compared to normal cells and 

improve clinical outcomes.  

1.3 DNA Damage Generated by Interstrand Crosslinking Agents 

As discussed in section 1.2 there are multiple proteins and pathways involved in 

the response to DNA damage which can arise from multiple distinct sources of DNA 

damaging agents.  Here I will discuss the types of DNA damage that arise from ICL 

inducing agents and some of the evidence that demonstrates that ICLs are the most 

cytotoxic lesions created. 

There is a wide range of ICL-inducing agents that are used clinically and in the 

laboratory.  ICL-inducing agents covalently attach complementary DNA strands, 

effectively blocking transcription and replication unless repaired (Deans and West 2011).  

Initially it was unclear how ICL-inducing agents killed cancer cells, and was even 

thought that reduction of RNA and protein synthesis was the possible mechanism 

(Harder and Rosenberg 1970).  However, future experiments showed that DNA 

synthesis was impaired, and despite initial reductions in RNA and protein synthesis 

after treatment of tumor cells, RNA and protein synthesis rebounded while DNA 
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synthesis continued to be inhibited (Harder and Rosenberg 1970; Howle and Gale 1970).  

Further studies showed that the most cytotoxic agents in this class could crosslink the 

complementary strands of DNA (Roberts and Pascoe 1972).    

Despite the lethality of IC- inducing agents, ICLs are a minority of the DNA 

lesions created (Warren, Maccubbin et al. 1998), with the ICL-inducing agent psoralen 

activated by UVA producing the most ICLs, namely 30-40% of total lesions (Dronkert 

and Kanaar 2001). During the repair process of ICLs one sided DSBs are formed which is 

one of the major reasons for their toxicity (Niedernhofer, Odijk et al. 2004; Hinz 2010). 

The other major DNA adducts created by ICL- inducing agents are monoadducts and 

intrastrand crosslinks that are repaired in a different fashion than ICLs as they do not 

covalently attach the complementary DNA strands together (Dronkert and Kanaar 

2001). 

The diverse types of DNA damage induced by ICL-inducing agents complicates 

the study of the repair processes of ICLs, as most of the DNA lesions from ICL-inducing 

agents are not a result of an ICL. However, the compound 2,7-diaminomitosene, a 

metabolite of the ICL-inducing agent mitomycin C (MMC), only produces monoadducts 

without producing ICLs, and is about 100 times less toxic than MMC (Palom, Suresh 

Kumar et al. 2002).  In addition, UVC-treated cells form intrastrand crosslinks but not 

ICLs, and do not induce DSBs as do ICL-inducing agents (Niedernhofer, Odijk et al. 

2004).  These data support the hypothesis that the ICLs are the most cytotoxic lesion of 
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those produced by the various ICL- inducing agents, however, it also demonstrates the 

need for caution when interpreting results from ICL inducing agents as more than ICLs 

are formed.  

1.4 Repair of Interstrand Crosslinks 

How ICLs are repaired remains to be fully elucidated, as proteins from multiple 

DNA damage response pathways, NER, HRR, Fanconi anemia (FA), and translesion 

synthesis (TLS), are required for ICL repair.  In addition, ICLs are repaired differently 

depending on whether or not cells are cycling (Niedernhofer, Odijk et al. 2004).  To add 

to this complexity, proteins such as Mus81-EME1 and Snm1B are also required for repair 

of ICLs, but do not fit into one of these previously mentioned canonical repair pathways. 
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Figure 2: A model of the repair of Interstrand Crosslinks.  A, Replication 

encounters the interstrand crosslink (ICL), depicted by the diagonal line between the 

complementary strands of DNA, and stalls.  B,C, Incision by Mus81-EME1, shown by 

the arrow pointing upwards, forms a one sided double strand break (DSB).  D, 

Resection of the 5’ overhang, shown by the arrow pointing to the left, to allow the 

loading of the homologous recombination repair proteins.  In addition, “unhooking” 

of the ICL by ERCC1-XPF allows translesion synthesis (TLS) to occur.  E, TLS occurs 

across the unhooked lesion.  F, Nucleotide excision repair (NER) proteins finish 

removing the ICL.  G, Translesion synthesis of the gap formed by ICL removal.  H,I, 

Homologous recombination repair (HRR) working together with the Fanconi anemia 

pathway are required to restart the replication fork.  Adapted from (Hinz 2010).    
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The major model for repair of ICLs during S phase is thought to be initiated by 

the replication machinery encountering the ICL (Figure 2, step A).  This leads to 

endonucleolytic cleavage of the replication fork on the 3’ side of the lesion creating a 

one-sided DSB (Figure 2, steps B and C).  Processing of the ICL on the 5’ end to unhook 

it removes the covalent attachment of the complementary strands and resection of the 5’ 

end of the one sided DSB (Figure 2, step D) prepares the DNA for the HRR and TLS 

proteins.  The TLS repair proteins synthesize DNA using the damaged DNA as a 

template to fill in the gap (Figure 2, step E).     The ICL is finally removed by 

endonucleolytic cleavage on both the 3’ and 5’ sides by the NER pathway of the 

complementary strand (Figure 2, step F) and TLS fills in the gap (Figure 2, step G).  

Finally, the HRR and FA pathways reconnect the one-sided DSB to its template and 

restart the replication fork (Figure 2, steps H and I).   

The reason ICLs are repaired differently in cycling and non-cycling cells is likely 

because the crosslink evades detection until the replication fork encounters it unless the 

ICL is in an actively transcribed gene which leads to transcription coupled repair 

(Dronkert and Kanaar 2001).  In agreement with this model, it has been demonstrated 

that cycling cells form more γ-H2AX foci, a marker of DNA damage, after treatment 

with MMC than the same cells arrested in G1 (Niedernhofer, Odijk et al. 2004).  Many of 

the repair proteins discussed below are involved in repair of ICLs by replication 

dependent and independent mechanisms, however, this discussion will focus on the 
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data that support the S phase repair model, as Snm1B is important for the repair of ICL 

during S phase (Figure 2) (Legerski 2010).  The role of Snm1B in interstrand crosslink 

repair will be discussed in detail in section 1.11. 

A number of proteins and pathways are required for ICL repair.  Mus81-Eme1, a 

structure specific endonuclease, has been implicated in the formation of the one sided 

DSB (Figure 2, step B and C) due to its endonuclease activity against replication fork like 

substrates in vitro (Ciccia, Constantinou et al. 2003).   In addition, studies in mMus81 

knockout MEFs have shown that this gene is crucial for the DSB formation after ICL 

treatment (Hanada, Budzowska et al. 2006).  Moreover, knockdown of the NER protein 

ERCC1-XPF leads to an increase in DSBs formed after treatment with ICL inducing 

agents, which are abrogated by knockdown of Mus81 (Wang, Sengerova et al. 2011). 

NER is required for the removal of photoproducts induced by exposure to UV 

and bulky monoadducts from DNA (van Steeg and Kraemer 1999).  Most NER mutant 

cell lines are only slightly sensitive to ICLs and are important for HR independent repair 

of ICLs likely during G1 (De Silva, McHugh et al. 2000; Wang, Peterson et al. 2001).  

However, ERCC1-XPF is a heterodimeric structure specific endonuclease complex 

involved in canonical NER repair and in “unhooking” (Figure 2, step D) of ICLs in 

mammals during both G1 and S phase (De Silva, McHugh et al. 2000; Wang, Peterson et 

al. 2001; Niedernhofer, Odijk et al. 2004).  Moreover, cells that lack ERCC1 or XPF by are 
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extremely sensitive to cisplatin or MMC and have a pronounced increase in the number 

of DSBs formed as compared to control cells (Niedernhofer, Odijk et al. 2004). 

Recently it was demonstrated that Snm1A and ERCC1-XPF act in the same 

pathway because knockdown of either Snm1A or ERCC1 by themselves resulted in the 

same sensitivity to ICLs as the knockdown of both (Wang, Sengerova et al. 2011).  In 

addition, Snm1A can cleave DNA in a 5’-3’ manner, as would be expected from its 

nuclease activity, through an ICL after ERCC1-XPF nicks the DNA on the 5’ side of the 

ICL in vitro (Wang, Sengerova et al. 2011).   

After ERCC1-XPF unhooks the ICL, TLS is required to bypass the lesion and fill 

in the gap (Figure 2, step G) using the damaged DNA as a template (Hinz 2010).  The 

TLS pathway involves a combination of multiple specialized DNA polymerases 

involved in the response to multiple DNA damaging agents including monoadducts and 

ICLs (Lehmann, Niimi et al. 2007).  Multiple translesion polymerases are required for 

ICL repair, however, Polζ deficient cells are the most sensitive to ICLs (Nojima, 

Hochegger et al. 2005; Sharma, Shah et al. 2012).  

Before HRR can begin a 3’ overhang is formed by resection of the 5’ end of the 

one sided DSB (Figure 2, step D).  This is thought to occur possibly through the proteins 

Mre11, Rad50, and NBS1 that make up the MRN complex, which is involved in the 

repair of DSBs (Hinz 2010).  Reduced expression of any member of the MRN complex 

sensitizes cells to ICL inducing agents (Nakanishi, Taniguchi et al. 2002; Hinz 2010).  In 
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addition, the MRN complex promotes S phase arrest after treatment with ICL inducing 

agents (Pichierri and Rosselli 2004). 

The FA pathway stimulates HRR at an ICL when there is also a DSB present 

(Figure 2, step H and I) to restart a stalled replication fork (Zhang, Liu et al. 2007).  When 

either the FA or HRR  pathways is not present, as is the case in FA patients, NHEJ 

replaces HRR as the dominant DSB repair pathway and this leads to many more 

cytogenetic abnormalities and increased cell death (Deans and West 2011).  Indeed, 

NHEJ essentially fuses the ends of chromosomes together without regard for the 

homology, while HRR uses a sister chromatid as a template to precisely repair the DNA 

in a less error prone manner (Takata, Sasaki et al. 1998; Deans and West 2011).  In 

support of HRR as the preferred DSB repair method, inhibition of the NHEJ pathway 

decreases the sensitivity of cells with reduced FANCD2 expression to ICLs because once 

again HRR is the dominant DSB repair pathway (Adamo, Collis et al. 2010).  In addition 

to its involvement in HRR, the FA pathway also promotes the S phase checkpoint 

response after treatment with ICL inducing agents (Pichierri and Rosselli 2004).  These 

data suggest that the FA pathway is a key component in multiple stages of ICL repair.    

1.5 The Telomere 

The telomere is the DNA-protein complex that is located at the end of eukaryotic 

chromosomes.  The complex is required for protecting the ends of linear chromosomes 

from inappropriate DNA repair and the loss of genetic material that occurs as cells 
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divide (de Lange 2005).  Approximately, 50 years ago it was discovered that normal 

human fibroblasts had a limited number of divisions before they would stop dividing 

(Hayflick 1965).  Many years later it was shown that the expression of hTERT, the 

catalytic subunit of the enzyme responsible for extending telomeres,   increases the 

replicative life span of normal and transformed fibroblasts and blocks replicative 

senescence (Bodnar, Ouellette et al. 1998; Counter, Meyerson et al. 1998).  Moreover, the 

telomere, through limiting the replication potential of cells, prevents cancer progression 

as all cells must find a method to maintain telomeres to continually divide (Counter, 

Avilion et al. 1992; Shay and Keith 2008). 

The disease dyskeratosis congenita highlights the importance of protecting 

telomeres from DNA damage and demonstrates the roles the telomere plays in cellular 

aging, organismal aging, and cancer.  Dyskeratosis congenita is a heterogeneous disease 

caused by a number of mutations in genes that maintain telomere length or protect the 

telomere from DNA damage (Walne and Dokal 2008; Touzot, Callebaut et al. 2010). Of 

specific interest to this thesis, it was demonstrated that a rare form of dyskeratosis 

congenita called Hoyeraal-Hreidarsson syndrome is due to the expression of a mutant 

form of the protein Snm1B that cannot bind the telomere binding protein TRF2 (Touzot, 

Callebaut et al. 2010) .  Patients suffer from a myriad of symptoms, however, more than 

80% suffer from abnormal skin pigmentation, nail dystrophy, and bone marrow failure 

(Walne and Dokal 2008). The median life span for patients is 42 years and somewhat 
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paradoxically, dyskeratosis congenita patients have a predisposition to cancer despite 

mutations in the genes required for telomere length maintenance (Alter, Giri et al. 2009). 

These data highlight the importance of properly maintaining telomeres.  Without 

telomere maintenance cells enter replicative senescence or progress to crisis which leads 

to genomic instability (Counter, Avilion et al. 1992; Bodnar, Ouellette et al. 1998; 

Counter, Meyerson et al. 1998).  Genomic instability is an enabling characteristic of 

cancer which allows for the mutations necessary for tumorigenesis (Hanahan and 

Weinberg 2011) .  Conversely, replicative immortality is a hallmark of cancer which 

requires telomere maintenance  (Hanahan and Weinberg 2011).  Thus, the maintenance 

of telomeres helps prevent cancer but is also required for cancer and understanding the 

mechanisms of telomere maintenance has clinical importance in the treatment of 

telomere disorders and cancer.  

1.6 The Telomere DNA 

The DNA portion of the telomere (Figure  3) is made up of double-strand DNA 

(dsDNA) and single-strand DNA (ssDNA), both of which are required to maintain the 

structure of the telomere (de Lange 2005).  The sequence of the telomeric DNA differs 

from species, to species but all contain a 5’-3’ G rich sequence and a complimentary C-

rich sequence (Blackburn and Gall 1978; Szostak and Blackburn 1982).  The human 

telomere is made up of approximately 5-15 kilobases (kb) of repeated 5’-TTAGGG-3’ 

sequence (de Lange, Shiue et al. 1990), with a 50-200 base pair (bp) 3’ G strand ssDNA 
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overhang (Figure 3) that is thought to fold back around and displace the G strand in the 

duplex DNA, anneal to the C strand, to stabilize this confirmation  (Makarov, Hirose et 

al. 1997; McElligott and Wellinger 1997; de Lange 2005) .  This creates the T-loop and the 

D-loop which are the circular structures made up of double and single stranded DNA 

respectively (Griffith, Comeau et al. 1999).  Interestingly, as the end of a linear template 

telomeres cannot be completely replicated and instead are elongated by a reverse 

transcriptase, telomerase (Nakamura and Cech 1998). 
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Figure 3: Model of the end of human telomeres. The ends of human 

chromosomes are a nucleoprotein complex made up of 5’-TTAGGG-3’ repetitive 

sequences bound by the six member protein complex shelterin.  Shelterin is 

composed of the double strand binding proteins TRF2 and TRF1, the linker proteins 

TPP1 and Tin2, the single strand binding protein Pot1, and the TRF2 accessory 

protein Rap1.  In addition, Snm1B is localized to telomeres through interacting with 

TRF2.  The duplex telomeric DNA forms a circular structure known as the T-loop and 

is stabilized by the invasion of the 3’ overhang back into the duplex telomeric DNA 

which forms the D-loop. Adapted from (de Lange 2005).   

  

The telomere DNA was originally thought to be required solely because of the 

end replication problem.  The end replication problem is a loss of DNA that occurs at the 

ends of linear chromosomes due to the use of okazaki fragments on the lagging strand 

(Olovnikov 1973).  Although it is true that telomeres lose DNA every time they are 

replicated, the problem is much greater than can be accounted for by the end replication 
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problem alone (Harley, Futcher et al. 1990).  In addition to the end replication problem, 

the telomere overhang has to be remade by nuclease activity after replication and this 

leads to a loss of 50-200 bases in somatic cells, proportional to the overhang, every time a 

cell divides (Huffman, Levene et al. 2000). 

1.7 The Telomere Binding Proteins 

The telomere is composed of proteins that bind directly to the dsDNA (TRF1 and 

TRF2) to the ssDNA (Pot1), or indirectly through protein-protein interactions (TIN2, 

TPP1, and Rap1).  Both gain-and loss-of-function experiments have demonstrated that 

these proteins are required for protection and to regulate the length of telomeres (van 

Steensel and de Lange 1997; Li, Oestreich et al. 2000; Liu, O'Connor et al. 2004; de Lange 

2005).  Most relevant to this thesis are the ssDNA-binding protein Pot1 and the dsDNA-

binding protein TRF2. 

Pot1 is a 634 amino acid protein required to protect the telomere ssDNA from 

telomere dysfunction induced foci (TIFs) and telomere fusions (Liu, Safari et al. 2004; 

Hockemeyer, Palm et al. 2007).  Pot1 interacts directly with DNA directly through two 

N-terminal oligonucleotide/oligosaccharide (OB) folds (Baumann and Cech 2001).  In 

addition, Pot1 regulates the terminal sequence of the C strand telomeres, likely by 

blocking the action of the nuclease that forms the 3’ overhang (Hockemeyer, Sfeir et al. 

2005; Sfeir, Chai et al. 2005).  
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TRF2 is a 66 kDa protein that homodimerizes to bring together its bipartite myb 

domains necessary for telomere dsDNA binding (Broccoli, Smogorzewska et al. 1997) .  

This binding can promote the formation of the T-loop (Griffith, Comeau et al. 1999).  

Loss of TRF2 from telomeres leads to TIFs, telomere fusions, and apoptosis or 

senescence depending on the cell type (van Steensel, Smogorzewska et al. 1998; 

Karlseder, Broccoli et al. 1999; Takai, Smogorzewska et al. 2003).  Knockout of TRF2 

exacerbates these phenotypes, leading to long strings of chromosomes fused together by 

their telomeres through the NHEJ pathway and concomitant loss of all telomere 

overhang (Celli and de Lange 2005).   Thus, TRF2 is essential for telomere stability.  

Snm1B and many other DNA damage response proteins localize to the telomere 

through interactions with TRF2 (Freibaum 2006; Chen, Yang et al. 2008; De Boeck, 

Forsyth et al. 2009).  Many of these proteins, like Snm1B, are DNA damage response 

proteins that are required for telomere homeostasis under normal conditions, and in 

DNA damage responses during telomere dysfunction.  

1.8 Replication 

Replication of eukaryotic DNA occurs during S phase of the cell cycle and 

requires a coordinated cellular effort to accurately replicate the genome for the daughter 

cells.  The process of replication takes a multiple step approach so that the genome is 

replicated only once to insure that the daughter cells obtain an exact copy of the genome 

(Sclafani and Holzen 2007).  First, the six-member protein complex, Origin of Replication 
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Complex (ORC), binds to DNA and initiates the formation of the pre-replication 

complex (pre-RC)(Bowers, Randell et al. 2004).  The pre-RC is formed by loading the 

helicase complex MCM2-7 on to the origins by the cdc6 and cdt1 proteins during G1 

(Bowers, Randell et al. 2004; Sclafani and Holzen 2007).  Second, the pre-RC is converted 

to a pre-initiation complex by progression into S phase. This step is dependent upon the 

activity of cyclin dependent kinases (CDKs) and allows for the loading of multiple 

proteins that are required for replication, including the DNA polymerases (Zou and 

Stillman 1998; Méndez and Stillman 2003).  Once an origin is initiated, the replication 

complex travels along the DNA in a 3’-5’ manner away from the origin of replication 

unwinding the dsDNA and copying the genome in the process (Méndez and Stillman 

2003).  Most relevant to this thesis, the GINS complex is required for initiation and 

progression of replication and will be discussed next (Aparicio, Guillou et al. 2009). 

1.9 The GINS Complex 

The GINS complex is a highly conserved tetrameric complex made up the four 

proteins Sld5 and the Partners of Sld Five, PSF1, 2, and 3 (Takayama, Kamimura et al. 

2003; Labib and Gambus 2007).  This complex is required for the initiation and 

elongation of replication (Gambus, Jones et al. 2006; Aparicio, Guillou et al. 2009).  GINS 

is loaded onto origins during the transition from pre-RC to pre-IC as an  inhibitor of 

CDKs, roscovotine, blocks the loading of GINS (Labib and Gambus 2007; Tumini, 

Plevani et al. 2011).  GINS is a member of a larger complex known as the CMG complex 
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which contains Cdc45, MCM2-7, and GINS (Figure 4), which can function as a DNA 

helicase (Gambus, Jones et al. 2006; Moyer, Lewis et al. 2006).  In addition, Cdc45 and 

GINS have interdependent binding to chromatin and thus without one, the other will 

not load onto the replication fork (Kubota, Takase et al. 2003).   
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Figure 4:  Depictions of the GINS and CMG complex.  A, The human GINS 

complex is composed of the four proteins Sld5, Psf1, Psf2, and Psf3.  B, CdC45 

interacts with MCM and GINS to make the CMG complex isolated from embryos of 

Drosophila melanogaster, on a replication fork.  The GINS complex is required for 

replication initiation and elongation.  Adapted from (Labib and Gambus 2007). 
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The GINS complex has been shown to interact with a larger “replisome 

progression complex” that contains other proteins that are known to travel with the 

replication fork as it progresses (Gambus, Jones et al. 2006).  Thus, it is thought that one 

of the major roles of the GINS complex is to facilitate the higher order complexes around 

the MCM helicases (Gambus, Jones et al. 2006).  The GINS complex has also been shown 

to  associate with paused replication forks in budding yeast (Calzada, Hodgson et al. 

2005).   Moreover, the GINS complex is enriched at sites of stalled replication forks as 

shown by a plasmid conjugated to biotin-streptavidin (Pacek, Tutter et al. 2006).  

Knockdown of one member of the complex reduces expression of the other 

members  and correspondingly prevents DNA replication (Aparicio, Guillou et al. 2009),  

although this may depend on robust knockdown (Tumini, Plevani et al. 2011). In 

addition to the role of GINS in replication initiation and elongation, PSF2 interacts with 

the FA protein FANCF and is required for proper repair of ICLs (Tumini, Plevani et al. 

2011).  FANCA and FANCB, binding partners of FANCF, localize to chromatin 

dependent upon PSF2, as reduction of PSF2 by siRNA reduces both FANCA and 

FANCB from the chromatin fraction (Tumini, Plevani et al. 2011).  Interestingly, PSF2 

knockdown did not result in less FANCD2 mono-ubiquitination, a key process in the FA 

response to ICLs, despite removing FANCA, FANCB, and FANCF from the chromatin 

(Tumini, Plevani et al. 2011).  These data demonstrate that the GINS complex is 
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important not only for replication of DNA but also to link DNA replication to DNA 

repair.  

1.10 Metallo-β-Lactamase/ β-CASP proteins 

Snm1B is a member of the metallo-β-lactamase family of proteins.  The metallo-

β-lactamase family is a large group of proteins are characterized by the binding of Zn2+ 

ions and the ability to cleave substrated that contain a negative charge and an ester 

(Aravind 1999; Cattell, Sengerová et al. 2010).  Four conserved motifs make up the 

metallo-β-lactamase proteins, all containing conserved Asp, Glu, or His residues 

required for their activity (Aravind 1999; Cattell, Sengerová et al. 2010). 

 The β-CASP proteins are a subset of the metallo-β-lactamase proteins,and are 

characterized by the ability to cleave nucleic acid substrates (Callebaut, Moshous et al. 

2002; Cattell, Sengerová et al. 2010).  The β-CASP proteins have three additional 

conserved motifs aside from those found in the metallo- β-lactamase proteins that 

contain conserved His, Asp, Val, or Glu amino acids required for nuclease activity 

(Callebaut, Moshous et al. 2002; Cattell, Sengerová et al. 2010).  The β-CASP name comes 

from the proteins that make up the family: CPSF, Artemis, SNM1, PSO2 (Callebaut, 

Moshous et al. 2002).  Humans have three β-CASP proteins (Figure 5) that have intrinsic 

5’-3’ exonuclease activity on DNA substrates: SNM1A (DCLRE1A), SNM1B 

(DLRE1B/Apollo), and SNM1C (DCLRE1B/Artemis) (Ma, Pannicke et al. 2002; Lenain, 

Bauwens et al. 2006; Hejna, Philip et al. 2007).   
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Figure 5:  Diagram of the three Snm proteins in humans.  Each of these 

proteins shares a metallo-β-lactamase/β-CASP domain (large black rectangle) 

responsible for their intrinsic 5’-3’ exonuclease activity. 

 

Snm1A and Snm1B are important for the repair of ICLs while Snm1C is required 

for the repair of DSBs by NHEJ a required pathway for V(D)J recombination   (Dronkert, 

de Wit et al. 2000; Moshous, Callebaut et al. 2001; Demuth, Digweed et al. 2004).  In 

addition, Snm1C is the only one of the three proteins that has shown an endonuclease 

activity (Ma, Pannicke et al. 2002; Ma, Schwarz et al. 2005). 

Snm1A was discovered in a database search of homologs of the yeast protein 

Snm1/PSO2 and has the most similarity of the human proteins to the yeast version 

(Dronkert, de Wit et al. 2000).  As in yeast, knockout of Snm1A sensitizes  mice and cell 

lines to the ICL-inducing agent MMC, but not to monofunctional alkylating agents or IR 

induced DSBs (Dronkert, de Wit et al. 2000).  The human Snm1A protein can even 

partially rescue the sensitivity of Snm1-/- yeast whereas human Snm1B and Snm1C 

cannot (Hazrati, Ramis-Castelltort et al. 2008).   
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Snm1B was also found through the same database search for homologs of 

Snm1A.  Knockdown of Snm1B leads to sensitivity of Hela cells to ICL inducing agents 

and IR induced DSBs (Demuth, Digweed et al. 2004) .  Knockdown of both Snm1A and 

Snm1B in chicken DT40 cells sensitizes the cells more to ICLs than knockdown of either 

alone (Ishiai, Kimura et al. 2004).  Thus, Snm1A and snm1B are likely involved in 

distinct ICL repair pathways.   

1.11 The Role of Snm1B in Interstrand Crosslink Repair 

As noted above human Snm1B was identified based on shared homology to the 

yeast protein Snm1/PSO2 (Demuth, Digweed et al. 2004).  Knockdown of Snm1B 

sensitizes cells to the ICL-inducing agents cisplatin and MMC to a similar degree as 

knocking down FANCD2 (Demuth, Digweed et al. 2004).  However, the function of 

Snm1B in the repair of ICLs remains to be completely elucidated.   Here I will discuss 

the three major lines of investigation linking Snm1B to ICL repair.   

First, Snm1B is required for the formation of DSBs that form during the repair of 

ICLs during S phase (Figure 2 step B), through the interaction with the structure specific 

endonuclease complex Mus81-Eme1 (Bae, Mukhopadhyay et al. 2008).  A monoclonal 

cell line expressing Snm1B shRNA has reduced DSB formation after treatment with 

MMC (Bae, Mukhopadhyay et al. 2008).  Mus81-Eme1 is thought to be the nuclease that 

forms the one-sided DSB during the repair of ICLs (Figure 2 step B) (Hanada, 

Budzowska et al. 2006).   mMus81 knockout mouse embryonic fibroblasts (MEFs) are 
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sensitive to ICL-inducing agents, and have significantly reduced DSB formation after 

ICL treatment (Hanada, Budzowska et al. 2006).   Moreover, Mus81-Eme1 has 

endonuclease activity against replication fork like substrates in vitro (Ciccia, 

Constantinou et al. 2003).   

It is unclear what the interaction of Snm1B with Mus81 does to promote DSB 

formation.  However, the nuclease activity of Snm1B is not likely required to repair 

ICLs.  Specifically, expressing as a nuclease-deficient version of Snm1B (Snm1B-D14N) 

in a Snm1B knockdown monoclonal cell line rescued the G2/M arrest induced by MMC 

(Bae, Mukhopadhyay et al. 2008).  Interestingly, a Snm1B mutant that lacks the entire, 

Metallo-β-Lactamase/ β-CASP domain, which binds to Mus81, FANCD2 (indirectly), 

and the MRN complex did not rescue the G2/M arrest (Bae, Mukhopadhyay et al. 2008).  

It is likely that the interaction with Mus81 is required for DSB formation, as Mus81 is 

thought to be the nuclease required, however, whether or not the other interactors are 

important for the role of Snm1B in ICL repair is uncertain. 

Second, while Snm1B is not required for FANCD2 mono-ubiquitination, Snm1B 

may function in the FA pathway for repair of ICLs, as knockdown of Snm1B reduces the 

formation of FANCD2 foci formation after treatment with MMC (Demuth, Digweed et 

al. 2004; Mason and Sekiguchi 2011).  This suggests that Snm1B is not important for the 

ICL recognition and mono-ubiquitination of FANCD2, but is necessary for FANCD2 to 

localize to the damaged DNA.    
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Third, TRF2 binding is most likely not required for the repair of ICLs, as cells 

from a patient with a rare telomere dysfunction disease, Hoyeraal–Hreidarsson , have a 

truncated version Snm1B expressed that does not bind TRF2 (Touzot, Callebaut et al. 

2010).  Cells from this patient showed telomere dysfunction due to a dominant negative 

mutant Snm1B that cannot bind TRF2, but did not show increased sensitivity to MMC 

(Touzot, Callebaut et al. 2010).  Thus, it seems like the functions of Snm1B in repair of 

ICLs and the protection of telomeres are separate.   

1.12 The Role of Snm1B on Telomeres 

Snm1B associates with telomeres through an interaction in its C-terminus (Figure 

5) with the dsDNA-binding protein TRF2 (Freibaum 2006; Lenain, Bauwens et al. 2006; 

van Overbeek and de Lange 2006).  Knockdown of Snm1B in human fibroblasts causes 

approximately 20% of the cells to become TIF positive, and these cells were primarily in 

S-phase (van Overbeek and de Lange 2006).  This telomeric DNA damage response leads 

to a p53-dependent cell senescent arrest (van Overbeek and de Lange 2006).   

The exact manner in which Snm1B protects telomeres from DNA damage during 

S phase is still not fully understood, but it has been shown to require the nuclease 

domain of Snm1B to protect interstitial telomeres from DNA damage as well as 

telomeres at the ends of chromosomes (Ye, Lenain et al. 2010).  Both the interaction with 

TRF2 and the 5’-3’ exonuclease activity are required to protect telomeres  from DNA 
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damage during S phase (Lenain, Bauwens et al. 2006; van Overbeek and de Lange 2006; 

Lam, Akhter et al. 2010; Wu, van Overbeek et al. 2010).   

Knockout of mSnm1B in mice reduces the 3’ overhang in MEFs (Lam, Akhter et 

al. 2010; Wu, van Overbeek et al. 2010), and leads to a dramatic increase in telomere 

fusions, which are rescued by wild-type but not by mutants that are nuclease-deficient 

or lack TRF2 binding (Lam, Akhter et al. 2010; Wu, van Overbeek et al. 2010).  Snm1B-/- 

mice died at the time of birth, which is rescued by the knockout of the NHEJ protein 

Ku70, suggesting that telomere fusions are the primary reason for the Snm1B-/- lethal 

phenotype (Akhter, Lam et al. 2010). 

Knockdown of Snm1B in human cells causes more TIFs during S-phase than 

occurs in the Snm1B-/- MEFs, and does not change the telomere overhang length or 

increase the number of telomere fusions both phenotypes observed in the Snm1B-/-  

MEFs (van Overbeek and de Lange 2006; Wu, van Overbeek et al. 2010).  This difference 

suggests that there may be distinct functions for Snm1B in mouse and human cells or the 

TIFs produced are a separate defect from the formation of the overhang.  In addition, it 

could be that the knockdown is sufficient for producing TIFs in human cells but is 

insufficient to stop Snm1B from maintaining the overhang or there is a redundant 

mechanism in human cells that processes the overhang in the absence of Snm1B.  The 

TIFs produced are likely separate from the fusions as a nuclease dead version of 
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mSnm1B rescues most of the leading-leading telomere fusions in knockout MEFs but 

fails to rescue the TIFs (Wu, van Overbeek et al. 2010).   

Recently, there was a patient with dyskeratosis congenital, Hoyeraal–

Hreidarsson syndrome, that had a mutant form of Snm1B that lacked TRF2 binding 

(Touzot, Callebaut et al. 2010).  This individual died at 4 years of age with normal 

telomere length due to bone marrow failure (Touzot, Callebaut et al. 2010).  This disease 

highlights the importance of protecting telomeres from DNA damage and validates the 

crucial role Snm1B plays at human telomeres.   
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2. Material and Methods 

2.1 Pot1 Knockdown Increases Flag-Snm1B Protein Level 

2.1.1 Plasmids 

pCMV5-Flag-Snm1B used in transient transfections were created by subcloning 

PCR amplified Flag-snm1B cDNA  into pCMV5 (Freibaum 2006).  pcDNA3-Myc-TRF2 

was also previously (Freibaum 2006).   

Flag-Snm1B1-494 and Flag-Snm1B1-364 were created by inserting a stop codon at 

amino acids 495 and 365 respectively into pCMV5-Flag-Snm1BWT by site directed 

mutagenesis.   

Flag-Snm1B293—532 and Flag-Snm1B363—532 were created by PCR amplification from 

pCMV5-Flag-Snm1B with a 5’ primer designed to create a Flag epitope-tag at the 

indicated amino acids of the constructs and a 3’ primer corresponding to the original 3’ 

end of FLAG-Snm1B and subcloned into pCMV5. 

 pLPC-Flag-Snm1B was created by PCR amplification from pCMV5-Flag-Snm1B 

and subcloned into pLPC (van Overbeek and de Lange 2006).  

pSuperRetroPuro-Pot1 shRNA was previously described and targeted the 

sequence 5’-GTACTAGAAGCCTATCTCA-3’ of Pot1 (Veldman, Etheridge et al. 2004; 

Barrientos, Kendellen et al. 2008).  pSuperRetroPuro-non-specific shRNA, used as a 

control, encodes the sequence 5’- GACAGGTTTCTGTAGAAGA-3’. 
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pSuperRetroPuro-Snm1B was previously described and targeted the sequence 5’- 

GATCAATCTCAAGCTGACA-3’ (van Overbeek and de Lange 2006) 

2.1.2 Transient Transfection and Stable Infection 

293T cells were transiently transfected with Fugene 6 (Roche) at approximately 

40%-60% confluency according to the manufacturer’s protocol.  The cells were collected 

36 to 48 hours later.  293T cells were stably infected with pLPC-Flag-Snm1BWT and 

selected with 1µg/ml puromycin as described previously (O'Hayer and Counter 2006).   

2.1.3 RT-PCR 

RNA was isolated by RNA-BEE (Tel-test) according to the manufacturer’s 

protocol.  RNA was reverse transcribed using Omniscript RT kit (Qiagen) and PCR 

amplified with the primer sets: 5’-AGCCTGTGAAAGCGAACAAT-3’ and 5’-

CAGCTGTTTTGCAGATTGGA-3’ to detect Pot1, 5’-ATGGACTACAAAGACGATGA-

3’and 5’-TGTCCTGGTTCTGTCATGTTT-3’ to detect Flag epitope tagged Snm1B, 5’-

ccactggtgactccaacccta-3’ and 5’-TGTCCTGGTTCTGTCATGTTT-3’ to detect endogenous 

Snm1B, and 5’-CCACCCATGGCAAATTCCATGGCA-3’and 5’-

GGTGGACCTGACCTGCCGTCTAGA-3’ to detect glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH).  Samples were collected after 19 to 30 cycles depending on 

the primer set used. 
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2.1.4 Production of Snm1B Antibody 

The anti-Snm1B rabbit polyclonal antibody was produced by Pocono Rabbit 

Farm and Laboratory to the peptide sequence Leu-Glu-Lys-Gln-Pro-Ser-His-His-Pro-

Leu-Arg-Ile-Lys-Lys-Gln-Leu-Phe-Pro.  This corresponds to the amino acids 385-402 in 

the Snm1B protein.  The antibody was purified according to the company’s protocol. 

2.1.5 Immunoblotting 

293T cells were lysed with RIPA buffer (50mM Tris pH 8.0, 150mM NaCl, 0.1% 

SDS, 0.5% sodium deoxycholate, 1% NP-40 supplemented with 1mM PMSF, 2µg/mL 

aprotinin, and 1µg/mL leupeptin) by homogenization through a 25G needle.  Lysates 

were rotated at 4°C for 5-10 minutes and centrifuged at 16,000 g to remove debris.  

Protein concentration was determined by DCTM Protein Assay (Bio-Rad) according to the 

manufacturer’s protocol.  50µg to 100µg of protein were resolved by polyacrylamide gel 

electrophoresis, and immunoblotted with mouse resolved by polyacrylamide gel 

electrophoresis along with, and immunoblotted with mouse anti-Snm1B antibody 

(1:1000), anti-Flag M2 (1:1000 Sigma), mouse anti-Myc (1:5000 Invitrogen), and mouse 

anti-Ubiquitin(1:200 Santa Cruz Biotechnology) antibodies to detect Snm1B, Flag-tagged 

Snm1B, Myc- tagged TRF2, and Ubiquitin respectively.  Immunoblots were detected by 

ECL detection kit (GE Healthcare) and Amersham hyperfilm (GE Healthcare) according 

to the manufacturer’s protocols. 
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2.1.6 Immunoprecipitation 

Cells were lysed with RIPA buffer and protein was quantified as described in 

section 2.1.5.      Immunoprecipitations were performed by incubating an equal amount 

of each lysate (1-4mg depending on experiment) was incubated with 15µl of M2 affinity 

gel (Sigma) to immunoprecipitate Flag-tagged Snm1B protein, or 4µg of anti-Snm1B 

antibody (we created) to immunoprecipitate endogenous Snm1B protein, and rotated at 

4°C overnight.  Immunoprecipitations were immunoblotted as described above.   

2.1.7 Chromatin Immunoprecipitation 

293T cells transiently co-transfected with pSuperRetroPuro-non-specific or 

pSuperRetroPuro-Pot1 shRNA and pCMV5-Flag-Snm1BWT or pCMV5-Flag-Snm1B1-494 

were collected after 48 hours.  The cells were crosslinked with 1% formaldehyde solution 

in PBS for 10 minutes at RT and then washed with 5ml PBS twice at RT.  The cells were 

then washed at 4 °C for 1 min with buffer one (10mM hepes pH 7.5, 0.25% triton x-100, 

10mM EDTA pH 8.0, 0.5mM EGTA pH7.5) and buffer two (10mM hepes pH 7.5, 200mM 

NaCl, 1mM EDTA pH 8.0, 0.5mM EGTA) and rotated at 1,300g at 4 °C for 4min after 

each wash. Cells were then lysed with a modified RIPA buffer (150mM NaCl, 5mM 

EDTA pH 8.0, 25mM Tris pH7.5, 1% triton X-100, 0.1% SDS, 0.5%NaDoc, supplemented 

with 1mM PMSF, 2µg/mL aprotinin, and 1µg/mL leupeptin) and sonicated with a 

Branson sonifier microtip (Branson Ultrasonics) with the following paramaters: output 3; 

duty cycle 30% for 3 sets of 10 -1sec bursts, after which insoluble material was pelleted 
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by spinning at 16,000g for 5 min at 4 °C.  The protein quantification of the lysates was 

determined by DCTM Protein Assay (Bio-Rad) according to the manufacturer’s protocol.  

Approximately 1mg of lysate was immunoprecipitated in 1ml of lysis buffer overnight 

at 4 °C with anti-Flag antibody.  The samples were washed at 4 °C for 10min each: twice 

with lysis buffer, once with RIPA buffer, once with high salt buffer (50mM Tris pH 8.0, 

500mM NaCl, 0.1% SDS, 1% NP-40), once with LiCl buffer (50mM Tris pH 8.0, 250mM 

LiCl, 0.5% NaDoc, 1% NP-40), twice with 1xTE, and eluted with (2%SDS, 0.1M NaHCO3, 

10mM DTT).  20µl of 4M NaCl was added to each 400µl elution and incubated at 60°C 

overnight.  8µl of 0.5M EDTA ph 8.0 , 16µl of 1M Tris pH 6.5, and 20 µg of Proteinase K 

(NEB)  was then added and incubated at 45°C for 2 hours.  The DNA was extracted by 

phenol chloroform isoamyl alcohol extraction and transferred onto hybond -XL 

(Amersham Biosciences) as previously described (Freibaum 2006).  The DNA was 

crosslinked by UV and probed with a p32 end labeled telo probe (T2AG3)4 to detect 

telomeres and an oligonucleotide Alu probe 5’-

CGGGAAGCAGAGGTTGTAGTGAGCC-3’ (IDT) as a control.  5µg of genomic DNA 

was used as a positive control.  Membranes were detected overnight by phosphorimage. 

2.1.8 S35 Metabolic Labeling 

293T cells at approximately 75% confluency were preincubated with methionine- 

and cysteine-free RPMI (Sigma) with 15% dialyzed FBS (Invitrogen) for one hour. 

200µCi of EXPRESS Protein Labeling Mix (Perkin-Elmer) was then added, cells were 
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labeled for 10 min, collected and washed with PBS, resuspended in 500µl RIPA buffer 

and rotated in the cold room for 10 min. The samples were then centrifuged at 16,000g 

for 5 minutes at 4°C.  Protein concentration of the supernatant was determined by DCTM 

Protein Assay (Bio-Rad) according to the manufacturer’s protocol.   Equal amounts of 

each sample were used for immunoprecipitation as described in 2.1.5.  The 

immunoprecipitates were resolved by polyacrylamide gel electrophoresis, the gel was 

dried, and exposed to a phosphorimager screen. 

2.1.9 DNA Damaging Agents 

293T cells transiently transfected with pCMV5-Flag-Snm1BWT were treated with 

UV-C approximately 48hrs after transfection for 20, 30, and 40 seconds to get the 

indicated doses and then returned to the incubator.  2.5 hours later cells were lysed for 

immunoblotting as described in 2.1.4.  293T cells transiently transfected with pCMV5-

Flag-Snm1BWT were treated with 500ng/ml neocarzinostatin (sigma) approximately 

48hrs after transfection and returned to the incubator.  Cells were lyed 90 minutes later 

for Immunoblotting as described in 2.1.4. 

2.2 PSF2 Binds to and Mediates Snm1B Function 

2.2.1 Plasmids 

All Snm1B expression constructs were derived from PCR amplification of a Flag-

Snm1B cDNA (Freibaum 2006) and sequenced to confirm correct.   
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The yeast two-hybrid Snm1B bait vector was created by cloning two tandem in-

frame copies of the sequence encoding the last 37 amino acids of Snm1B into PGBKT7 

(Clonetech).   

Previously described Flag-Snm1B-WT, Flag-Snm1B1-494, and Flag-Snm1BN2 

cDNAs (Freibaum and Counter 2008) were PCR amplified and subcloned into pLPC 

(van Overbeek and de Lange 2006).   

Flag-Snm1BΔ222-363 was created by two separate PCR amplifications to generate 

regions spanning amino acids 1 to 221 and 364 to 532, which were then simultaneously 

ligated into pLPC resulting in the described internal deletion having the addition of the 

sequence CGCGGCCGC (a NotI restriction site and one base pair to keep in frame) 

between amino acids 221 and 364.   

Flag-Snm1B79-532 and Flag-Snm1B413-532 were cloned by PCR amplification to 

include a 5’ Flag epitope and sequence corresponding to the indicated amino acids, then 

subcloned into pEGFP-C3 (Clonetech).   

Flag-Snm1B166-293, Flag-Snm1B221-363, and Flag-Snm1B363-494 were created by first 

inserting a stop codon at amino acids 294, 364, and 495 of FLAG-Snm1B followed by 

PCR amplification with a 5’ primer designed to create a Flag epitope-tag at the indicated 

amino acids of the construct and a 3’ primer corresponding to the original 3’ of FLAG-

Snm1B, and then subcloned into pEGFP-C3 (Clonetech).  
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 PSF2 was PCR amplified from clone MGC-673 (ATCC) and cloned into pCMV-

MYC (Clontech).   

The F120A mutation was introduced into pcDNA3-myc-TRF2 (Freibaum 2006) 

by site-directed mutagenesis.  

HA-MUS81 was created by PCR amplification from clone MGC-14953 

(Imagenes) and cloned into pcDNA3 (Invitrogen).  

Oligonucleotides corresponding to Snm1B shRNA targeting the 3’ UTR of Snm1B 

(sequence 5’ GGTCCTCGTGCCTATGGAA 3’) were annealed and cloned into 

pSuperRetroPuro according to the manufacturer’s protocol (Oligoengine). 

2.2.2 Yeast Two-Hybrid 

 Yeast strain AH109 expressing pGBKT7 encoding the bait protein comprised of 

the aforementioned Snm1B C-terminal region fused in frame to the Gal4 DNA-binding 

domain was used to screen the MatchmakerTM Pretransformed Human Hela Library 

(Clonetech), according to the manufacture’s protocol.  Y187 yeast were transformed with 

the prey vector pGADT7 encoding either PSF2 or TRF2 identified in this screen and 

mated with AH109 yeast containing either empty pGBKT7 or pGBKT7 expressing the 

bait and analyzed for growth on SD/-ade/-his/-leu/-trp drop-out plates supplemented 

with X-α-gal (Sigma).  
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2.2.3 Transient Transfection 

 293T cells were transiently transfected with plasmids using the reagent Fugene 6 

(Roche) at approximately 40%-60% confluency according to the manufacturer’s protocol.  

Cells were collected 36 to 48 hours later for analysis. 

2.2.4 Co-immunoprecipitation and Immunoblotting 

The indicated transiently transfected 293T cells were lysed with RIPA buffer (50mM 

Tris pH 8.0, 150mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40 

supplemented with 1mM PMSF, 2µg/mL aprotinin, and 1µg/mL leupeptin) by 

homogenization  through a 25G needle.  Lysates were rotated at 4°C for 5-10 minutes 

and centrifuged at 16,000g to remove debris and the protein concentration was 

determined by DCTM Protein Assay (Bio-Rad).  An equal amount of each lysate (1-2mg 

depending on experiment) was incubated with 15µl of M2 affinity gel (Sigma) to 

immunoprecipitate Flag-tagged Snm1B protein, or 4µg of anti-GFP antibody (Roche) to 

immunoprecipitate GFP tagged Flag-Snm1B protein, and rotated at 4°C overnight.  The 

samples were subsequently washed twice with 1ml RIPA buffer, resolved by 

polyacrylamide gel electrophoresis, and immunoblotted with mouse anti-Flag M2 

(1:1000 Sigma), mouse anti-Myc (1:5000 Invitrogen), mouse anti-Mus81 (1:1000, Abcam) 

antibodies to detect Flag-tagged Snm1B, GFP-tagged Flag-Snm1B, Myc- tagged PSF2 

and TRF2, and Mus81 proteins, respectively.  Immunoblots were detected by ECL 



 

40 

detection kit (GE Healthcare) and Amersham hyperfilm (GE Healthcare) according to 

the manufacturer’s protocols. 

2.2.5 Chromatin Fractionation and Immunoblotting 

 The chromatin and soluble fractions of the indicated transiently transfected 293T 

cells were incubated 0.1% Triton X-100 CSK buffer (10mM PIPES pH 6.8, 100mM NaCl, 

300mM sucrose, 3mM MgCl2, 1mM EGTA, 1mM EDTA, 50mM NaF, 5mM Na3VO4 

supplemented with the addition 1mM PMSF, 2µg/mL aprotinin, and 1µg/mL leupeptin) 

as previously described (Tumini, Plevani et al. 2011).  The soluble fraction was 

centrifuged at 16,000g to remove any remaining debris.  The insoluble pellet was 

resuspended in 100-300µl of 1x laemmli buffer (60 mM Tris-Cl pH 6.8, 2% SDS, 5% 

glycerol, 100mM dithiothreitol, 0.01% bromophenol blue) and sonicated for 30 seconds 

at 25% amplitude on a Fisher Scientific sonic dismembrator model 150.  Whole cell 

lysates were isolated with RIPA buffer as described in section 2.2.4.  50µg of protein 

from the soluble, chromatin, and whole cell lysates were resolved by SDS 

polyacrylamide gel electrophoresis and immunoblotted with anti-Flag M2 (1:1000, 

Sigma), mouse anti-Myc (1:5000, Invitrogen), mouse anti-Mus81 (1:1000, Abcam), anti-

lamin B1 (1:1000, Invitrogen), anti-histone H3 (1:1000, Cell Signaling) and anti-β-tubulin 

(1:1000, Sigma) antibodies to detect Flag-Snm1B, Myc-PSF2, Mus81, the nuclear protein 

laminin B1, the chromatin protein histone H3, and the cytosolic protein β-tubulin, 
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respectively. Immunoblots were detected by ECL detection kit (GE Healthcare) and 

Amersham hyperfilm (GE Healthcare) according to the manufacturer’s protocols. 

2.2.6 Pulsed Field Gel Electrophoresis 

The pulsed field gel electrophoresis was performed in a similar manner as 

described here (Hanada, Budzowska et al. 2006).  Hela cells infected with pSuper Retro 

Puro control or Snm1B shRNA targeting the 3’ UTR were transfected with the indicated 

constructs.  After 24 hours the cells were treated with 1µg/ml MMC for 24 hours.  The 

cells were collected and 5 × 105 cells were placed into agarose plugs and run on a bio-rad 

CHEF mapper pulse field gel electrophoresis apparatus with the following conditions: 

14°C, 18.5 hours, 9.8 s initial switch, 34.925 s final switch linear, 120°angle, with a 5.0 

V/CM gradient. 
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3. Pot1 Knockdown Increases Flag-Snm1B Protein Level 

3.1 Introduction 

In C. elegans, the protein mrt-1 contains both a metallo-β-lactamase/ β-CASP 

domain with homology to Snm1B and an OB fold domain with homology to Pot1(Meier, 

Barber et al. 2009).  Mutations in mrt-1 lead to eventual sterility and sensitivity to ICLs 

(Meier, Barber et al. 2009).  In humans, we previously found that ectopic expression of 

the dsDNA telomere-binding protein TRF2 decreased the ubiquitination and increased 

the level of transfected Snm1B, which required the C-terminal TRF2-binding domain of 

Snm1B for this stabilization (Freibaum and Counter 2008).    Given the connection 

between mrt-1 to Snm1B and Pot1, the relationship of Snm1B stability with the telomere- 

binding protein TRF2, and the roles Snm1B plays in DNA damage, I investigated 

whether Snm1B expression was elevated in the presence of telomere damage induced by 

Pot1 Knockdown in human cells.  

3.2 Results 

3.2.1 Pot1 Knockdown Increases Flag-Snm1B Protein Level 

To determine if Snm1B protein level is altered upon telomere damage, 293T cells 

were transiently co-transfected with either a vector encoding Pot1 shRNA, which was 

previously shown to induce TIFs indicative of telomere DNA damage (Barrientos, 

Kendellen et al. 2008), or as a control, a non-specific shRNA, and with a vector encoding 
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Flag epitope-tagged Snm1B (Flag-Snm1B, Figure 6A).  Immunoblotting revealed that the 

level of Flag-Snm1B was clearly higher in cells treated with Pot1 shRNA (Figure 6B).   

To map the regions responsible for this increase in Flag-Snm1B levels, the 

experiment was repeated with the deletion mutants 1-494, which lacks the TRF2-binding 

domain, 1-363, which lacks most of the C-terminus, 293-532, which encodes only the C-

terminus, and 363-532, a smaller C-terminal fragment (Figure 6A).  Mutants 293-532 and 

363-532 behaved similar to wild-type Flag-Snm1B, namely the mutants were more 

highly expressed in the presence of Pot1 shRNA.  Mutant 1-494 was also elevated in the 

presence of Pot1 shRNA, although to a lesser extent.  Interestingly, mutant 1-363 was 

readily detected in the absence of Pot1 shRNA.  Taken together, these data indicate that 

the region responsible for the increase in Flag-Snm1B expression resides in the C-

terminus.   

Snm1B normally requires TRF2 to localize to telomeres (Freibaum 2006) and thus 

I performed a chromatin immunoprecipitation (ChIP) assay to answer whether Pot1 

knockdown increases the residency of Snm1B on telomeres and if so, does this increase 

require TRF2 binding.  293T cells expressing either Flag-Snm1BWT or a mutant that 

cannot bind TRF2, Flag-Snm1B1-494, in conjunction with either  non-specific or Pot1 

shRNA were crosslinked, lysed, and chromatin associating with Flag-Snm1B proteins 

was immunoprecipitated with anti-Flag antibody (Figure 7A).  Interestingly, when Flag-

Snm1BWT expression is increased by Pot1 shRNA, more Flag-Snm1BWT localized to 
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telomeres.  However, Flag-Snm1B1-494, which is also stabilized by Pot1 shRNA (Figure 

6C), did not exhibit increased localization to the telomere upon Pot1 knockdown (Figure 

7A).  This suggests that although TRF2 binding is not required for the increase in Flag-

Snm1B expression by Pot1 shRNA, it is still required for Flag-Snm1B to localize to 

telomeres.  
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Figure 6: Transiently transfected Flag-Snm1B protein expression is increased 

by Pot1 shRNA.  A, Diagram of Snm1B mutants generated.  B, C, The indicated wild-

type (WT) or mutant (1-494, 1-363, 293-532, 363-532) Flag epitope-tagged Snm1B 

transiently expressed in 293T cells with non-specific (NS) or Pot1 shRNA were 

immunoblotted (IB) with an anti-Flag antibody to visualize Flag-Snm1B and a β-Actin 

antibody as a loading control. Data are from at least two independent experiments.  -, 

untransfected.  FL16K-R, full length with 16 lysine to arginine mutations.  363-532 

16k-R, 363-532 with all 16 lysines mutated to arginines.      
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To determine if other types of DNA damaging agents may increase the levels of 

Flag-Snm1B expression we explored UV and DSB DNA damage.  More specifically, Pot1 

knockdown is primarily recognized by the ATR pathway as deletion of ATR in MEFs 

reduces the number of TIFs when Pot1 is knocked-down (Denchi and de Lange 2007; 

Guo, Deng et al. 2007).  Similarly, UV DNA damage is known to activate ATR and Chk1, 

I thus tested whether UV treatment changed the expression of Snm1B (Zou and Elledge 

2003; Stiff, Walker et al. 2006).  293T cells transiently transfected with a vector encoding 

Flag-Snm1B were treated with increasing doses of UV, then collected for immunoblot. 

Despite the fact that the cells exhibited and increase in phosphorylated Chk1, indicative 

of a UV DNA damage response, Snm1B protein levels were not elevated (Figure 7B).  

Thus, not all types of DNA damage, even those that activate ATR like that seen when 

Pot1 expression is reduced, increase ectopic Snm1B expression.   I note, however, that 

Pot1 shRNA does not induce Chk1 phosphorylation in human cells, this has only been 

observed upon the complete loss of the mouse homologs Pot1a and Pot1b in MEFs, 

pointing towards a Chk1 independent model (Denchi and de Lange 2007).   



 

47 

 

 

Figure 7:  An increase in the amount of Flag-Snm1BWT localizing to telomeres 

upon knockdown of Pot1 is dependent upon TRF2.   Flag-Snm1BWT is not stabilized 

by all types of DNA damage.  A, The indicated wild-type (WT) Flag epitope-tagged 

Snm1B transiently expressed in 293T cells with non-specific (NS) or Pot1 shRNA were 

chromatin immunoprecipitated with an anti-Flag antibody and probed with a telo 

(telomere) probe (T2AG3)4 to determine the amount Flag-Snm1B on telomeres, and an 

ALU repeat probe as a control.  5µg of genomic DNA was used as control.  B, The 

indicated wild-type (WT) Flag epitope-tagged Snm1B transiently expressed in 293T 

cells treated or untreated with UV were immunoblotted (IB) with an anti-Flag 

antibody to visualize Flag-Snm1B, an anti-pChk1 (S345) antibody to visualize pChk1, 

and an anti-β-Actin antibody to visualize β-Actin as a loading control. C, The 

indicated wild-type (WT) Flag epitope-tagged Snm1B transiently expressed in 293T 

cells treated or untreated with neocarzinostatin (NCS) were immunoblotted (IB) with 

an anti-Flag antibody to visualize Flag-Snm1B, an anti-pChk2 (T68) antibody to 

visualize pChk2, and an anti-β-Actin antibody to visualize β-Actin as a loading 

control.  Data are representative of one or more experiments.  WT, wild-type.     
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Snm1B has also been implicated in the response pathway to DSBs because 

knockdown of Snm1B sensitizes cells to IR treatment (Demuth, Digweed et al. 2004; 

Demuth, Bradshaw et al. 2008).  In addition, Snm1B was identified in a large screen of 

proteins phosphorylated in response to IR, and thought to be phosphorylated on S444 

(Matsuoka, Ballif et al. 2007).   Thus, I tested whether the DSB-inducing agent 

neocarzinostatin (NCS) altered the expression of Flag-Snm1BWT.  293T cells transiently 

transfected with a vector encoding Flag-Snm1B were treated 500ng/ml NCS for 90min, 

then collected for immunoblot.  I confirmed that DSBs had occurred by Chk2T68 

phosphorylation (Figure 7C).  Flag-Snm1B expression level was increased after exposure 

to NCS for 90min (Figure 7C) by immunoblot.  These results suggest that Flag-Snm1B 

protein level regulated in response to DSB-inducing agents.  

3.2.2 Increased Flag-Snm1B Protein Level is Independent of 
Ubiquitination  

 Due to the fact that TRF2 was previously shown to regulate Snm1B protein level 

by blocking ubiquitination, I tested whether the ubiquitination of Flag-Snm1B changed 

in the presence of Pot1 shRNA (Freibaum and Counter 2008).  293 T cells were 

transiently co-transfected with a vector encoding either a non-specific shRNA or Pot1 

shRNA and a vector encoding Flag-Snm1BWT.  Anti-flag immunoprecipitations were 

performed to purify Flag-Snm1BWT and an anti-flag immunoblot was performed on the 

inputs to determine the amount of stabilization by Pot1 shRNA (Figure 8A).  The ratio of 
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Flag-Snm1BWT stabilization by Pot1 shRNA was determined from the inputs and that 

ratio was used to load the same amount of Flag-Snm1BWT purified by IP in each lane for 

the ubiquitin immunoblot (Figure 8A).  The ubiquitination levels were similar between 

the two conditions, or possibly elevated in the presence of Pot1 shRNA, suggesting that 

the stabilization is not through blocking ubiquitination and subsequent degradation 

(Figure 8A). 

 To demonstrate this in another manner, the section of Snm1B that is most 

difficult to express in 293T cells, Flag-Snm1B365-532, was mutated to change all 16 lysines 

to arginines in Flag-Snm1BWT and Flag-Snm1B363-532 and named Flag-Snm1BFL16K-R and 

Flag-Snm1B363-532 16K-R respectively.  Interestingly, Flag-Snm1BFL16K-R was stabilized by 

overexpression of Myc-TRF2 and Pot1 shRNA (Figure 8B) suggesting that the lysines in 

the C-terminus are not required for the degradation of Flag-Snm1BWT.  This was taken 

one step further to determine if a Snm1B mutant with no lysines, Flag-Snm1B363-532 16K-R, 

would also be stabilized by Pot1 shRNA.  Indeed, Flag-Snm1B363-532 16K-R was stabilized by 

Pot1 shRNA (Figure 8C), consistent with the observation that ubiquitination of Snm1B 

did not change in cells treated with Pot1 shRNA (Figure 8A).   
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Figure 8: Stabilization of Snm1B by Pot1 shRNA is independent of 

ubiquitination.  A, Wild-type (WT) Flag epitope-tagged Snm1B transiently expressed 

in 293T cells with non-specific (NS) or Pot1 shRNA were immunoblotted with an 

anti-Flag antibody to visualize Flag-Snm1B and an anti-β-Actin antibody to visualize 

β-Actin as a loading control.  An approximate ratio of Pot1 shRNA increase in Flag-

Snm1B expression from the immunoblots was used to determine the ratio of non-

specific and Pot1 shRNA immunprecipitate (IP) to get equal loading of Flag-Snm1BWT 

in the IP polyacrylamide gel.  The untransfected (-) 293T cells were loaded with 

equivalent amount to the non-specific shRNA transfected cells as a control.  B, C, The 

indicated wild-type (WT) or mutant (FL16K-R or 363-53216K-R) Flag epitope-tagged 

Snm1B (Flag-Snm1B) transiently expressed in 293T cells with non-specific shRNA, 

Pot1 shRNAs, or Myc epitope-tagged TRF2 (Myc-TRF2) were immunoblotted (IB) 

with anti-Flag antibody to visualize Flag-Snm1B and an anti-β-Actin antibody to 

visualize β-Actin as a loading control.  Data are representative of two or more 

independent experiments.  WT, wild-type.  -, untransfected.   FL16K-R, full length 

Flag-Snm1B with 16 lysine to arginine mutations.  363-532 16k-R, Flag-Snm1B363-532 

with all 16 lysines mutated to arginines.    
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 Metabolic labeling of cells with S35 labeled methionine and cysteine and RT-PCR 

analysis was performed to determine at which step Snm1B protein was being elevated in 

the presence of Pot1 shRNA.   293T cells were co-transfected with either a vector 

encoding a non-specific shRNA or Pot1 shRNA and a vector encoding Flag-Snm1BWT.  

As a control 293T cells were also co-transfected with vectors encoding Flag-Snm1BWT 

and Myc-TRF2.  24 hours after transfection cells were expanded into multiple dishes for 

simultaneous RT-PCR, immunoblot, and S35 labeling analysis.  24 hours thereafter cells 

were collected for RT-PCR and immunoblot analysis or labeled with S35 for 10min.  S35 

labeled Flag-Snm1BWT was immunoprecipitated, resolved by polyacrylamide gel, and 

detected by phosphorimager analysis.   

 The level of Flag-Snm1BWT after labeling with S35 for only 10min was higher in 

cells treated with Pot1 shRNA compared to those treated with non-specific shRNA or 

cells expressing Myc-TRF2 (Figure 9).  Interestingly, the level of S35 labeled Flag-

Snm1BWT is the same with and without overexpressed TRF2 suggesting that the amount 

of time the cells were labeled with S35 was not enough for the post translational 

modification of Flag-Snm1BWT to regulate the protein level.  This is in contrast to the 

immunoblot analysis in which cells overexpressing TRF2 have stabilized Flag-Snm1BWT 

compared to cells expressing a non-specific shRNA and Flag-Snm1BWT (Figure 9).   RT-

PCR analysis failed to detect an increase in Flag-Snm1B levels in cells treated with Pot1 

shRNA compared to those treated with non-specific shRNA (Figure 9).  Taken together 
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these data suggest that Flag-Snm1BWT is neither stabilized in cells treated with Pot1 

shRNA post-translationally nor transcriptionally, suggesting an effect at the 

translational level. 
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Figure 9: Flag-Snm1B is expressed after 10 min S35 label more greatly when  

hPot1 is knocked-down.  The indicated wild-type (WT) Flag epitope-tagged Snm1B 

(Flag-Snm1B) transiently expressed in 293T cells with non-specific shRNA, Pot1 

shRNAs, or Myc epitope-tagged TRF2 (Myc-TRF2) and labeled for 10 min with 

cysteine and methionine containing S35 were immunoprecipitated with anti-Flag 

antibody to visualize labeled Flag-Snm1B by phosphorimage or immunoblotted (IB) 

with anti-Flag antibody to visualize Flag-Snm1B, an anti-Myc antibody to visualize 

Myc-TRF2, and an anti-β-Actin antibody to visualize β-Actin as a loading control.  

Data are representative of one experiment. 
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3.2.4 Pot1 Knockdown does not Change Endogenous Snm1B Protein 
Level 

 I next determined if Pot1 shRNA could stabilize Flag-Snm1BWT at a lower 

level of expression.   293T cells were therefore stably infected with a retroviral vector 

encoding Flag-Snm1BWT, which would express less protein than transient transfection 

methods.  I confirmed that Flag-Snm1BWT was stably expressed in 293T cells at a low 

level, as Flag-Snm1BWT could not be detected by immunoblot without first 

immunoprecipitating with an anti-flag antibody to enrich for the Flag-Snm1BWT 

expressed (Figure 10A).  

 



 

55 

 

Figure 10:  The protein level of Flag-Snm1BWT stably expressed in 293T cells or 

endogenous Snm1B does not change with overexpression of Myc-TRF2 nor Pot1 

knockdown. A, B, The indicated wild-type (WT) Flag epitope-tagged Snm1B (Flag-

Snm1B) was stably expressed in 293T.  293T cells stably expressing Flag-Snm1BWT or 

no transgene were transiently transfected with non-specific (NS) shRNA, Pot1 

shRNA, or Myc epitope-tagged TRF2 (Myc-TRF2).  48 hours later lysates were 

immunoprecipitated (IP) with an anti-Flag antibody and immunoblotted (IB) with an 

anti-Flag antibody to visualize Flag-Snm1B or anti-Myc antibody to visualize Myc-

TRF2.  C, 293T cells transiently transfected with non-specific (NS) shRNA, Snm1B 

shRNA, Pot1 shRNA, Myc epitope-tagged TRF2 (Myc-TRF2), or Flag epitope-tagged 

Snm1B (Flag-Snm1B) were immunoprecipitated (IP) with an anti-Snm1B antibody to 

purify endogenous Snm1B or an anti-Flag antibody to purify Flag-Snm1B and 

immunoblotted (IB) with an anti-Snm1B antibody to visualize endogenous Snm1B 

and Flag-Snm1B or an anti-β-Actin antibody to visualize β-Actin as a loading control.  

The Flag-Snm1BWt transfected cells used one fourth of the total protein for the anti-

Flag IP as compared to the anti-Snm1B IPs and no input blot was performed.  Data are 

representative of at least two independent experiments. WT, wild-type.  NS, non-

specific. 
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Interestingly, 293T cells stably expressing Flag-Snm1BWT did not express more 

Snm1B, as detected my immunoprecipitation and subsequent immunoblot with anti-

Flag antibody, when Myc-TRF2 was overexpressed or when Pot1 was knocked down 

(Figure 10B). This was in contrast with the previous data that Myc-TRF2 stabilized 

ectopic Snm1B by blocking ubiquitination (Freibaum and Counter 2008).  Moreover, a 

mSnm1B mutant that cannot bind to TRF2 was stably expressed to the same degree as 

the wild type protein in the absence of overexpressed TRF2, suggesting that the 

stabilization I observed may be only obvious with high levels of Snm1B (Wu, van 

Overbeek et al. 2010).   

Given this, I sought to evaluate the impact of Pot1 shRNA or Myc-TRF2 on the 

level of endogenous Snm1B.  As endogenous Snm1B protein is very difficult to detect 

(Demuth, Digweed et al. 2004; van Overbeek and de Lange 2006), I immunoprecipitated 

Snm1B from 293T cells transiently transfected with a vector encoding Snm1B shRNA, to 

confirm the identity of immunoprecipitated Snm1B, Pot1 shRNA, Myc-TRF2, or as a 

control, non-specific shRNA.  A vector encoding Flag-Snm1B was also transiently 

transfected into 293T cells and immunoprecipitated with anti-flag for use as a positive 

control for immunoblot analysis.  Endogenous Snm1B was clearly immunoprecipitated 

by anti-Snm1B antibody, as cells expressing Snm1B shRNA reduced the expression of 

Snm1B compared to cells expressing non-specific shRNA (Figure 10C).  In addition, 

transiently expressed Flag-Snm1B was expressed at a much greater level than the 



 

57 

endogenous protein and ran at the same size as endogenous Snm1B, once again 

confirming the band as Snm1B.  However, neither transient expression of Myc-TRF2 nor 

Pot1 shRNA increased the expression of endogenous Snm1B (Figure 10C).  Thus, only in 

conditions of high Snm1B expression does Myc-TRF2 or Pot1 shRNA elevate Snm1B 

protein levels. 

3.3 Summary 

Taken together these data suggest that there is a different regulation of Snm1B 

depending on the way Snm1B is expressed or the level of expression.   In addition, the 

transiently expressed Flag-Snm1B is regulated differently by the knockdown of Pot1 or 

overexpression of Myc-TRF2.  The knockdown of Pot1 does not reduce the 

ubiquitination of Snm1B (Figure  8A) while the overexpression of Myc-TRF2 does 

(Freibaum and Counter 2008).  Instead, the knockdown of Pot1 seems to change the rate 

of Snm1B translation as there is more Flag-Snm1B labeled by S35 after labeling for only 

10 minutes and no change in Flag-Snm1B mRNA levels after knockdown of Pot1 (Figure 

9), nor a change in ubiquitination (Figure 8A).  However, stably infected and 

endogenous Snm1B did not recapitulate the findings of transiently transfected Flag-

Snm1B.  Thus, it seems Snm1B is regulated differently depending on its expression level 

or possibly manner of expression.  A few possibilities for the differences in regulation 

will be discussed in section 5.1. 
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4. PSF2 Binds to and Mediates Snm1B Function 

4.1 Introduction 

The protein Snm1B plays a key role in interstrand crosslink (ICL) repair 

(Demuth, Digweed et al. 2004).  In a yeast two-hybrid screen we identified the protein 

PSF2 to bind Snm1B.  PSF2 is a member of the GINS complex involved in replication 

initiation and elongation, and is known to play a role in ICL repair.  Snm1B was shown 

to bind PSF2 in human cells through two regions, strongly to a 144 amino acid N-

terminal region and weakly to a second smaller 37 amino acid C-terminal region.  

Ectopic expression of PSF2 increased the amount of Mus81, a protein component of the 

endonucleolytic complex involved in ICL repair, that co-immunoprecipitated with 

Snm1B.  Moreover, deleting the N-terminal, but not C-terminal region of Snm1B greatly 

reduced the co-immunoprecipitation with Mus81.  Conversely, the telomere-binding 

protein TRF2 competed with PSF2 for binding to the C-terminus of Snm1B, and deletion 

this region, but not the N-terminal region, reduced Snm1B chromatin association.  We 

speculate that the N-terminal region of Snm1B forms a complex containing PSF2, 

Snm1B, and Mus81, while the C-terminal region is important for PSF2-mediated 

chromatin association. 

Interstrand crosslinks (ICLs) are highly toxic lesions that covalently attach 

opposite strands of DNA (Deans and West 2011).  One protein involved in the repair of 

ICLs is Snm1B (Apollo/Dclre1B) (Demuth, Digweed et al. 2004; Freibaum 2006; Lenain, 
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Bauwens et al. 2006; van Overbeek and de Lange 2006; Bae, Mukhopadhyay et al. 2008; 

Mason and Sekiguchi 2011).  Snm1B is a 60 kDa protein belonging to the family of β-

CASP proteins comprised of Snm1A (Dclre1A), Snm1B, and Snm1C (Artemis/Dclre1C) 

(Callebaut, Moshous et al. 2002).  Each of these proteins has inherent 5’-3’ DNA 

exonuclease activity (Ma, Pannicke et al. 2002; Lenain, Bauwens et al. 2006; Hejna, Philip 

et al. 2007).  The first Snm1 protein was characterized in yeast (Kircher and Brendel 

1983), and all of the Snm1 proteins share a common β-CASP and Metallo-β-Lactamase 

domain responsible for nucleic acid hydrolysis (Callebaut, Moshous et al. 2002).  In 

mammalian and chicken cells, Snm1A plays a role in repair of ICLs, likely in a different 

repair pathway then Snm1B (Dronkert, de Wit et al. 2000; Ishiai, Kimura et al. 2004; 

Wang, Sengerova et al. 2011).  Snm1C is involved in nonhomologous end joining and 

has a structure specific endonuclease activity dependent upon binding DNA-PKcs (Ma, 

Pannicke et al. 2002; Ma, Schwarz et al. 2005).  Snm1B is required for proper ICL repair, 

as knockdown of this protein leads to sensitivity of cells to ICLs (Demuth, Digweed et al. 

2004; Ishiai, Kimura et al. 2004; Bae, Mukhopadhyay et al. 2008; Mason and Sekiguchi 

2011) and blocks the formation of double-strand breaks (DSBs) that occur as an 

intermediate in ICL repair (Akkari, Bateman et al. 2000; Bae, Mukhopadhyay et al. 2008).  

The enzymatic activity of Snm1B appears to be dispensable for ICL repair, only the 

conserved β-CASP and Metallo-β-Lactamase domains are required (Bae, 

Mukhopadhyay et al. 2008).  Interestingly, Snm1B associates with Mus81 through the 
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Metallo-β-Lactamase domain (Bae, Mukhopadhyay et al. 2008).  Mus81 and Eme1 form a 

structure specific endonuclease complex Mus81/Eme1 (Boddy, Gaillard et al. 2001; 

Ciccia, Constantinou et al. 2003) that is important for cleavage of replication fork 

substrates in vitro (Boddy, Gaillard et al. 2001; Ciccia, Constantinou et al. 2003), and for 

the formation of DSBs after ICL formation during replication in vivo (Hanada, 

Budzowska et al. 2006).  These results suggest that association of Snm1B with Mus81 is 

important for ICL repair during DNA replication (Bae, Mukhopadhyay et al. 2008).   

In addition to the role of Snm1B in ICL repair, Snm1B protects replicating 

telomeres from being detected as DNA damage through a C-terminal interaction with 

the telomere-binding protein TRF2 (Freibaum 2006; Lenain, Bauwens et al. 2006; van 

Overbeek and de Lange 2006; Ye, Lenain et al. 2010).  Moreover, knockdown of Smn1B 

leads to an accumulation of DNA repair proteins on telomeres (van Overbeek and de 

Lange 2006), indicative of telomere dysfunction (Takai, Smogorzewska et al. 2003).  

Nevertheless, the telomere protection and ICL repair functions of Snm1B appear to be 

separate from one another.  Specifically, a patient with a rare form of dyskeratosis 

congenital termed Hoyeraal–Hreidarsson syndrome, was reported to encode a truncated 

form of Snm1B that failed to bind TRF2 and exhibited telomere DNA damage, but was 

not sensitive to ICL-inducing agents (Touzot, Callebaut et al. 2010).   

The above observations suggest protein-protein interactions are critical to the 

different functions of Snm1B.  As such, we screened a yeast two-hybrid library for novel 
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protein interactions using the very C-terminus of Snm1B as a bait.  This region was 

already known to interact with at least one protein, TRF2 (Freibaum 2006; Lenain, 

Bauwens et al. 2006; van Overbeek and de Lange 2006), and moreover, a C-terminal 

deletion mutant of Snm1B was both poorly expressed, at least in ectopic over-expression 

settings, and reduced the viability of cells (Freibaum and Counter 2008), suggesting a 

functional contribution.  The two-hybrid screen revealed an interaction with the protein 

PSF2.  PSF2 is a 21 kDa protein that is one of four proteins that form the GINS complex.  

The GINS complex is a highly conserved protein complex (Makarova, Wolf et al. 2005) 

required for DNA replication and initiation through interacting with cdc45 (Kubota, 

Takase et al. 2003; Bauerschmidt, Pollok et al. 2007; Aparicio, Guillou et al. 2009).  Of 

interest with regards to Snm1B, knockdown of PSF2 was recently shown to sensitize 

cells to ICL DNA damage (Tumini, Plevani et al. 2011).  We thus investigated whether 

PSF2 was a bona fide interacting protein of Snm1B, and the impact of this interaction on 

TRF2 and Mus81 associations and chromatin loading.  

4.2 Results 

4.2.1 Yeast Two-hybrid 

The very C-terminus of Snm1B may serve a regulatory role (Freibaum and 

Counter 2008) and was already known to bind to at least one protein, the telomere-

binding protein TRF2.  Thus, we used a tandem repeat of the last 37 amino acids of 

human Snm1B as bait (Fig 11a) to screen a human cDNA prey library by the yeast two-
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hybrid methodology for potential protein interactions.  A total of 134 clones were 

sequenced corresponding to 50 different sequences, including the aforementioned 

protein TRF2.  All of the sequenced clones pulled out of the yeast two-hybrid are listed 

in table 1.  A brief description and the potential importance of one interaction will be 

detailed in this section for the most interesting clone.  Some of the clones are proteins 

that are notorious for showing up in the yeast two-hybid assay as false positives such as 

mitochondrial proteins, Zn2+ finger proteins, collagen, and ferritin (Serebriiskii, Estojak 

et al. 2000).  

One of the most interesting clones pulled out of the yeast two-hybrid that has not 

been investigated further is the centrosomal protein 164kDa (Cep164).  Cep164 interacts 

with both ATM and ATR and reduction of Cep164 by siRNA leads to reduced CHK1 

phosphorylation upon treatment with UV or IR (Sivasubramaniam, Sun et al. 2008).  

This is of particular interest because it has been reported that Snm1B knockdown cells 

are sensitive to IR treatment and have reduced ATM S1981 phosphorylation (Demuth, 

Digweed et al. 2004; Demuth, Bradshaw et al. 2008).  Moreover, Snm1B has also been 

shown to be important for the phosphorylation of Chk1 after UV treatment similarly to 

Cep164 (Sivasubramaniam, Sun et al. 2008; Anders, Mattow et al. 2009).   

Snm1B also interacts with the microtubule binding protein, Astrin,  and localize 

to centrosomes during mitosis and is important for a spindle checkpoint (Liu, Akhter et 

al. 2009).  Cep164 was found to interact with the centrosome, as its name suggests, 
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through a mass spectrometry based screen and validated by fluorescent microscopy 

(Andersen, Wilkinson et al. 2003).  Thus, it would be very interesting to follow this up 

by co-immunoprecipitating Snm1B and Cep164 from human cells and a double 

knockdown of Snm1B and Cep164 to test if they function in similar pathways in IR, the 

spindle checkpoint, or possibly even ICLs.
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 Table 1: All clones sequenced from yeast two-hybrid. 

Gene Name Number of Clones Ref Sequence

5'-nucleotidase, cytosolic III-like 1 NM_052935.4

adenylate cyclase 9 1 NM_001116.3

aminopeptidase B 1 NM_020216.3

archaelysin family metallopeptidase 2 2 NM_001033574.1

breast cancer associated gene 3 1 NM_020643.2

CD81 molecule 1 NM_004356.3

centrosomal protein 164kDa 1 NM_014956.4

collagen preprotein type4 2 NM_001846.2

collagen type XII 2 NM_080645.2

C-terminal binding protein 2 1 NM_022802.2

cytohesin 3 2 NM_004227.3

ferritin light chain 14 NM_000146.3

G protein-coupled receptor 172A 7 NM_024531.3

GINS complex subunit 2 3 NM_016095.2

guanine nucleotide binding factor beta 5 NM_006098.4

hypothetical LOC388692 3 NR_027002.1

intestinal alkaline phosphatase precursor 1 NM_001631.3

major histocompatibility complex, class I, B 39 NM_005514.6

mesothelin 1 NM_013404.4

metallothionein 2A 1 NM_005953.3

methylenetetrahydrofolate dehydrogenase 1-like 3 NM_001242768.1

microspherule protein 1 3 NM_001012300.1

mitochondrial ribosomal protein L38 1 NM_032478.3

NADH dehydrogenase 1 alpha subcomplex, 3, 9kDa 4 NM_004542.3

plectin 2 NM_201384.1

pyruvate dehydrogenase complex, component X 1 NM_001135024.1

required for meiotic nuclear division 5 homolog B 4 NM_022762.3

ring finger protein 111 3 NM_017610.6

ring finger protein 126 1 NM_194460.2

secretory carrier membrane protein 2 1 NM_005697.3

SMARCC2 1 NM_003075.3

telomeric repeat binding factor 2 1 NM_005652.3

thioredoxin 2 2 NM_012473.3

ubiquitin specific peptidase 30 9 NM_032663.3

unknown 8

vitamin K epoxide reductase complex, subunit 1 1 NM_024006.4

Total Sequenced 134



 

65 

4.2.2 PSF2 Binds to Snm1B 

 One of the potential interacting proteins was the PSF2 subunit of the GINS 

complex (Choi, Lim et al. 2007), which was of particular interest given that PSF2, like 

Snm1B, is required for ICL repair (Tumini, Plevani et al. 2011).  We confirmed that the 

PSF2 prey vector required the Snm1B bait vector to activate the Ade, His, and Mel1 

reporter genes, as indicated by blue colony growth of the reporter strain of yeast on the 

appropriate dropout media supplemented with X-α-gal (Fig. 1B).  This growth was less 

than that observed with the positive control TRF2 prey vector, suggesting a weak 

interaction.  We conclude that the C-terminus of Snm1B binds, likely directly, to the 

GINS subunit PSF2. 
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Figure 11:  Snm1B interacts with PSF2.  A, Diagram of Snm1B mutants 

generated.  The two putative PSF2 binding regions (PSF2 BR1 and BR2) are denoted 

by gray bars.  WT, wild-type. *, denotes a mutation that reduces TRF2 binding.  B, 

Growth of yeast expressing PSF2-Gal4AD and the GAL4BD (vector), PSF2-GalAD 

and GAL4BD fused to the C-terminus of Snm1B (Snm1B), or positive control TRF2 

(TRF2) and Snm1B-GalBD on plates with SD/-ade/-his/-leu/-trp dropout media in the 

presence of x-α-gal.  C,E,  The indicated Flag epitope-tagged Snm1B (Flag-Snm1B) or 

D, the indicated GFP-tagged Flag-Snm1B (GFP-Flag-Snm1B) transiently expressed in 

293T cells in the absence or presence of ectopic Myc epitope-tagged PSF2 (Myc-PSF2) 

were immunoprecipitated (IP) with either an anti-Flag or anti-GFP antibody and 

immunoblotted (IB) with an anti-Flag antibody to visualize Flag-Snm1B or anti-Myc 

antibody to visualize Myc-PSF2.  E, Images are from the same immunoblot.  Data are 

representative of at least two independent experiments. 
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To evaluate whether full-length Snm1B binds to full-length PSF2 in human cells, 

human 293T cells were co-transfected with expression plasmids encoding N-terminal 

Flag epitope-tagged human Snm1B (Flag-Snm1B) and N-terminal Myc epitope-tagged 

human PSF2 (Myc-PSF2).  The expressed Flag-Snm1B protein was then 

immunoprecipitated by virtue of the Flag tag from these cells and immunoblotted with 

an anti-Myc antibody to detect Myc-PSF2, revealing that the two proteins co-

immunoprecipitated (Figure 11C).  Interestingly, when the experiment was performed 

with Flag-Snm1B1-494, a mutant of Flag-Snm1B lacking the portion of Snm1B used in the 

two-hybrid screen (Figure 11A), Snm1B still co-immunoprecipitated with Myc-PSF2, 

although at a reduced efficiency (Figure 11C).  These results suggest the presence of 

another PSF2-binding region within Snm1B. 

 To map the putative second PSF2-binding region, a series of N- and C-

terminal truncation mutants of Flag-Snm1B were generated and fused in frame to GFP 

to increase the size of small fragments to facilitate expression and detection.  These 

proteins were co-expressed in 293T cells with Myc-PSF2, after which protein association 

was determined by immunoprecipitating the GFP-Flag-Snm1B mutants followed by 

immunoblot to detect Myc-PSF2.  This analysis revealed that any fragment of GFP-Flag-

Snm1B containing the region spanning amino acids 221 to 363 co-immunoprecipitated 

with Myc-PSF2 (Figure 11D).  Indeed, the minimal GFP-Flag-Snm1B221-363 fragment 

encoding only amino acids 221 to 363 co-immunoprecipitated with roughly three-fold 
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more Myc-PSF2 than GFP-Flag-Snm1B413-532 fragment that contains the bait (Figure 11D).  

Conversely, Flag-Snm1BΔ222-363, in which this second region was deleted, co-

immunoprecipitated with approximately six-fold less Myc-PSF2 compared to Flag-

Snm1BWT (Fig. 1E).  We suggest that two regions of Snm1B encompassed by amino acids 

221-363 and 496-532 are responsible for the association with PSF2, with the N-terminal 

region accounting for most of the affinity of Snm1B for PSF2. 

4.2.3 TRF2 Reduces the PSF2 Snm1B Interaction by Co-
Immunoprecipitation 

Given that TRF2 binds to one of the regions of Snm1B associating with PSF2 

(Freibaum 2006), we evaluated the impact of TRF2 expression on the newly identified 

interaction of Snm1B with PSF2.  Specifically, 293T cells were co-transfected with 

expression plasmids encoding Flag-Snm1B and either no transgene or Myc-PSF2 and/or 

Myc-TRF2, after which Flag-Snm1B was immunoprecipitated and immunoblotted to 

detect Myc-PSF2 and/or Myc-TRF2.  As expected, Flag-Snm1B co-immunoprecipitated 

with Myc-TRF2 (Freibaum 2006; Lenain, Bauwens et al. 2006; van Overbeek and de 

Lange 2006) and Myc-PSF2.  However, when both these proteins were co-expressed with 

Flag-Snm1B, the amount of Myc-PSF2, but not Myc-TRF2, that co-immunoprecipitated 

with Flag-Snm1B was reduced (Figure 12A).  This result was validated by mutational 

analysis.  Specifically, we demonstrate that Myc-TRF2F120A, a mutant of TRF2 that 

cannot bind Snm1B (Chen, Yang et al. 2008), failed to reduce the amount of Myc-PSF2 

that co-immunoprecipitated with Flag-Snm1B.  Similarly, the N2 mutant of Flag-Snm1B  
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reduces binding to TRF2 (Freibaum and Counter 2008) (and data not shown) readily co-

immunoprecipitated with Myc-PSF2 in the presence of wild type Myc-TRF2 (Figure 

12B).  We therefore suggest that TRF2 can inhibit the association of Snm1B with PSF2. 
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Figure 12:  Myc-TRF2 disrupts the interaction between Flag-Snm1B and Myc-

PSF2. A,B, The indicated wild-type (WT) or N2 mutant Flag epitope-tagged Snm1B 

(Flag-Snm1B) and Myc epitope-tagged PSF2 (Myc-PSF2) proteins transiently 

expressed in 293T cells in the absence or presence of wild-type (WT) or the F120A 

mutant Myc epitope-tagged TRF2 (Myc-TRF2) were immunoprecipitated (IP) with 

anti-Flag antibody and immunoblotted (IB) with either an anti-Flag antibody to 

visualize Flag-Snm1B or an anti-Myc antibody to visualize Myc-PSF2 or Myc-TRF2.  

Data are representative of at least two independent experiments. 
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4.2.4 PSF2 Increases the Amount of Mus81 Bound to Snm1B by Co-
Immunoprecipitation 

The Mus81 subunit of the structure specific endonuclease complex Mus81/Eme1 

is required for the formation of DSBs after ICL formation during replication in vivo 

(Hanada, Budzowska et al. 2006), and binds to Snm1B (Bae, Mukhopadhyay et al. 2008).  

Given these observations and that PSF2, as part of the GINS complex, is a member of the 

replication fork (Marinsek, Barry et al. 2006), we measured the impact of PSF2 

expression on the association of Snm1B with Mus81.  Specifically, 293T cells were 

transiently co-transfected with expression plasmids encoding Flag-Snm1B and no 

transgene, Myc-PSF2, and/or HA-Mus81, after which Flag-Snm1B was 

immunoprecipitated and immunoblotted to detect Myc-PSF2 or Mus81.  As previously 

reported (Bae, Mukhopadhyay et al. 2008), Flag-Snm1B co-immunoprecipitated with 

Mus81, however the addition of Myc-PSF2 increased this association by roughly nine-

fold (Figure 13).  To determine which of the two PSF2-binding regions was responsible 

for the increase in Mus81 binding, the experiment was repeated with Flag-Snm1BΔ222-363, 

which lacks the first PSF2-binding region accounting for most of the association with 

PSF2, and Flag-Snm1B1-494, which lacks the second weaker PSF2-binding region (Figure 

11A, 11C, 11E).  Flag-Snm1B Δ222-363, but not Flag-Snm1B1-494, lost the ability to co-

immunoprecipitate more Mus81 in the presence of Myc-PSF2 (Figure 13).  We thus 
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suggest that PSF2 association with principally the N-terminal region of Snm1B promotes 

the association with Mus81. 
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Figure 13: Flag-Snm1B co-immunoprecipitates with Mus81 and Myc-PSF2. The 

indicated wild-type (WT) or mutant (Δ222-363 or 1-494) Flag epitope-tagged Snm1B 

(Flag-Snm1B) and HA epitope-tagged Mus81 (HA-Mus81) proteins transiently 

expressed in 293T cells in the absence or presence of Myc epitope-tagged PSF2 (Myc-

PSF2) were immunoprecipitated (IP) with anti-flag antibody and immunoblotted (IB) 

with an anti-Flag antibody to visualize Flag-Snm1B (WT, Δ222-363, or 1-494), anti-Myc 

antibody to visualize Myc-PSF2, or an anti-Mus81 antibody to visualize Mus81.  Data 

are representative of at least two independent experiments. 
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4.2.5 Snm1B is Enriched in Chromatin Through the C-Terminal 
Interaction with PSF2 

Since PSF2 accumulates in chromatin through forming a complex with Cdc45 and 

MCM2-7 (Moyer, Lewis et al. 2006; Bauerschmidt, Pollok et al. 2007) and associates with 

Snm1B (Figs. 1, 2, and 3), we tested whether PSF2 localized Snm1B onto chromatin.  

293T cells were transiently co-transfected with expression vectors encoding Flag-Snm1B 

and either no transgene or Myc-PSF2.  Chromatin and soluble fractions were isolated 

and their purity validated by the appropriate absence or presence of the nuclear protein 

laminin B1 or the chromatin protein histone H3 and the cytosolic protein tubulin.  Both 

fractions were then immunoblotted to detect Flag-Snm1B and Myc-PSF2, revealing that 

the amount of Flag-Snm1B in the chromatin fraction was increased minimally four-fold 

upon co-expressing Myc-PSF2 (Figure 14A). 

To determine which PSF2-binding region was responsible for this enrichment, the 

experiment was repeated with Flag-Snm1BΔ222-363 and Flag-Snm1B1-494, which lack the N- 

and C-terminal PSF2 binding-regions, respectively.  This analysis revealed that the C-

terminal PSF2-binding region was responsible for this enrichment, as Flag-Snm1B1-494, 

but not Flag-Snm1BΔ222-363, lost the ability to be recruited to chromatin in the presence of 

Myc-PSF2 (Figure 14A).  We suggest that PSF2 promotes recruitment of Snm1B to 

chromatin through the C-terminal PSF2-binding region. 
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Figure 14:  Flag-Snm1B is enriched in the chromatin fraction in the presence of 

Myc-PSF2. A,B, The indicated wild-type (WT) or mutant (Δ222-363 or 1-494) Flag 

epitope-tagged Snm1B (Flag-Snm1B) proteins were transiently expressed in 293T cells 

alone or in the presence of either Myc epitope-tagged PSF2 (Myc-PSF2), HA epitope-

tagged Mus81 (HA-Mus81), or both.  Soluble, chromatin (insoluble), and whole cell 

lysates were immunoblotted with an anti-Flag, anti-Myc, anti-Mus81, anti- β-tubulin, 

anti-lamin B1, and anti-histone H3 antibodies to visualize Flag-Snm1B (WT, Δ222-363, 

or 1-494), Myc-PSF2, Mus81, β-tubulin, lamin B1, and histone H3 proteins, 

respectively. Immunoblot exposures were optimized for each antibody, although the 

soluble and chromatin fractions immunoblotted for tubulin, histone H3, or lamin B1 

were exposed for the same time.  Individual lanes are from the same immunoblot. 

Data are representative of at least two independent experiments. 
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We then tested if the inability of Flag-Snm1B1-494 to associate with chromatin could be 

overcome by the expression of HA-Mus81.  293T cells were transiently co-transfected 

with expression vectors encoding the wild-type or the 1-494 mutant versions of Flag-

Snm1B with no transgene, Myc-PSF2, and/or HA-Mus81 (Fig 14B).  As already noted, 

very little Flag-Snm1B1-494 was detected in the chromatin fraction, with most of the 

protein remaining in the soluble fraction, even in the presence of Myc-PSF2 or HA-

Mus81.  However, in cells expressing both Myc-PSF2 and HA-Mus81, Flag-Snm1B1-494 

was enriched in the chromatin fraction (Figure 14B lane 9).  This recruitment to 

chromatin is likely dependent upon the N-terminal PSF2-binding region of Snm1B.  

Specifically, when the experiment was repeated with Flag-Snm1B or Flag-Snm1BΔ222-363, 

each protein was still enriched in the chromatin fraction upon expression of Myc-PSF2, 

but this was not enhanced in the presence of HA-Mus81 (Figure 14B).  Thus, we suggest 

that Snm1B can be recruited to chromatin through the C-terminus directly by PSF2 and 

the N-terminal PSF2-binding region in a complex with PSF2 and Mus81. 

4.2.6 Mus81-Snm1B-PSF2 Interaction may be required for Double 
Strand Break Formation 

 To determine if the Mus81-Snm1B-PSF2 interaction is required for the 

formation of DSBs during ICL repair an add-back experiment was performed.  Hela cells 

stably expressing non-specific or Snm1B shRNA targeting the UTR of the endogenous 

mRNA were transiently transfected with pLPC-Flag-Snm1BWT or mutants (N2, 1-494, 

Δ222-363) or no transgene.  24 hours later the cells were treated with 1µg/ml MMC for 
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approximately 24 hours, collected, and run on pulsed field gel electrophoresis to 

separate broken DNA from intact DNA. 

Treatment with MMC clearly induces DSBs visible by pulsed field gel 

electrophoresis (Figure 14) and knockdown of Snm1B reduces the number of DSBs 

formed.  Expression of Flag-Snm1BWT, Flag-Snm1BN2, or Flag-Snm1B1-494 rescue the 

knockdown of endogenous Snm1B for the formation of DSBs, however, the expression 

of Flag-Snm1BΔ222-363 does not rescue.  This suggests that the ability of Snm1B to form a 

complex with PSF2 and Mus81 is likely required for the DSB formation.  The reduction 

of DSBs by knockdown of Snm1B was difficult to continually reproduce, however, when 

it worked as shown (Figure 15), Flag-Snm1BΔ222-363 does not rescue.  This may be 

attributable to the amount of knockdown required for the reduction in DSB which will 

be discussed in section 5.2. 
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Figure 15:  Mus81-Snm1B-PSF2 complex may be required for the formation of 

double strand breaks after treatment with mitomycin C.  A, The indicated no 

transgene (-), wild-type (WT), or mutant (N2, 1-494, or Δ222-363) Flag epitope-tagged 

Snm1B (Flag-Snm1B) proteins transiently expressed in Hela cells stably expressing no 

shRNA (Vector) or Snm1B shRNA were treated with 1µg/ml mitomycin C for 24 hours 

and DNA was separated by pulsed field gel electrophoresis.  B, Semi-quantitative RT-

PCR was performed on Hela cells stably expressing NS or Snm1B shRNA for 

endogenous Snm1B or GapDH as a control.  Data are representative of two 

independent experiments. 
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5. Future Directions and Discussion 

5.1 Summary of Pot1 Knockdown Studies 

Despite ectopic TRF2 blocking the ubiquitination and stabilizing overexpressed 

transiently transfected Flag-Snm1B (Freibaum and Counter 2008), the endogenous or 

stably expressed Flag-Snm1B proteins do not appear to be regulated in the same manner 

(Figure 10).  The stabilization of transiently expressed Flag-Snm1B in cells treated with 

Pot1 shRNA (Figure 6) was also not recapitulated which suggests that the regulation of 

Snm1B changes depending on the expression level.  However, highly expressed Flag-

Snm1B is regulated differently by Pot1 shRNA than overexpression of TRF2.  

Overexpression of TRF2 blocks the ubiquitination of Snm1b (Freibaum and Counter 

2008), while there is no change in the ubiquitination of Snm1B in the presence of Pot1 

shRNA compared to a non-specific shRNA (Figure 8).  Moreover, Pot1 knockdown 

seems to change the expression of Snm1B at the level of translation, while TRF2 does not 

(Figure 9).   

Interestingly, the expression of wild type mSnm1B or a mSnm1B that cannot 

bind TRF2 in MEFs was increased upon treatment of cells with Cre recombinase to 

excise the endogenous Snm1B gene (Wu, van Overbeek et al. 2010).  One interpretation 

of these data consistent with Pot1 shRNA elevating ectopic Snm1B expression, is that a 

DNA damage response elicited by Cre excision (Loonstra, Vooijs et al. 2001) results in 

elevated Snm1B protein levels.   
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Nevertheless, it seems that Snm1B is regulated differently depending on the way 

Snm1B is expressed and likely the expression level.   One major difference in the 

expression of transient transfected and stably infected or endogenous Snm1B is that the 

transient transfection is not integrated into the chromatin of the cell.  This could have 

consequences on the regulation of transcription and level of Snm1B mRNA from each of 

these distinct sources as chromatin structure is important for regulating transcription 

(Berger 2007).  However, it is unlikely that this plays a considerable role in the difference 

in regulating transient expressed Snm1B as compared to stably infected or endogenous 

Snm1B as the mRNA level of transiently expressed Flag-Snm1B is unlikely to change 

after Pot1 knockdown (Figure 9). 

Another difference between stable or endogenous and transiently expressed 

Snm1B is the expression level.   The transiently expressed Snm1B was visible by western 

blot (Figure 7,8) whereas the endogenous and stably expressed Snm1B were only visible 

after IP (Figure 10).  Thus, the regulation of Snm1B by hPot1 knockdown of TRF2 

overexpression may depend on high expression.  One mechanism that may explain the 

difference in regulation is based on the observation that Snm1B has been implicated in 

the heat shock protein 70 (HSP70) mediated DNA damage response pathway (Anders, 

Mattow et al. 2009).  

HSP72, a member of the HSP70 family, can bind Flag-Snm1B by co-

immunoprecipitation and knockdown of HSP72 reduces Snm1B foci formation by 
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immunofluorescence (Anders, Mattow et al. 2009).  Heat shock proteins were originally 

discovered to be upregulated upon proteotoxic stress to protect the cell from protein 

aggregates, however, it is now known that HSPs are involved in other processes 

including translation (Vos, Hageman et al. 2008).  Specifically, HSPs can bind nascent 

polypeptide chains and promote translation (Nelson, Ziegelhoffer et al. 1992).  Thus, it is 

possible that Pot1 knockdown induces stress that could promote Flag-Snm1B protein 

expression through the stimulation of the heat shock pathway.  However, the 

endogenous protein is not expressed more greatly in response to Pot1 knockdown 

because the heat shock response is not limiting in the expression; rather the availability 

of Snm1B mRNA.  

Lastly, it is possible that the increased expression of Flag-Snm1B by Pot1 shRNA 

and TRF2 could be dependent upon the cell cycle.  When Flag-Snm1B is overexpressed 

there is a large enough change in the cells in the specific phase(s) of the cell cycle to 

make a difference in the asynchronous population tested by western blot.  However, in 

the case of the endogenous protein the difference in expression is lost because the 

majority of cells are in G1 of the cell cycle.   In sum, I found that transiently expressed 

Snm1B is sensitive to the presence of TRF2 and Pot1, and while not recapitulated at the 

endogenous level, may foreshadow conditions where Snm1B expression is regulated. 
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5.2 Summary of PSF2-Snm1B Interaction  

I demonstrated that Snm1B physically and functionally interacts with PSF2 

through the N-and C-terminal regions of the protein (Figure 11).  In regards to the C-

terminal binding region, first, I demonstrated in the two-hybrid assay that the last 37 

amino acids of Snm1B was sufficient to interact with Snm1B (Figure 11B).   Second, I 

demonstrated that this region, admittedly weakly, co-immunoprecipitated with ectopic 

PSF2 in 293T cells (Figure 11D).  Third, a deletion of this C-terminal region reduced the 

amount of PSF2 co-immunoprecipitating with Snm1B in cells (Figure 11C).  Finally, 

deletion of this region reduced the amount of Snm1B associated with chromatin (Figure 

14A). 

In regards to the N-terminal binding region, first, I demonstrated that this 

portion alone robustly co-immunoprecipitated with ectopic PSF2 in 293T cells (Figure 

11D).  Second, deletion of this region greatly diminished the amount of ectopic PSF2 co-

immunoprecipitated with ectopic Snm1B in 293T cells (Figure 11E).  Third, deletion of 

this region inhibited the ability of a Snm1B to form a complex with PSF2 and Mus81 by 

co-immunoprecipitation in 293T cells (Figure 13).  Thus, the regions responsible for 

Snm1B to interact with PSF2 are required for different functions. 

Interestingly, the association of the C-terminal binding mutant with chromatin 

was rescued by the ectopic expression of Mus81 (Figure 14B).  This suggests that the 

PSF2-Snm1B-Mus81 complex can form on chromatin.  The possible reasons for this 
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interaction are fairly clear for ICL repair, as Snm1B, PSF2, and putatively the rest of the 

GINS complex are required for ICL repair.  It is possible that the interaction between 

Snm1B and PSF2 goes beyond simply localizing Snm1B into chromatin, and, for 

example, the interaction may localize Snm1B to the replication fork and to mediate its 

function in ICL repair.  As both Mus81 and Snm1B are required for DSB formation in 

response to ICLs (Bae, Mukhopadhyay et al. 2008) and that the mutant of Snm1B, 

Snm1BΔ222-363, does not rescue the formation of DSBs it is probable that the PSF2-Snm1B-

Mus81 complex is required for the DSB formation (Figure 15).  Based on these data I 

suggest the following speculative model to explain the function of the Snm1B interaction 

with PSF2 in ICL repair.  

First a DNA damage response is initiated by stalling of the replication fork when 

it encounters the ICL.  This leads to the activation of ATR and ATM, phosphorylation of 

multiple DNA damage response proteins, S phase arrest, and localization of DNA 

damage response proteins to the site of the ICL and stalled replication fork (Hinz 2010).  

According to this model Snm1B associates with the replication fork and interacts with 

PSF2 after a DNA damage response either due to the phosphorylation of Snm1B or 

through the interaction of Snm1B with proteins such as the MRN complex.  Mus81 can 

interact with Snm1B and PSF2 in a complex by co-immunoprecipitation (Figure 13) and 

likely as complex on chromatin (Figure 14).  This allows Mus81 to cleave the replication 

fork on the leading strand 3’ of the ICL and form a one sided DSB.  Further repair 
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processes are required to fully eliminate the ICL and repair the DSB intermediate (Figure 

2).  

A number of aspects of this model are worth further discussion.  First, while I 

suggest that Snm1B plays a key role in ICL repair, I found that the reduction in DSB 

formation after knockdown of Snm1B was relatively minor (Figure 15 and data not 

shown).  This could be due to poor knockdown of Snm1B.  Indeed, robust Snm1B 

knockdown has been shown to abrogate DSB formation in the repair of ICLs in a 

monoclonal cell line (Bae, Mukhopadhyay et al. 2008).  Alternatively, multiple pathways 

for DSB formation may compensate or mask the effects of a loss of Snm1B.  In this 

regard, there is evidence that multiple pathways are involved in DSB formation, as 

knockout of Mus81 in MEFs does not reduce DSBs after pulse treatment with MMC 

(Hanada, Budzowska et al. 2006).  As such, it would be informative to repeat the add-

back experiment (Figure 15) with Snm1B knockout cells to clarify these results. 

Second, this model suggests that Snm1B is either part of or is recruited to the 

replication fork by PSF2.  In regards to the first possibility, Snm1B may constitutively 

bind PSF2, and hence serve as an accessory protein on the replication fork poised for 

encountering DNA damage, as this seems to be the case with the interaction between 

FANCF and PSF2 (Tumini, Plevani et al. 2011).  This could be tested by knocking down 

PSF2 and looking for the association of Snm1B with chromatin during S phase as was 

done previously (Tumini, Plevani et al. 2011).  However, the expression of Snm1B has 
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already been documented to be extremely low and is unlikely to be at each replication 

fork (Demuth, Digweed et al. 2004; van Overbeek and de Lange 2006).  Thus, it is more 

likely that the second possibility underlies the interaction between Snm1B and PSF2, 

namely that DNA damage signaling promotes the association of Snm1B with PSF2.  To 

test this, the association of Snm1B with chromatin needs to be determined upon 

treatment of cells with ICL inducing agents.  If there is more chromatin association after 

treatment, it likely means that Snm1B is recruited by the DNA damage response.  To test 

if the association of Snm1B with chromatin is dependent upon PSF2, this experiment 

could be repeated in cells lacking PSF2.  As suggested by my work (Figure 14), PSF2 

enhances the association of Snm1B with chromatin and thus knockdown of PSF2 should 

reduce the association of Snm1B with chromatin. 

The recruitment of Snm1B to the stalled replication fork would likely require a 

signal from the DNA damage response.  There are many ways in which proteins can be 

recruited to sites of DNA damage.  One such mechanism that is particularly attractive 

with regards to Snm1B is phosphorylation.  Specifically, ATR and ATM have been 

shown to phosphorylate target proteins at SQ or TQ sites in response to DNA damage 

(Kim, Lim et al. 1999; O'Neill, Dwyer et al. 2000).  Such phosphorylation can foster the 

association of proteins with phosphoserine or phosphothreonine binding-domains, such 

as the BRCT domain of BRCA1 (Manke, Lowery et al. 2003; Yu, Chini et al. 2003).  

Snm1B has already been shown to be phosphorylated at one SQ site at S444 in response 
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to IR (Matsuoka, Ballif et al. 2007).  In addition, Snm1B has two additional SQ sites and 

one TQ site all of which have unknown functions.  Thus, it is possible that 

phosphorylation of endogenous Snm1B could localize Snm1B to the chromatin and 

allow the interaction of Snm1B with endogenous PSF2 at the replication fork stalled by 

an ICL.  It would be possible to test this hypothesis by knocking down ATM and/or ATR 

and assessing whether the chromatin association of Snm1B is reduced upon treatment of 

cells with MMC.  This would suggest that DNA damage signaling is required for Snm1B 

to localize to the ICL, however, it would not test directly if Snm1B phosphorylation was 

required for localization nor if PSF2 is required.  To test this possibility, the SQ and TQ 

sites of Snm1B would have to be mutated, and the resultant protein assayed for 

chromatin localization after cells are treated with ICL inducing agents.  A failure of the 

mutant protein to accumulate in chromatin after ICL induction would support the 

hypothesis that ATM or ATR phosphorylation of Snm1B promotes chromatin 

association of the protein.   

However, it is also possible that Snm1B localizes to the ICL DNA damage 

through the interaction with Mre11 and the MRN complex (Bae, Mukhopadhyay et al. 

2008).  The MRN complex requires an intact FA pathway to localize to ICLs, but not to 

DSBs (Pichierri, Averbeck et al. 2002).  In agreement with this hypothesis Snm1B is 

thought to act in the FA pathway (Mason 2010).  Thus, it is possible that when the MRN 

complex localizes to the ICL, Snm1B is recruited to sites of DNA damage with the MRN 
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complex, which positions Snm1B to interact with PSF2 at the replication fork.   A 

knockdown of the MRE11 would be a simple way to test if the MRN complex is required 

for Snm1B to localize to chromatin in response to ICLs.  However, the MRN complex is 

involved in signaling in response to ICLs (Nakanishi, Taniguchi et al. 2002). Thus, to 

more directly test this hypothesis it would be necessary to make Snm1B separation of 

function mutants that specifically do not bind either MRE11 or PSF2 and test each 

mutant for their ability to localize to chromatin in response to DNA damage.  This is a 

limitation in the N-terminal Snm1B mutant used in these studies as both MRE11 and 

PSF2 bind within this region of Snm1B. 
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Figure 16:  Hypothesis for the role of the Mus81-Snm1B-PSF2 complex.  Snm1B 

and Mus81 localize to the replication fork through interacting with PSF2 and the 

GINS complex.  Likely Snm1B is recruited to the site of DNA damage, which could 

occur through multiple mechanisms.  This could occur by phosphorylation of Snm1B 

by ATM or ATR or through the interaction with the MRN complex.  ICL, interstrand 

crosslink. 
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The complex nature of the interaction of Snm1B to PSF2 will make it difficult to 

move forward.  Not only are there two regions responsible for the binding, but the N-

terminal region is large, encompassing other possibly important functions of Snm1B in 

the repair of ICLs.  The N-Terminal mutant would remove binding to both Mre11 and 

indirectly to FancD2 (Bae, Mukhopadhyay et al. 2008), in addition, the nuclease activity 

of Snm1B would be destroyed (Figure 11).  Unfortunately, smaller N-terminal 

truncations did not reduce the PSF2 binding (data not shown).  In addition, TRF2 binds 

to the C-terminus of Snm1B responsible for the second binding region of PSF2.  Thus, it 

would be beneficial to make mutants that lack the binding only to Mus81, Mre11, or 

PSF2 and test these for their ability to rescue Snm1B knockdown in ICL repair. 

Conversely, the relationship between PSF2 and Snm1B could be explored with a PSF2 

mutant that does not bind Snm1B, however, mutations in the surface of the GINS 

complex on PSF2, which is where Snm1B is likely to bind, are lethal or cause growth 

defects (Choi, Lim et al. 2007).  Thus, identifying such a mutant would not be trivial. 

Lastly, there could be roles for Snm1B downstream of the formation of DSBs in 

ICL repair.  The FA pathway has been shown to stimulate homologous recombination 

(HR) when there is a DSB and an ICL (Figure 2, steps H and I), which Snm1B through 

the interaction with PSF2 could promote during S phase (Zhang, Liu et al. 2007; Mason 

and Sekiguchi 2011). Reduction in Snm1B by siRNA reduces the number of Rad51 foci, a 

protein involved in HR, after treatment with MMC (Mason and Sekiguchi 2011).   This 
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was hypothesized to be due to the 5’-3’ exonuclease activity of Snm1B resecting the 5’ 

end to form the 3’ overhang at the site of the DSB (Figure 2, step D) for RAD51 to 

associate with the ssDNA overhang (Mason and Sekiguchi 2011).   The difficulty in 

interpreting these results is that knockdown of Snm1B should reduce DSB formation 

and thus there will not be a 5’ end for Snm1B to resect (Figure 2, step D).  Thus, it will be 

necessary to do these experiments again, adding back wild-type Snm1B and a mutant 

that lacks nuclease activity to determine if RAD51 localization is dependent upon 

Snm1B forming the ssDNA overhang or solely DSB formation.   

After Snm1B has performed the necessary tasks for the repair of ICLs it will need 

to be removed from the replication fork.  Assuming that Snm1B is being recruited to the 

site of DNA damage via phosphorylation it is likely that Snm1B would be 

dephosphorylated to remove it from the replication fork.  Dephosphorylation has been 

shown to be important for the DNA damage response (Lee and Chowdhury 2011)  and 

this would putatively allow for the removal of Snm1B from the stalled replication fork 

and for replication to resume.  As the phosphatase is not known it would be necessary to 

test this by using a phosphomimetic Snm1B mutant.  The phosphomimetic Snm1B 

should localize to chromatin independent of a DNA damage response, which would 

suggest that the phosphorylation is important for chromatin localization, and that the 

dephosphorylation is likely required for removal of Snm1B from the replication fork. 

These unknowns leave many avenues to explore the functions of the interaction of 
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Snm1B and PSF2 and the repair of ICLs.  Furthermore, the PSF2-Snm1B interaction 

could have roles outside of ICL repair as well. 
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5.3 The Role of Snm1B in Replication 

Snm1B has been shown to be important for protecting telomeres during S phase 

(van Overbeek and de Lange 2006; Ye, Lenain et al. 2010).   In addition, Snm1B protects 

interstitial telomeres from DNA damage during replication, which suggests that the 

DNA damage that occurs on telomeres is not a byproduct of the difficulty replicating 

through the T-loop or D-loop but is a problem with replication of normal duplex 

telomeric DNA (Ye, Lenain et al. 2010).  These data suggests that Snm1B is critical for 

telomere replication, however, there are many DNA damage foci in Snm1B knockdown 

or Snm1B knockout cells that do not co-localize with a telomere signal, arguing for 

Snm1B protecting DNA aside from telomeres (van Overbeek and de Lange 2006; Lam, 

Akhter et al. 2010; Mason 2010; Wu, van Overbeek et al. 2010). 

The interaction between Snm1B and PSF2 may connect Snm1B with replication of 

non-telomeric DNA.  The interaction of Snm1B and PSF2 could also be important for 

telomeric replication, but the fact that TRF2 seems to block the interaction between PSF2 

and Snm1B suggests otherwise (Figure 12).  However, the competitive inhibition of the 

PSF2-Snm1B interaction by TRF2 was done in asynchronous cells and may not inhibit 

the interaction during S phase or may be dependent upon the replication fork moving 

through telomeres.    

In support of  Snm1B playing a role in replication, Snm1B knockdown cells are 

more sensitive to aphidicolin (APH) treatment than control cells (Mason 2010).  APH is 
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an inhibitor of DNA polymerase α and leads to gaps and breaks at common fragile sites 

(Glover, Berger et al. 1984).  In addition, Snm1B has been shown to be important for the 

S phase arrest of cells after treatment with ICL-inducing agents (Bae, Mukhopadhyay et 

al. 2008).  It was suggested that this could be due to Snm1B promoting DSBs, which 

leads to ATM activation and promotes S phase arrest (Mason and Sekiguchi 2011).   

However, as Snm1B is important for Chk1 phosphorylation following UV treatment, it is 

possible that Snm1B can function in the ATR pathway (Anders, Mattow et al. 2009).  

Moreover, ATR and its downstream network are more critical for S phase arrest than 

ATM, which suggests that Snm1B may be acting through ATR to stimulate S phase 

arrest (Pichierri and Rosselli 2004; Mladenov, Tsaneva et al. 2007).   Furthermore, cells 

from ataxia telangiectasia patients are not sensitive to MMC, while ATR knockdown 

cells are sensitive, suggesting that the role for ATM in ICL repair is limited (Nakanishi, 

Taniguchi et al. 2002; Andreassen, D'Andrea et al. 2004).   

 In this regard, it will be valuable to determine if Snm1B co-localizes to the 

replication fork, either in the presence of absence of DNA damage.  This could be done 

by looking for Snm1B co-localization with PCNA in cells during S phase.  Next, it would 

be important to determine if this co-localization requires the interaction of Snm1B with 

PSF2 through the use of Flag-Snm1BWT, Flag-Snm1B221-364, and Flag-Snm1B1-494.  If the C-

terminus is required to localize Snm1B to the replication fork through PSF2, as has been 

shown in the chromatin isolation (Figure 14) an interaction between PSF2 and Snm1B 
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may be required to protect cells from replication stress.  To test this, an add-back 

experiment could be performed with the same Snm1B mutants to identify the functions 

of Snm1B required to protect cells from replication stress induced by APH.   

This experiment could be complicated by the fact that the C-terminus is required 

for both PSF2 to localize Snm1B on chromatin and for TRF2 to bring Snm1B to 

telomeres.  In addition, it could be possible that the sensitivity of Snm1B knockdown 

cells to APH is due to the role of Snm1B in replicating telomeres.  In other words, 

knockdown of Snm1B causes DNA damage during replication at telomeres, and APH 

treatment exacerbates this phenotype.  It has been shown that cells expressing a mutant 

of Snm1B in Hoyeraal–Hreidarsson syndrome that cannot bind TRF2 or a nuclease- 

deficient version of Snm1B acts as a dominant negative in telomere protection, yet these 

cells were not sensitive to ICLs (Touzot, Callebaut et al. 2010; Ye, Lenain et al. 2010).  It 

was postulated that Snm1B forms homodimers, which prevents wild type Snm1B from 

localizing to telomeres (Touzot, Callebaut et al. 2010) .  Thus, the replication of telomeres 

should be inhibited by expression of either Flag- Snm1BΔ222-363 or Flag-Snm1B1-494, which 

could be exacerbated by APH treatment.   However, if Flag-Snm1BΔ222-363 or Flag-Snm1B1-

494 expression does not increase the sensitivity of cells to APH, then this would show that 

the role of Snm1B in telomere replication and replication stress are distinct. 

 This work has connected the ICL repair protein Snm1B to the replication 

fork, the putative location of its role in ICL repair.  This had not been previously done, 
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and has implications beyond ICL repair.  This interaction could be important for repair 

of multiple types of DNA damage during S phase, directly through the nuclease action 

of Snm1B on DNA and indirectly through the S phase arrest and stimulation of 

checkpoint signaling.  However, there are still many experiments left to elucidate all of 

these functions of Snm1B and its interaction with PSF2.
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