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Abstract

Lymphocyte antigen 6K (LY6K) is a small GPI-linked protein that is normally expressed in testes. 

Increased expression of LY6K is significantly associated with poor survival outcomes in many 

solid cancers, including cancers from breast, ovary, gastrointestinal tract, head and neck, brain, 

bladder, and lung. LY6K is required for ERK-AKT and TGF-β pathways in cancer cells and is 

required for in vivo tumor growth. In this report, we describe a novel role for LY6K in mitosis 

and cytokinesis through aurora B kinase and its substrate histone H3 signaling axis. Further, we 

describe the structural basis of the molecular interaction of small molecule NSC243928 with 

LY6K protein and the disruption of LY6K-aurora B signaling in cell cycle progression due to 

LY6K-NSC243928 interaction. Overall, disruption of LY6K function via NSC243928 led to failed 

cytokinesis, multinucleated cells, DNA damage, senescence, and apoptosis of cancer cells. LY6K 

is not required for vital organ function, thus inhibition of LY6K signaling is an ideal therapeutic 

approach for hard-to-treat cancers that lack targeted therapy such as triple negative breast cancer.
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1. Introduction:

The lymphocyte antigen 6 (LY6) gene family proteins are present on human chromosomes 6, 

8, 11, and 19, with corresponding genes in mouse syntenic regions (1). LY6K is one of the 

ten LY6 genes located on chromosome 8q24.3. LY6K is highly expressed in many cancers, 

including breast, ovarian, brain, head and neck, bladder, lung, and gastrointestinal tract (2,3). 

Increased LY6K expression is significantly associated with poor survival outcomes in these 

cancers, and it contributes to cancer cell growth via the ERK/AKT and TGF-β pathways in 

cancer cells in vitro and in vivo via a mechanism that is not fully understood (4,5). LY6K 

expression is normally confined to testes tissue and it is not required for vital organ function 

or for the maintenance of normal physiology. LY6K knockout male mice are infertile but 

otherwise normal. LY6K knockout female mice are fertile and phenotypically normal (6). 

Thus, LY6K is an attractive target for drug development because inhibition of this pathway 

may lead to tumor reduction without compromising essential organ functions. LY6K is a 

GPI-linked cell-surface glycoprotein that can be easily targeted by small molecules. Our 

previous work focused on the identification of small molecules that can bind to LY6K 

and induce cell death in LY6K-expressing cancer cells. We used the NCI small molecule 

library of more than 2500 compounds, which contained select anti-cancer compounds in a 

functional screen, to find an anti-cancer small molecule that selectively binds with LY6K. 

This work led to the discovery of NSC243928 as a binder of LY6K that promotes cancer cell 

death in a LY6K-dependent manner and does not bind to other LY6 family proteins (7).

Here, we report the structural basis of LY6K binding to NSC243928, and the molecular 

mechanism of LY6K action in the cancer cell cycle. We defined the 3D structure 

of LY6K protein and identified that phenylalanine 79 of LY6K is important for drug-
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protein interactions using homology modeling and molecular dynamics simulations using 

I-TASSER, AlphaFold2, and Amber programs. Computational predictions of the LY6K-

NSC243928 interaction were validated using wild-type and mutated LY6K proteins in 

a surface plasmon resonance assay. Furthermore, we used multiple cancer cell lines 

to demonstrate that NSC243928 inhibits cancer cell cycle progression and determine 

the mechanism by which NSC243928 functions in the disruption of LY6K induced 

cell cycle progression. We showed that LY6K is translocated to the nucleus and is 

associated with chromatin throughout mitosis. LY6K congregates at the mid body during 

cytokinesis. Treatment with NSC243928 reduced mitosis and cytokinesis. These effects 

were accompanied by a reduction in the phosphorylation of aurora B kinases and the 

phosphorylation of histone H3, a substrate of aurora B kinase. A functional consequence 

of NSC243928 induced disruption of LY6K signaling in the nucleus was observed as 

increased phosphorylation of histone H2A S139. Using LY6K knockout 4T1 cells, we 

observed that rescue with the wild-type LY6K plasmid, but not the phenylalanine 79 mutant, 

could restore the NSC243928 mediated inhibition of phosphorylation of aurora B and its 

substrate histone H3. These findings demonstrate a novel function of LY6K in mitosis and 

cytokinesis in cancer cells and demonstrate that LY6K binding small molecules may be used 

as pharmacological inhibitors of LY6K function in cancer cells. Furthermore, we showed 

that NSC243928 treatment induced DNA damage and apoptosis in two different mouse 

mammary tumor models in vivo. The findings presented in this report may lead to the 

development of safer and more effective targeted therapies for solid cancers.

2. MATERIALS AND METHODS

2.1 Purification of His tagged bacterial expression protein

Plasmids containing the sequences for N-terminal His-tagged mature LY6 proteins (wild 

type and mutant) were transformed into BL21 (DE3) E. coli via heat shock. Cells were 

grown and protein expression was induced with isopropyl β-D-1-thiogalactopyranoside 

(IPTG). After centrifugation, the cell pellet was collected and treated with urea buffer 

to obtain a protein lysate. Ni-NTA resin (Roche, Basel, Switzerland) was used in the 

batch purification method, and the protein was eluted using imidazole according to 

the manufacturer’s instructions. Protein purity was assessed by SDS-PAGE on a 15% 

acrylamide gel.

2.2 I-TASSER molecular modeling of LY6K protein

A model of the LY6K mature protein (residues 18–138) was created using the I-TASSER 

server (8). I-TASSER creates models based on sequence similarity with ten homologous 

proteins with resolved 3D structures. In the case of LY6K, among the chosen templates, 

the most similar sequence was for the LYNX1 protein (NMR model; PDB:2L03) (9,10). 

The best predicted model yielded by the I-TASSER server protonation state (pH = 7.4) of 

titratable groups was resolved using propKa3.1, implemented on the PlayMolecule website 

(11, 12). Then, the model was placed in a virtual box with at least 10 Å distance between 

the model and the walls, the box was filled with TIP3P water molecules and neutralized with 

chloride ions. Thus, the entire system was subjected to energy minimization, heated from 

0 to 300 K for 100 ps of NV dynamics with a Langevin thermostat, and then 1 ns (nano 
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second)-long MD equilibration at a constant pressure of 1 bar and constant temperature 

of 300 K. These preparatory steps were followed by 76 ns long “production” molecular 

dynamics simulation performed in isothermal-isobaric conditions (NPT, p = 1 bar, T = 300 

K). The time step was set to 2 fs, and the geometries were saved every 5000 steps (every 

10 ps). The SHAKE algorithm was applied to hydrogen atoms. Simulations were performed 

using the AMBER’s pmemd program (13). First, RMSD was calculated to visualize the 

stability of the overall protein structure and its individual components. Next, hierarchical 

agglomerative (HierAgglo) clustering of frames was performed to group them by their 

3D structural similarity, based on RMSD for mainchain atoms, and to choose the most 

populated cluster and its centroid; the latter was used for further protein-ligand studies. 

I-Tasser parameters: I-TASSER uses three parameters to assess the quality of predicted 

structures. The first parameter is a TM-score to predict the similarity with the template; 

ideally, a TM-score over 0.5 is significant; second, a confidence score (C-score) assesses 

whether the model structure is assigned well and it falls in the range between −5 (non-

reliable model) to 2 (model predicted with very good accuracy), and the third I-TASSER 

parameter is an estimated root mean square deviation (RMSD) between the model and the 

true structure; the higher the RMSD value, the worse the model.

2.3 AlphaFold2 molecular modeling of LY6K protein

AlphaFold2 is the second version of AlphaFold, an AI program created by DeepMind 

that predicts protein secondary structure using deep learning methods (14,15). Compared 

to I-TASSER, it also uses sequence similarities between homologous proteins (additional 

information about commonly occurring mutations is taken into account for enriching 

sequence alignments), in this case with the use of neural network architecture; however, 

information is passed to a different neural network that creates the 3D model. As an output, 

AF2 creates five models ranked according to the predicted local distance difference test 

(pLDDT) scale (0–100) that measures per-residue confidence. The models can be ranked 

from the best-ranked, a high 74.66 pLDDT value, to the worst a lower 72.14 pLDDT value 

for the LY6K model. The models differed mostly in the position of the N-terminus (amino 

acids 18–35). The best-ranked model underwent 100 ns of MD simulation at T = 300 K, p = 

1 bar. The trajectories were then clustered into four clusters, and the structures of the cluster 

centroids were aligned to compare the differences and understand the motions of the model 

during MD simulation.

2.4 Synthesis and Purification of NSC243928

Small molecule NSC243928 was synthesized using a modified route based on a previous 

study (7), which facilitated purification to give >99% purity by LC (Supplementary Figure 

1).

2.5 Docking studies of NSC243928 to LY6K

Once a reliable theoretical 3D representation of the mature form of LY6K was obtained, 

docking of NSC243928 to this model was performed using AutoDock Vina (16,17). Protein 

and ligand files used in docking were prepared using AutoDock Tools 1.5.6 version. This 

program was used to add partial charges and polar hydrogens to the protein. In the case of 

the ligand, in addition to partial charges and hydrogens, proper torsion parameters were also 
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set up following the software protocol. Blind docking was performed to target the entire 

model. To achieve this, a grid box of size 46 × 40 × 40 Å centered on the coordinates x = 

−0.078, y = 0.233, and z = −0.015 was created. The predicted binding affinities for all 27 

poses were similar within the error of this program (16). Furthermore, AutoDock Vina has 

recently been shown to be the best at accurately predicting poses compared to estimating 

binding energy (17). Protein Data Bank, Partial Charge (Q), & Atom Type (T) (PDBQT) 

files of the protein and ligand were created using MGLTools (18). Three independent runs 

were performed, with the exhaustiveness parameter set at 32. Therefore, the overall binding 

of each pose was individually analyzed using the visualization program UCSF Chimera 

to select the best prediction (19). The two-dimensional diagram of LY6K and the initial 

binding pose of the drug were performed using ProteinPlus (20).

2.6 Molecular Dynamics (MD) simulation of NSC243928 and LY6K interaction

After docking the drug molecule to the MD-equilibrated LY6K I-TASSER model, 71 ns 

of MD simulation was performed for the complex, according to the above-mentioned 

methodology. This step requires prior parameterization of the ligand. Here, we applied 

GAFF2 parameters to the drug molecule with Restrained Electrostatic Potential method 

(RESP) charges obtained from fitting performed with the AmberTools RESP program 

(13). Snapshots from a 71 ns-long trajectory were clustered into two clusters. The clusters 

were then subjected to Molecular Mechanics Poisson-Boltzmann Surface Area (MMPBSA) 

energy calculations for the drug - protein complex. Computational alanine scanning 

mutagenesis (MMPBSA-CAS) studies were also performed to assess the role of amino acids 

in the binding pocket in protein-ligand interactions. Graphics were created using PyMol 

(21).

2.7 Surface plasmon resonance

A Biacore 4000 SPR instrument was used to record the SPR sensorgrams at 25°C with a 

CM5 sensor chip. Wild-type LY6K and mutant LY6K proteins were immobilized onto flow 

spots 1 or 5 in flow cells (FCs) 1 to 3 to a level of ~9000 Response Unit (RU) to 16000 RU. 

Standard amine coupling chemistry in the presence of 10 mM sodium acetate buffer (pH 4.0) 

was used to immobilize the proteins. PBS-P (20 mM phosphate buffer pH 7.4, 2.7 mM KCl, 

137 mM NaCl, 0.05% surfactant P20) was used as the immobilization running buffer. Spot 

3 of FCs 1–3 was used as a reference for spots 1 and 5. The reference spots had the same 

coupling chemistry as the active spots (spots 1 and 5), but no proteins were immobilized. 

Various concentrations of NSC243928 in PBS-P supplemented with 5% DMSO were 

injected into FCs at a flow rate of 30 μL/min. Each concentration of NSC243928 was 

injected in triplicate. The SPR sensorgrams were both reference (signals corresponding to 

the reference spots) and blank (PBS-P+5% only). The resulted sensorgrams corresponding 

to each LY6K protein were plotted using Biacore 4000 Evaluation Software version 1.1 for 

qualitative evaluation of NSC243928 binding to the LY6K proteins.

2.8 Cell culture, plasmids, drug treatment, transfection, and cell fractionation

4T1, E0771, BT549, Hs578T, HeLa, and 293T cells were obtained from ATCC and were 

cultured in Dulbecco’s modified DMEM medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS), 2mM glutamine, non-essential amino acids, 1 mM sodium pyruvate, 
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100 U/mL pen/strep. Cells were plated at 50–60% confluency and allowed to attach. Cells 

were serum-starved for 8 hour and treated with drug overnight (18 h) or for indicated times 

in DMEM supplemented with 10% FBS. Cells were transfected using polyjet transfection 

reagent (SignaGen Inc. Frederick, MD, USA) according to the manufacturer’s instructions. 

N-terminal His-tagged mature forms of human wild-type and mutant versions of LY6K 

(18–138 amino acid) were synthesized in the pET-24a vector (Epoch Life Science Inc., 

Missouri City, TX, USA) for protein expression in the bacterial system. Flag-tagged human 

LY6K was purchased from Origene, Rockville, MD, USA and was used for site-directed 

mutagenesis (Epoch Life Science Inc., Missouri City, TX, USA). Cell fractionation was 

performed using a subcellular protein fractionation kit for cultured cells (Thermo Scientific 

Inc., Waltham, MA, USA).

2.9 LY6K CRISPR knockout cells

pSpCas9(BB)-2A-GFP (PX458) (Addgene, Watertown, MA, USA) was used to clone the 

guide sequences for mouse LY6K. 4T1 cells were transfected with PX458-sg2-LY6K 

and PX458-sg3-LY6K, and GFP-expressing cells were flow-sorted. GFP-positive cells 

were grown using a clonal assay. The cells were then tested by PCR on genomic 

DNA to ascertain the genomic DNA deletion of the specified fragment. CRISPR 

cloning and cell generation were performed as described previously (22). The guide 

sequences for mouse LY6K gene ID 76486 were as follows: sg2-LY6K:1841-1860aa: 

GCTCGAATCCGTCCCAGTGC; sg3-LY6K:967-986aa: AGTGGCCTTGCTCGTAGTTC 

and were generated using the Integrated DNA Technologies, Coralville, IA, USA, 

webtool. Screening primers were generated using the NIH primer web tool. For the 

screening, we used the forward primer GGGCTGGCATCCAGACCAG and reverse primer 

AGGAATAGGAGCTGTCCAATCAAAGGTGA, which gave a 1158bp product in non-

CRISPR cells while a 274bp band in CRISPR targeting with Sg2 and Sg3 LY6K guide 

sequences. We observed downregulation of LY6K protein in the CRISPR mutant cell clones 

(Supplementary Figure 2).

2.10 Generation of mouse monoclonal antibody for LY6K

A mouse monoclonal antibody against LY6K (CPTC-LY6K-3) was generated using a mature 

form of LY6K protein from amino acid 18–138. The antibody recognized 18 to 58 amino 

acids on the mature protein (Supplementary Figure 3). This work was supported in part by 

the National Cancer Institute’s Clinical Proteomics Tumor Analysis Consortium (CPTAC)’s 

Antibody Characterization Program.

2.11 RNA sequencing and data analysis

Total RNA was isolated using the RNeasy kit and subjected to on-column DNA digestion 

(Qiagen Inc., Germantown, MD, USA). RNA was quantified using the Quant-IT RiboGreen 

RNA Reagent (Thermo Scientific, Waltham, MA, USA) and measured using a Spectramax 

Gemini XPS plate reader (Molecular Devices, San Jose, CA). RNA integrity was assessed 

using automated capillary electrophoresis on a fragment analyzer (Advanced Analytical 

Technologies Inc., Ankeny, IA, USA) with samples passing quality control for RIN values 

> 9. A total RNA input of 200 ng was used for library preparation using the Stranded 

Total RNA Library Preparation with Ribo-Zero Plus Kit (Illumina, San Diego, CA, USA). 
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Libraries were sequenced using a NovaSeq sequencer (Illumina, San Diego, CA, USA). 

Paired-end reads were aligned to the mouse reference genome (mm10) using MapSplice 

(version v2.2.2) with fusion transcript detection (23). Gene read counts against GENCODE 

(version 28) “basic” gene models were calculated using HTSeq (version 0.9.1) with the 

following parameters: -s reverse -t exon -m intersection-nonempty (24). Multimapping reads 

were discarded from analysis. Sample read counts per gene were normalized using EdgeR 

by log2 transformation with a minimum CPM of 0.5 (25). Missing values within the cohort 

were imputed using the median gene values. Differential expression was performed between 

each case and control pair using DESeq2 with a False Discovery Rate (FDR) cutoff of 0.1, 

and a minimum fold change of 2 (26). The most differentially expressed genes were further 

narrowed down using a fold-change cutoff of at least two and an FDR cutoff of 0.05. The 

intersection was used to identify genes that were commonly differentially expressed between 

all experiments and cell lines. The list of N=180 genes that were commonly differentially 

expressed was used for pathway enrichment analysis using Pathway Studio® Elsevier.

2.12 Cellular senescence

Senescence-associated β-galactosidase was detected using a staining kit after 48 h of drug 

treatment according to the manufacturer’s instructions (Cell Signaling Technologies Inc, 

Danvers, MA, USA). Images were taken using a Primovert Carl Zeiss Suzhou microscope, 

Suzhou, China, with a 20X objective and built-in camera.

2.13 Cell cycle analysis by flow cytometry

The cells were treated with different concentrations of the drug at different time points and 

after 24h, the cells were harvested using 0.25% trypsin and centrifuged at 3000×g for 5 min. 

The cells were then washed with PBS. After centrifugation, the cells were fixed in 100% 

ice-cold methanol overnight at −20°C. A fixed number of cells were taken and incubated 

in DAPI in PBS for 15 min at room temperature. Cell cycle analyses were performed using 

CytoFLEX (Beckman Coulter Inc., Brea, California), and the cell cycle data were analyzed 

using FlowJo software (FlowJo™ v10.7).

2.14 Cell cycle analysis by live cell imaging

HeLa cells were transduced with Incucyte® Cell Cycle Lentivirus Reagents (EF1α, Puro) 

(Sartorius Inc.). As quoted in manufacturer’s instructions –“The Cell Cycle Lentivirus 

Reagents are single-cassette, genetically encoded ubiquitination-based indicators that take 

advantage of cell cycle dependent changes in the expression patterns of Geminin and 

Cdt1”. This reagent links TagGFP2 and TagRFP (green/orange) to fragments of geminin and 

Cdt1, and the G1 and S/G2/M phases can be monitored in real time. Non-fluorescent cells 

represented the G1-M transition. The lentivirus was used as described in the manufacturer’s 

protocol. A lentivirus-transduced stable cell line was established using puromycin selection 

(1 μg/mL). Cells were serum-starved for cell cycle synchronization and then stimulated with 

complete serum medium with or without the drug. Cells were imaged in red green and 

phase channels for cell-by-cell analysis every four hours for the indicated time period using 

Incucyte® S3 equipment at 10X magnification and analyzed using Incucyte® software.
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2.15 Western blotting and antibodies

Cells were lysed in RIPA buffer containing 1X protease inhibitor cocktail and phosphatase 

inhibitor, samples were pulse-sonicated and centrifuged, the supernatant was separated, 

and the protein concentrations were determined using a Bio-Rad protein assay kit. Equal 

quantities of protein were electrophoresed on 4–10% SDS polyacrylamide gels and then 

transferred onto PVDF membranes. Membranes were incubated with the indicated primary 

antibodies in Tris-buffered saline. After washing, membranes were incubated with HRP-

conjugated anti-mouse IgG (1:3000) and Goat anti-rabbit IgG (1:3000). Protein bands were 

detected using a chemiluminescence system (ECL Kit, Thermo Scientific, Waltham, MA, 

USA), imaged, and quantified using the iBright 1500 imaging system (Invitrogen, Waltham, 

MA). For western blotting, primary antibodies for phospho-Histone H3 S10 (cat #53348), 

Histone H3 (cat# 4499), Phospho-Aurora A T288/Aurora B T232/Aurora C T198 (cat # 

2914), Aurora B (cat # 3094), Cyclin E1 (cat # 20808), Cyclin B1 (cat # 12231), phospho-

Histone H2A.X S139 (cat # 9718), Histone H2A (cat # 2578), Phospho-CHK1 S345 (cat 

# 2348), CHK1 (cat # 2360), cleaved caspase 3 D175 (cat # 9664), cleaved caspase 7 

D198 (cat #8438), cleaved PARP D214 (cat #5625) from Cell Signaling Technologies Inc, 

Danvers, MA, USA. The α-tubulin (cat # T5168) was from Sigma Aldrich Inc, St. Louis, 

MO, USA. MCM4 (cat # 28317), Cyclin A (cat #sc 53230) antibodies were from Santa Cruz 

Biotechnology Inc, Dallas, Texas. DYKDDDDK Tag (Flag) (cat #TA50011) was obtained 

from OriGene, Rockville, MD, USA. A mouse monoclonal LY6K antibody (CPTC-LY6K-3) 

was raised against the mature form of LY6K protein (Antibody Characterization Program, 

Clinical Proteomics Tumor Analysis Consortium (CPTAC), National Cancer Institute, 

Bethesda, MD, USA), rabbit polyclonal LY6K antibody (cat # PA5-72689) was from 

Thermo Scientific, Waltham, MA, USA.

2.16 Immunofluorescence and confocal analysis

The cells were fixed in 4% paraformaldehyde and permeabilized using 0.5% Triton 

X-100 in PBS for 5 min. Cells were blocked in 3% BSA and stained with LY6K 

mouse monoclonal antibody generated against the mature peptide (18–138 amino acid) 

(CPTC-LY6K-3, (Antibody Characterization Program, Clinical Proteomics Tumor Analysis 

Consortium (CPTAC), National Cancer Institute, Bethesda, MD, USA) or Phospho-Aurora 

A T288/Aurora B T232/Aurora C T198 (cat # 2914) from Cell Signaling Technologies 

Inc, Danvers, MA, USA. A mouse monoclonal anti LY6K antibody (cat # NBP2-36764, 

Novus Biologicals Inc, Centennial CO, USA) was used additionally to confirm the LY6K 

labeling pattern. Goat anti-mouse Alexa Fluor Plus 488 secondary antibody (cat # A32723, 

Thermo Scientific, Waltham, MA, USA) or Goat anti-rabbit Alexa Fluor Plus 594 secondary 

antibody (cat # A32740, Thermo Scientific, Waltham, MA, USA) was used to visualize 

labeling. Imaging was performed using a Zeiss LSM700 confocal microscope. Super 

resolution confocal microscopy was performed using Aairyscan LSM980 with a 60x oil 

objective.

2.17 In vivo tumor treatment, tumor measurement and statistical analysis

Animal experiments were performed under an IACUC approved protocol at USUHS. The 

mammary tumor cell line 4T1 was injected subcutaneously into the mammary gland. 
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Tumors were established and treated with NSC243928 via the i. v. route or I.P. route at 

50 mg/kg body weight. Tumor length and width were measured using Vernier calipers. 

Tumor volume was calculated using the formula (Width2) × Length/2. To calculate the 

growth rate of the tumor, tumor volumes were converted to log values using the formula 

LOG10(tumor volume). The slope, which is the tumor growth rate per day, was calculated 

using (tumor volume series over days) (27). Statistical analysis was performed using an 

unpaired non-parametric Mann-Whitney test.

2.18 Immunohistochemistry

Tumors were dissected from the mice, immediately fixed with buffered formalin, and 

embedded in paraffin. Sections (5 μm) were cut and placed on slides and then deparaffinized 

at 60°C for 1 h, followed by xylene, an ethanol gradient (100%–70%), water, and PBS. The 

slides were then incubated for 20 min in 3% hydrogen peroxide, followed by boiling in 

citrate buffer for 20 min. Once the slides were cooled, washed, and blocked with 5% horse 

serum, the sections were incubated with primary antibodies, such as anti-cleaved caspase 3 

(cat # 9664, Cell Signaling Technologies Inc, Danvers, MA, USA) at 1:100 dilution, and 

SignalStain Boost immunohistochemistry (IHC) detection reagent was used as a secondary 

antibody (Cell Signaling Technologies Inc, Danvers, MA, USA). Subsequently, the slides 

were incubated with 3,3’-diaminobenzidine (DAB) (Vector Laboratories Inc, Newark, CA, 

USA), counterstained with hematoxylin, dehydrated through an ethanol gradient (70%–

100%) and xylene, and mounted with Permount. The slides were imaged using a Carl Zeiss 

Axio Vert A1 at 40X magnification.

3. Results

3.1 Determination of three-dimensional structure of LY6K protein and NSC243928-LY6K 
complex by molecular dynamics studies

An experimental structure of the LY6K protein is not yet available. Thus, homology 

modeling was used to predict the most probable 3D structure. According to I-TASSER 

parameters, the model of mature LY6K (LU domain aa18–138) had consistently better 

scores than the preprocessed forms - a N-terminal peptide (amino acids (aa) 1–17) and a 

C-terminal pro-peptide (aa 139–165). For the model of the mature protein, we performed 

a molecular dynamic (MD) simulation of 76 ns to further relax the predicted structure and 

gain information about protein flexibility. The LU-domain or mature form of the protein 

(18–138 aa), which consists of five anti-parallel β-strands in the middle of the protein, 

displayed a stable Root Mean Square Deviation (RMSD) profile and did not undergo any 

significant structural changes. Therefore, the overall RMSD value (~ 5 Å) is a result of the 

extensive movement of mobile loops and less ordered parts of the protein (Supplementary 

Figure 4A–B).

Molecular dynamics (MD) frames were clustered, and the centroid of the most populated 

cluster revealed a representative three-dimensional (3D) structure of the mature form of 

LY6K (Figure 1Ai). To ensure that this structure was indeed representative, we ran three 

additional independent 177ns long MD simulations, each starting from the same initial 

geometry. These three new trajectories were clustered, resulting in three new 3D structures 
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of LY6K (Figure 1Aii, 1Aiii, and 1Aiv). We found that these new 3D structures were 

highly similar to those obtained with the first MD simulation of 76 ns, as shown in Figure 

1Ai. The high similarity of the protein mainchain conformation of these four structures 

strongly suggests that the structure chosen as a representative corresponds to a stable 

minimum. Hence, we used the 3D structure of LY6K to model its molecular interactions 

with NSC243928.

Docking studies were performed to create an initial computational model of binding 

between NSC243928 and LY6K. Three independent docking runs resulted in 27 different 

poses of the NSC243928-LY6K interaction with comparable binding affinities. We observed 

that out of 27 poses of the LY6K-NSC243928 interaction, 23 coincided at the same binding 

sites (Supplementary Figure 4C). The second step involved determining the most probable 

ligand orientation. Among these 23 poses, the drug was most buried within the protein 

when the acridinyl group was facing towards the inside of LY6K (Supplementary Figure 

4D). A 2D representation of this binding pose showed the presence of three phenylalanine 

(F) residues at positions 52, 78, and 79, residing in this pocket (Supplementary Figure 

4E). This observation suggests that the orientation of the drug may be stabilized by π–π 
stacking interactions. Using molecular dynamics simulations, we further investigated the 

computationally identified consensus-binding sites for NSC243928 to LY6K. These MD 

calculations showed that there are four F residues at positions 52, 75, 78, and 79 that are 

involved in the interaction of LY6K with NSC243928 (Figure 1B–C). MMPBSA calculation 

with alanine scanning mutagenesis (ASM) for the protein-ligand complex has revealed 

that point mutation F→A at positions 79 and 78 results in a noticeable energy increase, 

while the F→A mutation at position 52 and 75 has little or no effect on the binding. The 

energy of the WT complex was 20.3 kcal/mol, for the complex with 79 F→A, the energy 

was 24.8 kcal/mol (+4.5 kcal/mol); for 78 F→A 22.1 kcal/mol (+1.8 kcal/mol); for 52 

F→A 21.0 kcal/mol (+0.7 kcal/mol); and for 75 F→A 20.0 (−0.3 kcal/mol). Independent 

structure analysis using AlphaFold2 (AF2) modeling of 3D structure of LY6K showed that 

the five best structure predictions generated by AF2 were identical in the beta-sheet region 

and very close to the I-TASSER model (Supplementary Figure 5A–E). Importantly, the in 
silico docking and MD simulations performed for the AF2 models showed an interaction 

of NSC243928 with F79 of LY6K, in agreement with I-TASSER modeling (Supplementary 

Figure 5F). Interestingly, F79 was one of the most highly conserved amino acids among the 

21 species, including humans and mice (Supplementary Figure 6A). A 3D structural model 

of mouse LY6K generated by I-TASSER showed that F79 interacted with NSC243928 

(Supplementary Figure 6B).

3.2 Phenylalanine 79 (F79) was a key interacting residue in LY6K to NSC243928.

To further confirm the involvement of these phenylalanine residues in LY6K-NSC243928 

interactions, individual point mutations, phenylalanine (F) to alanine (A), were created in 

the mature form of poly-histidine (His)-tagged human LY6K. Bacterially expressed wild-

type and F-to-A-mutated LY6K were purified using nickel columns for surface plasmon 

resonance (SPR) assays with highly purified NSC243928 (Figure 1D). We qualitatively 

evaluated the binding of NSC243928 to each LY6K protein immobilized on the SPR sensor 

surface, which showed that F79 is required for physical binding of NSC243928 to LY6K 
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(Figure 1E). This result supported the 3D modeled structure of the LY6K protein and its 

interaction with NSC243928, as generated by the I-TASSER program. Furthermore, we 

observed that an LY6K mouse monoclonal antibody binds to both WT LY6K and F79A 

LY6K with comparable affinities, suggesting that the F79 mutation does not destroy the 

ability of the protein to bind with its interacting partners.

3.3 Genome-wide RNA sequencing analysis identified changes in gene expression 
associated with chromatin remodeling and cell cycle

We previously observed that NSC243928 exposure of cancer cells results in cell death, 

with an IC50 range of 4 to 8 μM (7). To further understand the mechanism of cancer 

cell death, we assessed the transcriptional changes following drug treatment prior to cells 

experiencing widespread apoptosis. Thus, we chose to treat the mouse mammary cancer 

cell lines 4T1 and E0771 with a lower dose of drug i.e., 0.1 μM and 1.0 μM NSC243928 

for 8 h, and then extracted RNA for a subsequent RNAseq analysis. Differential expression 

analysis identified a common set of 180 genes altered in both 4T1 and E0771 cell lines 

after exposure to NSC243928 at 0.1 μM and 1.0 μM concentrations (Supplementary Figure 

7). A heatmap of the gene expression analysis of 180 genes showed significant agreement 

in three independent biological replicates in two different cell lines (Supplementary Figure 

8). Pathway studio® analysis of 180 genes revealed a widespread alteration in chromatin-

associated pathways, including chromatin remodeling via histone modification and DNA 

repair pathways, including double-strand breaks (Supplementary Table 1).

3.4 NSC243928 disrupted cell cycle progression

To determine the effect of NSC243928 on the cell cycle, 4T1 mouse mammary tumor cells 

were treated with increasing concentrations of NSC243928 for overnight (18 h) treatment. 

The control cells showed a typical 4T1 cell morphology, growing in a compact cluster 

of cells. The drug treated cells showed a distinct morphology of multinucleation and or 

enlarged nuclei (Figure 2A). Dot-plot analysis of cell size/number vs. DAPI labeling showed 

the expected cell cycle distribution in control untreated cells with 50% cells in G1, 25% 

in S-phase (2n nuclei), and 23.1% in G2/M, with very few polypoid cells (i.e., cells with 

≥4n nuclei) (Figure 2Bi). In drug-treated cells, we observed a reduction in the G1 phase 

and disruption in the S to G2/M phase, with a dramatic increase in cells with ≥4n nuclei 

(Figure 2Bii). At a higher concentration of drugs, cells showed very few cells in the G1 

and S-phase (2n nuclei), an abnormal G2/M phase, and a very high number of cells with 

≥4n nuclei (Figure 2Biii). When these data were plotted using the Watson model in FlowJo 

software, we observed that both 4T1 and E0771 mouse cells showed higher numbers of cells 

in G2/M (yellow segment on the bar) and 4n state (purple segment on the bar) while the 

BT549, Hs578T, MDA-MB-231 human cancer cells showed high G2/M (yellow segment) 

and increased sub G1-apoptotic cell numbers (green segment on the bar) (Figure 2C–G, 

Supplementary Figure 9).

The effect of NSC243928 was visualized using live cell imaging in HeLa cells with the 

stable integration of cell cycle markers. HeLa cells are widely used to study cell cycle 

progression and express high levels of LY6K; thus, they are a relevant model to study 

the general effect of NSC243928 on cell cycle progression. This experiment showed that 
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NSC243928 treatment led to increased accumulation of cells in the S-G2-M phase in a 

concentration dependent manner (Figure 2H).

3.5 NSC243928 altered key cell cycle regulator protein expression

The mouse mammary tumor cell line 4T1 and human triple negative breast cancer lines 

BT549 and Hs578T were treated with increasing concentrations of NSC243928 overnight 

(18 h) and western blot analysis of cell cycle regulator proteins was performed. We observed 

that NSC243928 treatment led to reduced phosphorylation of His H3 at S10 (Figure 3A). 

The phosphorylation of histone H3 serine 10 (pHis H3 S10) is mediated by aurora kinases 

(28). We observed that NSC243928 treatment led to reduced phosphorylation of aurora 

B at T232. The phosphorylation for aurora A at T288 was not significantly changed. 

Phosphorylated aurora C at T198 was not evident in tested cell lines in control or treated 

cells (Figure 3A).

Among the protein expression changes associated with the cell cycle, NSC243928 treatment 

led to reduced cyclin D1 and increased cyclin A2 (Figure 3A). CyclinD1 is required for 

the G0-G1 and G1-S transition, and its levels remain high throughout the cell cycle in the 

S-G2-M phase. Cyclin A activates DNA replication in the S-phase, and levels of cyclin A 

peak during the S-G2 transition (29).

The mini-chromosome maintenance protein 4 (MCM4) is essential for the initiation of 

eukaryotic genome replication (30). The MCM4 protein levels were not affected by 

NSC243928 treatment (Figure 3A). This result suggests that NSC243928 does not affect 

MCM4 protein levels during the initiation of DNA synthesis. To confirm the effect 

of the drug in a time-dependent manner, HeLa cells were serum-starved for cell cycle 

synchronization and treated with 2.0 μM NSC243928 for the indicated time points. Western 

blot analysis showed that drug treatment led to reduced phosphorylation of histone H3 

at S10, reduced phosphorylation of aurora B at T232, and increased cyclin A2 levels 

throughout the 24-hour time point (Supplementary Figure 10A).

3.6 NSC243928 inhibits cell cycle progression and induces DNA damage via interaction 
with LY6K

Reduced phosphorylation of aurora B kinase and its substrate Histone H3, alongside 

increased cyclin A and decreased cyclin D suggested a defective cell cycle progression 

leading to reduced cell division. Cells were serum starved overnight and then treated with 

complete medium with or without NSC243928. The control cells showed dividing nuclei 

and condensed nuclei, all together referred to as active nuclei but the drug treated cells did 

not exhibit normal nuclear division and very few active nuclei were observed (Figure 3B).

Defective nuclear division can trigger DNA damage, which can lead to cellular senescence 

and apoptosis (31). Indeed, treatment with NSC243928 increased senescence (Figure 3C). 

We then tested protein markers of DNA damage, repair, and apoptosis in NSC243928 

treated cells. H2A.X is phosphorylated at S139, which marks the DNA damage site for 

the recruitment of cell death proteins(32). CHK1 is activated by phosphorylation at S345 

following replicative stress (33). Poly (ADP-ribose) polymerase (PARP) is a protein that 

facilitates DNA repair and genomic stability and inhibits programmed cell death. PARP can 
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be inactivated and cleaved by activated caspase 3 and caspase 7 in vivo, leading to cell death 

(34). We observed that NSC243918 treatment led to increased phosphorylation of H2A.X 

at S139, increased phosphorylation of CHK1 at S345, increased activation of caspase-3 

and caspase-7, and increased cleavage of PARP in 4T1 and BT549 cells (Figure 3D). 

Further, we examined the effect of drug treatment on the time course of HeLa cells exposed 

to 2 μM NSC243928 for the indicated times. Western blot analysis showed increased 

phosphorylation of histone H2A.X at S139, increased phosphorylation of CHK1 at S345, 

increased levels of cleaved caspase 3 and 7, and increased PARP cleavage in drug-treated 

HeLa cells (Supplementary Figure 10B).

Finally, to test if NSC243928 mediated inhibition of aurora B/histone phosphorylation 

and induction of phosphorylation of gamma H2A.X is dependent on LY6K interaction 

with NSC243928, LY6K CRISPR knockout 4T1 cells were generated using CRISPR 

method. We observed that LY6K knockout 4T1 cells have multinucleated morphology (see 

Supplementary Figure 2). NSC243928 treatment inhibited the phosphorylation of histone H3 

and aurora B in LY6K-CRISPR cells transfected with wild-type LY6K, but not with F79A 

LY6K (Figure 3E).

3.7 LY6K is required for cell cycle progression and is associated with chromatin during 
mitosis

To determine whether LY6K translocates to the nucleus during the cell cycle, confocal 

microscopy using a mouse monoclonal antibody that recognizes the mature form of LY6K 

protein was performed. 4T1 cells were blocked in cell cycle using serum starvation 

overnight and then incubated with complete medium for 1 h to 24 h. Quantification of the 

total nuclear mean fluorescence intensity in the cells showed that LY6K was translocated to 

the nucleus within two hours of release and reached basal levels within 3 h (Supplementary 

Figure 11A). This observation suggested that LY6K plays a role in the nucleus during cell 

division. Therefore, we examined cells undergoing mitosis using Airyscan super-resolution 

confocal immunofluorescence. We observed that LY6K co-localized with active aurora 

kinase in the mitotic cells at the midzone and in cells undergoing cytokinesis at midbody 

in 4T1, BT549 and HeLa cells (Figure 4). LY6K co-localization to active aurora kinase 

was also confirmed using an additional mouse monoclonal LY6K antibody in HeLa cells 

(Supplementary Figure 12).

3.8 NSC243928 inhibits the nuclear translocation of LY6K and disrupts chromatin 
reorganization and cellular division.

Quantitative confocal microscopy demonstrated that LY6K accumulated in the nucleus and 

that treatment with NSC243928 inhibited nuclear LY6K accumulation at 2 h, whereas at 6 

h, the levels in the control and treated cells were equal (Figure 5A, Supplementary Figure 

11B). The cell fractionation assay showed that LY6K levels were reduced in chromatin-

bound nuclear fractions, while LY6K levels were increased in the cytosolic fraction (Figure 

5B). Confocal microscopy revealed that NSC243928 treatment led to disrupted chromatin 

organization and cytokinesis (Figure 5C). Cytokinesis is preceded by telophase, where the 

newly formed chromatids are still loose and less compact to ensure equal segregation of 
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the two sets of chromosomes in two new daughter cells, as seen in Figure 5; however, 

NSC243928 treatment led to chromosomes that were not well segregated (Figure 5C).

3.9 NSC243928 shows in vivo efficacy in reducing tumor growth, inducing DNA damage 
and apoptosis

4T1 mammary tumor syngeneic model was used to test the in vivo efficacy of NSC243928. 

Tumors were allowed to establish, and NSC243928 was administered three times, on 

post tumor cell inoculation day 11, on day 13 and on day 16. We observed that the 

treated group had a reduced tumor volume (Figure 6A). The growth rate (Figure 6B) 

and weight of excised tumors (Figure 6C) were significantly reduced in the treated group. 

Immunohistochemistry analysis showed extensive DNA damage in isograft tumors in the 

treated groups, as observed by increased gamma H2A.x S139 staining (Figure 6E) and 

significantly elevated levels of cleaved caspase 3 indicating apoptosis (Figure 6F).

NSC243928 treatment reduced tumor growth and induced DNA damage in the E0771 

mammary tumor syngeneic mouse model immediately after two doses (Figure 7).

4. Discussion

LY6K is normally expressed in the testes, but is overexpressed in triple-negative breast 

cancer, bladder cancer, and ovarian cancer among other solid cancers (35–38). LY6K 

is required for in vivo tumor growth, and its increased expression is associated with 

poor survival outcomes (36–37, 40). Since LY6K protein is not required for vital organ 

function, it is an ideal target for antitumor treatments. We discovered that a small molecule, 

NSC243928, binds to LY6K and exerts anti-cancer properties. We focused on studies 

to determine the specifics of NSC243928 interaction with LY6K and the underlying 

mechanisms. In this study, we found that LY6K is translocated to the nucleus during mitosis, 

is associated with chromatin, and plays an important role in mitosis and cytokinesis. We 

further demonstrated that NSC243928 interacts with LY6K at amino acid F79, and that this 

interaction disrupts LY6K function in mitosis. These disruptions are manifested by reduced 

phosphorylation of aurora B and histone H3, and increased phosphorylation of histone 

H2A.X S139. Finally, these signaling pathways culminate in increased DNA damage that 

cannot be repaired, leading to PARP inactivation, senescence, and cell death by apoptosis.

Homology models of LY6K protein generated by means of the I-TASSER and AlphaFold 

2 methods showed similar 3D structures of LY6K protein. Molecular dynamics simulations 

clearly indicated that NSC243928 binds to the protein at F79 with one of the hydrophobic 

residues interacting with the aromatic rings of the drug. Rescue experiments showed that 

F79 is indeed an important residue in the LY6K protein for drug interaction. We compared 

the environment of F79 with that of F52, which is exposed to the solvent, and that of 

F133, which is buried in the protein. The average solvent-accessible surface area for F79 

was 41 Å2, which is halfway between the values obtained for F52 (96 Å2) and F133 (1Å2) 

(Supplementary Figure 13). Future studies are required to determine how a conformational 

change due to NSC243928 binding to LY6K at F79 may affect the molecular interaction of 

LY6K with its partner protein. It is important to determine whether F79 is directly involved 

in the protein-protein interaction of LY6K, leading to its role as a cell cycle facilitator.
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The mouse cells show increased G2/M accumulation (yellow segment in the bar) in addition 

to increased 4n (purple segment indicating polyploidy). Interestingly, these cells do not 

show increased subG1 (green segment indicating early cell death). The human cells show 

increased G2/M accumulation (yellow segment) and increased sub G1 (green segment), see 

Figure 2C. It is plausible that cell cycle network is somewhat diverse in mouse and human 

cancer cells. These results imply that drug treatment leads to cell death and/or polyploidy 

in mouse and human cancer cells. The western blot analysis in multiple cell lines revealed 

a loss of phosphorylation of aurora kinase B and its substrate histone H3 accompanied by 

accumulation of cyclin A, which suggested a G2/M phase arrest. This conclusion appears 

to be a consistent with reduced number of actively dividing nuclei, and with the increased 

number of cells residing in G2/M phase found by time lapse imaging of HeLa cells. It 

was also consistent with the increased DNA damage and CHK1 activation reported. LY6K 

knockout cells showed abnormal accumulation in G2 phase, increased number of fused and 

multinucleated cells mimicking the drug action.

Under normal circumstances in testicular germ cells, LY6K is present in the extracellular 

part of the cell membrane tethered to the outer leaflet of the plasma membrane in 

testicular germ cells, where it plays an important role in sperm migration (2,24). To 

understand the subcellular localization of LY6K and its role in cell cycle progression, 

LY6K immunofluorescence was performed using a mouse monoclonal antibody raised 

against the mature form of LY6K antibody. We observed that LY6K translocated to the 

nucleus and co-localized with aurora B during mitosis and during cytokinesis at the 

mid-body. NSC243928 treatment reduced the aurora kinase-LY6K interaction. NSC243928 

also resulted in reduced phosphorylation of aurora kinase and its substrate Histone H3. 

NSC243928 induced inhibition of phosphorylation of aurora B kinase and inhibition of its 

substrate Histone H3 was rescued by wildtype LY6K but not by F79A mutated LY6K in 

LY6K CRISPR cells, confirming that NSC243928 effect on aurora B/histone H3 is linked 

with LY6K interaction of the drug at F79 at least partially.

Defects in cell cycle progression during mitosis and cytokinesis may result in DNA 

damage repair or can lead to the activation of senescence and apoptosis. We observed that 

NSC243928 treatment led to the inactivation of PARP proteins, in addition to the onset of 

senescence and activation of caspases. CHK1 proteins are direct effectors of DNA damage 

after replicative stress. We examined the phosphorylation of CHK1 following NSC243928 

treatment and observed that CHK1 phosphorylation following drug treatment preceded the 

phosphorylation of H2A.X at Ser139, suggesting that CHK1 mediated phosphorylation 

of histone H2A may contribute to DNA damage via NSC243928-LY6K interaction. This 

suggests that NSC243928 could lead to DNA damage and eventually cancer cell death, as 

supported by in vivo observations of induced apoptosis and increased DNA damage due to 

NSC243928 treatment. Based on these findings, we present a novel field of study of LY6K 

biomarkers as cell cycle regulators. As LY6K expression is limited to the testes and is not 

necessary for vital organ function, there is strong potential for LY6K as a therapeutic target 

in many hard-to-treat cancers, such as triple-negative breast cancer and ovarian cancer, as 

well as any other cancer with the LY6K biomarker.
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Refer to Web version on PubMed Central for supplementary material.
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• Discovery of a unique function for LY6K in mitosis and cytokinesis via 

aurora B kinase signaling in cancer cells.

• Structural underpinnings of the interaction between the inhibitor NSC243928 

and the protein LY6K

• Mechanism of small molecule NSC243928 binding to LY6K and inhibition 

of cell cycle progression, resulting in failed cytokinesis, multinucleated cells, 

DNA damage, senescence, and cancer cell death.
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Figure 1: 
(A) The basal model of mature LY6K protein selected from MD trajectory, presented in 

rainbow colors (i) N-terminus in blue and C-terminus in red. Comparison of the basal 

structure (yellow), presents structures of dominating clusters from three additional MD 

simulations, each 176 ns-long: (ii) colored pink, (iii) colored green and (iv) colored blue. 

(B) A 3D model of LY6K-NSC243928 in far view and in (C) closeup view - showed the 

LY6K-NSC243928 interaction involving 4 phenylalanines (F) at 52, 75, 78 and 79. (D) 
Indicated point mutations were created in His tagged human LY6K cloned in the pET24 

vector. Recombinant protein was purified using Ni-NTA resin. The SDS-PAGE and western 

blot with anti-His mouse mAb confirmed the production of LY6K protein of expected size. 

(E) Surface plasmon resonance showed that (i) wildtype, (ii) F52A, (iii) F75A, and (iv) 

F78A LY6K retained binding to NSC243928, while (v) F79A LY6K did not show binding 

with NSC243928.
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Figure 2: 
NSC243928 induces morphological changes and G2/M arrest. Cells were serum starved for 

8 hours and then treated with the indicated concentrations of the drug overnight (18 h). (A) 
Morphological observation indicated that (i) control cells grew in tight clusters, (ii) cells 

treated with a low concentration of NSC243928 (0.1 μM) did not exhibit gross toxicity but 

they were morphologically distinct with bigger nuclei, (iii) at an increased concentration 

of NSC243928 (1.0 μM) the cells displayed distinctly bigger nuclei, (iv) at the highest 

concentration of NSC243928 (5.0 μM) treatment cytotoxicity was observed and fewer cells 

were attached. (B) Cells were washed gently with PBS and collected by trypsinization, 

stained with DAPI and subjected to flow cytometry analysis. Data is shown in dot plots and 

in the Watson cell model to depict the various cell cycle stages in the bottom panel. We 

observed that (i) control cells show a normal distribution of subG1 (0.41%), G1 (50.1%), S 

(25%), G2/M (23.1%) cells, (ii) cells treated with a low concentration of NSC243928 (0.1 

μM) show a slight increase in subG1 (0.74%), reduction in G1 (12.6%), slightly reduced S 

(19. 5%), increased G2/M phase (38.4%), dramatic increase in 4n and higher nuclei (27.3%), 
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(iii) at increased concentration of NSC243928 (1.0 μM) cells displayed G1 (0.11%), S 

(2.08%), G2 (16.7%), with a great increase in cell population with 4n and higher nuclei 

(80.3%), (iv) at the highest concentration of NSC243928 (5.0 μM), the pattern continues 

with the G1 (0.50%), S (1.92%), G2/M (17.3%), with increased 4n and higher (79.3%) cell 

numbers, suggesting that NSC243928 treated cells had high ploidy and they have difficulty 

in exiting the G2/M checkpoint. (C-G) The stacked bars were plotted to give the graphical 

analysis in multiple indicated cells lines of subG1, G1, S, G2/M cell population in the 

indicated cell lines at the indicated concentration of NSC243928 overnight (18 h) treatment. 

(H) HeLa cells stably transduced with Incucyte® cell cycle tracker dye were treated with 

indicated concentrations of NSC243928 and images were collected every four hours for 2 

days. Automated live cell imaging and quantification was performed using Incucyte® S3 

Live-Cell Analysis Systems.

Selvanesan et al. Page 22

Cancer Lett. Author manuscript; available in PMC 2024 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: 
NSC243928 inhibits cell cycle progression and induces apoptosis and cellular senescence. 

(A) Indicated cells lines were plated at 30% confluency, serum starved for 8 h and treated 

with the indicated concentration of drug in complete growth medium overnight (18 h). 

Cell lysates were prepared in RIPA buffer and western blot analysis was performed using 

indicated antibodies. (B) 4T1 cells were serum starved as above and then exposed to serum 

medium with or without drug for 2 h and 6 h. We observed that 2 μM NSC243928 treatment 

significantly eliminated the mitotic activity observed in control cells. Images are shown for 

2 h time point. Bar graph below shows the number of mitotic/condensed DNA at 2 h and 

6 h. p values are calculated compared to the control untreated. (C) Cells were plated at 

20% confluency and treated with the indicated concentration of NSC243928 without serum 

starvation for 72 h and cellular staining for beta-galactosidase was performed, which showed 

increased cellular senescence at 0.1 μM NSC243928; black arrow for blue positive cells. 
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The 1.0 μM and 5.0 μM NSC243928 treatment for 48 h proved to be very toxic for cells 

as shown by the loss of attached cells. The bar graph below depicts the quantification. Five 

random fields were observed to count the beta-galactosidase positive blue cells. p values 

were calculated compared to the control untreated. (D) Indicated cell lines were plated at 

30% confluency, serum starved for 8 h and treated with the indicated concentration of drug 

in complete growth medium overnight (18h). Cell lysates were prepared in RIPA buffer and 

western blot analysis was performed using indicated antibodies, which showed increased 

cleaved caspase 3, caspase 7 and cleaved PARP at increasing concentrations of NSC243928. 

(E) LY6K CRISPR knockout cells were serum starved as above and then treated with 2 μM 

NSC243928 for 30 min. Cell extracts were prepared in RIPA buffer for western blot analysis 

with indicated antibodies. The bar graph on right depicts the quantification of the western 

blot.
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Figure 4: 
LY6K co-localization with phosphorylated aurora kinase. Indicated cells were fixed in 

4% paraformaldehyde and subjected to immunofluorescence using a mouse monoclonal 

antibody against LY6K and a rabbit polyclonal phosphorylated A/B/C antibody. The LY6K 

labeling was visualized using goat anti-mouse Alexa Fluor 488 (green). Phosphorylated 

Aurora A/B/C labeling was visualized with goat anti-rabbit Alexa Fluor 595 (red). The 

arrows indicate co-localization of LY6K and phosphorylated aurora proteins during (A) 
mitosis, and (B) cytokinesis in mouse mammary tumor 4T1 cells; (C) mitosis and (D) 
cytokinesis in human breast cancer BT549 cells and (E) mitosis and (F) cytokinesis in HeLa 

cells. DNA was labeled with DAPI (blue). Super-resolution confocal microscopy was done 

using Airyscan LSM980 with a 60X oil objective.
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Figure 5: 
NSC243928 inhibits nuclear LY6K function and localization. Indicated cells were serum 

starved for 8 hours and treated with complete medium with or without drug. (A) 
Quantification of nuclear LY6K signal as seen in confocal microscopy at 2 and 6 h with 

or without 2 μM NSC243928 treatment. (B) Cell fractionization was performed as described 

in methods with or without 2 μM NSC243928 treatment. Equal proteins were loaded for 

western blotting with indicated antibodies. The side panel shows the purity of cytosolic and 

chromatin bound fractions. (C) Immunofluorescence studies were performed in cells treated 

with 2 μM NSC243928. The drug treated cells showed binuclear or multinucleated cells 

with disrupted mitosis and cytokinesis. Interestingly, the co-localization of LY6K and aurora 

kinases was reduced as well. The quantification of multi-nuclear cells is shown in the bar 

graph. (D) Schematic representation LY6K-aurora B signaling in cancer cells to facilitate 

cell cycle progression (E) Schematic representation of NSC243928 induced disruption of 

LY6K-aurora B signaling leading to a halt in cell cycle progression leading to cell death.
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Figure 6. 
In vivo effect of NSC243928 treatment. The control and treated groups had 10 mice each. 

All the mice were included in the analysis. (A) Tumor isografts in 4T1 mammary tumor 

model were grown to be larger than 50 mm3. Mice were treated with NSC243928 at 50 

mg/kg of body weight. First dose was delivered via i.v. on day 11 post cancer cell injection, 

second dose was delivered via i.p. on day 13 and third dose was delivered via i.v. on day 

16. After three treatments, the treated group showed significant growth reduction compared 

to the control group. (B) The growth rate (volume per day) was significantly reduced 

in treated group compared to the control group. (C) Mice were euthanized and tumors 

were excised and weighed. Mice receiving drug had significantly lower tumor weight than 

controls. Tumor growth data (A-C) will be used elsewhere for the purposes not relevant 

to this work (manuscript in preparation). The excised tumors were formaldehyde-fixed and 

paraffin embedded. Tumor sections were stained with (D) gamma H2A.x S139 and (E) 
cleaved caspase-3 antibody. Three fields of view were monitored for positive cells (indicated 

by black arrows) from each section. The images were obtained with a 40X objective on 

Zeiss Axiovert microscope. Statistical analysis was performed with non-parametric Mann-

Whitney Test using GraphPad Software. p<0.05 was considered significant.
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Figure 7. 
In vivo effect of NSC243928 treatment. The control and treated groups had 5 mice each. 

All the mice were included in the analysis. (A) Tumor isografts in E0771 mammary tumor 

model were grown to be larger than 50 mm3. Mice were treated with NSC243928 at 50 

mg/kg of body weight. First dose was delivered via i.v. on day 21 post cancer cell injection, 

second dose was delivered via i.p. on day 23 post cancer cell injection. After two treatments, 

the treated group showed significant growth reduction compared to control group. (B) The 

growth rate (volume per day) was significantly reduced in treated group compared to the 

control group. (C) Mice were euthanized and tumors were excised and weighed. Mice 

receiving dug had significantly lower tumor weight than controls. Tumor growth data (A-C) 

will be used elsewhere for the purposes not relevant to this work (manuscript in preparation). 

The excised tumors were formaldehyde-fixed and paraffin embedded. Tumors were stained 

with (D) gamma H2A.x S139 and (E) cleaved caspase-3 antibody. Three field of view were 

monitored for positive cells (indicated by black arrows) from each section. The images 

were obtained using a 40X objective on Zeiss Axiovert microscope. Statistical analysis was 
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performed with non-parametric Mann-Whitney Test using GraphPad Software. A p<0.05 

was considered significant.
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