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Abstract 

DNA repair is a crucial process in maintaining genomic stability and avoiding adverse effects on 

human health such as cancer. One important protein in DNA damage repair is BLM. In people 

with Bloom’s syndrome, the BLM gene, which encodes BLM protein, results in either 

catalytically inactive BLM or fails to produce detectable BLM protein at all. BLM is a RecQ 

helicase important for unwinding DNA at sites of DNA damage to regulate homologous 

recombination at stalled replication forks. There are important sites on the BLM protein for 

further regulating its function by allowing for post-translational modifications by Small 

Ubiquitin-like Modifier (SUMO). Specific sites on the BLM protein have been found to be 

important for modification by SUMO. These sites include a SUMO-acceptor (SM) site and 

SUMO interacting motif (SIM) site. SIM-BLM and SM-SIM-BLM plasmids were constructed, 

and BLM+ and SM-BLM stable cell lines were produced to further study the role of SUMO in 

the function of BLM. 
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Introduction 

 Bloom’s syndrome is a rare autosomal recessive disorder that leads to an increased risk in 

the development of many different types of cancers (Cunniff et al., 2016). Bi-allelic disease-

causing mutations in the BLM gene, which encodes the BLM protein, result in Bloom’s 

syndrome – a syndrome that features small size, sun-sensitivity, hypo- and hyper-pigmented 

areas on the skin, moderate immunodeficiency, hypogonadism, and endocrine abnormalities. At 

the cellular level, Bloom’s syndrome is characterized by increased genomic instability and high 

rates of mutations (Arora et al., 2014). A major complication in people with Bloom’s syndrome 

is cancer development. People with Bloom’s syndrome are diagnosed with a broad spectrum of 

cancer types earlier in life. They are also more likely to develop multiple cancers, and cancer is 

the most common cause of death for people with Bloom’s syndrome (Sanz et al., 2006).  

 DNA damage occurs from endogenous and exogenous sources and causes adverse effects 

on human health. This damage can lead to diseases such as cancer if left unrepaired or if repaired 

improperly. There are many mechanisms in place to repair damaged DNA to maintain genomic 

stability, and BLM has a role in this important function. The BLM protein is a RecQ helicase, 

which possess an ATP-dependent catalytic activity of unwinding double-stranded DNA moving 

on single-stranded DNA in a 5’ to 3’ direction (de Renty & Ellis 2016). Many of BLM’s 

functions are reliant on this helicase activity. The unwinding of DNA allows BLM to regulate 

mechanisms such as homologous recombination (HR) at stalled replication forks or repair of 

DNA damage such as double-stand breaks (DSBs), because both of these possesses require the 

unwinding of double stranded DNA (Böhm & Bernstein 2014). BLM has an anti-HR function to 

stabilize replication forks (Li & Heyer, 2008). In people with Bloom’s syndrome, the mutation in 

the BLM gene produces either catalytically inactive BLM protein or fails to produce detectable 
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BLM protein at all. Consequently, people with Bloom’s syndrome cannot properly regulate HR 

at stalled replication forks, resulting in a striking increase in the amount of HR and sister 

chromatid exchanges (SCEs) in these people as well as improper regulation of important 

components in the BLM pathway (Ellis et al., 1999). 

 Another important component in HR regulation is RAD51. RAD51 catalyzes a key step 

in HR and binds to BLM at the N-terminus (Bergeron et al., 2011). RAD51 is shown to be 

present at replication forks and DSBs in response to DNA damage and is shown to assist in the 

stabilization of stalled replication forks with induced DNA damage (Bhattacharya et al., 2017). 

RAD51 is loaded onto ssDNA by displacement of RPA through mediators such as BRACA2 to 

further regulate HR at stalled replication forks. Once RAD51 is loaded onto ssDNA, it can find a 

homologous sequence to catalyze a strand exchange reaction to form a D-loop structure, which 

functions to stabilize stalled forks (Genois et al., 2015). BLM has been shown to further regulate 

this process by interfering with RAD51’s association with the ssDNA to downregulate HR 

(Bergeon et al., 2011). This demonstrates the importance of BLM’s ability to interact with 

RAD51 to maintain anti-recombinase effects.  

 For BLM to carry out its normal function in DNA repair, it interacts with and is modified 

by another protein, Small Ubiquitin-like Modifier (SUMO). The SUMO protein is able to modify 

proteins through a post-translational modification mechanism similar to ubiquitination (Song et 

al., 2004). Modification of proteins by SUMO requires a series of enzymatic reactions including 

an E1 activating enzyme, E2 conjugating enzyme, and E3 ligating enzyme. These reactions have 

been found to occur in the presence of DSBs showing the importance of SUMO modification in 

the repair of DSBs (Garvin & Morris, 2017). 
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 SUMO modification has been shown to be particularly important in BLM’s function in 

the regulation of HR at stalled replication forks, elicited by treating cells with hydroxyurea 

(Ouyang et al., 2009). Protein modification of BLM by SUMO allows for certain proteins, such 

as RAD51, to assemble at stalled replication forks during DNA damage (Sarangi & Zhao, 2015). 

UnSUMOylated BLM inhibits RAD51 from accumulating at a stalled replication fork. Thus, the 

ability for BLM to be SUMOylated is critical for it to perform its DNA repair function. There are 

specific sites on BLM, which are crucial for SUMOylation to occur. The lysines at K317 and 

K331 are found to be especially important in BLM’s ability to be SUMOlyted by SUMO. When 

these lysines are mutated to arginines, BLM does not become SUMOylated (Eladad et al., 2005). 

 Another site on the BLM protein found to be critical for the ability of BLM to be 

SUMOylated is the SUMO interacting motif (SIM) (Zhu et al., 2008). Studies performed in yeast 

cells have shown that the SIM sites in the orthologous protein SGS1 are crucial for the 

recruitment of SGS1 to damaged replication forks (Bonner et al., 2016); however, this result has 

yet to be tested in human cells (Bonner et al., 2016).  Although it has been shown that the SIM 

site is important for BLM to become SUMOylated in vitro, it is unknown whether the SIM is 

required for BLM’s recruitment to replication forks during DNA damage. 

 Determining the effects of SUMO acceptor-site mutations (SM) and SIM mutations of 

BLM can have on cells is important in further determining the function of BLM at stalled 

replication forks. Therefore, this study has the two following central aims. First, we aim to 

determine the SIM’s role in the recruitment of BLM to stalled replication forks, and specifically 

to establish whether or not BLM will be recruited to the stalled replication forks when SIM or 

when both SIM and SUMO acceptor sites are mutated. Secondly, we aim to determine the 

phenotypes of cells expressing SIM-BLM and SM-SIM-BLM proteins, specifically analyzing the 
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SIM mutants’ effects on the accumulation of RAD51 at stalled replication forks, the amount of 

sister chromatid exchange (SCE) stimulated by fork stalling, and cell survival after DNA damage 

occurs.  

 I hypothesize that the SIM site is crucial for BLM’s ability to be recruited to stalled 

replication forks similarly to the mechanism found in yeast. This means that SIM and SM-SIM 

mutant BLM proteins should not be recruited to stalled replication forks. Also, I hypothesize that 

SIM mutant BLM will have high RAD51 accumulation at stalled replication forks and high SCE, 

because BLM will be unable to regulate the excessive accumulation of RAD51 at the stalled 

replication forks

Materials and Methods 

Expression Constructs 

 Molecular cloning methods were used to construct the SIM mutant BLM (SIM-BLM) 

and SUMO SIM double mutant BLM (SM-SIM-BLM). A gBlock Gene Fragment containing the 

SIM mutation with alanine substitutions at I218, L220, V235, and I236 was inserted into either a 

pEGFP-BLM (WT-BLM) or pEGFP-SM-BLM (SM-BLM) vector. The vector and insert DNAs 

were digested using XhoI and ClaI restriction enzymes. The digested vector was isolated by gel 

purification using a 0.75% agarose gel, and the DNAs were cleaned using the Zymo Research 

Clean and Concentrator Kit. The purified vector and insert were ligated and transformed into 

TOP10 Eschericia coli, and the cells were spread onto agar plates with kanamycin (50µg/ml) to 

select for resistant clones. Colonies were picked, and the DNA was purified using the Zyppy 

Plasmid Miniprep Kit. Plasmids that contained the desired insertions were screened by XhoI and 

ClaI digests and then further checked by EcoRI and SacII single and double digests and by DNA 

sequencing (Eton Bioscience Inc.).  
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Cell Culture 

 The HeLa cell lines C8302 BLM302-/- and C8115-/- are a crispr mutant cell lines that do 

not express the BLM protein (these cell lines was produced and gifted by Mary Yagle).  Cells 

were grown at 37°C in 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) and 10% fetal 

bovine serum (FBS). Cells were passaged every three to four days.  

Transfection for Generation of Stable Cell Lines 

 BLM302-/- HeLa cells were plated at a density of 3x105 cells per well in a 6-well plate the 

day before transfection. Cells were transfected with 3µg of BLM+, SM-BLM, or SIM-BLM 

plasmids using FuGENE HD (Promega). 48 h after transfection the media was changed with 

selection media containing 300 µg/ml geneticin and 10% FBS. Media was changed every 2-3 

days with the selection media. After about two weeks of allowing the cells to grow, individual 

colonies were picked and transferred to a 96-well plate. As cells reached confluency, they were 

transferred to a larger plate to continue to grow. The cells continued to be maintained according 

to the cell culture protocol but continuing to use selection media. 

Immunoblotting 

 Protein samples were obtained from the stable cell lines and stored in 100 µl of 2X 

Laemmli with 2-mercaptoethanol (BME) per 1x105 cells. The samples were lysed, boiled, and 

spun down. 25 µl of sample was loaded onto a precast gel (BIO-RAD) and run for the required 

time until the dye reached the bottom of the gel. The gel was then transferred onto a 

nitrocellulose membrane. The membrane was blocked in milk and then incubated in primary 

BLM and GAPDH antibodies overnight and secondary antibodies the following day. The 

membrane was developed with Enhanced Chemiluminescence (Thermo) and imaged on a 

chemiluminescence and fluorescence imager (GeneSys). 
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Results 

SIM-BLM and SM-SIM-BLM Expression Construction 

SIM-BLM and SM-SIM-BLM constructs were made by subcloning using BLM+ and SM-BLM 

EGFP-tagged plasmids as vectors (Figure 1). The fragment containing the SIM sites was 

removed by restriction digest with XhoI and ClaI restriction enzymes and was confirmed by 

running the digested plasmids on a 1% agarose gel. The vector fragment was of the correct size 

of 8354 bp confirming the removal of the SIM site from the plasmids (Figure 2).  

 

Figure 1.  pEGFP-BLM Plasmid Construct. This plasmid and an identical plasmid, but also containing 
the SM mutations at lysines 317 and 331, were used to produce a SIM-BLM and SM-SIM-BLM 
construct. These constructs are tagged with GFP. The SIM-BLM and SM-SIM-BLM constructs were 
made by restriction enzyme digest with XhoI and ClaI. 
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Figure 2.  SMBLM ClaI-XhoI Restriction Digest. 1% Agarose gel showing SM-BLM ClaI-XhoI 
restriction enzyme digest for preparation of SM-SIM-BLM plasmids. The gel shows a band at the correct 
size locations for the digested plasmid. The gel also shows the digest gblock for reference of relative 
DNA amounts for ligation. 
 
Following ligation and transformation, colonies were picked and tested for presence of the 

desired mutation by sequencing to check for the correct amino acid sequence (Figure 3). The 

SIM-BLM plasmid was confirmed to have the alanine substitutions at amino acids 218, 220, 235, 

and 236. The SM-SIM-BLM plasmid was confirmed to have the arginine substitutions at amino 

acids 317 and 331 as well as the SIM mutations. The BLM+ and SM-BLM plasmids had been 

previously sequenced.  
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Figure 3. BLM Mutation Sequences. The sequences for SIM and SUMO sites the +, SM, SIM, and SM-
SIM BLM plasmids. These sequences were confirmed in the constructed plasmids by sequencing.  
 
 
The plasmids were also checked for the correct construct by restriction enzyme digest. When 

EcoRI and SacII single and double digests were performed with the SM-BLM and SM-SIM-

BLM, the DNA fragments at the predicted sizes were seen when run on a gel (Figure 4). This 

indicated that the construction of the SM-SIM-BLM plasmid was in the correct orientation. The 

SM-BLM and SM-SIM-BLM plasmids produced the same size bands under the same restriction 

enzyme digest conditions. This shows that the SIM insert was added to the vector in the correct 

direction. 

 
Figure 4.  SM-BLM and SM-SIM-BLM Plasmids EcoRI-SacII Digests. 1% Agarose gel showing SM 
and SM-SIM BLM plasmid EcoRI, SacII, and EcoRI-SacII restriction enzyme digests. The gel shows that 
the constructed SM-SIM-BLM plasmid was constructed in the correct orientation.
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BLM+ and SM-BLM Stable Cell Lines 

Protein from the BLM+ and SM-BLM stable cell lines was used to perform immunoblotting to 

test for the presence of BLM protein in the cells. BLM115-/- and BLM302-/- served as negative 

controls, and no bands were seen when stained for BLM protein (Figure 5). HEK293T served as 

a positive control, a cell line known to have overexpression of BLM, and a band was seen when 

stained with BLM antibodies at the expected mobility for the native BLM protein. These controls 

show that the western blot appeared to have worked properly. The BLM+1, BLM+5 and SM-

BLM-1 cell lines appear to be expressing BLM protein as indicated by the bands at the expected 

size for EGFP-BLM when stained with BLM antibodies. The SM-BLM-2 and SM-BLM-3 cell 

lines do not appear to be expressing detectable BLM as shown by a lack of a band at the 

expected size (Figure 5). 

 

Figure 5.  WTBLM and SMBLM Stable Cell Lines Immunoblot.  Protein extracted from BLM+1, 
BLM+5, SM-BLM-1, SM-BLM-2, and SM-BLM-3 stable cell lines were tested for the presence of BLM 
protein by western blot. There may be a cleavage product also indicated by these bands. GAPDH was 
used as a control for amount of protein loaded.
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Discussion 

 The data presented show that the SIM-BLM and SM-SIM-BLM plasmids were made 

with the desired mutations and in the correct orientation. These plasmids will be important for 

further studying the role of the SIM site in the SUMO pathway of BLM. It has been shown in 

293T cells, the SIM site on BLM is important for the localization of the protein to its PML 

nuclear bodies where it normally is stored (Zhu 2008). When the SIM site is not present in the 

cells, BLM is unable to bind SUMO and therefore unable to become SUMOylated (Zhu 2008). 

This is dissimilar to SM-BLM, which is still found in PML nuclear bodies even with its inability 

to become SUMOylated, indicating that localization to PML nuclear bodies is dependent only on 

the BLM SIM (Ouyang 2009). Also, in yeast cells the SIM site has been shown to be necessary 

for the SUMOylation of the orthologous SGS1 protein. SIM mutant SGS1 (SIM-SGS-1) is 

unable to bind auto-SUMOylated MMS21, ortholog of NSMCE2, and BLM binding to MMS21 

is required for the SUMOylation of BLM (Bonner et al., 2016). This evidence suggests that the 

SIM site on BLM might be required for the binding of NSMCE2 and subsequent SUMOylation 

of BLM. 

 It would also be important to further study the ability of SIMBLM mutants to recruit 

RAD51 to a stalled replication fork. It has been shown that SUMOylation is important for 

BLM’s ability to regulate HR at stalled replication forks (Bergeon et al., 2011). However, the 

exact mechanism by which RAD51 is recruited to the fork is still unknown. There are several 

hypotheses for this mechanism, but they tend to suggest that BLM SUMOylation is the 

regulating factor for recruitment of RAD51 to damaged replication forks (Ouyang 2009). One 

hypothesis suggests that unSUMOylated BLM displaces RAD51 from ssDNA to downregulate 

HR, whereas SUMOylated BLM does not. It has been shown in-vitro that in SM-BLM cells, 
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RAD51 fails to accumulate at stalled forks and cannot negatively regulate RAD51 (Ouyang 

2009). 

 In order to test the effects of the SIM site on BLM’s localization and ability to regulate 

HR through binding of RAD51, immunofluorescence (IF) experiments could be performed. 

Using the BLM mutant constructs created, I could transfect BLM-/-cells with one of the four 

plasmids and allow time for the cells to transiently express BLM+, SM-BLM, SIM-BLM, or 

SM-SIM-BLM. After plating these cells onto coverslips, they could be stained for various 

proteins of interest such as BLM and RAD51. Through this type of experiment the localization 

of different proteins could be seen in cells either under normal function or in the presence of 

induced DNA damage using a reagent such as hydroxyurea (HU) to stall replication forks in 

BLM mutant cells. Technical problems prevented me from completing these experiments. 

Similar experiments could be performed using stable expressing cell lines to test the effects of 

the different BLM mutations on SCE’s and cell survival. 

 In an IF experiment I would expect the following results: in BLM+ cells, BLM and 

RAD51 will be localized to PML nuclear bodies; when cells are treated with HU, BLM and 

RAD51 will accumulate in nuclear foci at stalled replication forks. In SM-BLM cells, BLM and 

RAD51 will be localized to the PML nuclear bodies, but after treatment with HU, SM-BLM will 

accumulate at stalled forks where as RAD51 accumulation at stalled forks will be low. In both 

the SIM-BLM and SM-SIM-BLM cells, BLM and RAD51 will not be localized to the PML 

nuclear bodies, and after treatment with HU, SIM-BLM and SM-SIM-BLM will not accumulate 

at stalled forks whereas excess RAD51 will accumulate at stalled forks. In the SIM-BLM and 

SM-SIM-BLM cells, I believe that the ability for BLM to be SUMOylated will be greatly 
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diminished, and therefore BLM will not be able to function in an anti-recombination manner to 

regulate RAD51 and HR during DNA damage. 

 The effects of BLM’s ability to be SUMOylated on the regulation of HR could be further 

tested by looking at the SCE’s in each of the mutant type of cells.  When HR is unable to be 

properly regulated, SCE is high, which is a distinct phenotype in people with Bloom’s syndrome. 

Therefore, the amount of SCE’s when cells are treated with HU would be expected to be low in 

BLM+ cells, low in SM-BLM cells, and high in both SIM-BLM and SM-SIM-BLM cells. These 

experiments could be performed using the stable clones produced to further studies on SUMO 

pathway in BLM.  

 

 

 

 

 

 

 

 

 

 

 



   15  

References 

Arora, Harleen, et al. “Bloom Syndrome.” International Journal of Dermatology, vol. 53, no. 7, 
 June 2014, pp. 798–802. 
 
Bergeron, Krystal L. et al. “Critical Interaction Domains between Bloom Syndrome Protein and 
 RAD51.” The Protein Journal 30.1 (2011): 1–8. PMC.  
 
Bhattacharya, Souparno et al. “RAD51 Interconnects between DNA Replication, DNA Repair 
 and Immunity.” Nucleic Acids Research 45.8 (2017): 4590–4605. PMC.  
 
Böhm, Stefanie, and Kara Anne Bernstein. “The Role of Post-Translational Modifications in 
 Fine-Tuning BLM Helicase Function during DNA Repair.” DNA repair 0 (2014): 123–
 132. PMC.  
  
Bonner, Jaclyn N. et al. “Smc5/6 Mediated Sumoylation of the Sgs1-Top3-Rmi1 Complex 
 Promotes Removal of Recombination Intermediates.” Cell reports16.2 (2016): 368–
 378. PMC.  
 
Cunniff, Christopher, et al. “Blooms Syndrome: Clinical Spectrum, Molecular Pathogenesis, and 
 Cancer Predisposition.” Molecular Syndromology, vol. 8, no. 1, May 2016, pp. 4–23. 
 
De Renty, Christelle, and Nathan A. Ellis. “Bloom’s Syndrome: Why Not Premature Aging? A 
 Comparison of the BLM and WRN Helicases.” Ageing research reviews 33 (2017): 36–
 51. PMC. 
 
Eladad, Sonia et al. “Intra-nuclear trafficking of the BLM helicase to DNA damage-induced foci 
is regulated by SUMO modification.” Human Molecular Genetics, Volume 14, Issue 10, 15 May 
2005, Pages 1351–1365 
 
Ellis, Nathan A. et al. “Transfection of BLM into Cultured Bloom Syndrome Cells Reduces the 
 Sister-Chromatid Exchange Rate toward Normal.” American Journal of Human 
 Genetics 65.5 (1999): 1368–1374 
 
Garvin, Alexander J., and Joanna R. Morris. “SUMO, a Small, but Powerful, Regulator of 
 Double-Strand Break Repair.” Philosophical Transactions of the Royal Society B: 
 Biological Sciences 372.1731 (2017): 20160281. PMC. 
 
Genois, Marie-Michelle et al. “Roles of Rad51 Paralogs for Promoting Homologous 
 Recombination in Leishmania Infantum.” Nucleic Acids Research43.5 (2015): 2701–
 2715. PMC. 
 
Li, Xuan, and Wolf-Dietrich Heyer. “Homologous Recombination in DNA Repair and DNA 
 Damage Tolerance.” Cell research 18.1 (2008): 99–113. PMC. Web. 24 Apr. 2018. 
 



   16  

Ouyang, Karen J. et al. “SUMO Modification Regulates BLM and RAD51 Interaction at 
 Damaged Replication Forks.” Ed. James E. Haber. PLoS Biology7.12 (2009): 
 e1000252. PMC. 
 
Sanz, MM et al. “Bloom’s Syndrome.” Brenners Encyclopedia of Genetics, Mar. 2006, pp. 
 353–355. 
 
Sarangi, Prabha, and Xiaolan Zhao. “SUMO-Mediated Regulation of DNA Damage Repair and 
 Responses.” Trends in biochemical sciences 40.4 (2015): 233–242. PMC. 
 
Song, Jing et al. “Identification of a SUMO-Binding Motif That Recognizes SUMO-Modified 
 Proteins.” Proceedings of the National Academy of Sciences of the United States of 
 America 101.40 (2004): 14373–14378. PMC. 
 
Zhu, Jianmei et al. “Small Ubiquitin-Related Modifier (SUMO) Binding Determines Substrate 
 Recognition and Paralog-Selective SUMO Modification.” The Journal of Biological 
 Chemistry 283.43 (2008): 29405–29415. PMC. 
 
 
 
 
 
 

 


