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ABSTRACT 

Homologous recombination (HR) is a high-fidelity DNA repair pathway that is activated 

mainly by replication-associated DNA damage.  DNA damaging agents that cause double strand 

breaks (DSBs) at the replication fork can be repaired by HR. NSMCE2, an E3 sumo ligase, 

regulates HR at damaged replication forks. NSMCE2, complexed with the structural 

maintenance of chromosomes (SMC) 5/6 complex, stimulates the SUMOylation of the SMC6 

coiled-coil region, thus mediating HR. Cancers that have defects in their HR machinery are 

susceptible to chemotherapies that elicit replication-associated DNA damage, and in particular, 

damage that affects DNA replication. Targeting regulators of HR could therefore sensitize HR-

proficient cancers to standard therapies. We used in-silico protein modeling to generate a 3D 

model of the human NSMCE2 protein. We identified a deep pocket in NSMCE2 that contains 

the presumptive that is adjacent to a zinc-binding region and twelve compounds that potentially 

could occupy that pocket. We sought to determine whether any of these compounds could inhibit 

NSMCE2 activity or function. We screened the compounds in the human osteosarcoma cell line 

(U2OS) for synergistic inhibition of cellular proliferation by the topoisomerase 1 inhibitor, 

camptothecin, and identified four that caused no cellular toxicity on their own whereas they were 

synergistic with camptothecin in limited cell proliferation. One of the compounds, compound 3, 

showed a twelve-fold increase in inhibition of cellular proliferation in combination with 

camptothecin. We also were able to determine compound specificity to NSMCE2. We concluded 

that in future experiments using small molecule inhibitors, we could determine whether 

disruption of NSMCE2 could be useful in enhancing chemotherapy-mediated killing of HR-

proficient cancer cells. Development of NSMCE2 inhibitors could lead to adjuvant therapies that 

would allow for patients to receive lower doses of toxic topoisomerase poisons.  
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INTRODUCTION 

DNA is the repository of genetic information in living cells, which contains instructions 

to allow proteins to direct and regulate various processes in the cell. Thus, the integrity and 

stability of DNA are essential to life. Usually DNA is subjected to relentless attack by errors in 

cellular processes and outside environmental agents. DNA is particularly vulnerable while it is 

being replicated during S phase (Friedberg, 2006). If DNA becomes damaged, it may accumulate 

mutations, which may lead to disease. Cancer is a disease that is driven by somatic mutations 

which can lead to genomic instability. Genomic instability is an important hallmark of cancer, 

defined by an increased rate of mutation accumulation. In other words, mutations that cause 

higher mutation rates are drivers of the cancer process.  

Cells have evolved mechanisms to repair their damaged DNA, thus allowing them to 

maintain the integrity of their genomes. The mechanism of DNA repair can be divided into many 

classes based on the type of damage that has occurred. For example, homologous recombination 

(HR) is a mechanism that is able to repair replication-specific double strand breaks (DSBs) 

caused by anti-tumor agents (Grossman, 1976). HR is a process that provides high fidelity, 

template-dependent repair for DNA damages. HR also provides a critical process to stabilize 

replication forks and is required for efficient replication fork restart. This DNA repair pathway is 

primarily activated by replication-associated DNA damage (Cicca, 2010). 

Many cancer treatments seek to kill and/or damage cancerous cells. Camptothecin is a 

member of a class of drugs used in humans to treat cancer. Along with camptothecin, irinotecan 

and topotecan are currently used FDA-approved therapeutics that are topoisomerase I inhibitors 

(Venditto, 2010). Camptothecin works by inhibiting the enzyme, topoisomerase I. 

Topoisomerase I is a nuclear enzyme that relieves torsional strain in supercoiled position during 
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replication, repair and transcription. Topoisomerase I forms a transient complex with single-

stranded DNA which opens the DNA strand and allows passage of the intact single strand 

through a break, then Topoisomerase I reseals the broken strand. This action relieves the built-up 

tension created by the supercoils and allows for one less coil (Venditto, 2010). However, 

camptothecin binds to and stabilizes the DNA-enzyme complex and prevents the resealing of the 

broken strand. When the replication complex encounters the camptothecin-topoisomerase I 

lesion, this may lead to a double strand break (Venditto, 2010). As a result of the accumulation 

of DSBs cells normally respond to this DNA damage by engaging a DNA damage repair 

mechanism, such as HR. 

 SUMOylation is a post-translational modification mechanism that has key roles in many 

cellular processes, one of which is DNA repair (Cremona, 2012). Many HR proteins are 

regulated by SUMOylation, however, the mechanisms that control SUMOylation and their roles 

in HR are poorly understood. The SUMOylation pathway allows the SUMO (small ubiquitin-

related modifier) proteins to be covalently linked to their substrates by a series of enzymes 

(Sarangi, 2015). The enzyme components that dictate this pathway are E1 activating enzymes, 

E2 conjugating enzymes, and E3 SUMO ligases, which are required for the conjugation of 

SUMO to lysine residues on protein substrates. E3 ligases are known to be responsible for 

promoting the efficiency for SUMOylation (Sarangi, 2015). With that, the SUMOylation of 

DNA repair proteins is induced when cells are treated with DNA-damaging agents. It has been 

found that defective SUMOylation leads to an impairment in HR (Sarangi, 2015). Therefore, 

SUMOylation is playing a functional role in the damage response to DSBs.  

Non-Structural Maintenance of Chromosomes Element 2 (NSMCE2) is a SUMO E3 

ligase that plays a key role in the process of SUMOylation (Murray, 2008). Currently there are 9 
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known SUMO E3-ligases in human cells, including NSMCE2. The yeast homolog of NSMCE2, 

MMS21, is part of the structural maintenance of chromosomes (SMC) complex 5/6 and binds to 

the coiled-coil region of SMC5 (Duan, 2009). MMS21 functions in promoting HR-dependent 

repair of DNA damage. SUMOylation of MMS21-dependent targets are upregulated by DNA 

damage through an unknown mechanism. However, MMS21 stimulates the SUMOylation of the 

SMC6 coiled-coil region, thus mediating HR. Cancers that have defects in their HR machinery 

are susceptible to chemotherapies that elicit DNA damage, and in particular, damage that affects 

DNA replication. Targeting regulators of HR could therefore sensitize cancer cells that are 

reliant on HR, HR-proficient cancers, to standard therapies.  

With the help of the Mahadevan lab, we were able to generate a 3D model of human 

NSMCE2 protein and identified a deep pocket that is adjacent to amino acid residues that were 

previously defined to bind to zinc (Figure 1). Mutational analysis of these amino acids residues 

have been shown to diminish the catalytic function NSMCE2. Therefore, this zinc binding 

domain contains critical amino acids for the catalytic function of NSMCE2. By using the deep 

pocket, we have identified twelve potential NSMCE2 inhibitors based on the optimal in-silico 

binding efficiency to the deep pocket. By doing a compound screen of potential NSMCE2 

inhibitors, we hypothesize that the inhibition of NSMCE2 will sensitize HR-proficient cells to 

currently used chemotherapeutics such as camptothecin.  
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MATERIALS AND METHODS 

Cell Lines and Cell Culture  

The human bone osteosarcoma (U2OS) cells were maintained in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Human embryonic kidney 

cells 293 (HEK293T) maintained in DMEM supplemented with 10% FBS. The HEK293T 

NSMCE2 null mutant cell line was derived from the normal HEK293T cells. Mutations in 

NSMCE2 were prepared using the CRISPR/Cas9 genome editing technology and were made by 

Christelle de Renty. All cell lines were incubated at 37°C in 5% CO2.  

Compounds 

Screening for potential NSMCE2 inhibitors was performed by in-silico docking using Surflex-

Dock (Sybyl Molecular Modeling Suite, Certara, USA) to dock approximately 4.5 million 

compounds from the ZINC Clean-Leads database into the pocket identified in the MMS21 model 

(http://zinc.docking.org/). Compounds with top docking scores were selected for purchase from 

Chem-Bridge for further testing. 

Proliferation Assays  

Three-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) assays using cancer 

cell lines were used to measure cellular proliferation. U20S were seeded at 2,000 cells per well, 

HEK293T NSMCE2 null mutant cells were seeded at 5,000 cells per well, and parental 

HEK293T cells were seeded at 5,000 cells per well in a 96 well plate. The differences in cell 

seeding are due to the variation in time spent dividing. Twenty-four hours after seeding, cells 

were treated with the desired drugs at a desired concentration, camptothecin, then the addition of 

the compounds at 10 µM. For the U20S cells, after 96 hours thiazolyl blue tetrazolium bromide 

(MTT dye) was added and left in the media for 4 hours. After 4 hours, the media was then 
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removed and the MTT precipitant was dissolved with DMSO by shaking for 5-10 minutes. 

Spectrophotometric readings at 560 nm using a 96-well plate reader were used to determine the 

amount of dye (color) being emitted, which is proportional to the number of cells present. The 

less color emitted is indicative of less cells being present, while the more color being emitted 

suggests more cells present. Due to variation in cell doubling time, different incubation times 

were used for normal and mutant HEK293T cells. For parental HEK293T cells, MTT dye was 

added after incubation of cells for 120 hours and for HEK293T NSMCE2 null cells MTT dye 

was added after incubation of cells for 168 hours. 

CRISPR Mutants NSMCE2 (-/-) 

The CRISPR mutants were made by Christelle de Renty following this protocol. Cell lines were 

obtained by gene editing (ALT-RTM CRISPR/Cas9 system from IDT) using one guide RNA 

(crRNA) targeting NSMCE2 exon 2 in HEK293T cell line. To derive a clonal knockout cell line, 

single cells were seeded into 96-well plates and allowed to expand for one to two months. An 

initial heterozygous NSMCE2+/- clone was isolated and a second round of genome editing was 

performed to derive a knock-out of the second allele. Genotype was determined by Sanger 

sequencing of exon 2 locus to identify insertions or deletions that generate a frameshift and result 

in cells that do not express NSMCE2 protein. The absence of NSMCE2 protein was confirmed 

via immunoblotting.  

 

Half-maximal Inhibitory Concentration (IC50) Quantifications:  

Graphical estimations for IC50 values were determined in a systematic manner to assess the 

effect of each compound and drug dose values. IC50 values were calculated by an online 

calculator; “The Very Simple IC50 Tool Kit” (http://www.ic50.tk). Insertion of the graphical 
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coordinates, such as the dose concentration verses the percent survival, allowed for the program 

to calculate accurate IC50 values. These values were validated using GraphPad Prism. 
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RESULTS 

In-Silico Protein Modeling of NSMCE2 & Compound Screen for Potential NSMCE2 

Inhibitors 

The yeast structure of NSMCE2, MMS21, has been shown to have a distinct type of SP-

RING domain which contains two b strands, a helical domain, and two inter-connecting loops. 

Between the two loops, normally a zinc ion is present, which is stabilized by three cysteines 

(Cys200, Cys221, Cys226) and one histidine (His202) (Duan, 2009). It was shown that these 4 

amino acid residues are required to incorporate the zinc ion and also play a key role in 

interacting with the ion. Mutational analysis of these amino acids residues was shown to 

diminish the catalytic function. This zinc binding pocket and amino acid residues are also highly 

conserved in MMS21 orthologs and play an important role in MMS21 function (Duan, 2009).  

With the help of the Mahadevan lab, we set out to develop an in-silico protein model of 

NSMCE2. To this date, no crystal structures exists for human NSMCE2. To generate a 3-D 

protein structure model, the amino acid sequence for human MMS21 (NCBI Reference 

Sequence: NP_775956.1) was submitted to I-TASSER (Iterative Threading ASSEmbly 

Refinement). I-TASSER is an online server that is used to create hypothetical protein structures 

and functions based on homology. Protein modeling with I-TASSER consists of four automated 

steps: threading template identification, iterative structure assembly simulation, model selection, 

refinement, and structure-based function annotation. The top ten threading templates used by I-

TASSER to formulate human NSMCE2 was based on the yeast structure MMS21 (Duan, 2009). 

These templates were chosen by I-TASSER for further refinement with the FG-MD server, 

which is a molecular dynamics-based algorithm for atomic-level protein structure refinement. 
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Next, a molecular surface for the MMS21 model was generated to help visual 

identification of cavities that may serve as binding sites for small molecules. With the in-silico 

model, we were able to identify a zinc-binding region, which contains critical amino acids for the 

catalytic function of NSMCE2 (Figure 1). The amino acid residues that are critical for NSMCE2 

activity are flanking the zinc-binding region, which are histidine (H187), and cysteine (C185) 

(Figure 1). 

We then set out to develop small molecule inhibitors of NSMCE2, based on the in silico 

protein model NSMCE2. By utilizing the SYBYL software, we were able to screen for 

pharmacophores that are able to target the pocket region, which yielded approximately 2000 hits. 

These hits were scored based on their virtual binding efficiency to the pocket region, and the top-

scoring 12 compounds were selected based on their optimal binding interactions and purchased 

from Chem-Bridge.  
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Figure 1: Identification of the Deep Pocket Region in Insilco Model of NSMCE2.  A: In-

silco model of NSMCE2. Red arrow points to a deep pocket in the protein that may be involved 

in the function of the protein. B and C: Shown are the two amino acids that when mutated result 

in elimination of NSMCE2’s catalytic function (Duan, 2009). 

 

A) 

B) 

C) 
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Cytotoxicity of Compounds    

We set out to test the effects of these compounds on HR-directed repair. The MTT assay was 

used in order to determine whether the compound has an effect on cell proliferation. We tested 

the effects on cell proliferation of each compound (10 µM) in combination with a range of 

camptothecin doses. Based on the MTT assay, and the half-maximal inhibitory concentration 

(IC50) quantifications, we found that four out of the twelve compounds tested show a synergistic 

effect with camptothecin (Table 1 and Figure 2).  However, compound 3 exhibited the strongest 

effect by sensitizing U20S cells more than ten-fold. Because the largest effect on cellular 

proliferation was observed with camptothecin in combination with compound 3, we decided to 

test compound 3 for specificity to NSMCE2 as a potential inhibitor.  By using an MTT assay, we 

tested the twelve compounds at a concentration of 10 micromolar (µM) on human osteosarcoma 

(U2OS) cells. In U2OS cells, the 12 compounds caused a zero to twenty percent reduction in 

cellular proliferation (Figure 3). U2OS cells were treated with a dose range of camptothecin 

along with 10 µM of a compound present in each dose (Table 1).  
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Table 1: IC50 Calculations for the Initial Compound Screen: An MTT assay used to measure 

cell survival. U20S cells were treated with a concentration gradient of Camptothecin in the 

presence of each compound at 10 µM. The IC50 was calculated for each treatment. Asterisks 

indicate the four compounds that sensitize the cells to camptothecin. Compounds 1-6 (n=3), 

compounds 7-12 (n=1)  

 

 

 

 

 

 

 

IC50 Calculations of Initial Compound Screen  
 

 

Treatment             IC50 SD 
Camptothecin 4.59 µM ± 0.182  

Camptothecin + 10 µM Compound 1 9.14 µM ± 0.329 
Camptothecin + 10 µM Compound 2 3.61 µM ± 0.800 
Camptothecin + 10 µM Compound 3 0.37 µM * ± 0.306 
Camptothecin + 10 µM Compound 4 1.04 µM * ± 0.233 
Camptothecin + 10 µM Compound 5 1.09 µM * ± 0.188 
Camptothecin + 10 µM Compound 6 1.24 µM * ± 0.160 
Camptothecin + 10 µM Compound 7 6.92 µM -- 
Camptothecin + 10 µM Compound 8 2.93 µM -- 
Camptothecin + 10 µM Compound 9 2.71 µM -- 
Camptothecin + 10 µM Compound 10 1.40 µM -- 
Camptothecin + 10 µM Compound 11 2.35 µM -- 
Camptothecin + 10 µM Compound 12 2.76 µM -- 
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Figure 2: Four Compounds that Showed an Increase Sensitivity with Respect to Cellular 

Proliferation in Combination with Camptothecin: The MTT assay used to measure cell 

proliferation. U20S cells were treated with a concentration gradient of camptothecin in the 

presence of each compound at 10 µM. Compounds 3, 4, 5, and 6 showed a synergistic effect with 

camptothecin. Compound 1 is an example of the results from the other screened compounds. 

(n=3)   
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Figure 3: Treatment of U2OS with the 12 compounds showed a small effect on cellular 

proliferation: An MTT assay used to measure cell survival. U20S cells were treated with a 

concentration gradient of each compound at 0 µM, 5 µM and 10 µM. Compounds alone show 

almost no cytotoxicity. (n=1) 
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Specificity of Compound 3 to NSMCE2  

A key question is whether the effect on cellular proliferation when treating cells with compound 

3 and camptothecin is dependent on NSMCE2. To address this question, we decided to use 

NSMCE2 null mutants derived from CRISPR-based genome editing to test for potential off-

target effects of compound 3. We expect on-target phenotypes to be lost when experiments are 

conducted in cells deficient with NSMCE2. We used human embryonic kidney (HEK293T) cells 

that were made prior to this compound screen. Mutations were introduced in exon 2 that lead to 

abrogation of NSMCE2 protein clone. With that, we were able to create two NSMCE2 null cell 

lines with the name NSMCE2 (-/-) clone 9 and NSMCE2 (-/-) clone 15 (Figure 4).  

  Treatment of parental HEK293T cells with a range of doses of camptothecin and 

analysis with the MTT assay showed that normal HEK293T cells are more sensitive to 

camptothecin than U2OS cells (Figure 5 and 2). We then treated normal HEK293T, NSMCE2 (-

/-) clone 9 and NSMCE2 (-/-) clone 15 cells with a range of camptothecin concentrations along 

with 10 µM of compound 3 present at each dose of camptothecin. The normal HEK293T cells 

showed a two-fold synergistic effect to camptothecin with the addition of 10 µM of compound 3 

(Figure 5 and Table 2). However, the normal HEK293T cell’s synergistic effect is based on one 

data point. Further experimentation is needed to determine the significance of this data point. On 

the other hand, the NSMCE2 null mutants did not show a synergistic effect with camptothecin 

and compound 3 (Figure 5 and Table 2). This data suggests that compound 3 shows specificity to 

NSMCE2, indicating that the effect of compound 3 on cell proliferation in the presence of 

camptothecin is dependent on NSMCE2. Due to the difference in cell lines being used, the 

twelve-fold synergistic effect in U2OS was not seen in the HEK293T cells. Further studies in 

U2OS NSMCE2-/- are required to compare the effects of camptothecin and compound 3.  
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Additionally, it is also demonstrated that normal HEK293T cells exhibit an IC50 of 3.7 

hm whereas U2OS cells have an IC50 of 0.37 µM when treated with camptothecin and 

compound 3. This data illustrates that normal HEK293T cells show a 1000-fold increase in 

sensitivity when compared to U2OS cells.  However, the mutant lines, NSMCE2-/-9 and 

NSMCE2-/-15, did not show an increase in sensitivity to camptothecin than the parental lines. 

This is consistent with published results showing that NSMCE2 depletion has no hypersensitivity 

when compared to NSMCE2+/+ cells (Payne, 2014).  
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Figure 4: CRISPR Cell Lines Null for NSMCE2:    

A: Western blot showing HEK293T cell line 9 and 15 are null for NSMCE2.  

B: Clone #9; Guide RNA (cr-RNA-guide3): 5’-GTCCATACCAGAGTTGATAC-3’. Genotype 

(sequencing of NSMCE2 Exon 2): in red is the sequence targeted by guide 3. – indicate the 

insertions/deletions. Blue are the amino acids in exon 2. Clone #15; Guide RNA (cr-RNA-guide 

3): 5’-GTCCATACCAGAGTTGATAC-3’. Genotype (sequencing of NSMCE2 Exon 2): in red 

is the sequence targeted by guide 3. – indicate the insertions/deletions. Blue are the amino acids 

in exon 2.  

 

A) 

B) 
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IC50 Calculations of Compound Treatments on HEK293T Cells 
  

 

Table 2: IC50 Calculations for HEK293T Treatments: An MTT assay was used to measure 

cell proliferation. Parental HEK293T and two NSMCE2 null cell lines were treated with a 

concentration gradient of camptothecin in the presence of compound 3 at 10µM. Calculated IC50 

for each treatment condition. (n=4) 

 

 

  

Cell Type Treatment IC50 SD 
Normal HEK293T Camptothecin 6.9 ƞM ± 1.7 
Normal HEK293T Camptothecin + Compound 3 3.7  ƞM ± 0.76 
Normal HEK293T Compound 3 70  ƞM ± 0.63 
NSMCE2 (-/-) 9 Camptothecin 7.0  ƞM ± 2.99 
NSMCE2(-/-) 9 Camptothecin + Compound 3 5.7  ƞM ± 3.1 
NSMCE2 (-/-)9 Compound 3 78  ƞM ±0.94 

NSMCE2 (-/-) 15 Camptothecin 8.0  ƞM ± 3.0 
NSMCE2 (-/-) 15 Camptothecin + Compound 3 9.8  ƞM ± 3.1 
NSMCE2(-/-)15 Compound 3 11.5  ƞM ±1.45 
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Figure 5: Compound 3 Shows Specificity to NSMCE2. The MTT assay was used to measure 

cell proliferation. Parental HEK293T and HEK293T NSMCE2 null cells were treated with a 

concentration gradient of camptothecin in the presence of 10 µM compound 3. Parental 

HEK293T cells showed a two-fold increase in sensitization to camptothecin in the presence of 

compound 3 in comparison to camptothecin alone treatment. NSMCE2 null mutants showed no 

difference with the treatment of camptothecin and compound 3 in comparison with camptothecin 

alone.  
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DISCUSSION 

SUMOylation plays a functional role in the response to DNA damage such as double 

stranded breaks. Replication-specific DSBs are repaired by HR, which is DNA repair pathway 

that is activated mainly by replication-associated DNA damage (Cremona, 2010). NSMCE2, an 

E3 SUMO ligase that is part of the cohesin-like SMC5/6 complex, regulates HR at damaged 

replication forks through the process of SUMOylation. Many cancers have defects in HR 

machinery and are therefore susceptible to chemotherapies that elicit DNA damage, and in 

particular, damage that affects DNA replication (Friedberg, 2006). Therefore, targeting HR 

mediators could sensitize HR-proficient cancers (cancers that are reliant on the HR-pathway) to 

standard therapies. Targeting NSMCE2 and other SUMO-pathway proteins through inhibition 

could lead to adjuvant therapies that would allow patients to receive lower doses of toxic 

chemotherapeutics.  

 Here we used the X-ray crystal structure of the yeast homolog of NSMCE2, MMS21, as a 

guide for an in-silico protein modeling approach (Duan, 2009)). In-silico protein modeling was 

used to generate a 3D model of human NSMCE2 (Figure 1A). Based on this modeling approach, 

we identified a deep pocket region, which is adjacent to amino acids located at the head of the 

pocket near the zinc-binding region. The critical amino acid residues for the catalytic function of 

NSMCE2, these amino acid residues are histidine 187 (H187) and cysteine 185 (C185). These 

amino acids were found to be critical Mutating the H187 and C185 residues to alanines, the 

researchers found that the E3 SUMO-ligase was unable to perform its catalytic function (Duan, 

2009). Therefore, these critical amino acid residues and the zinc-binding region, are potential 

targets for inhibiting NSMCE2 activity (Duan, 2009). By using the SYBYL software, we were 

able to screen for pharmacophores that were potentially able to bind the deep pocket adjacent to 
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the zinc-binding region. This approach yielded approximately 2000 hits. These hits were scored 

based on their virtual binding efficiency to the pocket, and the top twelve potential inhibitors 

were selected based on their optimal binding interactions. We propose that these candidate 

compounds will potentially block NSMCE2 activity by disrupting the function of the zinc 

binding region. When the inhibitors are bound to the pocket, NSMCE2 will no longer have the 

ability to facilitate a SUMOylation reaction. Thus, one can hypothesize that when HR-proficient 

cancer cells are treated with the compounds and another known chemotherapeutic, the cells will 

be sensitized. However, further experimentation is needed to compare multiple HR-proficient 

and HR-deficient lines sensitivity to camptothecin and compound 3 and other DNA damaging 

agents.   

U2OS cells were treated with a dose range of topoisomerase I inhibitor, camptothecin, 

along with 10 µM of each candidate compound. Camptothecin was chosen as a drug to treat the 

cells because of the drug’s known ability to cause replication-associated DSBs. The 

camptothecin treatment on U2OS cells ranged from 0.005 µM to 100 µM. We wanted to 

determine the effective dose of camptothecin alone and in combination with 10 µM of each 

compound. Along with determining the toxicity of the compounds alone on U2OS cancer cells 

with a dose range similar to camptothecin, 0.005 µM to 100 µM. We have chosen dose 

concentrations ranging from low to high to determine the physiological relevance of the 

compound. A drug candidate suitable for testing, ideally in humans, must pass a toxicity 

evaluation. To achieve a sufficient selectivity, it is highly necessary to find candidate compounds 

with binding affinities in the low micromolar or even nanomolar range (Hefti, 2008). We chose 

10 µM as our ideal concentration because we were unsure of the binding constant of the 

compound to NSMCE2. Therefore, we used 10 µM in case the binding constants of the candidate 
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compounds were low. If a compound has no effect at 10 µM, then pursuing this compound 

would be unnecessary, because it’s effect will be at a higher concentration. Nonetheless, if this 

compound does have an effect at 10 µM then structural modifications to the compound could be 

performed in order to achieve an effective binding constant in the nanomolar range.  

After screening compounds for sensitization of U2OS osteosarcoma cells to the 

topoisomerase I inhibitor, camptothecin, we identified four compounds that showed no toxicity 

alone at the same time synergizing with camptothecin (Figure 2 and Figure 3). Out of the four 

compounds, compound 3, showed the strongest effect, sensitizing U2OS cells more than ten-fold 

to camptothecin. These results would suggest that NSMCE2 may act as a potential target in 

treatment for HR-proficient cancer cells because inhibiting NSMCE2 can block the double strand 

breaks from being repaired. Also, the use of the combinatorial treatment would allow for a 

therapy that is less toxic than known cancer therapies yet achieving an increase in sensitization.  

Based on the treatments, we were able to calculate the IC50, which allows us to measure 

the concentration of a substance at which fifty-percent of the target of interest is inhibited (Table 

1 and Table 2). The lower the IC50 of the compounds/drugs, the less is needed to achieve fifty-

percent of inhibition. When comparing the IC50 of camptothecin alone, 4.6µM, to the 

combinatorial treatment of camptothecin and compound 3, 0.3µM, there is more than a  ten-fold 

increase in cell sensitivity. We suggest that targeting a regulator of HR along with a 

topoisomerase I inhibitor, is more effective in sensitizing cells that are reliant on HR than the use 

of a topoisomerase I inhibitor alone. Based on my results, I suggest that the pharmacological 

inhibition of NSMCE2 might be more effective cancer treatment for some patients with HR-

proficient tumors.  
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Ideally, it is important to find effective drug treatments, at low concentrations to 

minimize toxicities and side-effects when treating humans. Since compound 3 of the 12 

compounds tested, showed the strongest effect in sensitizing cells to camptothecin, we wanted to 

determine the potential off-target effects and specificity of compound 3 to NSMCE2. By using a 

CRISPR-based genome editing approach, we were able to create two HEK293T cell lines that 

are null for NSMCE2 (Figure 4). The amino acid residues, H187 and C185, which flank the deep 

pocket region are essential for the catalytic function of NSMCE2.  

DNA damaging agents that cause DSBs at the replication fork, such as camptothecin, are  

thought to be in part repaired by HR. However, when NSMCE2 is not present, it should cause a 

downregulation in HR-directed repair of these DSBs and play an important role in HR. 

Therefore, treatment with camptothecin will result in sensitivity but the addition of an NSMCE2 

inhibitor should not cause additional sensitivity because NSMCE2 is not present. We 

hypothesize that on-target phenotypes will be lost when experiments are repeated in cells with 

deficient NSMCE2.  

Interestingly enough, the HEK293T cells deficient with NSMCE2 have a cell division 

time of 40 hours while normal HEK293Tcells have a cell division time of 20 hours. Since, the 

loss of NSMCE2 resulted in cells proliferating slower, we questioned the amount of time the 

HEK293T NSMCE2-deficient cells were spending in each phase of the cell cycle in comparison 

to normal HE293T cells. We show that there is no difference between the normal and mutant cell 

lines in regard to time spent in each cell cycle phase. However, the loss of NSMCE2 altered the 

cell’s ability to proliferate normally. With the difference in cell division rate between the normal 

HEK293T cells and the HEK293T deficient in NSMCE2, we were able to optimize the MTT 

assay conditions in order to properly compare the two cell lines. The normal HEK293T cells 
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were grown in a 96 well plate for an extra day, while the CRISPR mutants were left to grow for 

an extra two days. By doing this, we were able to get the same cell density for the different cell 

lines, and therefore, we were able to compare the effects of compound 3 in normal HEK293T 

and mutated HEK293T. We had a thought that the slower rate of division might reduce the effect 

of CPT on the mutant cells if replication forks were moving more slowly and consequently not 

running into CPT-induced damage.  

We were able to treat NSMCE2 (+/+) cells and NSMCE2 (-/-) cells with a dose range of 

camptothecin from 0.01 hM to 5000 hM along with 10 µM of compound 3 present in each dose 

of camptothecin. These doses were chosen because HEK293T was shown to be more sensitive to 

the DNA-damaging agent than U2OS cells. Based on the IC50s and MTT assay curve, we were 

able to show that compound 3 had no cytotoxicity in the parental HEK293T cells and mutant 

HEK293T cells. However, the normal HEK293T cells showed a slight synergistic effect when 

treated with camptothecin and compound 3, in comparison to treatment of camptothecin alone. 

When both mutants, NSMCE2 (-/-) 9 and NSMCE2 (-/-) 15, were treated with camptothecin 

alone and compared to the combinatorial treatment, there was no synergistic effect (Figure 5). 

Therefore, the data suggest that compound 3’s effect on camptothecin treatment is specific to 

NSMCE2. The mutants show no sensitivity when treated with camptothecin alone and the 

combinatorial treatment (Figure 5F), suggesting that compound 3 is specific to NSMCE2. 

Inhibition of NSMCE2 may also be downregulating HR. It would be interesting to examine the 

effects of NSMCE2 inhibition along with inhibitors of non-homologous end joining (NHEJ). 

This would allow us to be able to determine which mechanism and/or mediators in different 

repair pathways are being upregulated through the inhibition of NSMCE2.  
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Cancer cells are known to be difficult to treat, and resistance to chemotherapy is a major 

impediment to the success of treating various cancers. Therefore, it is important to understand 

that specific cancer cells respond differently to various highly-toxic agents. U2OS cells are 

known to be resistant to camptothecin, therefore the sensitization of these cells to camptothecin 

using compound 3 would give an insight onto cellular sensitivity to DNA-damaging agents. For 

instance, we show that U2OS cells have an IC50 of 0.37 µM to camptothecin and compound 3, 

while normal HEK293T cells have an IC50 of 3.7 hM to the combinatorial treatment, 

demonstrating that HEK293T cells are 100-fold more sensitive then U2OS cells. This suggests 

that compound 3 is able to sensitize both of these cell lines. It would be interesting to determine 

other types of cell lines that will become more sensitive to inhibition of NSMCE2.  

SUMOylation is a process that is ubiquitously expressed in eukaryotic cells, therefore the 

proteins regulating this process are also ubiquitously expressed across eukaryotes (Sarangi, 

2015). In human cells, there are 9 different kinds of SUMO E3 ligases, including NSMCE2 

(UniProt, 2018). Each different SUMO E3 ligase contains a zinc-binding domain similar to 

NSMCE2, however, the topology of these domains are unknown. Therefore, one possibility is 

that potential this first-class SUMO E3 ligase inhibitor could be binding to the other ligases in a 

similar manner. To solve this predicament, it would be important to do an X-ray crystallography 

structural analysis on NSMCE2 with and without the presence of compound 3. Since the in-silico 

model of NSMCE2 is based on a homology structure of the yeast form of NSMCE2, MMS21, 

structural analysis via crystallography would give insight to the true structure of NSMCE2. With 

the presence of compound 3, we would be able to determine whether our hypothesis of 

compound 3 binding to the deep pocket region is true. Structural analysis would be an important 

step in gaining validation for the candidate compound’s specificity to NSMCE2.  
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We hypothesize that compound 3 is inhibiting NSMCE2, however, to further validate this 

hypothesis, Pierce Longmire, a graduate student, is exploring whether autoSUMOylation of 

NSMCE2 can be inhibited by the candidate compound. Along with Pierce Longmire, Heping 

Chen is looking into measuring the binding affinity of NSMCE2 to compound 3. Being able to 

determine compound 3’s role and binding affinity to NSMCE2 will give a better insight to the 

inhibitor’s targeting behavior. However, we believe it is also critical to explore the candidate 

compounds that were essentially the next best thing to compound 3. Testing compounds 4, 5, and 

6 would be essential in comparing cell sensitivity to anti-tumor agents and how the compounds 

interact with NSMCE2.    

Lastly, another interesting idea to explore would be to compare the effects of the 

candidate compounds on cells that are either HR-proficient or HR-deficient. We hope to learn 

two things from these studies: (1) whether HR-proficient cells require the HR-pathway for 

survival and (2) whether compound 3 specifically inhibits the HR-pathway when combined with 

camptothecin. For example, if HR-proficient cells show a synergistic effect when treated with 

camptothecin and NSMCE2 inhibitor, then HR-proficient cells require HR to survive 

camptothecin treatment. If synergy is not observed, then HR proficient cells can rely on alternate 

DNA repair pathways for survival when NSMCE2 is inhibited. This would allow us to get an 

insight onto whether disruption of NSMCE2 will be a useful treatment for HR-proficient cancer 

cells. Alternatively, if synergy is observed in HR-deficient cells, then NSMCE2 inhibition is also 

affecting non-HR functions. 

 Conclusion 

We have utilized a set of compounds that are candidate small molecule inhibitors of 

NSMCE2. They show no toxicity on their own in U2OS cells. However, four candidate small 
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molecule inhibitors increase sensitization of the cells when treated with camptothecin. One of the 

four different compounds, compound 3, sensitizes U2OS cells about ten-fold to topoisomerase I 

inhibitor, camptothecin. We have also discovered that compound 3 shows specificity to 

NSMCE2 through the use of NSMCE2 null cells.  

  Development of NSMCE2 and other SUMO-pathway inhibitors could lead to adjuvant 

therapies that would allow patients to receive lower doses of toxic topoisomerase poisons and 

other chemotherapeutic agents. These small molecule inhibitors potentially disrupt one branch of 

the many repair pathways and therefore could be used to treat specific cancer subtypes with 

known DNA repair deficiencies.  
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