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Abstract

Development of targeted therapies will be a critical step towards reducing the mortality associated 

with triple-negative breast cancer (TNBC). To achieve this, we searched for targets that met three 

criteria: (1) pharmacologically targetable, (2) expressed in TNBC, and (3) expression is prognostic 
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in TNBC patients. Since nuclear receptors have a well-defined ligand-binding domain and are 

thus highly amenable to small-molecule intervention, we focused on this class of protein. Our 

analysis identified TLX (NR2E1) as a candidate. Specifically, elevated tumoral TLX expression 

was associated with prolonged recurrence-free survival and overall survival for breast cancer 

patients with either estrogen receptor alpha (ERα)-negative or basal-like tumors. Using two 

TNBC cell lines, we found that stable overexpression of TLX impairs in vitro proliferation. 

RNA-Seq analysis revealed that TLX reduced the expression of genes implicated in epithelial-

mesenchymal transition (EMT), a cellular program known to drive metastatic progression. Indeed, 

TLX overexpression significantly decreased cell migration and invasion, and robustly decreased 

the metastatic capacity of TNBC cells in murine models. We identify SERPINB2 as a likely 

mediator of these effects. Taken together, our work indicates that TLX impedes the progression of 

TNBC. Several ligands have been shown to regulate the transcriptional activity of TLX, providing 

a framework for the future development of this receptor for therapeutic intervention.

Introduction

Anti-endocrine and anti-HER2 therapies are not indicated for the treatment of patients 

diagnosed with triple-negative breast cancer (TNBC), as these tumors stain negative for 

the estrogen receptor alpha (ERα), progesterone receptor and HER2. As the vast majority 

of TNBC cases fall into the PAM50 basal-like molecular subtype, the terms are often 

used synonymously. However, TNBC is a highly heterogenic malignancy that does not 

neatly fit into any one of the molecular subtypes, and in fact consists of at least 6 distinct 

TNBC subtypes [1]. Current standard of care for TNBC patients generally consists of 

surgical intervention coupled with radiation therapy and chemotherapeutic compounds such 

as anthracyclines or taxanes [2]. While these modes of intervention do yield some survival 

benefits, many of them have considerable side-effects that detract from quality of life [3–6]. 

Unfortunately, even with the implementation of these therapies, TNBC patients continue to 

experience higher rates of recurrence and metastasis, and worse overall survival compared to 

patients with other breast cancer subtypes [7, 8]. Due to this reality, considerable effort 

has been put into exploration of targeted therapies for TNBC [9–11], which recently 

culminated in the approval of two new therapies: PARP inhibition (Olaparib) for the 

treatment of patients with mutations in BRCA1/2, and the use of immune checkpoint 

inhibitors (anti-PD-L1 and anti-PD-1) in combination with nab-paclitaxel combinatorial 

therapy [12, 13]. Acquired resistance to PARP inhibition remains a significant clinical 

challenge. Furthermore, the approval for immune checkpoint blockade was only indicated 

for patients whose tumors expressed the protein PD-L1, and even in this cohort, the response 

rate is poor [14, 15]. Genentech has recently announced that it will not be pursuing full FDA 

approval for its anti PD-L1 therapy for various reasons, leaving only anti-PD-1 available. 

The poor prognosis and recent developments highlight the need for continued pursuit of 

targets for the effective treatment of TNBC.

Therefore, we initiated a search for putative targets that met three criteria: (1) 

pharmacologically targetable, (2) expressed in TNBC, and (3) expression is prognostic 

in TNBC patients. Nuclear receptors comprise a diverse superfamily of ligand-inducible 

transcription factors [16]. They all contain a well-defined ligand-binding domain, making 
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them highly amenable to small-molecule intervention, a feature well-known for the 

successful targeting of the estrogen, progesterone, androgen and glucocorticoid receptors 

[17]. The endogenous ligands (if any) for several nuclear receptors have not yet been 

described. Previous work has identified several nuclear receptors and their prognostic value 

in breast cancer [18]. We were intrigued by these so-called orphan nuclear receptors, 

as often synthetic ligands have been developed, but their biology not well described. 

Therefore, we assessed various nuclear receptors as to whether their tumoral expression 

was associated with prognosis for patients with ERα-negative and HER2-negative tumors, or 

TNBC tumors.

In doing so, we identified TLX (Nuclear Receptor Subfamily 2 Group E Member 1, 

NR2E1), as being associated with a good prognosis in breast cancer patients. TLX 

has primarily been characterized in neural and retinal progenitor cells as a repressive 

transcription factor that inhibits expression of tumor suppressor genes, such as cyclin-

dependent kinase inhibitor 1A (CDKN1A/p21), and phosphatase and tensin homolog 

(PTEN). Thus, through its repression of these tumor suppressors, TLX ultimately facilitates 

the proliferation of these progenitor cells [19–23]. In line with this biology, several studies 

focusing on cancers of the brain and prostate describe TLX as a pro-oncogenic factor 

that can enable enhanced proliferation and invasiveness [24–29]. To date, only one study 

has been published regarding the role of TLX in breast cancer [30]. Results from this 

work demonstrated an inverse relationship between TLX and ERα expression, and that 

acute perturbations of TLX either promoted (overexpression) or inhibited (knockdown) 

proliferation and invasion in vitro. Using a similar approach, we were able to recapitulate 

these results. However, clinical data presented here indicate that ERα-negative and basal-

like patients with higher expression of TLX experienced improved recurrence-free and 

overall survival. These seemingly paradoxical findings indicated that perhaps transient 

perturbations of TLX expression was not representative of its physiological functions in 

the prolonged disease state typically experienced by breast cancer patients. Therefore, 

we utilized stable overexpression of TLX in TNBC cell lines to more faithfully replicate 

prolonged perturbations in the levels of TLX likely experienced by patients. Under 

these conditions, we observed multiple anti-cancer phenotypic and transcriptomic changes, 

implying the possibility that TLX may play a pro-survival role in certain breast cancer 

patient populations.

Materials and Methods

Clinical Data Analysis

Data used for analysis of breast cancer patient gene expression and survival was downloaded 

from the Kaplan-Meier Plotter webtool (https://kmplot.com/analysis/) [31] and cBioPortal 

(https://www.cbioportal.org/) [32–34]. The Kaplan-Meier Plotter webtool uses aggregated 

data from GEO, EGA, and TCGA and allows users to restrict breast cancer survival analyses 

based on features such as hormone status, molecular subtype, tumor grade, and treatment 

status. It uses univariate and multivariate Cox proportional hazards survival analysis with 

an algorithm to parse based on gene expression resulting in the most significant difference 
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between groups [35]. cBioPortal was used to obtain the Breast Invasive Carcinoma (TCGA 

PanCancer) and Breast Cancer (METABRIC) datasets.

Cell Culture

MDA-MB-231 and luciferase/GFP dual-labeled MDA-MB-468 (# SL027, GeneCopoeia, 

USA) cells were grown in DMEM supplemented with 10 % FBS (#SH30396.03, HyClone, 

USA) and 1% penicillin-streptomycin antibiotic mixture (##30–002-CI, Corning, USA). 

When passaging cells, cells were first washed with DPBS (#17–512-F, Lonza, USA) and 

then detached with 0.05% trypsin with 0.53 mM EDTA (#24–052-CI, Corning, USA). Cells 

were authenticated at the Cancer Center at Illinois Tumor Engineering and Phenotyping 

(TEP) Shared Resources. All cells were tested and found to be negative for mycoplasma 

contamination. TLX+ and TLXcon stable cell lines were generated by transfecting cells with 

either a TLX pcDNA3.1+/C-(K)DYK plasmid (OHu23488, GenScript, USA) or pcDNA3 

empty vector (a generous gift from the Donald P McDonnell Lab, Duke University) using 

lipofectamine 2000 (#11668019, Invitrogen, USA). For MDA-MB-231 cells, after selection 

with 800 μg/ml G418 Sulfate (#10131035, Gibco, USA), single cell colonies were isolated, 

and expanded. For MDA-MB-468 cells, after selection with 600 μg/ml G418 Sulfate, a 

pooled clone approach was used, as these cells were unable to thrive as single cell colonies.

Proliferation

Cells were seeded in 96-well plates (#667196, Dot Scientific Inc., USA) at a density of 

200–2,000 cells/well. Proliferation was measured using the DNA stain Hoescht 33342 as 

previously described [36].

Cell Cycle

Cell cycle progression was assessed following synchronization of cells in G1 phase [37]. 

Briefly, 106 MDA-MB-231 cells were seeded in a 100 mm plate for 24 h, followed by 

36 h treatment with 10 μM lovastatin (Tocris Bioscience, UK) to achieve synchronization. 

Cells were released from G1 synchronization by treatment with 1 mM Mevalonate. Cells 

were harvested and stained with BD Pharmigen PI/RNase staining buffer (BD Biosciences, 

USA) following manufacturer protocol. Samples were analyzed using a BD Accuri C6 Flow 

Cytometer (BD Biosciences, USA) and cell cycle distribution was determined using FCS 

Express 6 Software (De Novo Software, USA).

Cell Death

For cell death assays, either 0.375 × 106 (6-day assay) or 1.5 × 106 (24 h assay) MDA-

MB-231 cells were seeded in 100 mm plates. Each assay included a control plate treated 

with 2 μM staurosporine to induce cell death. Cells were harvested and stained using 

the FITC Annexin V/Dead Cell Apoptosis Kit (Invitrogen, USA) following manufacturer 

protocol. Samples were analyzed using a BD Accuri C6 Flow Cytometer and cell status 

(live, early apoptotic or dead) was determined using FCS Express 6 Software.
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DNA Synthesis

For DNA synthesis assays, MDA-MB-231 cells were seeded in 6-well plates at a density of 

0.350 × 106 cells/well for 12 h. Cells were treated with 10 μM EdU for 10 h and then the 

assays were completed using the Click-iT Plus EdU Alexa Fluor 488 Flow Cytometry Assay 

Kit (Invitrogen, USA) following manufacturer protocol. Samples were analyzed using a BD 

Accuri C6 Flow Cytometer and the percent of cells with newly synthesized DNA (successful 

incorporation of EdU) was determined.

Senescence

MDA-MB-231 cells were seeded in 24-well plates at a density of 2,000 cells/well, with 

media changes performed every other day. On day 6, cells were treated with either DMSO 

or 0.5 μM Epirubicin Hydrochloride Alfa Aesar, USA) for 48 h. On day 8, cells were 

harvested, and protein content (for sample normalization) was analyzed using the Pierce 

BCA Protein Assay Kit (#23227, Thermo Fisher Scientific, USA). SA-β-galactosidase 

activity was then assessed using the Cellular Senescence Assay Kit (Cell Biolabs Inc., USA) 

following manufacturer protocol. Fluorescence signal was determined using a SpectraMax 

M2 Multi-Mode Microplate Reader (Molecular Devices LLC, USA)

Migration

For migration assays, cells were seeded in 6-well plates at a density of 0.4–0.5 × 106 cells/

well for 24 h. A single scratch was introduced down the center of the well using a p200 

pipette tip followed by imaging at 4X magnification using an EVOS XL Digital Inverted 

Brightfield and Phase Contrast Microscope (Invitrogen, USA) at 8 h intervals for 32 h. 

Images were analyzed using the ImageJ plugin, Wound Healing Size Tool [38, 39]

Invasion

For invasion assays, 106 cells were seeded in 100 mm plates and grown for 24 h in serum-

containing media. Cells were then incubated for an additional 24 h in serum-depleted media. 

Following serum starvation, invasion assays were performed following the CytoSelect 24-

well cell invasion assay (basement membrane, fluorometric format) manufacturer protocol 

(Cell Biolabs Inc., USA). Fluorescence signal was determined using a SpectraMax M2 

Multi-Mode Microplate Reader.

RNA Interference

MDA-MB-231 TLXcon and TLX+ cells were seeded in 6-well plates at a 

density of 0.3–0.4 × 106 cells/well for 24 h. Cells were transfected for 48 

h with either a universal negative control siRNA (#SIC001, Millipore Sigma, 

USA), a TLX-targeting siRNA (SASI_Hs01–00210050, Millipore Sigma, USA) or 

a SERPINB2-targeting siRNA (SASI_Hs01_00120712, Millipore Sigma, USA) using 

DharmaFECT 4 Transfection Reagent (Horizon Discovery LTD, UK). TLX-targeting 

1 siRNA sequence: 5’-UAGAGUGUUAGCAUCAACC-3’ TLX-targeting 3 siRNA 

sequence: 5’-AAAGCGACAGGGUUGAGUG-3’ SERPINB2-targeting siRNA sequence: 

5’-UUCUCCCUGUCAUAACACC-3’
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Real-time quantitative polymerase chain reaction (qPCR)

RNA extraction from cell lysate and mouse tissue, cDNA synthesis, and gene 

expression analysis were done as previously described [36, 40]. TBP was used 

as a housekeeping gene. TBP forward primer: 5’-TGCCCGAAACGCCGAATATA-3’. 

TBP reverse primer: 5’-TTCTTGCTGCCAGTCTGGAC-3’. TLX 

forward primer: 5’-AATGGGCCATTCCGGTTGAT-3’. TLX reverse 

primer: 5’-AATCGAGCCACCACCTCTTG-3’. SERPINB2 forward primer: 

5’-TCTCAGAGGAGCATTGCCCG-3’. SERPINB2 reverse primer: 5’-

GATCCTCCATTGTTTCAATCTGGT-3’.

RNA sequencing and data processing

MDA-MB-231 TLXcon and TLX+ cells were seeded and treated as described in the RNA 

interference section. RNA extraction was performed using the RNeasy Plus Mini Kit 

(#74136, Qiagen, Germany). Samples were analyzed at the Roy J. Carver Biotechnology 

Center at the University of Illinois at Urbana-Champaign. RNA quality and concentration 

were confirmed using an AATI Fragment Analyzer (Agilent Technologies Inc., USA), and 

Qubit Fluormeter (Thermo Fisher Scientific, USA) respectively prior to library preparation. 

Sequencing was done using 100bp single reads in one SP lane of a NovaSeq 6000 (Illumina, 

USA). Transcript abundance was quantified using Kallisto (v0.44.0) pseudoalignment, using 

index built from a transcriptome fasta of Homo sapiens build GRCh38 (Ensembl). Transcript 

abundance scaled by the average transcript length and to library size was subsequently 

summarized to gene-level counts using R package Tximport. After keeping all the genes 

that were expressed in at least 1 sample, 27548 genes were left for downstream analysis, 

and differentially expressed gene analysis was performed using R packages Limma-voom 

and EdgeR on the logCPM values. False discovery rate (FDR) method was used to 

correct for multiple testing. PCA plot was generated using the R function prcomp() 

and ggplot2. Volcano plots were made using GraphPad Prism (Version 8). This data 

has been deposited into GSE196105 (https://0-www-ncbi-nlm-nih-gov.brum.beds.ac.uk/geo/

query/acc.cgi?acc=GSE196105).

Protein Quantification

MDA-MB-231 and MDA-MB-468 TLXcon and TLX+ cells were seeded in 100 mm plates 

at a density of 0.75–1 × 106 cells and grown for 24 h. Protein was extracted using either 

RIPA buffer (#89900, Thermo Fisher Scientific, USA) or M-PER (#78503, Thermo Fisher 

Scientific, USA) and then quantified using a Pierce BCA Protein Assay kit (#23227, Thermo 

Fisher Scientific, USA). Protein was run on SDS-PAGE for western blot analysis, and 

TLX protein was detected using the anti-NR2E1 antibody (#ab109179, Abcam, USA). 

Anti-cyclophilin B antibody (#sc-517566, Santa Cruz Biotechnology, USA) was used as an 

internal control. Blot images were acquired using the iBright CL1000 (#A32747, Invitrogen, 

USA) and protein levels were quantified either using Image Studio Lite Version 5.2 (LI-

COR Biosciences, USA) or iBright Analysis Software Version 5.0.0.
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TLX Gene Signature

Data from our RNA-Seq analysis as well as the available patient data from METABRIC 

was used to make the downregulated and upregulated TLX signature. The comparisons 

in this data were set up as follows: siCont-TLX+ to siCont-TLXcon and siTLX-TLX+ to 

siCont-TLX+. From these two lists, all gene expression changes that had an FDR < 0.01 

were retained for further analysis. From these two lists, we selected genes that showed 

a 2-fold or greater change in expression (downregulation or upregulation). We further 

narrowed down these lists by parsing out the genes that did not appear in both comparisons. 

Additionally, as the two comparisons are inverted (overexpression vs control and knockdown 

vs overexpression) we parsed out any genes whose expression changes (downregulated or 

upregulated) were not opposite between the two comparisons. The final downregulated and 

upregulated gene signature lists only included the genes for which METABRIC patient data 

was available (117 downregulated genes and 11 upregulated genes). For the two different 

signatures, patient signature scores were derived by combining the Z-scores of all the genes 

for a given patient. Patients were then parsed into high (top 25%) and low (bottom 25%) 

cohorts and their survival data was assessed using Kaplan-Meier analysis.

Gene Set Enrichment Analysis

Using the data from our RNA-Seq analysis, gene set enrichment analysis (GSEA) was 

done using the Broad Institute GSEA software ( Version 4.1.0) and the Hallmark Gene 

Sets collection from the Molecular Signatures Database (MSigDB v7.3, https://www.gsea-

msigdb.org/gsea/msigdb/index.jsp) [41]. The two comparisons for the analysis were as 

follows: siCont-TLXcon to siCont-TLX+ and siTLX-TLX+ to siCont-TLX+. Gene sets that 

showed significant enrichment (FDR < 0.05) in both comparisons were selected for further 

analysis. Specifically, within each gene set, only the genes that were significantly altered 

across both comparisons were considered potential regulatory targets.

nCounter Gene Profiling

NanoString nCounter SPRINT Profiler using the Breast Cancer 360 Panel was used 

to analyze RNA isolated from cell lysate and mouse tissues [42]. Alterations in gene 

expression were analyzed using nSolver (Ver 4.0). Pathway analysis was performed using 

the PANTHER Classification System (http://www.pantherdb.org/) [43].

Animal Studies

All protocols involving animals were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Illinois at Urbana-Champaign. Female athymic 

nude mice were purchased from Charles River Laboratories and female NOD SCID gamma 

(NSG) mice were purchased from Jackson Laboratory. Mice were housed with ad libitum 

access to food and water and 12 h light and dark cycles.

In Vivo Primary Tumor Growth.—Athymic nude mice were grafted with either 106 

TLXcon or TLX+ (N = 8) MDA-MB-231 cells in the axial mammary gland. Mice were 

checked for palpable tumors starting 8 days post-graft and every 3 days thereafter until 

tumors became measurable (14 days post-graft). Mice were euthanized 53 days post-graft 
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(a single TLXcon mouse was euthanized 51 days post-graft due to unexpected weight loss). 

Tumors were excised from all mice, split, and either snap frozen using liquid nitrogen for 

RNA analysis or fixed in 10 % formalin for histological staining. The study was repeated 

independently as follows. Athymic nude mice were grafted with either 106 TLXcon or TLX+ 

MDA-MB-231 cells in the axial mammary gland. Mice were checked for palpable tumors 

starting 7 days post-graft and every other day thereafter until tumors became measurable (12 

days post-graft). This study was originally designed to be part of a larger study, and thus 

both groups were also treated daily with a placebo (saline) 3 x/week for 21 days, and then at 

3 x/week every other week. Mice were euthanized when tumors reached a volume of 1250 

mm^3. At 70 days post-graft, all remaining mice were euthanized.

In Vivo Metastatic Colonization (MDA-MB-231).—Athymic nude mice were grafted 

with 106 MDA-MB-231 cells in the lateral tail vein. At the end of the study, lungs were 

excised from all mice and then briefly inflated using DPBS. Lungs were then split in half, 

one of which was snap frozen for RNA analysis, and one of which was fixed in 10 % 

formalin for histological staining.

In Vivo Metastatic Colonization (MDA-MB-468).—NSG mice were grafted with 106 

luciferase/GFP dual-labeled MDA-MB-468 (# SL027, GeneCopoeia, USA) cells in the 

lateral tail vein. Mice were imaged via the in vivo live imaging system (IVIS) 1 x/week 

throughout the study. Bioluminescent signal was analyzed using Aura (Ver 4.0) (Spectral 

Instruments Imaging, USA).

Histopathology and Analysis.—Tumor and lung samples were submitted to the 

University of Illinois at Urbana-Champaign College of Veterinary Medicine Diagnostic 

Laboratory for histopathological analysis by a board-certified veterinary pathologist blinded 

to experimental design and treatment status.

Statistics

Data are expressed as mean ±SEM unless otherwise indicated. Cell culture assays were 

repeated in at least two independent experiments. Statistical analyses were performed 

using GraphPad Prism Version 8 unless otherwise indicated. Data was ln-transformed or 

non-parametric tests were used as appropriate. Comparisons between two groups were 

analyzed using student’s unpaired two-tailed t test, between three or more groups were 

analyzed using one-way ANOVA followed by Tukey’s multiple comparisons test, between 

two groups through multiple time-points were analyzed using two-way ANOVA followed 

by Šidák’s multiple comparison test. One phase decay nonlinear regression was used to 

analyze difference in migration between TLXcon and TLX+ cells. Survival data was assessed 

using Kaplan-Meier analysis followed by the log-rank test and Gehan-Breslow-Wilcoxon 

test. Significance was determined to be P ≤0.05.
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Results

TLX expression is elevated in ERα-negative and basal breast tumors, and is positively 
correlated with survival

In order to identify potential new targets for the treatment of breast cancers lacking ERα 
and HER2, we searched for orphan nuclear receptors that had high expression in TNBC 

and whose tumoral expression was associated with prognosis [either recurrence-free survival 

(RFS) or overall survival (OS)]. Initial analysis was performed using the Kaplan-Meier 

Plotter webtool (https://kmplot.com/analysis/) which uses patient data from three different 

sources: Gene Expression Omnibus (GEO), European Genome-Phenome Archive (EGA), 

and The Cancer Genome Atlas (TCGA) [31]. In doing so, we found that TLX was generally 

expressed at higher levels in ERα-negative tumors compared to ERα-positive ones (Fig. 

1A). This was confirmed in the METABRIC [34] dataset (Fig. 1B). More comprehensive 

analysis of the TCGA and METABRIC databases where patient tumors were parsed based 

on their PAM50 subtype indicated that the basal subtype of TNBC tend to have elevated 

TLX expression, while the claudin-low TNBC subtype, luminal subtypes and normal 

subtype had lower expression (Fig. 1C–D). Thus, TLX met our first criteria of being 

expressed or enriched in the common basal subclass of TNBC. It was next important to 

determine if its expression was associated with prognosis.

Our initial analysis utilized a feature where data are parsed into groups based on the most 

significant outcome per query. This analysis revealed that higher expression of TLX was 

correlated with improved survival (RFS and OS) for both ERα-negative and basal-like breast 

cancer subgroups, (Fig. 1E–H). When assessing only high-grade tumors (grade 3, poorly 

differentiated), TLX continued to be associated with improved RFS and OS, indicating that 

it likely plays important inhibitory roles in disease progression (Fig 1I–L).

To explore these associations in a more stringent manner, we ran a second series of analyses 

by comparing defined quartile and tertile parameters. Importantly, a positive correlation 

between TLX and both RFS and OS was observed when comparing the quartile and 

tertiles for ERα-negative breast cancer patients respectively (Supplemental Fig. 1A–B). 

Similar results were observed for basal-like breast cancer patients, although they were 

underpowered to reach statistical significance (Supplemental Fig. 1C–D). Interestingly, no 

association between TLX and survival was observed for patients with ERα-positive tumors 

(Supplemental Fig. 1E–F), indicating that either the basal expression of TLX in these 

tumors is too low to exert effects, or that it plays different roles depending on the subtype. 

Collectively, these data support a clinically relevant role for TLX in TNBC progression. 

It was therefore important to use preclinical models to more comprehensively evaluate the 

impact of TLX on breast cancer pathophysiology.

Chronic overexpression of TLX reduces proliferation of cellular models of TNBC.

TLX is responsible for regulating neural-stem cell proliferation via its repression of targets 

such as p21 and PTEN [44]. In cancers of the brain and prostate, inhibition of TLX has 

been shown to impede cancer cell and tumor growth, as reviewed in [44]. Similarly, previous 

work in breast cancer models indicated that transient overexpression of TLX appeared to 
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exert a pro-proliferative activity in MDA-MB-231 cells, while transient knockdown of TLX 

inhibited growth in MDA-MB-157 and MDA-MB-468 cells [30]. We were able to repeat 

these results in MDA-MB-231 cells where transient overexpression of TLX in this cell line 

promoted proliferation as observed on day 4 (Fig. 2A). However, we noticed that these 

effects were diminished or reversed towards the terminal timepoints of our commonly used 

assay (Fig. 2A). Conversely, siRNA mediated knockdown of TLX in MDA-MB-157 cells 

that have high basal expression of TLX, had no significant effects on this slow growing line; 

similar results being obtained with two different targeting siRNAs (Fig. 2B & Supplemental 

Fig. 2). Therefore, we extended this assay to longer timepoints, and observed that TLX 

overexpression actually inhibited proliferation over 14d, while siRNA-mediated knockdown 

resulted in increased proliferation at this timepoint (Fig. 2C–D & Supplemental Fig. 2).

This change in proliferation kinetics through time was intriguing, especially considering the 

clinical data indicating that TLX was protective (Fig. 1). Transient overexpression and our 

acute timepoints are unlikely to accurately reflect tumor biology, as breast tumor growth in 

humans is on a longer timescale than these in vitro models, and without other perturbation, 

tumoral TLX expression would be expected to be stable through time.

Therefore, we elected to investigate the impact of chronically overexpressing TLX levels 

in two different TNBC cell lines (basal TLX expression in the cell lines used shown in 

Supplementary Fig. 3A). Stable overexpression resulted in an induction of ~15 and ~3048-

fold mRNA expression in in MDA-MB-231 and MDA-MB-468 cells respectively (control 

and overexpression referred to as TLXcon and TLX+ forthwith; two clones of MDA-MB-231 

cells were generated) (Supplementary Fig. 3B–C, E).

As expected, based on our transient overexpression studies, the MDA-MB-231 TLX+ line 

had decreased proliferative capacity compared to a control clone with an empty vector 

(TLXcon; Fig. 2E). Reduced proliferation was recapitulated in MDA-MB-468 TLX+ cells 

(Fig. 2F, Supplementary Fig. 3D). Thus, similar to the longer timepoints when TLX was 

acutely overexpressed, chronic overexpression also impaired proliferation, which is likely to 

be a more physiologically relevant scenario.

To better understand the potential causes of this slowed proliferation, we investigated several 

cellular processes that TLX may be regulating. Cell death (apoptosis), DNA synthesis and 

senescence did not appear to account for the observed proliferative deficit in MDA-MB-231 

TLX+ cells (Supplementary Fig. 4A–D). However, one notable change we observed in 

MDA-MB-231 TLX+ cells was that they would consistently accumulate in the S-phase of 

the cell cycle, while TLXcon cells continued into the G2/M phase (Supplementary Fig. 4E). 

The lag in cell cycle progression experienced by TLX+ cells would carry over into the G2/M 

phase, while TLXcon cells would complete the mitotic process, thereby providing a potential 

explanation for the proliferative deficit observed in TLX+ cells.

TLX alters the MDA-MB-231 transcriptome

As a nuclear receptor, TLX is generally thought to reduce the expression of target genes 

through the recruitment of histone deacetylases (HDACs) and other co-repressor molecules. 

To provide insight into the biological function of TLX in TNBC, we performed RNA-Seq 
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analysis on TLXcon and TLX+ MDA-MB-231 cells (TLX expression confirmed by qPCR 

as depicted in Fig 3A). Overexpression of TLX resulted in the differential regulation of 

5,967 genes compared to control cells (Fig. 3B–D, GSE196105). Importantly, in order 

to assess those genes that may be acutely regulated via TLX versus those that may be 

secondary targets or adaptive responses to chronic overexpression, we included a group 

of TLX+ cells treated with siRNA against TLX (siTLX). Treatment of TLX+ cells with 

siTLX resulted in the differential regulation of 4,589 genes when compared to TLX+ cells 

treated with a control siRNA (siCont) (Fig. 3B–D). Further analysis showed that these two 

different conditions had 2,277 genes in common that were differentially expressed, and 

that 1,326 (~58%) were recovered by treatment of TLX+ cells with siTLX (Fig. 3B–D). 

To gain further insight into the likely mechanisms/pathways TLX was impinging on, we 

performed gene set enrichment analysis (GSEA) using the Hallmark Gene Sets collection 

[41] on differentially regulated genes when comparing siCont-TLXcon to siCont-TLX+, and 

siTLX-TLX+ to siCont-TLX+ (Fig. 3E, Supplementary Tables 1 & 2). Our analyses suggest 

that TLX exerts its repressive effect on several pathways and processes that are well-known 

to promote the progression of cancer (Fig. 3E–F & Supplementary Fig. 5).

TLX overexpression resulted in the repression of genes that were enriched in two gene 

sets of particular interest. Firstly, KRAS_SIGNALING_UP and KRAS_SIGNALING_DN 

gene sets, which represent genes upregulated and downregulated by KRAS respectively. 

Considering the observed lag in cell cycle progression by TLX+ cells, in combination 

with the well-established knowledge that KRAS regulates several proliferative signaling 

mechanisms, it is possible that the impact of TLX on cell cycle is at least in part mediated by 

its regulation of genes downstream of KRAS.

An additional gene set that TLX overexpression had a potent effect on was 

EPITHELIAL_MESENCHYMAL_TRANSITION (EMT) (Figure 3F). Intriguingly, EMT 

was repressed in siCon-TLX+ conditions, which was reversed under siTLX conditions (Fig. 

3E–F). EMT is a hallmark for cancer cell invasion and metastasis [45]. These data suggest 

that enhanced expression of TLX in a TNBC cell line promotes a transcriptional program 

that likely impacts two crucial hallmarks of cancer: sustained proliferative signaling and 

activation of invasion and metastasis [46]. Overall, these results support an anti-oncogenic 

function for TLX in TNBC.

TLX impedes migration and invasion of MDA-MB-231 TNBC cells

Since genes associated with EMT were highlighted by GSEA (Fig. 3E–F), and EMT is 

known to promote the migratory and invasive properties of cancer cells, we next assessed the 

ability of TLX to modulate these aspects of cancer biology.

Using the classic “wound healing” scratch assay, we found that migration through time 

was reduced in TLX+ cells, with similar results being obtained in MDA-MB-231 and 

MDA- MB-468 cell models (Fig. 4A–B, Supplementary Fig. 6A). Migratory capacity is 

required for initial steps of metastasis, but invasive properties are required for invasion 

of peripheral tissue and intravasation into the blood stream. While migration and invasion 

are often correlated, they are distinct processes. Therefore, we performed invasion assays 

using transwell inserts coated with a commercial basement membrane. Similar to migratory 
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capacity, invasion through a basement membrane was decreased in TLX+ cells (Fig. 4C–D). 

These findings were consistent for both MDA-MB-231 and MDA-MB-468 models (Fig. 

4C–D, Supplementary Fig. 6B).

TLX impairs the growth of TNBC tumors in xenograft models and regulates pathways 
associated with progression

In order to evaluate the influence of TLX on tumor growth and metastasis, we first 

orthotopically grafted TLXcon or TLX+ MDA-MB-231 cells into the axial mammary gland 

of athymic nude mice. Our primary endpoints were final tumor volume, final tumor weight 

at necropsy and time to reach 125, 200 and 315 mm3, over a 53-day period. A single 

TLXcon mouse was euthanized 51 days post-graft due to unexpected weight loss. As 

can be seen in Fig 5A–C, TLXcon tumors grew significantly faster than TLX+ tumors 

throughout the duration of the study, as well as having significantly larger final tumor 

volumes and weights. TLXcon tumors reached volumes of 125 mm3, 200 mm3 and 315 

mm3 sooner than TLX+ tumors as assessed by Kaplan Meier (Gehan-Breslow-Wilcoxon 

test) analysis (Fig. 5D–F). Analysis by qPCR of tumors retrieved at necropsy indicated that 

TLX continued to be overexpressed in TLX+ compared to TLXcon tumors (Fig 5G). This 

xenograft study was repeated independently at a different time, with similar results being 

obtained (Supplementary Fig. 7).

In order to gain more insight into the potential mechanisms by which TLX was 

mediating decreased tumor growth and metastatic colonization, as well as assess 

components of the microenvironment, we performed targeted transcriptome analysis on 

MDA-MB-231 tumors using NanoString technology (nCounter Breast Cancer 360 panel: 

https://www.nanostring.com/products/ncounter-assays-panels/oncology/breast-cancer-360/), 

which is curated for 776 different gene transcripts. 8 genes were found to be upregulated in 

TLX+ tumors, while 18 genes were significantly downregulated (Fig. 5H–I). Downregulated 

genes (Fig. 5I) were then submitted to the online PANTHER Classification System 

(http://www.pantherdb.org/) which identifies pathways that are statistically overrepresented 

[43]. Interestingly, this analysis showed that several pathways that are known for their 

involvement in tumor progression, such as PI3 Kinase, EGFR and Angiogenesis were 

enriched for genes that were downregulated in TLX+ xenograft tumors (Fig. 5I–J). These 

results demonstrate that TLX can regulate genes involved in oncogenic pathways in the in 
vivo setting and that there is a possible connection between the repression of these genes and 

the growth capacity of a TNBC tumor.

TLX Decreases Invasion and Metastatic Colonization in vivo.

Standard histopathologic analysis by a board-certified veterinary pathologist blinded to 

experimental design and treatment status revealed that MDA-MB-231 TLXcon and TLX+ 

tumors had nearly an equal degree of tumoral necrosis (Fig. 6A). On the other hand, 

lymphatic invasion was documented in ~78% of control tumors compared to ~44% of TLX+ 

tumors (Fig. 6B).

The observation of increased lymphatic invasion (Fig. 6B) was important given our findings 

that both migration and invasion were decreased in TLX+ cells. This would suggest that 
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the metastatic colonization potential may be altered by TLX. To test this, we utilized 

a model where cells are grafted intravenously and must extravasate and invade at distal 

sites followed by colonization and outgrowth. 8 weeks following graft of MDA-MB-231 

cells, lungs were visually assessed for macroscopic metastatic nodules. In support of our 

hypothesis that TLX alters metastatic invasion and colonization, lungs from mice that were 

grafted with TLX+ cells had significantly fewer nodules compared to lungs from mice that 

received a graft of TLXcon cells (Fig. 6C). To evaluate this in greater detail and to capture 

micrometastases, lungs were sectioned, stained with H&E and assessed by a board-certified 

veterinary pathologist (blinded to experimental details). Significantly less lung involvement 

was observed in the lungs from mice grafted with TLX+ cells (Fig. 6D). Finally, in order 

to quantify total metastatic burden, total RNA was extracted from one side of the lungs 

and qPCR analysis was performed for the NeoR gene, which is encoded by the vector in 

both TLX+ and TLXcon cells. NeoR, and thus total metastatic burden, was significantly 

lower in the lungs of mice grafted with MDA-MB-231 TLX+ cells compared to TLXcon 

(Fig. 6E) Importantly, these findings were recapitulated in mice grafted with MDA-MB-468 

cells, where lungs from TLX+ mice had significantly reduced total metastatic tumor burden 

as assessed by bioluminescence (Fig. 6F). Cumulatively, these results strongly support the 

notion that chronic elevation of TLX results in decreased EMT, and thus decreased capacity 

to migrate, invade and colonize distal tissues.

TLX upregulated gene signature is positively correlated with ER-negative survival

The combination of our clinical, transcriptomic, and in vitro and in vivo functional 

characterization assays strongly support the notion that TLX transcriptional regulation in 

TNBC can deter cancer progression. In order to determine which regulatory targets are 

likely contributing to the cancer-inhibitory effects of TLX, we used the data from RNA-Seq 

analysis (Fig. 3) combined with the available patient data from the METABRIC dataset. 

An iterative process (detailed in methods) which utilized features such as significance of 

expression change, fold-change in expression, and directionality of expression changes (i.e., 

negative or positive) resulted in a list of 117 downregulated genes and 11 upregulated 

genes (Supplemental Tables 3 and 4). Patients were parsed into high (top 25%) and low 

(bottom 25%) cohorts for the downregulated and upregulated signatures and then survival 

of those cohorts was assessed. For this analysis, each gene in the signature was weighted 

equally, despite the different fold changes observed in our RNA-seq analysis. TLX biology 

is generally considered to be transcriptionally repressive in nature which is evidenced by 

the more than 10-fold disparity between our downregulated and upregulated signature genes. 

Therefore, it was somewhat surprising that the 11 upregulated gene signature was correlated 

with improved RFS and OS in ERα-negative patients, whereas no survival correlation 

was found for our downregulated signature (Fig. 7A–D). Although not reaching statistical 

significance, likely due to the considerably smaller patient sample size, similar associations 

were observed in the basal-like patient population (Fig. 7E–H). The association of this 

signature continued to be evident when TLX was not included in the analysis (Supplemental 

Fig. 8). Therefore, unlike in cancers of the brain and prostate where TLX’s well-known 

ability to inhibit tumor suppressors ultimately facilitates malignant progression, these data 

would suggest that TLX’s pro-survival function in ERα-negative breast cancer patients is 

likely dependent on the upregulation of several key target genes
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TLX regulation of SERPINB2 contributes to anti-migratory phenotype

Of the 11 genes from our upregulated gene signature (Figs. 3&7), serpin family B member 

2 (SERPINB2/PAI2) was the most robustly upregulated (Supplemental Table 3). When 

SERPINB2 was not included in the signature, significance was lost, although the analysis 

was likely underpowered to draw firm conclusions (Supplemental Fig. 8). Intriguingly, 

previous work has demonstrated that SERPINB2 can impair cancer cell migration, invasion 

and metastasis [47–50]. Therefore, we chose to investigate if this gene was contributing to 

the observed migratory phenotype in our TLX+ cells.

In agreement with our RNA-Seq results (Fig 3) qPCR analysis confirmed that SERPINB2 

expression was heightened in our MDA-MB-231 TLX+ cells compared to TLXcon cells, 

as well as in a second clone (clone 2) (Fig. 8A and Supplemental Fig. 9A). Additionally, 

TLX-specific regulation of SERPINB2 expression was demonstrated, as treatment of TLX+ 

cells with siTLX reversed SERPINB2 expression back to control levels (Fig. 8A). This 

was confirmed in an independent experiment using a second targeting siRNA against TLX 

(Supplemental Fig. 9B–C). In order to directly test the impact of SERPINB2 on migration, 

we first validated the efficacy of an siRNA against SERPINB2 (siSERPINB2) in our MDA-

MB-231 model using the following treatment groups: siCont-TLXcon, siCont-TLX+ and 

siSERPINB2-TLX+ (Fig. 8B). Similar to Fig. 4, we conducted migration assays, the results 

of which indicating that SERPINB2 was required for the anti-migratory effects of TLX. 

Specifically, siRNA knockdown of SERPINB2 increased gap closure through time and 

migratory velocity (Fig. 8C&D) in TLX+ cells compared to siCont-TLX+ cells, partially 

rescuing the effects of TLX overexpression (Fig. 8C). Taken together, these data suggest that 

SERPINB2 is a novel regulatory target of TLX, and that TLX’s anti-migratory effects are at 

least in part mediated through this regulatory axis.

Discussion:

The paucity of clinically approved targeted therapeutics for the treatment of TNBC persists 

as a hindrance to our ability to improve the prognostic outlook for patients suffering from 

this aggressive breast cancer subtype. Although the immune system holds much promise 

[51], combination of immune checkpoint inhibitors with chemotherapeutic agents is only 

approved for a subpopulation of TNBC patients, and even then, has limited efficacy [52, 53]. 

Therefore, alternative therapies are still required for the treatment of TNBC.

Since nuclear receptors are highly amenable to small molecule intervention, we utilized 

tumoral gene expression and patient survival data to identify nuclear receptors that may 

influence the pathophysiology of TNBC. TLX emerged as a strong candidate as (1) it had 

elevated expression in patients with ERα-negative breast cancers, and (2) higher expression 

of TLX was correlated with improved survival.

Using two different TNBC cell lines, we first demonstrated that stable overexpression of 

TLX alone could impair in vitro proliferation, and subsequent primary tumor growth in a 

murine model. This is in contrast to reports from neural progenitor cells and other cancer 

types, where TLX generally promotes proliferation [19, 20, 23–30, 54]. Even previous 

work with MDA-MB-231 cells indicated that TLX was pro-proliferative [30]. At this point, 
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the reasons for these discrepancies are not clear, although it is possible that (1) TLX 

has cancer-type specific roles, and/or (2) chronic perturbances in TLX result in different 

biological effects than acute manipulation. However, for TNBC, it is also likely that short 

term perturbations in TLX result in different phenotypes than prolonged changes, as we have 

demonstrated for proliferation (Fig. 2).

RNA-Seq analysis demonstrated that chronic overexpression of TLX resulted in the 

downregulation of numerous genes implicated in the pro-proliferative KRAS signaling. 

In other experiments, we found that cell cycle progression was altered, but not apoptosis, 

DNA synthesis or senescence. Thus, the observed decreased proliferation was likely due to 

altered KRAS signaling and cell cycle progression. Interestingly, the RNA-Seq analysis also 

revealed EMT as being altered, a process well-known for its roles in migration, invasion 

and metastasis [55], with the assumption that the single TLX+ clone used for this analysis 

is reflective of generalized TLX overexpression. It was also interesting that of the 5,967 

genes differentially expressed in TLX+ compared to TLXcon cells, siRNA only recovered 

1,326 genes. We propose two potential reasons for this: (1) Kinetics. The siRNA treatment 

was only for 48hrs while the overexpression was stable for several passages. It is possible 

that the acute knockdown did not provide sufficient time for the effects of secondary targets 

(such as transcription factors etc.) to be observed. (2) Altered epigenome. Since these cells 

were chronically overexpressing TLX it is possible that the epigenome was altered in a way 

that simply removing TLX would not result in altered gene expression. Either way, future 

studies should be performed to elucidate this biology.

Upon further experimentation, we found that indeed, TLX significantly impeded both 

cell migration and cell invasion in TNBC. The pathological relevance of these findings 

is demonstrated by decreased lymphatic involvement of primary tumors and decreased 

metastatic colonization in murine models (Fig. 6). These findings are in agreement with 

previous work indicating that TLX overexpression in glioma stem cells or treatment 

of glioblastoma cells with propranolol (a purported TLX agonist), impedes migration 

[56, 57]. However, other reports in TNBC and neuroblastoma contrast these findings, 

where TLX promoted migration and invasion, potentially through the regulation of matrix 

metalloproteinases and other EMT-related genes [26, 30]. Therefore, it is concluded that the 

role of TLX in cancer is complex, exerting differential effects depending on (1) the temporal 

nature of its overexpression or activity, and (2) cancer cell context. Furthermore, analyses of 

other unique TNBC models will be required to capture the complex heterogeneity of human 

disease.

While the inhibition of genes in the pathways identified in our GSEA analysis likely 

represent important targets mediating the observed effects of TLX overexpression, one of 

the more surprising results of our work was that the TLX upregulated gene signature, rather 

than the downregulated gene signature, was correlated with improved recurrent-free and 

overall survival in ERα-negative patients, with highly similar results being observed in 

basal-like patients too. These results not only indicate that TLX’s anti-cancer effects are 

likely the result of a dynamic mixture of downregulating and upregulating target genes, 

but the importance of evaluating both the predominant (transcriptional repression) and less 

frequently observed (transcriptional activation) functions of cancer regulatory molecules.
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It was of interest that SERPINB2 was very robustly upregulated by TLX as identified 

in our RNA-seq analysis of MDA-MB-231 cells. Important future work will be aimed at 

determining the mechanisms by which TLX regulates SERPINB2. SERPINB2, along with 

its closely related family member, SERPINE1, both function as inhibitors of urokinase 

plasminogen activator (uPA). However, due to structural differences, these two proteins 

appear to have opposing roles when it comes to cancer, with SERPINE1 promoting 

proliferation and migration, and SERPINB2 opposing these functions [58]. Importantly, 

we found that SERPINB2 was required for the full inhibitory effects of TLX on migration. 

Thus, it is likely that at least some of the modulatory activities TLX has on migration are 

due to its induction of SERPINB2.

Collectively, our results demonstrate that cancer cell-intrinsic expression of TLX inhibits 

two hallmarks of cancer, proliferation and invasion, resulting in impaired tumor growth and 

metastasis. Taking into consideration the described impact of TLX in other cancers, it is 

likely that the role of TLX is highly context-dependent. Determining conditions where TLX 

is inhibitory will be important for the future development of TLX as a therapeutic target. 

Recently published work that has potentially “de-orphanized” TLX presented evidence that 

oleic acid is a bonafide endogenous ligand for this receptor, a finding that provides critical 

insight into TLX physiology and future targeted drug development [59]. It will be important 

to utilize the in vitro models described in this paper to evaluate the effects, if any, of 

oleic acid, and ascribe those to TLX. Furthermore, it is important to consider that we have 

only explored the roles of TLX within the TNBC cells themselves, and the functional 

importance of TLX within stromal cells remains to be determined; many nuclear receptors 

being reported to have roles in immune cells [17]. This will be an important consideration 

given the recent breakthroughs of immune-based therapies. In summary, TLX may represent 

a new therapeutic target for the treatment of TNBC, but more work is required to evaluate 

the precise context-dependent roles of this receptor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TLX Expression is elevated in ERα-negative and basal breast tumors and is positively 
correlated with survival.
A & B TLX mRNA expression is higher in ERα-negative compared to ERα-positive 

tumors, as evaluated in the (A) KM Plotter (relative expression) and (B) METABRIC 

data sets (N = 4929 & N = 1904 respectively). Data are expressed as mean ±SEM An 

asterisk (*) indicates statistical significance (p < 0.05, student’s unpaired two-tailed t test). 

C & D TLX mRNA expression is higher in the Basal PAM50 subtype compared to other 

subtypes, as assessed in the (C) TCGA and (D) METABRIC data sets (N = 981 & N = 

1898 respectively). Data are expressed as mean ±SEM. Different letters denote statistical 

significance (p < 0.05, one-way ANOVA followed by Tukey’s multiple comparisons test). 

E-L Higher TLX mRNA expression in the KM Plotter data sets is correlated with longer 

recurrence-free survival (RFS) and overall survival (OS) in both ERα-negative and basal-

like patients. Kaplan-Meier analysis followed by the log-rank test (p-value indicated on 

graph) was performed. High and low expression of TLX was established using the most 

significant cut off per query. [E: high N=872, low N=289, F: high N=424, low N=146, G: 

high N=609, low N=237, H: High N=208, Low N=196, I: High N=408, Low N=163, J: High 

N=195, Low N=67, K: High N=324, Low N=110, L: High N=108, Low N=74].
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Figure 2. Chronic overexpression of TLX reduces proliferation of cellular models of TNBC.
A Short-term transient overexpression of TLX in the TNBC cell line MDA-MB-231 

temporarily increased proliferation (N = 12 internal replicates/condition). B Short-term 

transient knockdown of TLX in the TNBC cell line MDA-MB-157 had no effect on 

proliferation (N = 6 internal replicates/condition, showing one representative experiment 

of three experiments, additional TLX targeting siRNA shown in Supplemental Fig. 2D). 

C & D Extended assays (14 d) using transient overexpression or knockdown of TLX 

in MDA-MB-231 cells either inhibited or promoted proliferation, respectively (N = 4 
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internal replicates/condition, showing one representative experiment of three), additional 

TLX targeting siRNA shown in Supplemental Fig. 2E). E & F Stable overexpression 

of TLX in MDA-MB-231 and MDA-MB-468 cells (another TNBC cell line) inhibited 

proliferation (N = 6 internal replicates/condition, showing one representative experiment of 

three). Data are expressed as mean ±SEM. An asterisk (*) indicates statistical significance at 

that timepoint (p < 0.05, two-way ANOVA followed by Sidak’s multiple comparison test).
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Figure 3. Stable overexpression of TLX results in a unique transcriptional profile in MDA-
MB-231 cells.
MDA-MB-231 cells stably expressing a control empty vector (single cell clone, TLXcon) or 

TLX (clone 1, single cell clone, TLX+) were treated with either control siRNA (siCon) or 

siRNA against TLX (siTLX) for 48 h. A mRNA expression of TLX was confirmed by qPCR 

(representative experiment shown of two, N = 4 internal replicates/condition, experiment 

repeated twice with similar results). Expression is shown as fold change relative to TLXcon 

values. Data are expressed as mean ±SEM. Different letters denote statistical difference 
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(p < 0.05, one-way ANOVA followed by Tukey’s multiple comparisons test). B Principal 

Component Analysis (PCA) based on the RNA-Seq gene expression patterns. C Volcano 

plots displaying differential gene expression in the following two comparisons: TLX+ vs. 

TLXcon and TLX+ vs. TLX+ + siTLX. The top 5 upregulated and downregulated genes 

(by fold-change) for which there was also patient prognostic data (Fig 7 & Supplemental 

Tables 3 & 4) are labeled on the plots. SERPINB2 was also labeled on the TLX+ vs. 

TLX+ + siTLX plot although it ranked #7 in this comparison. Y-axis represents -Log10FDR 

and X-axis represents Log2 fold-change, where red dots are significantly altered genes, as 

defined by FDR < 0.01. Grey dots are all genes with FDR > 0.01. D Treatment of TLX+ 

cells with siTLX recovered 1,326 (~58%) of differentially expressed genes. E Gene set 

enrichment analysis (GSEA) using the Hallmark Gene Set indicated that TLX expression 

was inversely correlated with expression of genes in the KRAS signaling pathway as 

well as genes associated with epithelial mesenchymal transition (EMT). FDR < 0.05. F 
Heatmaps displaying expression (Log Counts Per Million) of genes that contributed to 

GSEA enrichment. (For B-F, N = 3 internal replicates/condition). Heatmaps for other 

identified pathways are shown in Supplemental Fig. 5.
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Figure 4. TLX impedes migration and invasion of cellular models of TNBC.
A & B Wound healing assays demonstrated that TLX+ reduced migration in (A) MDA-

MB-231 cells (one representative experiment shown of three, N = 3 internal replicates/

condition,) and (B) MDA-MB-468 cells (one representative experiment shown of three, N = 

6/condition) compared to TLXcon cells. Representative images are to the left of quantified 

velocity bar graphs. Asterisks (*) indicate statistical significance (p < 0.05, student’s 

unpaired two-tailed t test was performed). The lower graphs represent migration through 

time; one phase decay nonlinear regression was performed and resulting P value indicated. 

C & D Transwell invasion assays demonstrated that reduced invasion in (C) MDA-MB-231 

cells (combined results of 3 independent experiments, N = 12 internal replicates/condition) 

and (D) MDA-MB-468 cells (combined results of 2 experiments N = 12 internal replicates/
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condition) compared to TLXcon cells. Asterisks (*) indicate statistical significance (p < 0.05, 

student’s unpaired two-tailed t test was performed). Data for this figure are expressed as 

mean ±SEM. Migration and invasion data from a second MDA-MB-231 clone (clone 2) are 

shown in Supplemental Fig. 6.
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Figure 5. TLX impairs the growth of MDA-MB231 xenograft tumors, and regulates pathways 
associated with tumor progression.
Nude mice were orthotopically grafted with either TLXcon or TLX+ MDA-MB-231 cells 

(clone 1, N = 8/group). A Tumor volume through time, up to day 49, as measured by 

calipers. B Final tumor volume (one TLXcon mouse assessed at day 51, remainder assessed 

at day 53). C Final tumor weight at necropsy (one TLXcon mouse assessed at day 51, 

remainder assessed at day 53). D-F Kaplan-Meier plots assessing time to tumor volume 

endpoints of 125, 200 and 315mm3 respectively. G TLX overexpression was maintained in 
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tumors, as assessed by qPCR. H RNA from MDA-MB-231 xenograft tumors (Supplemental 

Fig. 7) was analyzed on the Nanostring Breast Cancer 360 panel. Genes significantly 

upregulated in TLX+ compared to TLXcon tumors are depicted in H. I Genes significantly 

downregulated in TLX+ compared to TLXcon tumors. Data processing and analysis was 

done using the nSolver (Ver 4.0) software. Gene expression is represented as Log2 counts. 

In-software t-test (Welch-Satterthwaite) was used to determine significant changes in gene 

expression (P < 0.05). J Differentially regulated genes identified in H and I were analyzed 

by the PANTHER Classification System. Only genes downregulated by TLX showed 

overrepresentation in associated pathways. Pie chart indicates percentage of downregulated 

genes associated with denoted pathway. Data for A-C and G are expressed as mean ±SEM. 

For A: two-way ANOVA followed by Sidak’s multiple comparison test was performed, 

with asterisks (*) indicating significant differences between groups at the indicated time 

points. For B, C and G: student’s unpaired two-tailed t test was performed with asterisks 

(*) indicating significant differences between groups. For G, data was Ln transformed prior 

to statistical testing. For D-F: the Gehan-Breslow-Wilcoxon test was performed. Statistical 

significant differences were considered if p < 0.05.
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Figure 6. TLX decreases invasion and metastatic colonization in vivo.
A-B Histopathologic examination of tumors from MDA-MB-231 xenograft studies depicted 

in Fig. 5 and Supplemental Fig. 7. A Hematoxylin and eosin staining revealed no 

significant difference in tumoral necrosis between TLXcon and TLX+ tumor. Representative 

micrographs are to the left of quantified data B Lymphatic involvement, as assessed by a 

board-certified veterinary pathologist, was more likely to be observed in TLXcon tumors 

compared to TLX+ tumors. Chi-square test was performed, P < 0.05. C-F TLXcon cells 

had increased metastatic colonization and/or outgrowth compared to TLX+ cells in an 
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intravenous model of lung metastatic colonization. C Nude mice were grafted intravenously 

with MDA-MB-231 cells (N = 10 & 8 for TLXcon and TLX+, respectively). Representative 

images of lungs are to the left of quantified data indicating that TLX+ cells resulted in fewer 

macroscopic lesions. D Representative micrographs of metastatic lungs are to the left of 

quantified data. E Expression of NeoR within metastatic lungs was quantified by qPCR, 

indicating the metastatic burden was lower in mice grafted with TLX+ cells. F NSG mice 

were grafted intravenously with MDA-MB-468 cells engineered to express luciferase (N = 

10/group). Bioluminescence was followed through time. Representative images of the upper 

torso and full body are to the left of quantified data (upper torso). Data for A and C-F are 

mean ±SEM, and either a two tailed unpaired Student’s t test, or two-way ANOVA followed 

by Sidak’s multiple comparison test were used to determine statistical significance, which is 

indicated by an asterisk (*, P < 0.05).
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Figure 7. “TLX-upregulated gene signature” is positively correlated with survival.
Using the METABRIC data set, ERα-negative (A-D, N = 223) and basal (E-F, N = 100) 

patients were parsed into high (top 25%) and low (bottom 25%) cohorts for the “TLX-

downregulated” and “TLX-upregulated” gene signatures. For this analysis, we weighted 

each gene in the signature equally. A-D The TLX-upregulated gene signature was correlated 

with significantly improved recurrence free survival (RFS) and overall survival (OS) in 

patients with ERα-negative disease. E-H Although slightly underpowered, similar findings 

were found for patients with basal tumors. Kaplan-Meier analysis followed by both the log 

rank test (top p-value on graph) and the Gehan-Breslow-Wilcoxon test (bottom p-value on 

graph) were performed.

Nelczyk et al. Page 32

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. SERPINB2 required for anti-migratory effects of TLX.
A Expression of SERPINB2 is increased in MDA-MB-231 cells stably expressing TLX 

(TLX+, clone 1) compared to a control empty vector (TLXcon), which can be recovered by 

treatment with siTLX. Results from a second clone and a second siRNA targeting TLX are 

demonstrated in Supplemental Fig. 9. B siRNA against SERPINB2 reduces its expression 

in TLX+ cells (A, one representative experiment of two, N = 4 internal replicates/condition, 

B, representative experiment of three, N = 3 internal replicates/condition. qPCR analysis, 

expression is shown as fold change relative to TLXcon values). C Wound healing assays 

Nelczyk et al. Page 33

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(combined results of 3 experiments, N = 9 internal replicates/condition) demonstrate that 

TLX+ cells treated with siSERPINB2 significantly increased gap closure rate compared to 

TLX+ cells treated with siCont. Representative images are to the left of graph displaying 

migration through time (one phase decay nonlinear regression was performed and resulting 

P values indicated). D Knockdown of SERPINB2 in TLX+ cells results in migration 

velocity between that of TLXcon and TLX+ cells. Data are expressed as mean ±SEM unless 

otherwise indicated, different letters denote statistical difference (p < 0.05, one-way ANOVA 

followed by Tukey’s multiple comparisons test).
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