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Abstract

Background: The human orphan receptor TLX (NR2E1) is a key regulator of

neurogenesis, adult stem cell maintenance, and tumorigenesis. However, little is

known about the genetic and transcriptomic events that occur following TLX overex-

pression in human cell lines.

Aims: Here, we used cytogenetics and RNA sequencing to investigate the effect of

TLX overexpression with an inducible vector system in the HEK 293T cell line.

Methods and results: Conventional spectral karyotyping was used to identify chro-

mosomal abnormalities, followed by fluorescence in situ hybridization (FISH) analysis

on chromosome spreads to assess TLX DNA copy number. Illumina paired‐end whole

transcriptome sequencing was then performed to characterize recurrent genetic var-

iants (single nucleotide polymorphisms (SNPs) and indels), expressed gene fusions,

and gene expression profiles. Lastly, flow cytometry was used to analyze cell cycle

distribution. Intriguingly, we show that upon transfection with a vector containing

the human TLX gene (eGFP‐hTLX), an isochromosome forms on the long arm of chro-

mosome 6, thereby resulting in DNA gain of the TLX locus (6q21) and upregulation of

TLX. Induction of the eGFP‐hTLX vector further increased TLX expression levels, lead-

ing to G0‐G1 cell cycle arrest, genetic aberrations, modulation of gene expression

patterns, and crosstalk with other nuclear receptors (AR, ESR1, ESR2, NR1H4, and

NR3C2). We identified a 49‐gene signature associated with central nervous system

(CNS) development and carcinogenesis, in addition to potentially cancer‐driving gene

fusions (LARP1‐CNOT8 and NSL1‐ZDBF2) and deleterious genetic variants (frameshift

insertions in the CTSH, DBF4, POSTN, and WDR78 genes).

Conclusion: Taken together, these findings illustrate that TLX may play a pivotal

role in tumorigenesis via genomic instability and perturbation of cancer‐related

processes.
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1 | INTRODUCTION

The human Nuclear Receptor (NR) superfamily consists of 48 tran-

scription factors that bind to hydrophobic ligands and regulate various

physiological processes (eg, development, metabolism, and
wileyonlinelibrary.com/jour
reproduction) and diseases (eg, cancer).1,2 NRs are frequently grouped

according to their associated ligand, where endocrine NRs bind to ste-

roid hormones, orphan NRs have no known natural ligands, and

adopted orphan NRs are associated with ligands that have recently

been identified. The NR subfamily 2 group E member 1 (NR2E1),
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commonly known as TLX, is an orphan receptor involved in

neurogenesis and adult stem cell maintenance. TLX has been shown

to be expressed in vertebrate forebrains and the human brain.3,4 In

TLX‐mutant mice, the number of retinal cells progressively diminishes,

leading to blood vessel malformation.4-7 In humans and mice, TLX

represses PTEN in the developing retina and the adult brain.8-11 By

controlling PTEN expression, TLX regulates proliferation of stem cells

and cell cycle reentry during retinogenesis.8,9,11 TLX is also an

upstream target of Wnt7a, which binds frizzled receptors, activating

the Wnt pathway. In turn, Wnt/β‐catenin signaling induces neural

stem cell (NSC) self‐renewal and proliferation.12 NSC proliferation is

further regulated via TLX‐induced expression of Cip/Kip cyclin‐

dependent kinase inhibitors, namely, p21Cip1 (Cdkn1a), p57Kip2

(Cdkn1c), and p53 downstream target genes.10,13-18 In fact, p21 and

p57 are frequently expressed in differentiating neuroprogenitors.19

Upon TLX‐silencing, the nicotinamide adeninedinucleotide (NAD)‐

dependent deacetylase Sirt1 decreases its protein expression in

neuroprogenitors.20 Thus, TLX regulates the cell cycle, DNA replica-

tion, MAPK signaling, and cell adhesion.21

Similar to other NRs, eg, estrogen receptor alpha (ERα), androgen

receptor (AR), and progesterone receptor (PR), TLX has recently been

shown to promote cancer stem cell genesis and contribute to cancer

development and progression.1,22-33 Furthermore, TLX has emerged

as a negative prognostic indicator for multiple malignancies due in part

to crosstalk between different NRs.24,26,28,30 In endocrine cancers,

TLX expression has been shown to be negatively associated with

ERα and AR expression in breast and prostate cancer, respectively.

TLX has therefore been proposed to take on the role of ERα and AR

in hormone receptor negative cancers.26 In prostate cancer, TLX has

an oncogenic function as its depletion triggered cellular senescence

and cell growth arrest, whereas overexpression promoted the aggres-

sive growth of prostate cancer cells.34 We and others have reported

on several molecular mechanisms by whichTLX regulates self‐renewal

of cancer stem cells and tumorigenesis of glioma, neuroblastoma, and

glioblastoma.22,23,25,28,29,31-33 TLX regulates angiogenesis and migra-

tion via interaction with VHL, HIF1, HIF2, MMP2, and TLX‐silencing

degrades TGFβ receptor via interaction with Smurf1. Elevated levels

of TGFβ, inducing epithelial to mesenchymal transduction (EMT), are

frequently found in high grade cancers.

Despite strong evidence of the involvement of TLX in tumorigene-

sis, little is known about genetic aberrations and transcriptional

changes associated with TLX overexpression. Here, we investigated

the effect of TLX overexpression on genomic instability and

transcriptomic changes in HEK 293T cells.
2 | METHODS

2.1 | Cell culture and transfection

The HEK 293T cell line was maintained in Dulbecco's Modified Eagle

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS),

100‐units/mL penicillin, and 60‐μg/mL streptomycin. Cell cultures
were monitored for mycoplasma contamination using polymerase

chain reaction (PCR) methodology at Sahlgrenska University Hospi-

tal, Department of Clinical Microbiology (Gothenburg, Sweden).

Human TLX (hTLX) cDNA was amplified by PCR (sense, 5′‐TAG

CGG CCG CTC GAG ATG AGC AAG CCA GCC‐3′, antisense, 5′‐

ATC ATG TCT GGA TCA GAT ATC ACT GGA TTT‐3′) and cloned

into a pMEP4 inducible vector expressing enhanced green fluores-

cent protein (pMEP4‐eGFP), as previously described.35 Inserts were

verified by Sanger sequencing. Approximately 5 × 104 HEK 293T

cells were transfected with the pMEP4‐eGFP and pMEP4‐eGFP‐

hTLX vectors using FuGENE transfection reagent (Promega Biotech

AB #E2311) according to the manufacturer's recommendations. Sta-

ble cell selection was performed by maintaining cultures in 0.3‐mg/

mL hygromycin B. Monoclonal cell populations were selected by lim-

iting serial dilution. Expression of eGFP or eGFP‐hTLX was induced

using medium containing 1μM CdCl2 for 22 hours.
2.2 | Immunofluorescence

Immunofluorescence analysis was performed in conjunction with con-

focal microscopy to compare the intracellular localization pattern of

eGFP‐hTLX with that of endogenous TLX in HEK 293T cells, as previ-

ously described.36 In brief, 5 × 104 cells were plated on coverslips in

24‐well plates and cultured overnight. The cells were fixed with 4.0%

paraformaldehyde in phosphate buffered saline (PBS) for 20 minutes,

washed three times with 1xPBS for 5 minutes each, permeabilized with

0.25% Triton X‐100 in PBS for 5 minutes, and blocked in blocking

buffer (0.1% Triton X‐100/10% fetal calf serum (FCS)/PBS) for

20 minutes. The slides were incubated for 2 hours with primary anti‐

GFP (1:1000 dilution, ThermoFisher Scientific #A11122) or anti‐TLX

(1:100 dilution, R&D #PP‐H6506‐00) in 0.1% Triton X‐100/1%

FCS/PBS, followed by three washes with 0.1% Triton X‐100/PBS, don-

key anti‐Rabbit Alexa Fluor 488 (1:1000 dilution, ThermoFisher Scien-

tific #A21206) or donkey anti‐Mouse Alexa Fluor 555 (1:1000 dilution,

ThermoFisher Scientific #A31570) secondary antibody in 0.1% Triton

X‐100/1% FCS/PBS for 1 hour, and three final washes with 0.1% Triton

X‐100/PBS. The nuclei were counterstained with 4′,6‐diamidino‐2‐

phenylindole (DAPI) and the coverslips air‐dried and mounted. The

samples were analyzed using an inverted Zeiss LSM 510 META confo-

cal microscope equipped with a Zeiss image processing system.
2.3 | DNA‐protein binding assay

Functionality of the eGFP‐hTLX protein was confirmed with pull‐down

assays using the Oct4 promoter, as previously described.22,37,38 In

brief, biotinylated oligonucleotides (OCT4, 5′‐TGA ACC TGA AGT

CAG ATT TTT‐3′) were diluted in 500‐μL 100mM KCl, 10mM Tris‐

HCl pH 7.4 and incubated with Dynabeads M‐280 streptavidin beads

(Invitrogen) at room temperature for 30 minutes (1‐μL

beads/pmol oligonucleotide). The beads were washed three times

and incubated for 30 minutes with diluted protein extract from

eGFP‐hTLX cells in 500‐μL binding buffer (100mM KCl, 10mM Tris‐
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HCl pH 7.4, 0.05% NP‐40, 10% Glycerol) followed by six washes in

binding buffer. The beads were eluted by boiling in 2 × Laemmli buffer

and run on sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS‐PAGE).
2.4 | Flow cytometry‐based cell cycle distribution
analysis

Cell cycle distribution analyses were performed using harvested eGFP

control and eGFP‐hTLX HEK 293T cells, fixed with 70% ethanol and

stained with propidium iodide/RNase staining solution (Cell Signaling

Technology #4087). Data analysis for cell cycle distribution was per-

formed using the FACScalibur system (BD Biosciences). Differences

in cell cycle distribution were determined using ANOVA (P < .05).

Stacked bar plots were created in R/Bioconductor (3.4.3) using the

ggplot2 package (3.1.0).
2.5 | FISH and SKY

Probe labeling and hybridization were performed as described else-

where39 using locus‐specific bacterial artificial chromosome (BAC;

BACPAC Resources Center) probes. Three BAC clones (RP11‐

144P8, RP11‐815N24, and RP11‐1005B20) spanning the NR2E1,

SNX3, and OSTM1 genes were pooled and labeled using

dioxigenin‐11‐dUTP. Dual‐color fluorescence in situ hybridization

(FISH) was performed using the dioxigenin‐11‐dUTP labeled probe

cohybridized with the XCP 6 green whole chromosome painting

(WCP) probe for human chromosome 6 (MetaSystems #D‐0306‐

100‐FI), followed by counterstaining of the mitotic chromosome

spreads with DAPI. The samples were analyzed using a Leica

DMRA2 fluorescent microscope (Leica) equipped with an ORCA

Hamamatsu charged‐couple devices (CCD) camera and filter cubes

specific for red rhodamine, green fluorescein isothiocyanate (FITC),

and UV for DAPI visualization. Digitalized black and white images

were acquired using the Leica CW4000 software package. Conven-

tional spectral karyotyping (SKY) was performed according to stan-

dard protocols.
2.6 | RNA sequencing

Total RNA samples from eGFP control and eGFP‐hTLX HEK 293T

cells were isolated using the Total RNA Purification Plus Kit (Norgen

Biotek Corp. #48400), including DNase I treatment to remove geno-

mic DNA contamination. RNA integrity was measured with the

Agilent 2100 Bioanalyzer (Agilent Technologies) and RNA concentra-

tion using the Nanodrop (ThermoFisher Scientific) and QuBit

(ThermoFisher Scientific). RNA integrity number (RIN) values above

8.0 were accepted for further downstream analysis. The RNA sam-

ples were stored at −80°C and processed at the Science for Life

Laboratory (National Genomics Infrastructure Stockholm) to
construct Illumina TruSeq strand‐specific RNA libraries (Ribosomal

depletion using RiboZero human) with 125 BP pair‐end reads on a

HiSeq2000 sequencer (Illumina). FASTQ files for two wild type

HEK 293T samples (ArrayExpress, accession number E‐MTAB‐

3102) were used as reference.40 Quality control and processing

(fusion gene detection and variant calling/filtering) of mapped

RNA‐sequencing (RNA‐seq) reads were performed as previously

described.41 Read alignment yielded approximately 60 million aligned

reads per sample. Calculation of Counts and Fragments Per Kilobase

of transcript per Million mapped reads (FPKM) was performed using

HtSeq (0.6.1) and Cufflinks (2.1.1), respectively. Mapping statistics

were generated with RNA‐seq Quality Control package (RSeQC).

Mapped RNA‐seq reads were used to quantify gene‐level,

transcript‐level, and noncoding RNA expression using Cuffmerge,

followed by Cuffdiff (Benjamini‐Hochberg adjusted P value < .05).

Fusion genes and genetic variants were visualized for each sample

using the Circos module (0.66). The computations were performed

on resources provided by Swedish National Infrastructure for Com-

puting (SNIC) through Uppsala Multidisciplinary Center for Advanced

Computational Science (UPPMAX)42 under Project b2015014.
2.7 | Quantitative real‐time PCR

Total RNA was reverse transcribed into cDNA using iScript Reverse

Transcription Supermix for RT‐quantitative real‐time PCR (qPCR) kit

(Bio‐Rad Laboratories #1708840), followed by qPCR analysis (in tripli-

cate) using SsoAdvanced Universal SYBR Green Supermix (Bio‐Rad

Laboratories #1725270) and the ddCt method. In brief, total RNA

samples for eGFP control (induced and noninduced) and eGFP‐hTLX

(induced and noninduced) HEK 293T cells were used to validate the

expression patterns of GFP (sense, 5′‐ATC ATG GCC GAC AAG CAG

AAG AA‐3′, antisense, 5′‐GTA CAG CTC GTC CAT GCC GAG AG‐

3′), TLX (sense, 5′‐GAT TTA GAC AAC TCC GGT TAG AT‐3′, anti-

sense, 5′‐TGA AGG GCT GCA ATG GCG GCA GC‐3′), TP53 (sense,

5′‐CGG TGA CAC GCT GGA T‐3′, antisense, 5′‐TTG GGA CGG

CGG GAC A‐3′), and two endogenous controls (TBP2 (sense, 5′‐ACC

CTT GCC GCC ACT C‐3′, antisense, 5′‐CGG GCA CGA ATG GTC T‐

3′) and GAPDH (sense, 5′‐GAA GGT GAA GGT CGG AGT‐3′, anti-

sense, 5′‐GAA GAT GGT GAT GGG ATT TC‐3′). Dissociation curve

analysis confirmed the presence of a single amplicon. Normalization

and data analysis were performed in GenEx 6.1 (TATAA Biocenter),

as previously described.43
2.8 | Gene ontology enrichment and IPA

Gene ontology (GO) enrichment analysis was performed using PAN-

THER Overrepresentation Test (release 20160715) and GO ontology

database released 2016‐11‐30 with Bonferroni correction for multiple

testing.44,45 Canonical pathways and diseases and bio functions analy-

ses were generated for TLX overexpression with Ingenuity Pathway

Analysis (IPA; Qiagen, Ingenuity Systems) using Fisher's exact test

(P < 0.05).



4 of 12 PARRIS ET AL.
3 | RESULTS

3.1 | TLX overexpression perturbs cell cycle
progression in HEK 293T cells

Full‐length recombinant hTLX was stably expressed in HEK 293T cells

using the pMEP4 inducible system with CdCl2. Functionality of the

eGFP‐hTLX protein was confirmed with DNA pull‐down assays using

the Oct4 promoter (Figure 1A). Although limiting serial dilution was

used to produce a stable monoclonal population, evaluation of GFP

expression with confocal microscopy revealed the presence of poly-

clonal colonies containing populations that were resistant to

hygromycin B but with variable expression of GFP and nuclear locali-

zation of eGFP‐hTLX (Figure 1B). In comparison with their noninduced

counterparts, GFP and TLX mRNA levels were both found to be ele-

vated in induced eGFP controls and eGFP‐hTLX cells using qPCR anal-

ysis (Figure 1C). Additionally, RNA‐seq analysis confirmed the

presence of the Simian virus 40T (SV40 T) antigen in the HEK 293T

cells and overexpression of the TLX gene (NR2E1) in induced eGFP‐

hTLX cells (FPKM value 34.7 vs 0.7 in induced eGFP‐hTLX and eGFP

control cells, respectively). As is characteristic of the HEK 293 cell line

and its derivatives, SKY demonstrated genomic rearrangements on the

telomeric end of chromosome 1q.46 In line with previous studies, TLX

overexpression was shown to perturb cell cycle progression and

repress the expression levels of cell cycle inhibitors such as

CDKN1A/p21 and PTEN by 40% and 39%, respectively. Evaluation of

cell cycle progression revealed an accumulation of TLX‐overexpressing
FIGURE 1 Detection of active TLX in HEK 293T cells. A, DNA pull‐down
to DNA. Schematic diagram showing the distal enhancer (DE) and proxima
was monitored in noninduced (control) and induced (1 or 10μM CdCl2) eGF
counterstained using 4′,6‐diamidino‐2‐phenylindole (DAPI). Scale bar, 50 μ
expression levels in induced eGFP and eGFP‐hTLX HEK 293T cells, and el
was estimated by the delta Ct method
cells in G0‐G1 phase and a decrease in the number of cells in S phase

(Figure 2). Consequently, decreased CCNE1 and CCNE2 expression

levels (FPKM value 19.5 vs 22.1 for CCNE1 and 13.6 vs 20.4 for

CCNE2 in induced eGFP‐hTLX and eGFP control cells, respectively)

were observed that are commonly elevated during G1‐S transition,

indicating cell cycle arrest at the G0‐G1 phase following TLX

overexpression.
3.2 | Isochromosome 6q formation in eGFP‐hTLX
HEK 293T cells

DNA copy number analysis was then performed using dual‐color FISH

with a locus‐specific probe for the TLX gene cohybridized with a

chromosome‐specific WCP probe for chromosome 6. Both induced

and noninduced eGFP control cells frequently displayed disomy or tri-

somy for chromosome 6 with normal DNA copy numbers of the TLX

gene on each chromosome. In contrast, eGFP‐hTLX expressing cells

(induced and non‐induced) showed extensive copy number heteroge-

neity, ie, cell populations with trisomy or tetrasomy chromosome 6

with normal TLX copy numbers and other cell populations with one

to three chromosome 6 (normal TLX copy numbers) and one

monocentric isochromosome of the long arm of chromosome 6

[i(6q)](Figure S1). Each i(6q) contained four FISH signals for the TLX‐

specific probe with two signals on each chromosome arm. Further-

more, both wild type chromosome 6 and i(6q) were shown to be

homogeneously stained along the entire chromosome with the WCP

probe indicating the absence of contributing genetic material from
assays using Oct4 promoter showed that expressed eGFP‐hTLX binds
l enhancer (PE) of Oct4. B, Green fluorescent protein (GFP) expression
P‐hTLX HEK 293T cells using confocal microscopy (40X). Nuclei were
m. C, Quantitative real‐time PCR analysis demonstrated elevated GFP
evated TLX expression levels in eGFP‐hTLX cells. Relative fold change



FIGURE 2 TLX overexpression results in accumulation of cells in G0/G1. Cell cycle distribution analysis was performed for eGFP and eGFP‐hTLX
HEK 293T cells (before and after induction with CdCl2) with flow cytometry. Representative DNA histograms and stacked bar charts show the
distribution of cell populations in each cell cycle phase. The data are presented for three independent experiments
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other chromosomes (Figure 3). Quantitative PCR demonstrated a 16‐

and 44‐fold increase in TLX expression in noninduced and induced

eGFP‐hTLX cells compared with eGFP controls, respectively.
3.3 | TLX overexpression is associated with CNS
development and tumorigenesis

To assess the effect of TLX overexpression in HEK 293 T cells, RNA‐

seq analysis was performed to evaluate changes in gene expression,

genetic variants, and structural rearrangements in induced eGFP con-

trol and TLX‐overexpressing cells. In total, a gene signature containing
49 differentially expressed transcripts (P adjusted value < .05) was

identified, of which 16 transcripts were downregulated and 33 were

upregulated in TLX‐overexpressing cells compared with controls

(Table 1). GO enrichment analysis showed an association between

nine of the 49 differentially expressed transcripts (NR2E1/TLX,

GPR56, CA10, PCDH19, NMUR2, SEPP1, SLC7A11, GHRHR, and

CXCL12) and central nervous system (CNS) development

(GO:0007417; 6.61 fold enrichment, 4.22E‐02). Further analysis of

the eGFP‐hTLX‐enriched transcripts with IPA showed an association

with several cellular stress responses, ie, cell death and survival, carbo-

hydrate metabolism, cellular function and maintenance, cellular move-

ment, and cell cycle. Pathway analysis identified a number of



FIGURE 3 FISH analysis of a TLX‐specific probe in eGFP control and eGFP‐hTLX HEK 293T cells. A‐B, eGFP‐hTLX cells showing an
isochromosome 6 [i(6q)], with four hybridization signals for the TLX‐specific probe in each cell. C‐D, eGFP control cells with normal
chromosome 6. Digoxigenin‐11‐dUTP labeled probe (red) containing the RP11‐144P8, RP11‐815 N24, and RP11‐1005B20 BAC clones spanning
the NR2E1, SNX3, and OSTM1 genes. Metaphase spreads were counterstained using 4′,6‐diamidino‐2‐phenylindole (DAPI). B and D show
homogeneous staining for chromosome 6 using a chromosome‐specific whole chromosome painting probe (green)
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significantly affected canonical signaling pathways and predicted

upstream regulators such as AR (P < .05), including an association with

the molecular mechanisms of cancer and chemokine signaling

(Table 2). No differentially expressed isoforms, coding DNA sequence,

or transcription start site groups were identified.
3.4 | TLX‐overexpressing cells harbor potential
driver fusion genes

The RNA‐seq paired‐end reads were then used to identify candidate

somatic fusion genes. In total, 46 fusion genes (63 fusion transcripts)

and 48 fusion genes (73 fusion transcripts) were identified in eGFP

and eGFP‐hTLX cells, respectively (Table S1). Few recurrent fusion

genes (RPPH1‐XIST, XIST‐GNB2L1, and XIST‐RBBP7) were detected in

both transfected cell lines (Figure 4), and a comparatively high propor-

tion of the fusion transcripts found in eGFP controls spanned at least

one noncoding gene partner (95% in controls compared with 89% in

TLX‐overexpressing cells). Additionally, gene fusions with potential

functional activity were identified in TLX‐overexpressing cells, includ-

ing promoter‐coding (5′UTR; NDUFC2‐ALG8 and NSL1‐ZDBF2),

coding‐3′UTR (COPB1‐PSMA1), and in‐frame/coding‐coding fusions

(COPB1‐PSMA1 and LARP1‐CNOT8). Functional protein domains were
found in the NDUFC2‐ALG8 (GVQW domain), COPB1‐PSMA1 (protea-

some domain) and LARP1‐CNOT8 (LA and DM15 domains) fusions

using the Simple Modular Architecture Research Tool (SMART) online

tool (Figure 5). The Oncofuse Bayesian classifier pipeline was then

used to identify driver fusion genes with oncogenic potential (putative

oncofusions). In TLX‐overexpressing cells, LARP1‐CNOT8 and

NSL1‐ZDBF2 were classified as putative oncofusions, whereas no

driver fusions were found in the eGFP controls. Interestingly, one or

both of the gene fusions partners for NDUFC2‐ALG8 and

LARP1‐CNOT8 exhibited elevated expression patterns in eGFP‐hTLX

cells.
3.5 | Potentially deleterious genetic variants have an
impact on gene expression following TLX
overexpression

Lastly, the GATK variant calling pipeline was used to identify

insertions/deletions (indels) and single‐nucleotide variants (SNVs) in

genomic and exonic (coding) regions. The genetic variants were then

filtered to remove variants found in the wild type HEK 293T samples

and common genetic variants present in the human population with

the dbSNP, 1000 Genomes Project, SweGen dataset, and NHLBI GO



TABLE 1 Differentially expressed transcripts in TLX (gene alias NR2E1) overexpressed cells

Gene Symbol Locus Sample_1 Sample_2

FPKM

value_1

FPKM

Value_2 Log2(fold_change) P value Q‐value

TXNIP chr1:145438468‐145442635 eGFP control eGFP‐hTLX 88.0987 22.0705 −1.997 5.00E‐05 0.026291

ESRRG chr1:216676587‐217311097 eGFP control eGFP‐hTLX 4.17E‐05 0.382267 13.1634 5.00E‐05 0.026291

AC074093.1 chr2:145425533‐145940216 eGFP control eGFP‐hTLX 0.0111084 0.304505 4.77675 5.00E‐05 0.026291

AC079779.5 chr2:305110‐314367 eGFP control eGFP‐hTLX 0 0.294624 5.00E‐05 0.026291

AMTN chr4:71384256‐71398459 eGFP control eGFP‐hTLX 0 1.30086 5.00E‐05 0.026291

BMP3 chr4:81952118‐81979101 eGFP control eGFP‐hTLX 5.48225 1.00808 −2.44316 5.00E‐05 0.026291

SLC7A11 chr4:138948575‐139163547 eGFP control eGFP‐hTLX 8.48423 1.53522 −2.46634 5.00E‐05 0.026291

DOCK2 chr5:169064250‐169510386 eGFP control eGFP‐hTLX 0.00126699 0.312403 7.94586 0.0001 0.046143

SEPP1 chr5:42756902‐42887494 eGFP control eGFP‐hTLX 126.994 34.7852 −1.86822 5.00E‐05 0.026291

NMUR2 chr5:151771092‐151812929 eGFP control eGFP‐hTLX 0 1.23084 5.00E‐05 0.026291

NR2E1 chr6:108487261‐108510013 eGFP control eGFP‐hTLX 0.676348 34.6862 5.68045 5.00E‐05 0.026291

RNA5SP215 chr6:120783657‐121029044 eGFP control eGFP‐hTLX 0 0.735492 5.00E‐05 0.026291

HIST1H1A chr6:26017259‐26018040 eGFP control eGFP‐hTLX 2.11128 0 5.00E‐05 0.026291

HIST1H2AJ chr6:27782111‐27782607 eGFP control eGFP‐hTLX 10.9604 0 5.00E‐05 0.026291

‐ chr6:27205140‐27206258 eGFP control eGFP‐hTLX 0 1.07429 5.00E‐05 0.026291

GHRHR chr7:30978283‐31032869 eGFP control eGFP‐hTLX 0 0.26321 5.00E‐05 0.026291

RP5‐884M6.1 chr7:106415456‐106478563 eGFP control eGFP‐hTLX 0 0.604472 5.00E‐05 0.026291

AKR1B10 chr7:134200824‐134226160 eGFP control eGFP‐hTLX 0 1.63564 5.00E‐05 0.026291

RP11‐109M17.2 chr9:10948371‐11065013 eGFP control eGFP‐hTLX 0 7.63869 5.00E‐05 0.026291

CXCL12 chr10:44793037‐44881941 eGFP control eGFP‐hTLX 8.38771 0.81423 −3.36477 0.0001 0.046143

RP11‐442H21.2 chr10:74033677‐74035794 eGFP control eGFP‐hTLX 44.8117 6.38561 −2.81098 0.0001 0.046143

TMPRSS4 chr11:117886486‐117992605 eGFP control eGFP‐hTLX 0 0.564901 5.00E‐05 0.026291

PDE2A chr11:72287184‐72385635 eGFP control eGFP‐hTLX 0.0102288 0.693687 6.08357 0.0001 0.046143

‐ chr11:26966635‐26969518 eGFP control eGFP‐hTLX 0 0.310244 5.00E‐05 0.026291

FZD10 chr12:130647003‐130650285 eGFP control eGFP‐hTLX 0 0.658753 5.00E‐05 0.026291

SCNN1A chr12:6456008‐6500740 eGFP control eGFP‐hTLX 0.00688833 0.375269 5.76763 5.00E‐05 0.026291

RP11‐143E21.7 chr12:130634631‐130646801 eGFP control eGFP‐hTLX 0 1.16637 5.00E‐05 0.026291

‐ chr13:64667350‐64668499 eGFP control eGFP‐hTLX 0.635623 0 0.0001 0.046143

SNRPN,SNURF chr15:25068793‐25684128 eGFP control eGFP‐hTLX 4.04547 0.0343245 −6.88093 5.00E‐05 0.026291

GPR56 chr16:57644563‐57698944 eGFP control eGFP‐hTLX 0.0544052 0.267494 2.29769 5.00E‐05 0.026291

CA10 chr17:49707673‐50237377 eGFP control eGFP‐hTLX 0.00119929 2.35606 10.94 5.00E‐05 0.026291

‐ chr17:13566213‐13567322 eGFP control eGFP‐hTLX 0.894106 0 5.00E‐05 0.026291

PMAIP1 chr18:57567179‐57571538 eGFP control eGFP‐hTLX 457.113 78.4466 −2.54277 5.00E‐05 0.026291

C18orf32,RPL17,RPL17‐
C18orf32

chr18:47008027‐47018906 eGFP control eGFP‐hTLX 328.891 98.5848 −1.73817 5.00E‐05 0.026291

NARS chr18:55267887‐55289445 eGFP control eGFP‐hTLX 125.23 37.8648 −1.72565 5.00E‐05 0.026291

LMAN1 chr18:56995054‐57027194 eGFP control eGFP‐hTLX 59.019 19.3265 −1.6106 5.00E‐05 0.026291

TMX3 chr18:66340924‐66722426 eGFP control eGFP‐hTLX 36.7847 10.2731 −1.84023 5.00E‐05 0.026291

ZNF578 chr19:52956828‐53015595 eGFP control eGFP‐hTLX 0 0.288237 5.00E‐05 0.026291

ZNF701,ZNF808 chr19:53030904‐53090427 eGFP control eGFP‐hTLX 0.599326 6.15164 3.35956 0.0001 0.046143

ZNF28,ZNF468 chr19:53300661‐53360902 eGFP control eGFP‐hTLX 2.69473 18.8691 2.80781 5.00E‐05 0.026291

ZNF321P,ZNF816 chr19:53430387‐53541151 eGFP control eGFP‐hTLX 0.0455898 6.06771 7.0563 5.00E‐05 0.026291

ZNF347,ZNF415 chr19:53611131‐53662328 eGFP control eGFP‐hTLX 0.0407103 0.659815 4.0186 5.00E‐05 0.026291

(Continues)
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TABLE 1 (Continued)

Gene Symbol Locus Sample_1 Sample_2
FPKM
value_1

FPKM
Value_2 Log2(fold_change) P value Q‐value

PXMP4 chr20:32293442‐32308125 eGFP control eGFP‐hTLX 0 0.985993 5.00E‐05 0.026291

‐ chr21:9831754‐9836006 eGFP control eGFP‐hTLX 0 1.05531 5.00E‐05 0.026291

FAM19A5 chr22:48885271‐49246724 eGFP control eGFP‐hTLX 0 0.621042 5.00E‐05 0.026291

ZCCHC12 chrX:117957752‐117960942 eGFP control eGFP‐hTLX 11.6004 43.2134 1.89731 5.00E‐05 0.026291

PCDH19 chrX:99546641‐99665271 eGFP control eGFP‐hTLX 0.631976 8.69655 3.7825 5.00E‐05 0.026291

NXF3 chrX:102330737‐102348157 eGFP control eGFP‐hTLX 0 0.365767 5.00E‐05 0.026291

‐ chrX:124167136‐124168758 eGFP control eGFP‐hTLX 0 0.640327 5.00E‐05 0.026291

Note. Differential expression was performed for eGFP‐hTLX cells relative to the eGFP control (P adjusted value < .05).

Abbreviation: FPKM, fragments per kilobase of transcript per million mapped reads.

TABLE 2 Ingenuity pathway analysis (IPA) for TLX‐overexpressed cells

Name Molecule Type P value Genes Identified in Current Dataset

Canonical pathways Gustation pathway 5.47E‐03 PDE2A, SCNN1A

tRNA splicing 3.42E‐02 PDE2A

tRNA charging 3.51E‐02 NARS

Molecular mechanisms of cancer 4.59E‐02 BMP3, PMAIP1

Chemokine signaling 6.20E‐02 CXCL12

Molecular and

cellular functions

Cell death and survival 4.50E‐02‐1.24E‐05 CXCL12, PMAIP1, SLC7A11, ADGRG1

Carbohydrate metabolism 3.42E‐02‐4.32E‐04 CXCL12, ESRRG, SEPP1

Cellular function and

maintenance

4.59E‐02‐4.32E‐04 CXCL12, ESRRG, DOCK2, PDE2A, PMAIP1, LMAN1

Cellular movement 4.77E‐02‐6.35E‐04 CXCL12, NARS, DOCK2, SCNN1A, PDE2A

Cell cycle 2.81E‐03‐9.38E‐04 CXCL12, TXNIP, ESRRG

Upstream

regulators

EHMT2 Transcription

regulator

5.54E‐05 CXCL12,PMAIP1

NFYA Transcription

regulator

1.63E‐04 LMAN1,PMAIP1

NRXN1 Transporter 3.27E‐04 CXCL12,PCDH19

RUNX1 Transcription

regulator

4.18E‐04 ADGRG1,PMAIP1

AR Ligand‐
dependent

nuclear

receptor

4.49E‐04 CXCL12,LMAN1,SLC7A11

PDX1 Transcription

regulator

4.67E‐04 PMAIP1,TXNIP

MLXIP Other 8.70E‐04 TXNIP

SCNN1G Ion channel 8.70E‐04 SCNN1A

NEDD4L Enzyme 8.70E‐04 SCNN1A

PI3K (family) Group 1.67E‐03 CXCL12,TXNIP

Networks Cellular development, cellular

growth and proliferation,

cancer

ESRRG, GAPDH, CDKN1B, TXNIP, SLC7A11, LMAN1,

PKM, CDKN1A, BCAS2, ELMO1, DOCK2, AR, FOXO1,

PMAIP1, ZBTB17, ERG, IGF2R, JMJD1C, TNF, SGK1,

SEPP1, SCNN1A, ADGRG1, GDF2, EPHB2, mir‐24,
NLRP12, IL1B, G‐protein‐beta, CXCL12, miR‐24‐3p,
LOXL2, estrogen receptor, PCDH19, CCR2

Amino acid metabolism, nucleic

acid metabolism, small

molecule biochemistry

NARS, MAT2B

Cell‐to‐cell signaling and

interaction, cancer,

gastrointestinal disease

PDE2A, KIAA1524, NONO

Note. Statistically significant canonical pathways, molecular and cellular functions, upstream regulators, and networks were determined using ingenuity

pathway analysis with Fisher's exact test (P value < .05). Red and green indicate upregulation and downregulation, respectively, in eGFP‐hTLX cells com-

pared with the eGFP control.
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FIGURE 4 Genomic rearrangements and exonic variants in eGFP control and eGFP‐hTLX HEK 293T cells. A‐B, Circos plots illustrating genomic
rearrangements (interchromosomal and intrachromosomal fusions) and exonic variants in eGFP control and eGFP‐hTLX HEK 293T cells. Exonic
variants are displayed as vertical gray lines and interchromosomal and interchromosomal fusions are displayed as dark blue and dark red lines,
respectively. C Each circle from the periphery to the core represents the following: Chromosomal location, exonic variants, and gene fusions

FIGURE 5 Overview of gene fusions with potential functional activity in TLX‐overexpressing cells. Schematic overview of the chromosomal

position of the fusion genes (top) and the retained protein domains (bottom). No functional domains were retained in the NSL1‐ZDBF2 gene
fusion. Illustrated protein domains: PRT, proteasome domain; LA, La domain; DM15, DM15 domain; GVQW, GVQW domain
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Exome Sequencing Project databases. In total, 22 070 (eGFP) and

31 460 (eGFP‐hTLX) genomic and 516 (eGFP) and 520 (eGFP‐hTLX)

exonic regions were identified. Genetic variants in intergenic, intronic,

and ncRNA intronic regions were more prevalent in TLX‐

overexpressing cells. No distinct differences in the number of exonic

variants were found between TLX‐overexpressing and control cells. In

both cell lines, the majority of genetic variants were found in intergenic

and intronic regions in the genome, as well as, nonsynonymous and

synonymous SNVs in exonic regions. Base‐pair substitutions were

most commonly identified in T>C and A>G (genome) and C>T, T>C,

G>A, and A>G (exon). Relative to eGFP cells, TLX‐overexpressing cells

contained 441 unique exonic variants, of which 125 variants spanning

124 unique genes were characterized as potentially deleterious (frame-

shift insertion (n = 58), frameshift deletion (n = 58), or stopgain (n = 9);

Table S2). Eleven of the 125 potentially deleterious genetic variants

(frameshift deletion in FHIT, LRRIQ1, N4BP2L1, SND1, ZNF418; frame-

shift insertion in SDR16C5, SEC63, SECISBP2, ZNF165; stopgain in

CRYBG1 and TECPR1) were found to have at least 1.5‐fold change in

gene expression (downregulation/frameshift deletion or

upregulation/frameshift insertion and stopgain) in TLX‐overexpressing

cells compared with controls. Intriguingly, five of the 11 variants (FHIT,
LRRIQ1, N4BP2L1, SEC63, and CRYBG1) span common fragile sites in

the human genome and none of the 11 variants have been previously

reported in the COSMIC database.

4 | DISCUSSION

Orphan NR TLX is a transcription factor that controls neurogenesis

and NSC self‐renewal and has recently been implicated in cancer

where elevated TLX expression is associated with aggressive tumor

features and unfavorable patient prognosis. Here, we describe genetic,

transcriptomic, and phenotypic modulations in HEK 293T cells follow-

ing TLX overexpression. We show that TLX‐overexpressing cells

exhibit chromosomal instability and oncogenic properties.

The HEK 293 cell line and its derivatives (ie, 293S, 293SG,

293SGGD, 293FTM, and 293T) are genomically instable embryonic

cells that originate from adrenal precursor structures.46 Genotoxic

stresses such as transgene overexpression can induce chromosomal

instability and phenotypic changes that are unrelated to the gene of

interest. This phenomenon is common in HEK 293 cell lines, particu-

larly HEK 293T cells that are inherently unstable due to overexpres-

sion of the SV40 T antigen that binds and inactivates46,47 p53.
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However, use of the cadmium chloride inducible vector system

allowed us to monitor genotypic and phenotypic changes associated

with the transfection process. We were therefore able to demonstrate

that isochromosome i(6q) formed after transfection with the eGFP‐

hTLX vector. However, expression analysis highlighted that although

noninduced eGFP‐hTLX cells showed elevated TLX expression due to

an increase in DNA copy number (via isochromosome formation),

TLX expression was 3.6‐fold higher in response to cadmium chloride

treatment. According to the Mitelman database of Chromosome Aber-

rations and Gene Fusions in Cancer, isochromosomes on the long arm

of chromosome 6 are relatively rare in cancer, with only eight reported

cases. Isochromosome formation is proposed to occur when telomere

attrition on one chromosome leads to reacquisition of the telomere

from a donor chromosome, initiating a cascade of breakage‐fusion‐

bridge cycles and chromosome instability on the donor

chromosome.48

TLX plays a pivotal role in the proliferation of NSCs with deletions

in p21, p53, and/or Pten and the formation of NSC‐derived glio-

mas.33,49 In the present study, we show evidence of disruption to cell

cycle progression due to G0‐G1 arrest and repression of CDKN1A/

p21 and PTEN activity following isochromosome formation (non‐

induced eGFP‐hTLX) and TLX overexpression (induced eGFP‐hTLX).

GO analysis using transcriptomic data revealed an association between

TLX overexpression in HEK 293T cells and the CNS, senescence, cellu-

lar growth and proliferation, and cancer‐related processes. These

results are in line with our recent studies in neuroblastoma and glio-

blastoma showing an association between TLX knockdown and a

reduction in tumorsphere formation, migratory and invasive proper-

ties, and TGFβ signaling.22,25,29 Conversely, TLX was found to be ele-

vated in neuroblastomas, mediated proliferation, and sphere‐forming

capabilities in neuroblastoma cell populations and was a predictor of

adverse clinical outcome in patients with neuroblastoma.22,29 Interest-

ingly, several NRs were identified as upstream regulators in TLX‐

overexpressing cells, ie, AR, ESR1, ESR2, NR1H4, and NR3C2. These

findings further illustrate potential crosstalk between different NRs,

as previously demonstrated between TLX, AR, and ERα in breast and

prostate cancer.24,26,28,30 Gao and colleagues recently showed that

although gene fusions are rarely the sole driver of carcinogenesis

(approximately 1% of cancer cases), driver fusions are responsible for

the development of about 16% of cancer cases.50 Here, further analy-

sis of the RNA‐seq data for TLX‐overexpressing cells identified two

cancer‐driving fusion genes (LARP1‐CNOT8 and NSL1‐ZDBF2) and four

putative deleterious genetic variants (frameshift insertions in the

CTSH, DBF4, POSTN, and WDR78 genes) previously found in cancers

of the large intestine, breast and ovary (COSMIC database). Intrigu-

ingly, none of these genetic features were found in wild type or eGFP

control samples.

In summary, our findings not only reveal cancer‐related molecular

features associated with TLX overexpression in HEK 293T cells but

also provide insight into potential crosstalk between TLX and other

NRs. Our work may therefore provide a basis for future studies inves-

tigating TLX in cancer, thereby identifying potential therapeutic tar-

gets for individualized treatment.
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