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Abstract

Study of genomic aberrations leading to immortalization of epithelial cells has been technically 

challenging due to the lack of isogenic models. To address this, we utilized healthy primary breast 

luminal epithelial cells of different genetic ancestry and their hTERT-immortalized counterparts 

to identify transcriptomic changes associated with immortalization. Elevated expression of 

TONSL (Tonsoku Like, DNA Repair Protein) was identified as one of the earliest events 

during immortalization. TONSL, which is located on chromosome 8q24.3, was found to be 

*Corresponding author: Harikrishna Nakshatri, BVSc., PhD, C218C, 980 West Walnut Street, Indianapolis, IN 46202, USA, 
hnakshat@iupui.edu.
$Contributed equally to this work

Competing interests: The authors declare that they have no competing interests.

HHS Public Access
Author manuscript
Cancer Res. Author manuscript; available in PMC 2023 October 14.

Published in final edited form as:
Cancer Res. 2023 April 14; 83(8): 1345–1360. doi:10.1158/0008-5472.CAN-22-3667.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



amplified in ~20% of breast cancers. TONSL alone immortalized primary breast epithelial 

cells and increased telomerase activity, but overexpression was insufficient for neoplastic 

transformation. However, TONSL-immortalized primary cells overexpressing defined oncogenes 

generated estrogen receptor-positive adenocarcinomas in mice. Analysis of a breast tumor 

microarray with ~600 tumors revealed poor overall and progression free survival of patients 

with TONSL overexpressing tumors. TONSL increased chromatin accessibility to pro-oncogenic 

transcription factors including NF-κB and limited access to the tumor suppressor p53. TONSL 

overexpression resulted in significant changes in the expression of genes associated with DNA 

repair hubs, including upregulation of several genes in the homologous recombination (HR) 

and Fanconi Anemia pathways. Consistent with these results, TONSL overexpressing primary 

cells exhibited upregulated DNA repair via HR. Moreover, TONSL was essential for growth of 

TONSL-amplified breast cancer cell lines in vivo, and these cells were sensitive to TONSL-FACT 

complex inhibitor CBL0137. Together, these findings identify TONSL as a regulator of epithelial 

cell immortalization to facilitate cancer initiation and as a target for breast cancer therapy.
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Introduction

Around 80–90% of all cancers are carcinomas, malignancies of epithelial tissue, and 

one of the most widespread human cancers in females arise from the normal breast 

epithelium (1). Normal epithelial cells have limited replicative potential and the first 

step in tumor initiation is to overcome this limitation (2). In vitro, the cells acquire the 

unlimited replicative potential through activation of telomerase enzyme by the process called 

immortalization (2). In vivo, a single catastrophic genomic event called chromothripsis may 

initiate tumorigenesis (3). Error-prone DNA repair pathways activated as a consequence 

of chromothripsis could lead to inactivation of tumor suppressors, activation of oncogenes, 

immortalization, transformation and clinical manifestation of the disease as either locally 

advanced or metastatic cancers (3).

Recent advances in genomics have enabled identification of cancer-enriched genome 

aberrations and molecular classification of cancers. For example, based on copy number 

variations (CNVs), breast cancers have been classified into ten integrative clusters, each 

with distinct outcome profiles (4). Several breast cancer-enriched mutations have been 

identified, including a limited number of driver mutations in genes such as TP53 and 

PIK3CA (5). However, breast cancer is predominantly a CNV-driven disease (5). Although 

mechanistic studies on breast cancer-enriched mutations and CNVs have been successful in 

identifying downstream signaling pathways and in elucidating the role of signaling pathways 

in cancer progression and metastasis, the role of these CNVs in cancer initiation is unknown 

(6,7). Limited progress in this direction is primarily due to lack of an isogenic model 

system that would allow comparison of primary cells to their immortalized and transformed 

counterparts.
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We recently developed an assay to propagate primary breast epithelial cells with luminal 

characteristics from core breast biopsies of healthy donors and an isogenic model permitting 

dissection of molecular events that occur during immortalization, primary tumor growth, and 

metastasis (8,9). Since genetic ancestry has been shown to influence cancer initiation and 

progression process (10), our model system included cells from donors of different genetic 

ancestry, allowing us to identify molecular events during immortalization/transformation 

of cells from diverse group. By using this approach, we identified upregulation of 

components of TONSL (Tonsoku Like, DNA Repair Protein)-FACT (Facilitates Chromatin 

Transcription) complex during immortalization. As a component of the MMS22L-TONSL 

complex, TONSL interacts with minichromosome maintenance (MCM), FACT, and 

replication protein A (RPA), binds histones, and controls homologues recombination 

(HR) during replication-associated DNA damage (11). MMS22L and TONSL participate 

in the recovery from replication stress by identifying post-replicative chromatin (12,13). 

TONSL ankyrin repeat domain (ARD) identifies unmethylated lysine-20 residue on histone 

H4 (H4K20me0) and binds to the histone as a post-replicative chromatin mark during 

replication(13). TONSL is part of cell cycle-dependent HR (14) and maintains genomic 

stability during S phase (15). Since innate cellular mechanisms that regulate replicative 

potential serve as guardians against malignancy, deregulation of these cellular mechanisms 

could be the initial event in tumorigenesis (16). We show that TONSL, located on 

chromosome 8q24.3, is amplified in ~20% of breast cancer. We further report that TONSL 

is an immortalizing oncogene, and, upon upregulation, TONSL manipulates the cells to 

increase DNA repair via HR. We demonstrate that FACT targeting drugs such as Curaxins 

(17) inhibit TONSL amplified breast cancers, identifying TONSL as a new therapeutic target 

in breast cancer.

Materials and Methods

Primary cell culture and Immortalization:

Fresh or cryopreserved, deidentified normal breast tissues from healthy women of European, 

African or Latina ancestry, donated to Komen Tissue Bank (KTB) at Indiana University, 

were processed to generate primary breast epithelial cells as described previously (8,9). 

All tissue samples were collected following a detailed IRB approved protocol, with 

written informed consent from donors, and HIPAA compliance protocol. hTERT, TONSL, 

HRASG12V, SV40 Large + small T antigen, or TP53R273C -GFP overexpression was 

achieved using lentiviral transduction (9). Plasmids used are described in supplementary 

methods.

TONSL Knockdown using shRNA:

shTONSL viral particles used are described in supplementary methods. User manual was 

followed to achieve knockdown.

RNA isolation and quantitative real-time polymerase chain reaction (qRT-PCR):

Total RNA was isolated using total RNA isolation kit followed by cDNA synthesis and 

later qRT-PCR as described previously (9). Further details are provided in supplementary 

methods.
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RNA sequencing:

RNA-seq data to determine genes differentially expressed between primary and hTERT 

immortalized cells were described previously (9) and are available publicly (GEO number: 

GSE108541). Genes differentially expressed in immortalized cells compared to primary 

cells were identified (Table S1). Details of RNA-seq of 1) primary CD49f-/EpCAM+ mature 

luminal cells - CD49f+/EpCAM+ luminal progenitor cells, 2) KTB103 primary and TONSL 

overexpressing cells, and 3) TMD436 shControl (pLKO), TMD436 shTONSL Clones 1, 2 

and 3 are described in supplementary methods with accession numbers.

Selection of putative immortalization-associated genes for further analysis:

A schematic view for genes specifically deregulated during immortalization is shown in Fig. 

1A. Genes that are differentially expressed in mature luminal cells compared to luminal 

progenitor cells (Table S2) were excluded in the analysis. CRISPR essentiality screen data, 

described in Table S3, were used for refinement. More details are provided in supplementary 

methods. Table 1 provides a list of top 15 genes that met all section criteria.

ATAC sequencing:

KTB103 primary and TONSL overexpressing KTB103 cells were subjected to ATAC-seq 

using the previously established protocol (18). Assays were done in biologic triplicates 

with ~50,000 cells. Integration of RNA-seq data with ATAC-seq data and motif enrichment 

analyses were performed as described previously (18) (Accession number GSE216237).

Antibodies and western blotting analysis:

Cell lysates prepared in radioimmunoassay buffer were analyzed by western blotting as 

described previously (9) . Antibodies used are listed in supplementary methods.

Flow cytometry analysis:

Flow cytometry analysis primary and TONSL overexpressing cells was performed as 

described previously (9). Data were acquired using a BD LSR II flow cytometer and 

analyzed using FlowJo software. Detail description of antibodies used is in supplementary 

methods.

Cell Proliferation assay:

2000 cells/well were plated in 96 well plate. Cells were treated with CBL0137 for 

48h. Bromodeoxyuridine (BrDU) incorporation-ELISA was done using kit (description in 

supplementary methods) as per the manufacturer’s instruction.

TRAP Assay:

The assay was performed as described in user manual of the kit and additional details are 

provided in supplementary methods.

Breast tumor tissue microarray (TMA):

A TMA with breast tumor samples from ~600 patients with ~15 years of follow up has 

been described recently (19). All tissue samples were collected following a detailed IRB 
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approved protocol, with written informed patient consent, and HIPAA compliance protocol. 

TMA staining and quantification have been described previously (19).

Immunohistochemistry (IHC):

H&E, ERα, PR, GATA3, and FOXA1 immunostaining was performed at the CLIA-certified 

Indiana University Health Pathology Laboratory and the whole-slide digital imaging system 

of Aperio (ScanScope CS) was used for imaging.

Immunofluorescence and microscopy:

For immunofluorescence, 10,000 cells were plated on 35mm glass bottom plates overnight 

and treated with 10 mM Hydroxyurea for 0h and 6h. Cells were fixed with 4% 

paraformaldehyde for 20 min at room temperature (RT). Cells were permeabilized and 

blocked with 22.52 mg/ml glycine in PBS+ 2% FBS + 1% Triton × for 20 min at RT. 

Primary and secondary antibodies were diluted in 1% serum in PBST (PBS + 1% Triton 

x). Cells were incubated in primary antibody at 4° C overnight followed by incubation 

with secondary antibody with Hoechst for 1h at RT. Cells were washed with PBS thrice 

after every incubation, imaged using Olympus FLUOVIEW FV1000, 63X water objective. 

Background was subtracted from every image. Foci were quantitated with protocol 

described by Duke University https://microscopy.duke.edu/guides/count-nuclear-foci-ImageJ 

using ImageJ.

Comet Assay:

Cells were treated with 10 mM Hydroxyurea for 0h and 6h followed by trypsinization. 

Comet Assay was performed as per user manual (Kit description is in supplementary 

methods). Slides were imaged using Keyence BZ-X800, 10X. Comets were analyzed using 

CaspLab - Comet Assay Software Project. Olive movement was used to quantify the tail 

lengths.

Statistical analysis of data derived from TMA:

T-tests, Chi-square tests, Fisher’s Exact tests, or log-rank tests were used to compare patient 

and tumor variables between those with TONSL H-scores vs. those without. Details of the 

analysis are provided in supplementary methods.

Animal studies:

Indiana University Animal Care and Use Committee has approved all animal studies and 

all studies were conducted as per NIH guidelines. For tumor development studies, TONSL-

immortalized KTB103 cells and/or transformed cells were injected into the mammary 

fat pad female NSG mice. All mice were implanted with estradiol pellets and tumor 

progression was assessed every week. For drug treatment studies, TMD-436 or TMD-231 

cells were injected into the mammary fat pad of female nude mice. Treatment was initiated 

upon formation of palpable tumors. Animals were treated with 30 mg/kg of CBL0137, a 

previously reported dose (20), and the control group was treated with water via oral gavage 

for six weeks. To study TONSL dependency for in vivo growth of TONSL-amplified breast 

cancer cell lines - TMD-436 and TMCF-7 shControl and shTONSL cells were implanted 
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into the mammary fat pad of nude mice and tumor growth were measured for six weeks. 

Additional details are provided in supplementary methods.

Statistical analysis of in vitro and in vivo data:

In vitro and in vivo data were analyzed using GraphPad Prism. Data was analyzed using 

Mann-Whitney test and ANOVA. Details are provided in supplementary methods.

Data and Material availability:

All data needed to evaluate the conclusions in the paper are present in the paper and/or in the 

supplementary materials. Sequence data have been submitted to publicly available databases 

and accession numbers are indicated in the Materials and Methods section or supplementary 

methods. Requests for reagents including cell lines should be submitted to HN.

Results

TONSL-FACT complex components are upregulated in immortalized breast epithelial cells 
compared to primary cells

To study genomic changes in immortalized and transformed cells compared to isogenic 

primary cells, we developed a model system using breast core biopsies from seven 

healthy women and analyzed gene expression profile of primary breast epithelial cells and 

their human telomerase (hTERT) overexpressing counterparts (9). To identify functionally 

important genes transcriptionally deregulated during immortalization, we applied various 

filters depicted in Fig. 1A. In our previous study, we had demonstrated that primary and 

immortalized cells are composed of cells at distinct differentiation stages (9). For example, 

while primary cells contained variable levels of luminal progenitor (CD49f+/EpCAM+) 

and differentiated (CD49f−/EpCAM+) cells depending on the donor, immortalized cells 

consisted of only luminal progenitors (9). Previous studies have shown differential 

expression of ~2000 genes between luminal progenitor and differentiated cells (21). To 

exclude those genes whose expression is altered in immortalized cells compared to primary 

cells simply due to differences in differentiation status, we performed RNA-seq analyses 

of flow cytometrically sorted luminal progenitor and differentiated cells from breast tissues 

of genetic-ancestry mapped European-ancestry, African-ancestry, and Latina women (n=5 

per group). Genes differentially expressed between these two populations (Table S2) were 

excluded from our analyses that compared primary versus immortalized cells. The remaining 

genes were then subjected to Ingenuity Pathway Analyses (IPA) to determine cancer 

progression relevance. The next filter was the recently developed CRISPR-Cas9 fitness 

and essentiality screens (22), and genes considered essential for cancer cell survival were 

further analyzed. Specific relevance of selected genes to breast cancer was determined using 

cBioportal and UALCAN databases (23,24). Gene listed in Table 1 were considered for 

further evaluation.

To confirm immortalization-associated changes, we quantitated the expression of several 

of these genes in isogenic primary, hTERT immortalized, and cells transformed with 

H-RasG12V +SV40-T/t antigens. We observed that TONSL, FACT components SSRP1 
and SPT16, and BARD1 were upregulated upon immortalization and further increased 
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upon transformation (Fig. 1B). Functionally, previous studies have shown TONSL forms a 

complex with FACT as well as BARD1 (12,25). By contrast, putative tumor suppressors 

NDN and SEPP1 were downregulated in immortalized cells compared to primary cells 

(26,27). Since all three components of TONSL-FACT as well as its other interacting partner 

BARD1 were upregulated in immortalized cells compared to primary cells and TONSL is 

the only gene among four frquently amplified in cancer (see below), we focused on the role 

of TONSL in immortalization and transformation.

TONSL-amplified breast cancers are enriched in Integrative cluster 9

We first utilized various publicly available databases to test our hypothesis that genomic 

aberrations involving TONSL are implicated in breast tumorigenesis. Aberrant expression of 

TONSL in breast tumors was subsequently verified by genomics- and IHC-based analysis 

of breast tumor tissue microarray (TMA). Using UALCAN (24), we first confirmed that 

TONSL expression was elevated in breast cancers, irrespective of subtypes (Fig. S1A). 

TONSL is located in chr8q24.3, one of the amplified regions in breast cancer (28). TONSL 
was amplified in ~15–40% of all breast cancers and ~40% of patients display gain in 

TONSL expression (Fig. S1B, C). Since cMyc is well studied oncogene in chromosome 8q 

amplified region (28), we examined whether TONSL and cMyc amplification are mutually 

exclusive or co-occurrence. Interestingly, ~50% of breast cancers with cMyc amplifications 

also harbored TONSL amplification (Fig. S1D).

Since TONSL is amplified in breast cancer and CNVs primarily drive breast cancers 

(5), to further delineate the relationship between TONSL amplification and integrative 

clusters, we used METABRIC dataset, which classified breast cancers into 10 integrative 

clusters based on CNVs (4). Integrative cluster 9 contained the highest level of TONSL 
amplification followed by clusters 10, 1 and 5 (Fig. 1C). Integrative clusters 9 and 5 

contain both estrogen receptor positive (ER+) and ER− tumors, whereas clusters 1 and 10 

comprise of ER+ and ER− tumors, respectively (4). In clusters 1, 5, 9 and 10, dominant 

PAM50 subtypes were luminal B, luminal B and HER2, luminal B (mixed) and basal like, 

respectively (4). Thus, TONSL amplification is not unique to specific intrinsic subtype of 

breast cancer but shows some degree of correlation with CNV-driven integrative cluster 

classification. TONSL amplification/duplication was observed in breast tumors of stage I 

to stage IV (Fig. S1E) (29), further suggesting that genomic aberration involving TONSL 
is an early event in at least a subgroup of breast cancers. We also observed race specific 

differences of TONSL expression in Caucasian, African American and Asian breast cancer 

patients in TCGA data (Fig. S1F). Tumors in African American patients had significantly 

higher TONSL expression than Caucasian (p=3.21E-14) and Asian patients (p=4.89E-04). 

TONSL amplification was associated with overexpression of its mRNA (Fig. 1D). TONSL- 

amplification was associated with shorter recurrence-free and overall survival (Fig. 1E, 1F). 

Median recurrence free survival was ~160 months in TONSL-amplified group compared 

to ~260 months in the non-amplified group. TONSL-amplified tumors overrepresented 

gene sets corresponding to E2F targets, G2/M checkpoint, mitotic spindle, and mTORC1 

pathways (Table S4).
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To independently confirm genomic aberrations involving TONSL, we designed multiplex 

custom CodeSet and examined CNV using a NanoString technologies nCounter platform. 

We targeted chromosome 8q24.3 region and designed probes for TONSL along with the 

neighboring gens such as SLC93A4, VPS28, CYHR1, KIFC2, and FOXH1 as depicted in 

(Fig. S2). DNA from immortalized breast epithelial cell lines was used a negative control 

and DNA from MDA-MB-436 cell line with known TONSL amplification (see below) as 

a positive control. CNV scores are assigned as follows: deletions (0 to 0.4), normal copy 

number (0.4 to 1.4), duplication (1.4 to 2.4) and amplification (above 2.4). Of the 33 

patient samples analyzed, amplification was seen in two samples and gene duplication in 

12 samples, and TONSL deletion was not observed in any of these samples (Fig. 1G). In 

both samples with TONSL amplification, genes neighboring TONSL were also amplified 

(Fig. 1G; except SLC93A4 in patient #2). Tumors with TONSL amplification were mostly 

TNBCs.

Breast tumor tissue microarray (TMA) analysis reveals prognostic significance of TONSL 
in breast cancer

To investigate the prognostic utility of TONSL in breast cancer, we evaluated TONSL 

expression in a TMA with breast tumors from 597 patients. TONSL expression was 

measurable in 472 tumors (79%). Table S5 describes the demographics and Fig. 2A shows 

staining patterns of TONSL in primary tumors. We compared TONSL H-score expression 

with ER, Progesterone Receptor (PR), human epidermal growth factor receptor 2 (HER-2/

neu), Nodal stage, Tumor Stage and Grade. TONSL levels were correlated with ER (higher 

values within ER-) and Tumor Grade (higher values with higher grade) (Table S6). In 

univariable analyses, variables significantly related to disease free survival in the Cox 

proportional hazards regression models were HER2 status, tumor grade, tumor stage, and 

nodal stage (Table S7). HER2/neu+, higher tumor grade, higher tumor Stage, and nodal 

stage-positive tumors were correlated with lower disease-free survival. TONSL H-score was 

related to disease free survival with higher scores correlated to lower disease-free survival 

(log rank test p-value 0.0033).

In the multivariable analysis, tumor grade, and nodal stage were found to be significant. In 

the model without HER2 status, TONSL score was also significant. Higher tumor grade, 

nodal stage-positive and higher TONSL H-score were correlated with lower disease-free 

survival (Table S8). In multivariable models treating the H-score as dichotomous, H-score 

category was significant for ER+, patients on endocrine therapy, and patients ER+ and on 

endocrine therapy (Table S8). Kaplan-Meier plots derived from the univariable analyses 

using the categorical TONSL H-score for overall and the ER subgroup analyses showed 

specific impact of TONSL expression on outcome. There was a significant difference for the 

categorical TONSL H-score (p=0.0022) with the higher H-scores having worse progression 

free survival (all cases). There was also a significant difference for the categorical TONSL 

H-score within the ER-positive subgroup (p=0.0026) with the higher H-scores having worse 

progression free survival (ER+ patients) (Fig. 2B–E). In particular, in ER+ group treated 

with endocrine therapy, TONSL overexpression was associated with worst outcome (Fig. 

2D, E).
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TONSL is an immortalizing oncogene.—TONSL expression was elevated in 

immortalized cells compared to primary cells (Fig. 1B) and amplification/duplication of 

TONSL was observed in Stage I breast cancers (Fig. S1C, E). These results raised the 

possibility that TONSL itself possesses an immortalizing function. To test this hypothesis, 

we overexpressed TONSL in primary breast epithelial cells and transferred cells to regular 

tissue culture dishes instead of plates pre-coated with conditioned media from 804G 

cells, which is required for the growth of primary cells (8). After one month in culture, 

immortalized clones appeared, and these cells expressed higher levels of TONSL compared 

to parental cells (Fig. 3A). Phase contrast images of primary and TONSL-immortalized 

cells are shown in Fig. S3A. We also observed elevated telomerase activity in TONSL-

overexpressing cells compared to primary cells (Fig. 3B), although TONSL increased 

TERT mRNA levels only modestly (Fig. 3C). shRNA against TONSL reduced levels of 

TERT in TONSL amplified cell line TMD-436 (Fig. 3C, see below for further details 

of these cells). KTB103 TONSL-immortalized cells were enriched for luminal progenitor 

properties (CD49f+/EpCAM+) compared to primary cells (Fig. 3D), a property of TONSL 

immortalized cells similar to hTERT immortalized cells (9). Composition of primary cells 

varied between samples, consistent with our previous report (30); KTB103 and KTB109181 

cells are from African ancestry donors and KTB103 contained both luminal progenitor and 

basal cells.

Similar to previous observations by others (31), we recently reported that the combination 

of H-RasG12V with SV40-T/t antigens reproducibly transform hTERT-immortalized breast 

luminal epithelial cells of healthy donors of different genetic ancestry and was the most 

effective oncogene combination for transformation (9). Furthermore, depending on the 

donor cell type, the resulting tumors are adenocarcinomas or squamous carcinomas. In our 

transformation model system, as mutant p53 (TP53R273C) was less efficient than SV40-T/t 

antigens as a cooperating oncogene, we examined whether overexpression of H-RasG12V + 

SV40-T/t antigens, H-RasG12V +TP53R273C, and cMyc in TONSL immortalized cells could 

lead to transformation. Overexpression of oncogenes in immortalized cells was confirmed 

by western blotting or immunofluorescence (in case of TP53R273C) (Fig. S3B–D). Five 

million cells were injected into the mammary fat pad of NSG mice and tumor development 

was examined for ~10 weeks. No tumor developed from cells that overexpressed TONSL, 

TONSL + H-RasG12V + TP53 R273C, TONSL + TP53 R273C or TONSL + cMyc (Fig. 3E). 

However, three out of five mice harboring TONSL-overexpressing cells with H-RasG12V 

+SV40-T/t antigens developed invasive ductal carcinoma (Fig. 3E). Interestingly, H-RasG12V 

+SV40-T/t antigens derived tumors displayed expression of ERα, PR, and GATA3 (Fig. 

3F). Tumor cell lines generated from resulting tumors expressed ERα (Fig. 3G). To our 

knowledge, this is the first model system where ERα+ adenocarcinoma can be generated 

from primary breast epithelial cells using H-Ras oncogene without the need for unique 

propagation methods or 3D cultures to enrich for ERα+ cells (32).

TONSL overexpression in primary breast epithelial cells leads to chromatin reorganization

Since TONSL-FACT or TONSL-MMS22L complexes bind chromatin during DNA 

replication, repair and/or transcription (12,14), we next examined whether TONSL 

overexpression in primary cells leads to chromatin reorganization and gene expression 
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changes, which consequently leads to immortalization. For this purpose, we performed 

ATAC-seq and RNA-seq of primary and TONSL-immortalized cells. TONSL caused 

significant changes in chromatin accessibility including selective opening and closing of 

chromatin (Fig. 4A, B). An example of TONSL-induced closing of chromatin near the 

transcription start site of SMARCA2 gene is shown in Fig. 4C. Similar to our previous 

study in MCF-7 cells with and without estradiol treatment (18), TONSL-induced chromatin 

accessibility changes correlated with both increased and reduced expression of downstream 

genes (Fig. 4D). Chromatin accessibility changes and TONSL-mediated gene expression 

changes are listed in Tables S9 and S10. To ensure that few of the gene expression changes 

in TONSL-immortalized cells compared to primary cells was not due to differences in 

differentiation status, we compared the gene expression changes noted in Table S10 with 

that of gene expression differences between luminal mature and luminal progenitor cells 

listed in Table S2. Only 10% of genes showed an overlap, suggesting that the majority of 

gene expression changes in TONSL overexpressing cells compared to primary cells was due 

to TONSL overexpression.

IPA of genes differentially upregulated due to TONSL overexpression were related to 

cell survival and proliferation such as cell cycle control of chromosomal replication 

(p=2.05E-08), mismatch DNA repair (p=3.6E-06), and kinetochore metaphase signaling 

pathway (p=1.4E-11). TONSL overexpression led to inhibition of pathways related to cell 

cycle control including G2/M DNA damage checkpoint pathway (p=3.7E-04) and role of 

CHK proteins in cell cycle checkpoint control (p= 1.54E-07) (Fig. 4E). Importantly, TONSL 

overexpression resulted in significant changes in expression of genes associated with 

specific DNA repair hubs, particularly HR pathway and base excision repair hubs (BER) 

(Fig. 4F), and elevated expression of TONSL binding partner MMS22L with accompanying 

changes in chromatin accessibility of MMS22L gene (Table S9 and Table S10) (11). TONSL 

overexpression was sufficient to increase the expression of its known other interactors 

SSRP1, SPT16 (components of FACT) and BARD1 (25) (Fig. S4). Thus, TONSL may 

control the expression of its binding partners SSRP1, SPT16, and BARD1 in immortalized 

compared to primary cells (Table 1).

DNA repair hub impairment is observed exceedingly early in breast tumorigenesis (33). 

Because impaired non-homologous end joining (NHEJ) and nucleotide excision repair 

(NER) are associated with genomic instability and increased mutation frequencies (33), 

TONSL overexpression due to chr8q24.3 amplification is likely a trigger for gain of both 

replicative capacity and genomic instability in tumor initiating cells through an imbalance 

in DNA repair hubs. To further determine the role of TONSL in genomic instability, 

we examined TONSL-immortalized cells for the expression of 70 genes associated with 

chromosomal instability (34). Sixty-seven of these genes were overexpressed in TONSL-

immortalized cells compared to parental cells (Fig. S4C). We also examined the expression 

levels of 11-gene breast cancer proliferation signature (35) and found TONSL upregulating 

the expression of all of these genes (Table S11), further solidifying the role of TONSL in 

overcoming replication block and enhancing survival.

Several interactors and antagonists of BRCA1-BRAD1 complex have been described 

and these interactors/antagonists modulate antitumorigenic roles of BRCA1-BARD1 (36) 
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and are involved in DNA repair machinery, DNA damage signaling, transcription/R-

loop metabolism, cell growth, centromere regulation, chromosome segregation, chromatin 

modelling, and E3 ligase substrates. Interestingly, TONSL overexpression altered the 

expression levels of 93/133 interactors/antagonists significantly (p value < 0.01; Table S12, 

genes with two-fold change are described in Fig. 4G). Collectively, these results indicate 

the profound impact of TONSL overexpression on genome integrity and BRCA1-BARD1 

mediated tumor suppressor pathways.

Transcription factor binding site enrichment analysis of genomic regions that became 

inaccessible upon TONSL overexpression revealed enrichment for binding sites for 

transcription factors such as AP1 family, Bach2, p53, and p63 (Fig. 4H). Accessible regions 

upon TONSL overexpression were enriched for binding sites for ATF3, NF-E2, NF-κB, 

and BATF (Fig. 4I). Genes with enrichment of NF-κB binding sites included transcription 

regulators SMAD3, KDM2A, TWIST1, IL-1β, CDC7, and TGM2 (Table S13). Genes 

enriched for p53 binding sites included DLK1, JAK2, CDH2, TRAF6, TET2, CDK6, and 

GLI3 (Table S13).

TONSL is required for growth of TONSL-amplified cell lines in vivo.—To 

independently identify TONSL-regulated genes and their requirement for growth in vivo, 

we utilized breast cancer cell line models. Based on Depmap.org database, MDA-MB-436, 

HCC1937, BT483, and MCF7 have chromosome 8q24.3 amplification and HCC1419 has 

8q24.3 amplification but the TONSL gene is disrupted by translocation. TONSL protein is 

expressed at a higher level in cell lines with chromosome 8q24.3 amplification (Fig. 5A). We 

knocked down TONSL in TMD-436 cell line, a cell line generated from xenografts derived 

from parental MDA-MB-436 cells (37). Three independent clones were generated, and each 

carried different shRNA targeting different regions of TONSL (Fig. 5B). RNA-seq analysis 

of control (TMD-436pLKO) and three shRNA clones followed by IPA revealed a role for 

TONSL in growth, proliferation, and metastasis such as tumor microenvironment pathway 

(p=2.36E-09), notch signaling (p=9.01E-03), and cancer metastasis signaling (1.5E-04) (Fig. 

5C and Table S14 for RNA-seq data). We next compared genes differentially expressed upon 

TONSL overexpression in primary cells with genes differentially expressed in TMD-436 

upon TONSL knockdown. This analysis identified 280 genes whose expression was elevated 

upon TONSL overexpression in primary cells but reduced upon TONSL knockdown in 

TONSL-amplified cancer cells. By contrast, expression of 283 genes were repressed upon 

TONSL overexpression in primary cells but elevated upon knockdown of TONSL in 

TMD-436 cells (Fig. 5D and Table S15). We confirmed TONSL-dependent changes in 

expression of select genes by qRT-PCR in primary cells as well as in TMD-436 cells (Fig. 

5E). Genes downregulated by TONSL included those associated with luminal cell identity 

(FOXA1, GATA3 (38)) and those elevated included genes such as TWIST and ZEB1, which 

are associated with mesenchymal phenotype (38).

Since cell growth pathway activation by TONSL was apparent in the above analysis, we 

studied the impact of TONSL manipulation on tumor growth in vivo. For this purpose, 

we implanted parental control TMD-436pLKO cells and three TONSL shRNA clones 

into the mammary fat pad of nude mice and monitored tumor growth (7–9 animals per 

group). Tumors generated from TMD-436pLKO cells grew at a significantly faster rate 
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than tumors generated by TONSL shRNA expressing clones, (two of three clones, Fig. 5F), 

confirming growth promoting properties of TONSL. We also generated MCF-7 cells, which 

have TONSL amplification, with TONSL knockdown (Fig. 5G) and injected in 8–9 animals 

per group. MCF-7 cells with TONSL shRNA were less efficient in generating tumors than 

control MCF-7pLKO cells (Fig. 5H). Collectively, these data strongly support a role for 

TONSL in promoting initiation and progression of breast cancer.

TONSL overexpressing primary cells exhibit upregulated DNA repair via HR:  TONSL 

along with MMS22L repairs DNA upon replication fork collapse and regulates the 

replication process (12) (15), whereas loss of TONSL and/or mutated TONSL gene leads 

to increased replication stress and spontaneous DNA double strand breaks (12,39). Based 

on these observations, we sought to study the effect of replication stress in TONSL 

overexpressing cells. We treated primary and TONSL overexpressing primary cells with 

10mM Hydroxyurea (HU) for 0 and 6 hours. HU causes replication stress by prolonging the 

replication initiation and elongation by inhibiting the nucleotide synthesis process causing 

DNA double strand breaks (DDSB) and cell cycle arrest at S-phase (40). Untreated and 

treated cells were analyzed for DNA damage with comet assay. Damaged DNA migrates 

faster upon electrophoresis, and the length of the tail calculated as an olive movement (with 

CaspLab software) is directly proportional to the level of DNA damage within cells (41). As 

expected, HU treatment led to significant damage within primary cells detected as a longer 

tail of damaged DNA, while TONSL overexpressing cells were resistant to treatment and 

displayed shorter comet tails (Fig. 6A, B). With 6h of HU treatment, TONSL overexpressing 

cells had reduced DNA damage compared to 0h control (Fig. 6B). These results suggest that 

TONSL overexpression hyperactivates the DNA repair pathways upon HU treatment.

To repair DDSB, cells either activate HR or NHEJ depending on the phase of cell cycle(33). 

To study the TONSL mediated DNA repair pathway, the same set of cells was treated 

with 10mM HU for 0 and 6 hours followed by detection of RAD51 and 53BP1 foci 

formation by immunofluorescence to quantitate HR and NHEJ (33), respectively. Damaged 

DNA was assessed with p-γH2AX staining. Changes in p-γH2AX along with RAD51 

in primary and TONSL+ cells were detected as a nuclear-foci. With DNA damage, we 

observed accumulation of RAD51 at the damaged sites (Fig. 6C–E), demonstrating active 

repair via HR within primary and TONSL overexpressing cells. The TONSL overexpressing 

cells showed notably active HR pathway compared to primary cells with and without DNA 

damage. By contrast, no dynamic changes in the 53BP1 foci formation were observed 

without treatment in either cell type (Fig. 6F). With HU treatment, significant increase in 

p-γH2AX and 53BP1 foci was observed in primary as well as TONSL overexpressing cells 

(Fig. 6F–H). Hence, no effective change in NHEJ activity upon TONSL overexpression. 

These results indicate that TONSL specifically activates HR pathway with no direct impact 

on NHEJ pathway.

TONSL overexpressing breast cancer cell lines are sensitive to CBL0137 in vivo and 
in vitro:  TONSL is known to interact with FACT complex to modulate DNA repair and 

overcome replication stress (42). In addition, we observed that overexpression of TONSL 

in primary cells caused upregulation of FACT components SSRP1 and SPT16 (Fig. S4A). 
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Furthermore, TONSL knockdown in TMD-436 reduced the levels of both SSRP1 and 

SPT16 (Fig. S4B). These results suggested that the expression and activity of TONSL 

and FACT are interconnected and cells that overexpress TONSL would be sensitive to 

FACT targeting drugs such as curaxins. Curaxins induce FACT trapping on chromatin 

by redistributing it from actively transcribed regions to other genomic regions (17). The 

selective toxicity of curaxins on cancer cells compared to normal cells may lie with FACT’s 

role as histone chaperone in three key processes - transcription, replication, and DNA repair. 

Among various curaxins, CBL0137 has demonstrated clinical activity and good safety 

profile in a phase I clinical trial (43). Since TONSL expression is elevated in immortalized 

and transformed cells compared to primary cells in our isogenic system, we first evaluated 

the effect of CBL0137 on cell proliferation in the isogenic model. IC50 for primary cells 

was 941 nM, whereas IC50 of immortalized cells was 336 nM and transformed cells was 

375 nM (Fig. 7A). Immortalized breast epithelial cells with BRCA1 mutation carrier were 

also sensitive with IC50 of 320 nM (Fig. 7A). Thus, immortalization increases dependency 

on TONSL-FACT activity.

Next, breast cancer cell lines with chr8q24.3 amplification (MDA-MB-436, HCC1937, 

BT483, MCF7), and cell lines without chr8q24.3 amplification [(HCC1419* has 8q24.3 

amplification but TONSL gene is disrupted by translocation within the gene DepMap 

data), MDA-MB-231, tumor derived MDA-MB-231 and MDA-MB-468] were treated with 

increasing concentrations of CBL0137. Chr8q24.3 amplified cell lines were sensitive 

to CBL0137 and showed systemic decline in cell proliferation with increasing drug 

concentration (Fig. 7B). However, Chr8q24.3 non-amplified cells demonstrated no 

difference in proliferation (Fig. 7C). Mechanistically, CBL0137 treated cells showed 

disrupted cell cycle as treated cells showed lower number of cells at G1 but elevated number 

of cells at S or G2/M phase depending on concentration of drug (Fig. 7D).

CBL0137 through FACT trapping can indirectly cause DNA damage (17). If the sensitivity 

of TONSL-amplified cells to CBL0137 is simply due to DNA damage induced by the drug, 

TONSL-amplified cell lines should show higher sensitivity to other DNA damaging agents. 

To test this possibility, we analyzed the Genomics of Drug Sensitivity in Cancer (GDSC)

(44) dataset for sensitivity of various breast cancer cell lines to cisplatin, doxorubicin 

and bleomycin and correlated sensitivity to these DNA damaging agents with TONSL 

amplification. We did not observe any correlation between sensitivity to these drugs and 

TONSL amplification, suggesting the CBL0137 sensitivity of the TONSL amplified tumor is 

not due to DNA damaging effect but due specific targeting of TONSL-FACT complex.

The effect of CBL0137 treatment on cell proliferation was validated in vivo. Tumor 

derived MDA-MB-436 (TMD-436) and MDA-MB-231 (TMD-231) cells (500,000 cells) 

were injected into the mammary fat pad of nude mice (TMD-436: N=11 per group, 

TMD-231: N=10 per group) and treatment was initiated upon formation of palpable 

tumors. Animals were treated with drug (test group, 30 mg/kg, five days a week by 

oral gavage) and water (control group) for six weeks. CBL0137 inhibited the growth of 

TMD-436 cells-derived tumors (Fig. 7E) but TMD-231 cell-derived tumors were resistant 

to the treatment. (Fig. 7F). Both cell lines correspond to mesenchymal stem-like subtype 

of TNBC and, thus, difference in sensitivity is less likely due to differences in TNBC 
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subtypes (29,45). CBL0137 treated TMD-436 cells-derived tumors contained lower levels 

of Ki67+ cells compared to vehicle treated tumors suggesting the effects of CBL0137 on 

cell proliferation (Fig. 7G). Moreover, metastatic MDA-MB-436 cells remain dormant till 

the microenvironment promotes angiogenic switch (46) and CBL0137 likely blocks this 

switch as lungs of untreated but not treated mice showed inflammatory changes required for 

metastasis dormancy. Thus, chr8q24.3 amplified tumors are sensitive to CBL0137 in vivo.

Discussion

Cancer progression including mechanisms associated with uncontrolled cell proliferation, 

loss of contact inhibition, inhibition of apoptosis/senescence pathway, gain of stem 

cell properties, mutations leading to activation of oncogenes and inactivation of tumor 

suppressor genes and metastasis cascades have been studied extensively, culminating in the 

development of hallmarks of cancer (2). However, the ability to detect the earliest changes 

during cancer initiation has been limited due to deficiencies in isogenic model system where 

every step of cancer progression can be evaluated. To address this key limitation, we created 

a system by first developing a resource for primary cells from healthy donors and then 

establishing a culturing method that allows propagation of primary epithelial cells with 

luminal epithelial characteristics sufficient for immortalization and transformation using 

cancer-relevant oncogenes such as RAS and SV40 T/t antigen. Though RAS mutations are 

rare in breast cancers, the majority of established breast cancer cell lines have mutations in 

RAS effector pathways e.g., MDA-MB-231 and/or patients with certain RAS abnormalities 

are at higher risk of developing breast cancer highlighting the significance of model used 

(47,48). Ras pathway activation is linked to endocrine resistance in breast cancer, further 

supporting the relevance of Ras pathway in breast cancer (49). SV40 T/t antigens inhibit 

two of the breast cancer relevant pRB and p53 tumor suppressor pathways, mimicking 

the disease (50). By using this model system, we identified TONSL as an immortalizing 

oncogene. Previous studies have demonstrated that cancer initiates due a single catastrophic 

genomic event (51) and a genomic event that leads to chromosome 8q24.3 amplification 

could cause tumor initiation through TONSL.

Most of the in vitro model systems to achieve immortalization utilize hTERT and our 

studies provide an alternative method to achieve immortalization. It is important to note that 

TERT gene is rarely activated through mutations or amplified in cancer. Cancer-specific 

upregulation in few cases is due to mutations in the promoter regions and promoter 

duplications (52). Amplification of TONSL could be an alternative mechanism to achieve 

immortalization. It is interesting that in pan-cancer studies available through cBioportal (23), 

13% of all cancers show TONSL amplification. TONSL amplification is observed in 35% 

of ovarian cancers, 35% of pancreatic cancers, 15% of esophageal/gastric cancers, 9% of 

urothelial cancers, 11% of head and neck cancers, and 16% of hepatocellular carcinomas. In 

addition, 60% of small cell lung cancers have TONSL mutations. Therefore, results obtained 

in our breast cancer models could be relevant to multiple cancer types.

TONSL is a multifunctional protein and has been studied in the context of its association 

with MMS22L and FACT (11,12,14). TONSL has been co-implicated with FACT and 

BARD1/BRCA1 in resolving UV-induced DNA damage. As a component of the MMS22L-
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TONSL complex, it interacts with MCM, FACT and RPA, specifically identifies and binds 

to H4K20me0, and controls HR during replication-associated DNA damage. TONSL is 

part of the cell cycle-dependent HR and maintains genomic stability during S phase (15). 

However, the specific functions of TONSL that contribute to tumor initiation have not been 

identified. We observed that TONSL overexpression results in increase telomerase activity. 

However, whether TONSL directly increases telomerase activity to cause immortalization 

or other functions of TONSL indirectly leads to increase in telomerase activity remains 

to be fully understood. In this regard, we did not observe specific effects of TONSL 

overexpression on chromatin accessibility around the Telomerase gene. Because telomerase 

activity is dependent on multiple proteins (53), it is possible that other components required 

for telomerase activity could be the targets of TONSL. It is also possible that TONSL 

causes immortalization through recombination-based mechanisms such as ALT (Alternative 

Lengthening of Telomeres) (54) although this is less likely as TONSL overexpression 

increased telomerase activity. ALT is dependent on DNA repair and HR-associated proteins 

such as BRCA1, BLM, PALB2 (55). TONSL influences the expression of many HR-

associated genes as well as interacts with several of them (Fig. 4F). It is possible that HR-

associated function of TONSL is responsible for immortalization as this function may allow 

cells to overcome replication checkpoint. Although HR was thought to be error-free DNA 

repair pathway for a long time, recent studies suggest that HR is a error-prone repair process 

in the context of large amounts of DNA synthesis and contributes to translocations and 

complex chromosome rearrangements (56). Thus, TONSL’s ability to overcome replication 

checkpoint combined with error-prone HR while overcoming replication checkpoint could 

lead to cancer initiation. Consistent with this possibility, TONSL increased the expression 

of genes associated with chromosome instability (Fig. S4C). Further dissection of HR-

associated functions of TONSL may provide mechanistic insights into TONSL-mediated 

immortalization and cancer initiation.

We show that TONSL amplification and/or overexpression sensitize cancer cells to 

CBL0137, but additional mechanistic studies are needed to decipher how TONSL-amplified 

cancer cells are susceptible to CBL0137. Based on gene expression analysis, it is apparent 

that TONSL causes dramatic imbalance in various components of DNA repair pathways 

including components of BRCA1-BARD1 tumor suppressor network, which could alter 

the cell cycle checkpoints and cell senescence pathways while promoting chromosomal 

replication, chromosomal instability, and cell cycle progression despite chromosomal 

abnormalities. These functions of TONSL could still be dependent on FACT complex and 

trapping of FACT by CBL0137 on irrelevant regions of the chromatin may render TONSL 

ineffective in performing these functions.

Can additional drugs targeting TONSL or Chr8q24.3 amplicon be developed? Drugs that 

disrupt TONSL-MMS22L1 complex are potential therapeutic agents for TONSL amplified 

cancers as TONSL overexpression increased MMS22L1 level suggesting elevated activity 

of this complex in TONSL amplified cancers. Additionally, recognition and binding of 

TONSL-MMS22L1 to H4K20me0 at DNA lesions is an essential step to resolve stalled 

replication forks in rapidly growing cells (13). Although lacking enzymatic activity on 

its own, disruptors of interactions between TONSL and its several interacting partners 

can be developed as therapies for cancers with TONSL amplification (12). Other genes 
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within amplified Chr.8q24.3 locus remain uncharacterized for oncogenic functions. With 

our studies demonstrating immortalizing function of TONSL, the oncogenic role of other 

genes of the locus can be investigated and if proven necessary for tumorigenesis, those genes 

become the targets for drug discovery. Chr.8q24.3 amplification is an established marker 

of early relapse and drug resistance in breast cancer patients (57). This knowledge can be 

extended to identify new agents that perturb the Chr.8q24.3 dependence of cancer cells and 

perhaps improve response to chemotherapy. Collectively, our studies reveal a new targetable 

molecule/pathway potentially involved in initiation of 13% of cancers.
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Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

The chr.8q24.3 amplicon resident gene TONSL is upregulated during the initial steps 

of tumorigenesis to support neoplastic transformation by increasing DNA repair and 

represents a potential therapeutic target for treating breast cancer.

Khatpe et al. Page 20

Cancer Res. Author manuscript; available in PMC 2023 October 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1: Deregulated TONSL expression during immortalization and in breast cancer.
A) Experimental scheme to identify genes aberrantly expressed during immortalization. 

B) Increased expression of TONSL and FACT components SSRP1 and SPT16 in TERT 

immortalized and transformed cells compared to primary cells. qRT-PCR was performed 

using indicated isogenic cell lines. *p=0.05. C) Breast tumors in Integrative cluster 9 

demonstrate highest level of TONSL amplification. METABRIC datasets were used for this 

analysis. D) TONSL amplification correlates with elevated mRNA levels in breast cancers. 

E) TONSL amplification is associated with poor overall survival. F) TONSL amplification is 

associated with poor recurrence-free survival. G) Analysis of TONSL and adjacent genes for 

amplification in primary breast cancers using NanoString nCounter platform.
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Fig. 2: TONSL overexpression in breast cancer is associated with poor overall and progression-
free survival.
A) Representative TONSL staining patterns in breast cancer. B) TONSL overexpression 

is associated with poor overall survival. C) TONSL overexpression is associated with 

poor progression-free survival. D) TONSL overexpression is associated with poor overall 

survival of patients with ER+ breast cancer and treated with endocrine therapy. E) TONSL 

overexpression is associated with poor progression-free survival of patients with ER+ breast 

cancer and treated with endocrine therapy.
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Fig. 3: TONSL is an immortalizing oncogene.
A) TONSL levels in primary cells and those infected with TONSL-overexpressing 

lentiviruses. Protein (top) and mRNA levels (bottom) were measured. (B) TRAP assay 

demonstrates elevated telomerase activity in TONSL overexpressing cells compared to 

parental cells. Results from two clones are shown. C) TONSL overexpression had modest 

effects on hTERT mRNA levels in KTB103 cells. TMD436 shTONSL cells showed reduced 

hTERT levels compared to parental cells. qRT-PCR was used to measure hTERT levels. 

D) KTB103 TONSL overexpressing cells are predominantly luminal progenitors based on 

CD49f and EpCAM staining pattern (CD49f+/EpCAM+). Primary KTB103 cells contained 

luminal progenitor and basal/stem cell subpopulation. E) Only H-RASG12V plus SV40-T/t 

antigen overexpressing cells generated tumors in NSG mice. Number of mice injected and 

number of animals that developed tumors are indicated (Created with BioRender.com). 

F) TONSL+H-RASG12V+SV40-T/t antigens expressing cells generate ER+/PR+ tumors in 

NSG mice. ER and PR staining (middle row) and enlarged view of ER and PR staining 

(bottom row) is shown. H&E staining pattern of a representative tumor is also shown. G) 

Cells lines generated from tumors in F show ERα expression. Cells were treated with 

charcoal stripped media overnight and treated with vehicle (ethanol) and 10−10 M E2 

(Estradiol) for 3hrs.
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Fig. 4: TONSL induces chromatin reorganization and alters expression of genes associated with 
DNA repair hubs.
A) Heatmap of TONSL-induced chromatin accessibility changes, measured in triplicate. B) 

Volcano plot shows TONSL-induced chromatin opening and closing of select genes. C) 

Chromatin accessibility status of SMARCA2 gene in primary and TONSL overexpressing 

cells. D) Integration of ATAC-seq and RNA-seq data shows correlation between chromatin 

accessibility changes and gene expression. E). Ingenuity pathway analysis reveal effects 

of TONSL overexpression on specific pathways. F) Genes in different DNA repair 

hubs affected by TONSL. Pathway genes enriched upon TONSL overexpression with p 
value<0.01 and gene expression less than or equal to 2 and/or greater than or equal 2 

were plotted along with pathway name followed by number of genes enriched with TONSL/

Total number of genes involved in the pathway. TONSL increases FA and HR hubs but 
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reduces BER associated genes. G) TONSL overexpression alters the expression levels of 

BRCA1-BARD1 interactors and antagonists. Genes were selected as described above. H) 

Transcription factor binding site enrichment analysis of chromatin regions that became 

inaccessible upon TONSL overexpression. I) Transcription factor binding site enrichment 

analysis of chromatin regions that became accessible upon TONSL overexpression.
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Fig. 5: TONSL is required for in vivo growth of TONSL amplified breast cancer cell lines.
A) Expression levels of TONSL in amplified and non-amplified cell lines. B) Knockdown 

of TONSL in TMD-436 cells through shRNA targeting different regions of TONSL gene. 

C) Ingenuity Pathway Analysis of genes differentially expressed in control shRNA (pLKO) 

compared to shTONSL clones reveal the role of TONSL in various signaling pathways 

in cancer cells. D) Overlap analysis of differentially expressed genes in two datasets; one 

dataset is from primary cells with and without TONSL overexpression and the other set from 

TMD-436 cells with and without TONSL shRNA. Heatmap shows genes that are induced 

and repressed by TONSL in both cell system and characterized through two independent 

means. E) Validation of RNA-seq data through qRT-PCR of select genes with TONSL 

overexpression. In primary cells, TONSL reduced the expression levels of luminal genes, 
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while increasing the levels of basal cell-enriched genes. Data from two clones. F) TONSL is 

essential for optimal growth of TMD-436 cells in vivo. Growth patterns of TMD-436 pLKO 

and shTONSL clones in the mammary fat pad of nude mice. 7–9 animals per group were 

used. G) Generation of TMCF-7 with TONSL knockdown. H) TONSL is required for the 

growth of MCF-7 cells in vivo. 8–9 animals per group were used. For animals injected with 

MCF-7, slow-release estrogen pellets were implanted. (ns - P > 0.05, *P ≤ 0.05, **P ≤ 0.01, 

****P ≤ 0.0001).
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Fig. 6: Cells overexpressing TONSL are resistant to DNA damage.
A) Comet assay showing primary cells are more susceptible to HU treatment compared 

to TONSL overexpressing cells. B) Quantitative analysis of tail movement/olive movement 

of primary and TONSL+ cells upon treatment. HU causes significant DNA damage in 

primary cells after 6h treatment, whereas TONSL overexpressing cells are resistant to 

HU mediated DNA damage. C) Immunofluorescence images showing γH2AX, RAD51 

and nuclear stain Hoechst. TONSL+ cells display more RAD51 foci with treatment. D, 

E) Quantitative analysis of γH2AX and RAD51 foci per nucleus. TONSL+ cells have 

significantly increased basal levels of RAD51. F) Immunofluorescence images showing 

γH2AX, 53BP1 and nuclear stain Hoechst. No significant differences were observed in 

primary and TONSL+ cells. G, H) Quantitative analysis of γH2AX and 53BP1 foci per 
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nucleus. No difference was observed with and without treatment in both cell types. (ns - P > 

0.05, ***P ≤ 0.001, ****P ≤ 0.0001)
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Fig. 7: Cells overexpressing TONSL are sensitive to FACT complex inhibitor CBL0137.
A) Immortalized and transformed cells are more sensitive to FACT inhibitor CBL0137 

compared to isogenic primary cells. BRCA1 mutant cells are also sensitive. Differences 

in sensitivity between primary cells and other cell lines were statistically significant. IC50 

values are indicated. B and C) Breast cancer cell lines with TONSL amplification are more 

sensitive to CBL0137 than cell lines without TONSL amplification. (HCC1419 has 8q24.3 

amplification but TONSL gene is disrupted by translocation). D) CBL0137 induces S and 

G2/M arrest of MD-436 cells. E and F) Tumors derived from TMD-436 but not TMD-231 

cells are growth inhibited by CBL0137. Arrow indicates day of treatment initiation when 

palpable tumor was apparent. G) TMD-436 derived tumors in mice treated with CBL0137 

show lower Ki67 positivity compared to tumors in vehicle treated mice. (**P ≤ 0.01)
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Table 1:

Upregulation of TONSL and FACT components in immortalized cells compared to primary cells. Fold 

changes in immortalized cells compared to primary cells from RNA-seq data (p<0.001 and FDR<0.05) are 

shown. RNA-seq was done in biologic triplicates and the original data are available publicly (GSE108541).

Gene Latina ancestry European ancestry African Ancestry Average

KTB21 KTB22 KTB26 KTB34 KTB36 KTB37

TONSL 7.87 4.21 6.07 3.74 6.70 15.10 8.18 7.41

BARD1 8.01 2.81 2.42 3.84 4.57 6.31 4.25 4.60

SSRP1 2.64 1.73 2.42 1.78 2.74 2.58 2.25 2.31

SPT16 2.01 1.56 1.70 1.52 1.77 1.40 1.66 1.66

LINC01116 14.49 15.90 19.89 14.65 22.53 44.51 1682.53 259.21

FGFBP1 243.25 17.36 46.31 1.41 63.01 566.37 190.60 161.19

SPRR1A 3.61 51.37 612.89 6.76 48.24 52.11 1.41 110.91

NMU 54.45 11.73 71.87 20.02 289.73 151.60 5.06 86.35

HPGD 17.57 8.72 60.36 101.81 62.36 57.33 −18.52 41.38

SEPP1 −270.01 −6.51 −34.78 −1950.4 −407.9 −183.6 −10323 −1832.3

NDN −297.3 −881.6 −4.48 −3.84 −10.19 −675.8 −9.98 −269.02

FLJ41200 −532.54 −295.77 −1496.01 −131.72 −1496.43 −491.62 −216.32 −665.77

APBA2 −1698.44 −398.43 −53.94 −54.32 −249.63 −2080.98 −1.42 −648.17

COX7A1 −574.67 −984.58 −146.05 −4.18 −1965.11 −317.86 −20.50 −573.28

GYPC −766.38 −276.38 −1817.27 −19.20 −233.11 −660.26 −21.24 −541.98
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