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Abstract
Androgen receptor (AR), a member of the nuclear receptor superfamily controls prostate epithelial cell plasticity by 
repressing a panel of genes involved in epithelial-mesenchymal transition (EMT), including the human CDH2 gene 
encoding N-cadherin. At the opposite, pathological AR variants such as AR-V7 associated with prostate tumor progres-
sion upregulate those EMT genes. Here, focusing on the human CDH2 gene, we show that this duality between AR and 
AR-V7 relies on a potential human accelerated region present in the intron 1. This fastest-evolving region of the human 
genome is actually a variable number tandem repeat (VNTR) comprising 24 repetitions of a DNA sequence that englobes 
binding sites for steroid hormone receptors, recombination signal binding protein for immunoglobulin kappa j region 
(RBPJ) an effector of the Notch pathway, and zinc finger e-box binding homeobox 1 (ZEB1). Genomic DNA sequencing, 
multiple sequence alignment, data mining, as well as protein-DNA interaction and gene expression analyses indicate that 
this VNTR constitutes a potential transcriptional hub for different transcription factors to control human CDH2 expression. 
Also, our data suggest that prostate tumor cells may unlock an up to now unknown molecular mechanism associated with 
a fine-tuned control of human CDH2 gene expression.
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Introduction

Epithelial–mesenchymal plasticity (EMP) encompasses 
epithelial-to-mesenchymal transition (EMT) and its reverse 

counterpart mesenchymal-to-epithelial transition (MET), 
two complex and dynamic cellular programs that naturally 
occur during normal development, tissue repair and wound 
healing [1]. EMP, when fully completed, reversibly converts 
immobilized and polarized epithelial cells into mobile and 
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extracellular matrix (ECM) component-secreted mesenchy-
mal cells. Mostly, a panel of intermediate cell states between 
the two extreme epithelial and mesenchymal states is gener-
ated according to the intracellular integration of the differ-
ent signaling pathways that are supposed to fine-tune EMP 
processes [2]. Indeed, different extra-cellular ligands such 
as the transforming growth factor-β (TGFβ), growth factors, 
hormones, Hedgehog and Wnt act through their respective 
receptors to control EMP [3]. Also, ECM-cell interactions 
through the matrix-associated cluster of differentiation 
44 (CD44) are connected to EMP [4]. All these pathways 
finally result in an interplay between transcription factors 
such as SNAI1/2, ZEB1/2, TWIST1, GRHL2, OVOL1/2, 
and PRRX1, post-transcriptional regulators (miRNAs), and 
epigenetic factors to control the expression of epithelial and 
mesenchymal specific genes [3, 5]. These pathways can be 
deregulated in tumors pushing EMP to generate and main-
tain cancer stem cells, to favor cell migration and metastasis 
and, ultimately, to sustain tumor resistance [1, 6, 7].

Together with others, we recently pinpointed a nega-
tive role of androgen receptor (AR) in EMP in prostate 
cancer (PCa) [8–13]. AR (NR3C4) is a ligand-dependent 
transcription factor belonging to the nuclear receptor 
superfamily [14]. AR regulates a wide range of physi-
ological processes including reproduction, development 
and homeostasis, but is also involved in PCa cell prolif-
eration and survival [15]. Upon ligand binding, AR dis-
plays genomic actions by binding to androgen response 
elements (AREs) located at promoter, enhancer and super-
enhancer regions of target genes. Liganded-AR acquires 
the capacity to recruit specific pioneer factors and coacti-
vators such as Forkhead Box A1 (FOXA1) and Nuclear 
Receptor Coactivator 1 (NCOA1) to form transcriptional 
activation complexes. Liganded-AR can also recruit core-
pressors such as Nuclear Receptor Repressor 1 (NCOR1) 
to inhibit gene expression [16].

AR genomic activities being linked to PCa cell prolifera-
tion and survival, AR inhibition through AR signaling inhib-
itors (ARSI) has emerged as the main therapeutic option for 
advanced PCa. Unfortunately, despite iterative ARSI inno-
vation, advanced PCa systematically progresses to a lethal 
disease. In particular, many tumors show signs of lineage 
plasticity under the pressure of effective ARSI resulting in 
aggressive tumor growth and metastatic spread [8, 17, 18]. 
Recently, cross-analyses of different transcriptomic datas-
ets show that, besides its well-known role in transcriptional 
activation, AR can repress certain genes involved in cel-
lular plasticity, and that this property could be lost during 
ARSI therapy [13]. In addition, AR-V7, an AR splice vari-
ant not targeted by ARSI and frequently detected in meta-
static lesions and ARSI-resistant PCa is shown to positively 
regulate genes involved in EMT [10, 11, 13]. So, these data 

highlight a troubling clinical situation during ARSI thera-
pies where the protective role of AR as a repressor of EMP 
would be impaired on one side while the expression of EMT 
markers would be upregulated by pathological AR variants 
on the other side.

To further our understanding of the molecular mecha-
nisms underpinning the pathological role of AR in the con-
trol of cell plasticity in PCa, we focus on the regulation 
of classical type 1 neural cadherin (CDH2, N-cadherin) 
expression. The human CDH2 gene is localized in on 
chromosome 18q12.1 and is coding for a calcium-depen-
dent transmembrane glycoprotein that mostly establishes 
homophilic cell adhesion by forming strong zipper-like 
punctate adhesions between apposing cell membranes. 
N-cadherin expression is retrieved from embryo to adult 
and is known to play a predominant role in cell migration 
during organogenesis [19]. As modulation of cell adhe-
sion and cell migration properties is fundamental for a 
proper embryonic development, N-cadherin expression 
level needs to be spatiotemporally fine-tuned. Indeed, 
several signaling pathways, such as PDGFR and TGFβ, 
and transcription factors, including Twist, Snail, and 
Slug have been reported to control CDH2 expression 
[19]. N-cadherin total levels can also be adjusted through 
FRMP-induced CDH2 mRNAs degradation and Rab18-
induced lysosomal degradation of the protein. Reduc-
tion of cell surface levels of N-cadherin can further be 
regulated through transport regulation to the Golgi and 
the plasma membrane, but also through internalization of 
surface CDH2 by a clathrin-dependent and independent 
endocytosis mechanism [20].

The ability of full-length AR to recognize AREs present 
in intron 1 of the human CDH2 gene has been reported [21]. 
We demonstrated that AR-V7 also binds to these AREs, 
suggesting that different CDH2 expression levels result 
from AR-mediated assembly of distinct regulatory com-
plexes rather than difference in DNA recognition proper-
ties in this genomic region [10, 11]. Here, we describe the 
intronic region in human CDH2 gene recognized by AR as 
a human-specific variable number tandem repeat (VNTR) 
containing several transcription factor binding sites. Differ-
ent molecular approaches as well as in silico analyses were 
performed to decipher the different signaling pathways 
embedded within this intronic region, including AR, gluco-
corticoid receptor (GR), Notch and ZEB1, whose intricated 
actions result into fine-tuned expression of human CDH2 
gene. Further, our results suggest that, during progression of 
PCa, AR, GR, Notch and ZEB1 signaling may completely 
disorganize the fine-tuned regulation of N-cadherin, allow-
ing consequently cell plasticity and PCa progression to a 
more aggressive disease.
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and ZEB1_BAMHI_rev primers (Supplementary Table 
S10) and the PCR product was then cloned into the pE-C3 
empty vector between EcoR I and BamH I. To generate dox-
ycycline-inducible LNCaP-eGFP-GR cells, the Lenti-X™ 
Tet-ON® 3G Inducible Expression System (Takara Europe 
SAS, Saint-Germain-en-Laye, France) was used. Briefly, 
cDNA of GR was amplified from the pEGFP-GR plas-
mid with LVX_GR_BSRGI_for and LVX_GR_MLUI_rev 
primers (Supplementary Table S10). The pLVX-TRE3G-
EGFP-GR vector was then produced by inserting the ampli-
con into the previously described pLVX-TRE-eGFP vector 
between BrsG I/Mlu I [11]. The luciferase reporter plasmids 
HRE-M1 to HRE-M6 -luc were constructed by the inser-
tion of one copy of the corresponding motif (M1 to M6) 
present in the enhancer of CDH2 between the Mlu I and 
the Bgl II restriction sites in the pGL4 luciferase reporter 
vector (Promega, Charbonnières-les-Bains, France). The 
Notch signaling reporter plasmids 2x RBPJ and 2x mut-
RBPJ were established in the same way from the pGL4 
vector, inserting 2 repeats of the RBPJ motif “​C​T​T​C​C​C​
A” or 2 repeats of the mutated sequence “​C​T​A​G​C​G​T” 
respectively. To produce the hCDH2 Enhancer reporter 
plasmid, a 640 bp fragment corresponding to the complete 
sequence of the human CDH2 enhancer (T2T CHM13v2.0/
hs1, chr18:28,351,277 − 28,351,916) was amplified from 
the genomic DNA of LNCaP cells using the primers Enh_
MLUI_for and Enh_BGLII_rev (Supplementary Table S10) 
and cloned between the Mlu I and the Bgl II restriction 
sites in the pGL4 luciferase vector. The enhancer sequence 
mutated for the 24 repeats of RBPJ motif was obtained from 
Eurofins Genomics (Eurofins Genomics, Ebersberg, Ger-
many), amplified by PCR with the same Enh_MLUI_for 
and Enh_BGLII_rev primers and inserted as before into 
the pGL4 vector to generate the hCDH2 mut-Enhancer 
plasmid. In luciferase assays, induction of Notch signal-
ing was achieved using the expression plasmid pE-NICD1 
encoding activated Notch1 (Notch 1 intracellular domain). 
PiggyBac vector pB-TAG-NICD was purchased from Add-
gene (Addgene, #130934, Watertown, MA, USA) and used 
to amplify NICD1 cDNA with NICD1_ECORI_for and 
NICD1_BAMHI_rev primers (Supplementary Table S10). 
The PCR product was then cloned into the pE-C3 empty 
vector described above between EcoR I and BamH I. The 
pGL4.70[hRluc] vector, herein referred to as pRenilla-luc, 
was purchased from Promega (Promega, Charbonnières-
les-Bains, France). All PCR were performed using the 
CloneAmp™ HiFi PCR Premix (Takara Europe SAS, 
Saint-Germain-en-Laye, France). All cloning reactions 
were achieved using the In-fusion® HD Cloning Kit (Takara 
Europe SAS, Saint-Germain-en-Laye, France). Sequences 
of oligonucleotides used for cloning and PCR are available 
in Supplementary Table S10.

Materials and methods

Cell culture

LNCaP cells (ATCC, #CRL-1740, RRID: CVCL_W668) 
were maintained in RMPI-1640 complete medium supple-
mented with 10% (v/v) of fetal bovine serum (FBS) (BD 
biosciences, Le Pont de Claix, France), 10 mM HEPES, 1 
mM sodium pyruvate (Invitrogen, Thermo Fisher Scientific 
France, Illkirch-Graffenstaden, France), 100 U/mL penicil-
lin, 100 µg/mL streptomycin (Sigma-Aldrich, Saint-Quen-
tin-Fallavier, France). HEK293T cells (ATCC, #CRL-3316, 
RRID: CVCL_0063) were grown in Dulbecco’s modified 
Eagle’s medium (DMEM) containing 10% (v/v) FBS, 100 
U/mL penicillin and 100  µg/mL streptomycin (Sigma-
Aldrich, Saint-Quentin-Fallavier, France). These cell lines 
were authenticated by Short Tandem Repeat (STR) DNA 
profiling in the past three years. Stable transduced LNCaP 
cells were used to obtain doxycycline-inducible expression 
of enhanced green fluorescent protein (eGFP)-GR (eGFP-
GR) as previously described [11, 13]. Inducible LNCaP-
eGFP-GR cells were maintained in RMPI-1640 complete 
medium supplemented with 10% (v/v) of tetracycline-
system-approved FBS (BD Biosciences, Le Pont de Claix, 
France), 10 mM HEPES, 1 mM sodium pyruvate (Invitrogen, 
Thermo Fisher Scientific France, Illkirch-Graffenstaden, 
France), 100 U/mL penicillin, 100  µg/mL streptomycin 
(Sigma-Aldrich, Saint-Quentin-Fallavier, France), 200 µg/
ml geneticin, and 400 ng/ml puromycin (Life Technologies, 
Thermo Fisher Scientific France, Illkirch-Graffenstaden, 
France).

Plasmids

pEGFP-AR and pEGFP-ARV7 plasmids were constructed 
as previously described [22]. The pEGFP-GR plasmid 
was purchased from Addgene (Addgene, #47504, Water-
town, MA, USA). Expression plasmids without the eGFP 
tag, named pE-AR, pE-GR and pE-AR-V7, were created. 
Briefly, pEGFP-AR/GR/AR-V7 vectors were digested with 
restriction enzymes Nhe I and Xho I to remove the EGFP 
coding sequence. A fill-in reaction using DNA Polymerase I 
(New England Biolabs France Genopole, Evry, France) was 
performed to form blunt ends, which were subsequently 
ligated using T4 DNA ligase (New England Biolabs France 
Genopole, Evry, France). The same strategy was applied to 
construct an empty (control) plasmid, designated pE-C3, 
from the commercial vector pEGFP-C3 (Takara Europe 
SAS, Saint-Germain-en-Laye, France). To produce the 
expression plasmid pE-ZEB1, cDNA of ZEB1 was ampli-
fied from human ZEB1 ORF vector (Applied Biological 
Materials, Richmond, Canada) using ZEB1_ECORI_for 
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the manufacturer. Then, real-time PCR was performed with 
LightCycler® 480 SYBR Green I Master (Roche Diagnos-
tics France SAS, Meylan, France) and with validated prim-
ers for EGFP (QT01171611, Qiagen, Courtaboeuf, France) 
and for CDH2 isoform 1 (NM_001792) (QT00063196, Qia-
gen, Courtaboeuf, France). The housekeeping gene HMBS 
(QT00014462, Qiagen, Courtaboeuf, France) expres-
sion was used to normalize the results according to the 
2DeltaCt method. CDH2 isoform expression levels were 
similarly analyzed by RT-qPCR using primers specific to 
CDH2 isoform 1 (NM_001792.5) and CDH2 isoform 2 
(NM_001308176.2) (Supplementary Table S10). Data are 
presented as mean +/- sem from 2 to 4 independent experi-
ments in triplicate.

Protein isolation and western blot

Media were renewed 72 h after transfection or induction with 
doxycycline and protein extracts were prepared on day 6 in 
RIPA lysis buffer (Thermo Fisher Scientific France, Illkirch-
Graffenstaden, France) supplemented with 1x of protease 
inhibitor cocktail (PIC) (Roche Diagnostics France SAS, 
Meylan, France), 1x phosphatase inhibitor cocktail (Phosph.
IC) (Sigma-Aldrich, Saint-Quentin-Fallavier, France) and 
25 units of benzonase (Merck-Millipore, Molsheim, France) 
during 30 min on ice. Cellular debris were removed from 
lysates by centrifugation at 14 000 g for 15 min at 4  °C. 
Protein concentration was quantified using Bio-Rad Protein 
Assay (Bio-Rad, Marnes-la-Coquette, France) according to 
the manufacturer’s protocol. An equivalent quantity of total 
proteins was separated by 7.5% (w/v) SDS-PAGE and trans-
ferred onto a nitrocellulose membrane. Membranes were 
blocked with TBS/0.1% (v/v) Tween/4% (w/v) nonfat dry 
milk and probed with primary antibodies at 4 °C overnight. 
After incubation with horseradish peroxidase-conjugated 
secondary antibodies for 1 h, immunoreactive proteins were 
visualized by chemiluminescence (Immobilon Western, 
Millipore, Molsheim, France). Antibodies are detailed in 
Supplementary Table S9.

Nuclear extracts

A quantity of 6 million of HEK293T cells was transfected with 
15 µg of pE-AR, pE-GR, pE-ARV7 or pE-ZEB1 expression 
constructs and plated the same day in 100 mm Petri dishes in 
phenol red free DMEM medium supplemented with 5% (v/v) 
charcoal-stripped fetal bovine serum and with, as required, 
10 nM of DHT or DEX or vehicle (ethanol). Nuclear protein 
extracts were prepared 24 h post-transfection. Cells were col-
lected in cold phosphate buffered saline (PBS) and centrifuged 
at 500 g for 15 min at 4 °C. Cell pellets were resuspended in 
300 µl of cold buffer A {10 mM HEPES-KOH pH7.9, 1.5 

Transient transfection and luciferase assays

LNCaP cells were seeded in 24-well plates (7 × 104 cells/
well) and transfected with 1 µg of pEGFP-AR or pEGFP-
GR using JetPEI transfection reagent (Polyplus Transfec-
tion, Illkirch-Graffenstaden, France). Twenty-four hours 
after, the growth medium was changed by phenol red free 
RPMI-1640 medium supplemented with 5% (v/v) charcoal-
stripped fetal bovine serum (Sigma-Aldrich, Saint-Quentin-
Fallavier, France) and with 10 nM of dihydrotestosterone 
(DHT) or 10 nM of dexamethasone (DEX) (Sigma-Aldrich, 
Saint-Quentin-Fallavier, France). For luciferase assays in 
HEK293T cells, the JetPEI transfection reagent (Polyp-
lus Transfection, Illkirch-Graffenstaden, France) was used 
according to the Batch protocol provided by the manufac-
turer. HEK293T cells were plated and transfected the same 
day in 96-wells plates in phenol red free DMEM medium 
supplemented with 5% (v/v) charcoal-stripped fetal bovine 
serum (Sigma-Aldrich, Saint-Quentin-Fallavier, France) 
and with, as required, 1 nM or 10 nM of DHT or DEX 
or vehicle (ethanol). For nuclear receptor reporter assays, 
a quantity of 40,000 cells were transfected with 75 ng of 
pEGFP-AR, pEGFP-ARV7 or pEGFP-GR expression con-
structs in combination with 150 ng of HRE-M1 to HRE-M6 
-luc, or hCDH2 Enhancer-luc reporter constructs and 20 ng 
of pRenilla-luc. For Notch signaling reporter assays, 40,000 
cells were transfected with 50 ng of pE-NICD1 or pE-GR 
expression constructs, or 50 ng of pE-C3 empty plasmid as 
control, in combination with 150 ng of 2x RBPJ, 2x mut-
RBPJ, hCDH2 Enhancer or hCDH2 mut-Enhancer lucifer-
ase reporter plasmid and 50 ng of pRenilla-luc. In Notch 
luciferase assays, GR activities were assessed in the pres-
ence of 10 nM of dexamethasone. Luciferase assays were 
performed 24 h after transfection using Dual-Glo® Lucif-
erase Assay System (Promega, Charbonnières-les-Bains, 
France) and following the manufacturer protocol. The rela-
tive luciferase unit (RLU) from individual transfections was 
normalized by measurement of Renilla luciferase activity. 
Transfection experiments were repeated three times in dupli-
cate or triplicate and data are presented as mean +/- sem.

RNA isolation, reverse transcription and real-time 
PCR

Total RNA was isolated 3 days post-transfection or post-
induction with doxycycline using the NucleoSpin® RNA 
plus kit (Macherey-Nagel, Hoerdt, France) and according to 
the manufacturer’s protocol. This experiment was performed 
in three biological replicates for each condition. Reverse 
transcription was conducted from 500 ng of total RNA using 
iScript™ Reverse Transcription Supermix for RT-qPCR 
(Bio-Rad, Marnes-la-Coquette, France) as recommended by 
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in intron 1 of the human CDH2 taking the human genome 
(hg38, GRCh38.p13, NC_000018.10, position 28,156,372 
to 28,156,865) as reference (Supplementary Table S10). 
PCR amplification was performed using the iPLEX Pro PCR 
reagent set (Agena Bioscience, Hamburg, Germany). The 
reaction mix was made in a final volume of 25 µL, contain-
ing 10X buffer, 25 µM dNTP mix, 1 µM primer mix, and 5 
U/µL Taq polymerase. DNA was amplified with an initial 
denaturation at 95 °C for 2 min, followed by 45 cycles of 
30 s denaturation at 95 °C, 30 s annealing at 56 °C, and 1 min 
extension at 72 °C, with a final 5 min extension at 72 °C. 
Samples were run on a 1.5% (w/v) agarose gel. A volume 
of 10 µL of PCR product, mixed with 2 µL loading buffer, 
was loaded per well. After gel running, band intensities were 
estimated to calculate the elution volume needed for a final 
concentration of 2 ng/µL. PCR products were purified using 
the NucleoSpin Gel and PCR Clean up kit (Machery-Nagel, 
Hoerdt, France). A second “BigDye” PCR was performed 
for Sanger sequencing. The BigDye™ Terminator v1.1 
sequencing kit (Thermo Fisher Scientific France, Illkirch-
Graffenstaden, France) was used. The reaction was made in 
a final volume of 10 µL, containing 5X reaction buffer, Big-
Dye™ Terminator v1.1 enzyme, 0.8 µM primers, and 2 ng/
µL purified PCR products. BigDye™ PCR reactions were 
performed with an initial denaturation at 96 °C for 60 s, fol-
lowed by 25 cycles of 10 s denaturation at 96 °C, 5 s anneal-
ing at 53 °C, 4 min extension at 60 °C, and a final 7 min 
extension at 72 °C. BigDye™ PCR products were precipi-
tated with 80% (v/v) and then 70% (v/v) ethanol. After cen-
trifugation, the pellet was air-dried and re-suspended in 10 µL 
of H2O. A volume of 4 µL of the purified PCR products were 
sequenced using the 3500 Genetic Analyzer (Applied Bio-
systems, Thermo Fisher Scientific France, Illkirch-Graffen-
staden, France). Obtained sequences were analyzed using 
the Sequencher™ 5.4.6 software (Gene Codes Corporation, 
Ann Arbor, MI, USA) to visualize both sense and anti-sense 
sequences for each sample. After visual inspection for ambi-
guities, further analysis was performed using in-house R 
scripts to finalize the analysis of repetitions. Genomic DNA 
from human prostate adenocarcinoma were obtained from 
Origene (CliniSciences, Nanterre, France). DNA sequencing 
of the VNTR region present in human prostate cancer cell 
lines and tissues was assessed after amplification with Plati-
num Pfx DNA polymerase (Thermo Fisher Scientific France, 
Illkirch-Graffenstaden, France) according to the manufactur-
er’s protocol and with VNTR_region_2 forward and reverse 
primers (Supplementary Table S10).

Sequence analysis

Analyzing a genomic region with VNTRs using Sanger 
sequencing presents inherent challenges. In samples that 

mM MgCl2, 10 mM KCl, 0.5 mM DTT, 1x PIC, 1x Phosph.
IC} and incubated on ice for 10 min. After centrifugation at 
14 000 g for 30 s at 4 °C, supernatants (cytosolic fractions) 
were removed and pellets were resuspended in 70 µl of cold 
buffer B {20 mM HEPES-KOH pH7.9, 1.5 mM MgCl2, 
420 mM KCl, 0.5 mM DTT, 10% (v/v) glycerol, 1x PIC, 1x 
Phosph.IC}. Lysates were incubated on ice for 30 min then 
centrifugated at 14 000 g for 10 min at 4 °C. Supernatants 
(nuclear fractions) were collected, diluted with an equal 
volume of cold buffer C {20 mM HEPES-KOH pH7.9, 1.5 
mM MgCl2, 0.5 mM DTT, 30% (v/v) glycerol, 1x PIC, 1x 
Phosph.IC} and stored at -80 °C. Protein concentration was 
quantified using Bio-Rad Protein Assay (Bio-Rad, Marnes-
la-Coquette, France) according to the manufacturer’s pro-
tocol. Nuclear protein extracts from LNCaP and HEK293T 
(293T) cells were prepared in the same way.

Fluorescent electrophoretic mobility shift assay

Oligonucleotides with or without Cyanine 5 (CY5) fluo-
rescent dye modification at the 5’ terminus were purchased 
from Eurofins Genomics (Eurofins Genomics, Ebersberg, 
Germany) (Supplementary Table S10). For ZEB1 binding 
analyses, DNA probes containing one of the E2 box motifs 
identified in the COL4A3 promoter regions and correspond-
ing to the motifs found in human CDH2 intron 1 were used 
[23] (Supplementary Table S10). Oligonucleotides were 
annealed at 20 µM in 10 mM Tris–HCl pH 8.0, 100 mM 
NaCl, and 1 mM EDTA as followed: samples were incu-
bated 5 min at 95 °C, then allowed to cool to room tempera-
ture. A quantity of 10 µg of nuclear extract was incubated 
for 30 min on ice in binding buffer {10 mM Tris-HCl pH 7.5, 
0.5 mM DTT, 0.5 mM EDTA, 1 mM β-mercaptoethanol, 
1x PIC, 5% (v/v) glycerol, 50 µg/mL Poly-dIdC} supple-
mented, as required, with 100 nM DHT or DEX, and with 
100 ng of specific antibody (Supplementary Table S9). Then 
600 fmol of CY5-labeled DNA probe were added and reac-
tions were incubated for 20 min on ice in the dark. Competi-
tion assays were performed in the presence of 600 fmol of 
labeled probe and a 40-fold molar excess (24000 fmol) of 
unlabeled DNA (cold probe). After pre-running the gel for 
60  min at 4  °C, binding reactions were loaded on an 4% 
(w/v) native poly-acrylamide gel and ran in cold 0.5x Tris 
Borate EDTA (TBE) buffer supplemented with 2.5% (v/v) 
glycerol at 100 volts and at 4 °C for 1 h. Gels were imaged 
using the ImageQuant 800 imaging system (Cytiva, Saint-
Germain-en-Laye, France).

PCR amplification and sequencing strategy

The primer3 tool [24] was used to design forward and 
reverse PCR primers to amplify the VNTR region present 
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Public transcriptomic datasets

The SU2C/PCF Dream Team 2019 cohort consists of whole 
exome sequencing of 444 castrate resistant PCa tumor/
normal pairs [29]. Of these 444 samples, 266 show gene 
quantification data. The Fred Hutchinson CRC 2016 cohort 
concerns 63 patients with disseminated PCa for a total of 
176 samples [30]; from this project, only samples from met-
astatic PCa (n = 149) were considered for correlation analy-
sis. The WCDT MCRPC project from the National Cancer 
Institute (NCI) at the National Institutes of Health (NIH) 
analyzes 101 patients with metastatic Castration Resistant 
PCa (mCRPC) and provides 99 samples with transcriptomic 
data [31]. GSE126078 data obtained from GEO database 
include the RNA sequencing of 43 patient-derived xeno-
graft (PDX) models and 98 metastatic castration-resistant 
PCa (mCRPC) for a total of 141 samples [32]. For the 
MSK 2010 cohort from the Memorial Sloan Kettering Can-
cer Center (MSKCC ) Prostate Oncogenome Project, only 
samples from primary PCa (n = 131) were considered for 
analysis in this paper [33]. The TCGA PRAD project of the 
NCI provides 540 samples from 484 patients with prostate 
adenomas and adenocarcinomas and normal tissues [31] 
(TCGA Research Network: https://www.cancer.gov/tcga); 
from this project, only samples from primary PCa (n = 488) 
were used for analysis. The GSE25183 study consists of the 
analysis of 21 prostate cell lines with variable number of 
replicates per sample for a total of 56 RNA-seq data [34]. 
All transcriptomic datasets are recapitulated in the Supple-
mentary Table S5.

Correlation analysis

Published transcriptomic datasets were downloaded from 
databases in the format of processed RNA-seq data or 
mRNA expression values from microarray (Supplementary 
Table S5). The log2-transformed expression values were 
used to compute z-scores per gene. To explore the relation-
ship between CDH2 expression and AR activity in PCa 
cohorts, an AR activity score was generated based on the 
expression of AR target genes identified from the literature 
[35]. To refine the signature, only 20 genes that are upregu-
lated by AR were included (Supplementary Table S6). The 
AR score was calculated by the summation of the expres-
sion z-scores of the 20 AR target genes. The same strategy 
was applied to compute a Notch activity score based on 20 
genes that are overexpressed after activation of Notch path-
way [36] (Supplementary Table S7). Analysis of the cor-
relation between two variables was assessed by measuring 
Pearson’s coefficients and associated p-values (Supplemen-
tary Table S8).

are homozygous for the number of repeats but have differ-
ent motif polymorphisms on each chromosome, the inabil-
ity of capillary sequencing to separate forward and reverse 
strands results in ambiguous nucleotides, represented here 
by IUPAC codes (e.g., W, R, Y, M, K, S). For heterozygos-
ity in terms of the number of repeats, possible configura-
tions of the motifs and numbers of repeats were iterated to 
determine the configuration explaining the IUPAC ambigui-
ties caused by the overlap in the flanking region and within 
motifs. Full sequences with ambiguities are provided in the 
Supplementary Tables S1 and S2.

In silico analyses

Motif identification was revealed with JASPAR Transcrip-
tion Factor Binding Sites (TFBS) predictions visualized 
directly in the UCSC genome browser as genomic tracks 
[25, 26] (​h​t​t​p​​s​:​/​​/​j​a​s​​p​a​​r​.​e​​l​i​x​i​​r​.​n​​o​/​g​​e​n​o​m​e​-​t​r​a​c​k​s​/) (​h​t​t​p​​s​:​/​​/​g​
e​n​​o​m​​e​.​u​​c​s​c​.​​e​d​u​​/​i​n​​d​e​x​.​h​t​m​l). To determine the factors that 
bind our region of interest, ChIP-seq data were probed 
using the Cistrome DB Toolkit with “Transcription fac-
tor or Chromatin regulator” as Data type in Cistrome and 
“chr18:28156372–28156865” as Interval (hg38 genome 
coordinates) [27] (http://dbtoolkit.cistrome.org). The ​c​o​n​
s​e​r​v​a​t​i​o​n of this genomic region within intron1 of CDH2 
during evolution was assessed by the “24 primates EPO-
Extended” and “91 eutherian mammals EPO-Extended” 
multiple alignments in Ensembl release 113 [28] (​h​t​t​p​​s​:​/​​/​w​
w​w​​.​e​​n​s​e​​m​b​l​.​​o​r​g​​/​i​n​​d​e​x​.​h​t​m​l). Full alignments and reference 
genomes are available at the following links ​h​t​t​p​​:​/​/​​w​w​w​.​​e​
n​​s​e​m​​b​l​.​o​​r​g​/​​H​o​m​​o​_​s​​a​p​i​​e​n​s​/​​L​o​​c​a​t​​i​o​n​/​​C​o​m​​p​a​r​​a​_​A​​l​i​g​​n​m​e​n​​t​s​​
?​a​l​​i​g​n​=​​2​0​5​​0​_​d​​b​=​c​​o​r​e​​_​r​=​1​​8​%​​3​A​2​8​1​5​6​3​7​2​-​2​8​1​5​6​8​6​5 and ​
h​t​t​p​​:​/​/​​w​w​w​.​​e​n​​s​e​m​​b​l​.​o​​r​g​/​​H​o​m​​o​_​s​​a​p​i​​e​n​s​/​​L​o​​c​a​t​​i​o​n​/​​C​o​m​​p​a​r​​a​
_​A​​l​i​g​​n​m​e​n​​t​s​​?​a​l​​i​g​n​=​​2​0​7​​3​_​d​​b​=​c​​o​r​e​​_​r​=​1​​8​%​​3​A​2​8​1​5​6​3​7​2​-​2​8​
1​5​6​8​6​5.

ChIP-seq data analysis and visualization

For each sample of AR (GSE62492) and GR (GSE39879) 
ChIP-seq identified with an SRA accession number, the raw 
data in fastq format were downloaded to the Galaxy appli-
cation (https://usegalaxy.fr/) from Gene Expression ​O​m​n​i​b​
u​s (GEO) and Sequence Read Archive (SRA) databases of 
the National Center for Biotechnology Information (NCBI) 
(Supplementary Table S4). The reads were first aligned to 
the CHM13_T2T_v2.0 reference genome using the Bowtie2 
program. Then, the bamCoverage tool was used to gener-
ate a signal coverage file in bigWig format for visualization 
on the Integrated Genome Viewer (IGV) genome browser. 
ChIP-seq data from murine Ar (GSE163145) were directly 
downloaded from GEO in bigWig format and visualized on 
the IGV genome browser.
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human reference genome T2T-CHM13/hs1 (chromosome 
18: position 28,351,299 to 28,351,858) (Fig. 1b). To fur-
ther examine the variability in the number of potential AR 
binding sites within the intronic region of interest of human 
CDH2 gene, we analyzed the genome of diverse present-
day humans (Table 1). These samples included 5 men and 
4 women from 3 populations, Yakuts or Sakha (North-
Eastern Siberia), Beninese (West Africa) and Europeans. 
Variability among these human sequences was analyzed 
after amplification of the region of interest and Sanger 
sequencing. The number of AR binding sites ranged from 
22 to 24 among these nine present-day human genomic 
DNA (Table  1; Supplementary Table S1). To assess any 
alteration of this genomic region in a tumor context, we 
further checked for any variation in the number and or the 
sequence of these AR binding motifs within intron 1 of the 
human CDH2 gene in PCa cells and tissues. Genomic DNA 
was extracted from LNCaP and C4-2B cells and from two 
human PCa samples, before amplification and sequencing. 
For the two cell lines, the number of AR binding motifs 
and their sequences within intron 1 of the human CDH2 
gene were identical when considering T2T-CHM13/hs1 as 
reference genome. For the two prostate cancer tissues, we 
retrieved a number of 22 or 24 AR binding sites as observed 
for the nine present-day human genomic DNA. These data 
suggest that the enhancer sequence integrity was not neces-
sarily affected in the context of prostate cancer (Supple-
mentary Table S2).

Statistics and graphic representation

All statistical analyses and data visualization were performed 
in python 3 using the pandas, matplotlib, numpy, scipy, and 
seaborn packages [37]. Unpaired two-tailed Student’s t-test 
or Mann-Whitney test was used to determine the statistical 
difference between two sets of data. P-value < 0.05 was con-
sidered significant.

Results

Genomic variations within the androgen receptor 
binding region in intron 1 of the human CDH2 gene

A cluster of AR binding motifs present in intron 1 of human 
CDH2 gene was earlier reported (hg38, GRCh38.p13, 
NC_000018.10, position 28,156,372 to 28,156,865) [21]. 
We have previously shown that this genomic region was 
recognized by both full-length AR and AR-V7, but with 
diverged consequences on N-cadherin expression [10]. A 
deeper in silico analysis of this AR binding genomic region 
in intron 1 of the human CDH2 uncovered two yet unre-
ported peculiar features. First, according to the human 
reference genome considered, the number of AR binding 
sites diverged. Indeed, taking hg38 as reference genome, 
21 AR binding sites were previously identified (Fig.  1a) 
while 24 AR binding sites are found within the novel 

Fig. 1  Schematic view of the enhancer within intron 1 of human CDH2 
gene. Cluster of AR binding sites (in blue) present in CDH2 enhancer 
according to the human reference genome (a) hg38 (GRCh38.p13; 
NC_000018.10; position 28,156,372 to 28,156,865) or (b) T2T-

CHM13/hs1 (chromosome 18: position 28,351,299 to 28,351,858). 
Enhancer 5’ and 3’ flanking regions are indicated in italics and red 
letters. In black, a 7 bp DNA repeated sequence with no base change 
interspaces two AR binding sites evenly throughout the enhancer
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appearance within the enhancer region, with motif 5 lacking 
in T2T-CHM13/hs1 (Table 2).

A comprehensive analysis of transcription factor binding 
sites within this enhancer sequence using JASPAR revealed 
unique features. While the first half-site 5’-GGTACA-3’ of 
motif 1 and motif 2 was predicted to be recognized by AR, 
it was not the case for the corresponding half-site in other 
repeated motifs. Indeed, the 5’-GGTATA-3’ found in motif 3 
and motif 4 and the 5’-GGTGCA-3’ present in motif 5 and 
motif 6 were not predicted to be recognized by AR (Fig. 3a; 
Table  2). Furthermore, the first half-site 5’-GGTACA-3’ of 
motif 1 and motif 2 could also been recognized by the other 
three 3-ketosteroid receptors comprising glucocorticoid 
receptor (GR, NR3C1), mineralocorticoid receptor (MR, 
NR3C2) and progesterone receptor (PR, NR3C3) (Fig. 3a). 
Regarding the 3’ half-site 5’-TGTCAC-3’ retrieved in all the 
six motifs, the first three base pairs are part of an AR, GR, 
MR or PR binding site while the three last ones diverge 
from the consensus motif recognized by these steroid recep-
tors, mainly in position 5 where a C is predominantly found. 
However, the 3’ half-site 5’-TGTCAC-3’ fits well with the first 
part of estrogen receptor 1 (ESR1, NR3A1) binding site, 
suggesting a potential involvement of ESR1 in the control 
of expression of human CDH2 gene (Fig. 3a). These obser-
vations led us to consider motifs 1 to 6 as potential steroid 
hormone receptor binding sites, hereinafter named hormone 
response elements (HREs).

We further analyzed the invariable sequence 5’-​C​T​T​C​C​
C​A-3’ which is repeated 24 times, interspersing two steroid 
hormone receptor binding sites. This sequence appeared to 
be the reverse complement of a potential binding site for the 
recombination signal binding protein for immunoglobulin 
kappa j region (RBPJ), a transcriptional effector of Notch 
signaling (Fig. 3a and b). We also highlighted 1 × 5’-CAG-
GTG-3’ and 22 × 5’-CAGGTA-3’ motifs overlapping both the 
RBPJ and HRE sequences (Fig.  3b). These motifs cor-
respond to potential binding sites of the zinc finger E-box 
binding homeobox 1 (ZEB1) (Fig. 3a).

Available cistrome datasets were further questioned for 
experimental proofs of binding of any of these transcrip-
tion factors to the enhancer of interest using CistromeDB 
Toolkit [27]. When aligned on hg38, peaks for all the steroid 

The second interesting genomic feature relied on the 
level of conservation of this cluster within intron 1 of CDH2 
during evolution. This cluster of 24 AR binding sites is com-
pletely absent in genomes of other organisms (Fig. 2a and 
S1). However, only one divergent sequence is retrieved 
in the homolog genomic region of primates, excepted in 
tarsiers (Fig.  2b). Our analysis of this genomic region in 
primates revealed an evolutive history from sequences 
5’−GGTTTAgaaTGTCAT− 3’ and 5’−GGTTTAggaTG-
TAAC− 3’ present respectively in loris and lemur to that one 
present in Hominoidea (Fig. 2b). Also, it is noteworthy to 
highlight modifications during evolution in the contiguous 
7-bp sequence (Fig. 2b; sequence in black). While one copy 
of the invariable 5’−​C​T​T​C​C​C​A− 3’ sequence that interspaces 
AR binding motifs in human was perfectly retrieved in great 
apes and lemurs, only an imperfect copy is observed in other 
primates. This supports the notion that these sequence varia-
tions are not random but follow phylogenetic patterns. Also, 
these data suggest that the sequence 5’−​G​G​T​A​T​A​G​A​A​T​G​T​
C​A​C​C​T​T​C​C​C​A− 3’ present in a unique copy in great apes 
and gibbon may constitute an ancestral motif that has been 
amplified in humans as part of a fast-evolving region in the 
human genome [38].

Therefore, this cluster in intron 1 of human CDH2 could 
be one of these particular and recently evolved “enhancer” 
sequences, specifically in humans, that control mesen-
chymal identity [39], and should be considered as a key 
genomic region for cell-type specific chromatin topology 
and cell-type specific gene regulation of the CDH2 gene.

A potential transcriptional hub to control human 
CDH2 expression

Canonical AR binding sites are known to be bipartite ele-
ments composed of two hexameric core half-site motifs 
forming an imperfect inverted repeat separated by a three 
base-pair spacer [40]. In this CDH2 intron 1 region, 
the sequence of the 3’ hexameric core (5’−TGTCAC− 3’) 
remains invariable, whereas the 5’ half-site motif and the 
three base-pair spacer present 3 polymorphic sites (*) 
(5’−GGT**Ag*aTGTCAC− 3’). This leads us to suggest a 
motif ranking from M1 to M6 according to their order of 

Individual Species Population Sex Number of AR binding sites
YAK-M031 Homo sapiens Sakha (Yakuts) Male 24/24
YAK-BA11 Homo sapiens Sakha (Yakuts) Male 22/22
YAK-M01 Homo sapiens Sakha (Yakuts) Female 24/24
BEN-GOR162P Homo sapiens Beninese (West Africa) Male 22/22
BEN-GOR145M1E Homo sapiens Beninese (West Africa) Female 22/22
EU-KOV Homo sapiens European Male 22/22
EU-KEN Homo sapiens European Male 24/24
EU-CLEM Homo sapiens European Female 24/24
EU-ROM Homo sapiens European Female 22/22

Table 1  Characteristics of nine 
present-day human genomic 
samples and the number of 
androgen receptor (AR) binding 
motifs found within the intronic 
region in CDH2 gene
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AR binding motif DNA sequence Number of motif repeats
hg38 T2T-CHM13/hs1

Motif 1 5’ -GGTACAgaaTGTCAC- 3’ 5 8
Motif 2 5’ -GGTACAgcaTGTCAC- 3’ 7 7
Motif 3 5’ -GGTATAgaaTGTCAC- 3’ 1 1
Motif 4 5’ -GGTATAgcaTGTCAC- 3’ 6 7
Motif 5 5’ -GGTGCAgcaTGTCAC- 3’ 1 0
Motif 6 5’ -GGTGCAgaaTGTCAC- 3’ 1 1

Table 2  DNA sequence vari-
ability and number of potential 
AR binding sites within the 
intronic region of interest of 
human CDH2 gene according to 
the considered reference genome, 
hg38 (chr 18: 28,156,372 to 
28,156,865) or T2T-CHM13/
hs1 (chr 18: 28,351,299 to 
28,351,858). The three base-pair 
spacer is indicated in lowercase. 
Polymorphic sites are in bold

 

Fig. 2  Genome evolution of the region of interest in intron 1 of CDH2 
gene. (a) Illustration of the genomic comparison of the region of inter-
est in intron 1 of CDH2. AR binding sites are represented in blue. The 
DNA sequence that interspaces two AR binding sites in human are 
represented in black. Dashed line corresponds to gap in genome align-
ments. Created in BioRender. https://BioRender.com/o5r8i2h. (b) 24 
Primates EPO-Extended multiple alignment of the sequence repre-
senting the cluster present in intron 1 of human CDH2 gene (chr18: 

28,156,372 to 28,156,865; hg38) from Ensembl release 113 (​h​t​t​p​s​:​​​/​​
/​w​w​​w​.​e​​n​s​e​​m​b​​l​​.​o​​r​​g​/​​i​n​d​​e​x​.​h​t​m​l). For full alignments and reference 
genomes, see methods. Enhancer 5’ and 3’ flanking regions are indi-
cated in red letters. In blue, AR binding site sequence during primate 
evolution. Asterisks refer to polymorphic sites in the sequence of inter-
est in human genome (See Figure 1 and Table 2). In black, the relative 
sequence that corresponds to the 7-bp DNA repeated sequence that 
interspaces two AR binding sites in human
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hypothesized that GR might play a role in CDH2 regulation 
in castration-resistant PCa. From this, we chose to focus our 
study on the impact of AR and GR in controlling N-cadherin 
expression.

First, we sought to confirm the recognition of the par-
ticular enhancer in intron 1 of human CDH2 by AR and GR 
in prostate samples. To visualize the binding of these two 
nuclear receptors on the genomic region of interest, we ana-
lyzed two entries of the GEO database: (i) the GSE39879 
dataset that reports on a GR cistrome performed in GR 
expressing LNCaP-1F5 cells in the presence of dexametha-
sone (Dex), a GR agonist [42], (ii) the GSE62492 dataset cor-
responding to AR cistrome in LNCaP cells in the presence of 
dihydrotestosterone (DHT) [43] (Supplementary Table S4). 
Alignment of raw reads to the human genome T2T-CHM13/
hs1 illustrated AR and GR peaks in the genomic region of 
interest (chr18: 28,351,299 to 28,351,858) (Fig. 4a). Note-
worthy, the absence of Ar binding at the murine Cdh2 gene 

receptors, AR, GR, PR, ESR1, excepted MR were retrieved 
from various experimental models within the human genomic 
region encompassing chr 18: 28,156,372 to 28,156,865 
(Fig. 3c; Supplementary Table S3). Peaks were also retrieved 
for ZEB1, ZEB2 and others chromatin regulators including 
SRC, FOXA1, BRD3 but not for RBPJ (Fig. 3c).

These data indicate either co-binding and/or competitive 
binding of these different transcription factors events to their 
overlapping cognate sequence motifs within this enhancer, 
suggesting a potential crosstalk between different pathways 
and transcription factors to control human CDH2 expression.

Recognition of the different hormone response 
elements found in human CDH2 enhancer by 
androgen receptor and glucocorticoid receptor

Due to the well-known role of GR in PCa progression asso-
ciated with its capacity to bypass AR blockade [41], we 

Fig. 3  Putative transcription factor binding sites within the enhancer 
present in intron 1 of human CDH2 gene. (a) Comprehensive analy-
sis of transcription factor binding sites using JASPAR within human 
genomic region corresponding to chr 18: 28,351,299 to 28,351,858 
(T2T-CHM13/hs1). Homo sapiens sequence logos and matrix ID were 
obtained from the CORE collection of the 10th release (2024) of JAS-
PAR (https://jaspar.elixir.no/). RBPJ and ZEB1 logos are presented as 
reverse complement. (b) Position of putative transcription factor bind-
ing sites within the enhancer present in intron 1 of human CDH2 gene. 
Enhancer 5’ and 3’ flanking regions are indicated in italics and red 
letters. The 24 HREs present in the enhancer are indicated in blue. 
In black, 24 repeats of the RBPJ/CSL motif intersperse the HREs. 

Overlapping RBPJ and HRE motifs, 23 sequences corresponding to 
the ZEB1 motif are underlined in red (1 × 5’−CAGGTG− 3’) and gold 
(22 × 5’−CAGGTA− 3’). (c) Top 20 transcription factors and chroma-
tin regulators that bind within the human genomic region correspond-
ing to chr 18: 28,156,372 to 28,156,865 (hg38). Y axis represents the 
number of ChIP-seq samples (log2 scale) exhibiting one or more peaks 
of the respective factor within the genomic region of interest (Supple-
mentary Table S3). Color indicates transcription factors whose motif 
has been identified in the sequence of interest. For these factors, num-
ber of ChIP-seq samples is indicated at the top of the bars.   Source 
http://dbtoolkit.cistrome.org
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firefly luciferase gene. After co-transfection with a recep-
tor expression plasmid, a luciferase activity was observed 
for AR or GR mainly for M1 and M2 reporter constructs 
(Fig.  4b), suggesting a preferential binding of these two 
transcription factors to M1 and M2 in agreement with Jaspar 
predictions. A similar profile was obtained for AR-V7 (Fig. 
S3). This preferential binding to M1 and M2 was also con-
firmed with fluorescent electrophoretic mobility shift assay 
(fEMSA) performed from protein extract of AR, AR-V7 or 
GR expressing HEK293T cells (Fig. S4). To further char-
acterize AR, AR-V7 and GR transcriptional activities from 
this genomic region of interest, we performed a luciferase 
assay in the presence of the hCDH2 Enhancer reporter 
plasmid containing the entire 640-bp full-length enhancer 

observed from the GSE163145 dataset (Ar cistrome in Mus 
musculus ventral prostatic tissues) confirmed the specificity 
of this recognition to genus Homo [44] (Fig. S2; Supple-
mentary Table S4).

According to Jaspar core, only the first half-site of motif 
M1 and M2 are predicted to be recognized by AR and GR 
while no data are available to assess the binding ability to 
the four remaining motifs in the context of the CDH2 intron 
1 enhancer sequence. Aiming at characterizing the induc-
tion activity of AR, GR and AR-V7 upon binding on each 
of the six motifs present in the enhancer, we performed 
luciferase assays in HEK293T cells using reporter plas-
mids containing only one copy of either M1, M2, M3, M4, 
M5 or M6, placed upstream a minimal promoter and the 

Fig. 4  Recognition of the HRE present in intron 1 of the CDH2 gene 
by AR and GR. (a) Androgen receptor (AR) (GSE62492) and gluco-
corticoid receptor (GR) (GSE39879) binding to the enhancer of inter-
est within intron 1 of the human CDH2 gene. IGV views of AR and GR 
binding at the intron 1 of the CDH2 gene on chromosome 18, positions 
28,351,299 to 28,351,858 (AR binding region) on T2T-CHM13/hs1 
genome. Control AR, input; Control GR, IgG mouse gamma immu-
noglobulin; E1/E2, exon 1 and exon 2; P, promoter. (b) Luciferase 
assays showing the activities of AR and GR on motifs HRE-M1 to 
HRE-M6 in the presence of indicated ligand. HEK293T cells were 

co-transfected with the indicated reporter plasmid HRE-M1 (M1) to 
HRE-M6-luc (M6), the internal control Renilla-luc, and the expres-
sion plasmid pEGFP-AR or pEGFP-GR in the presence (0.1 nM or 
10 nM) or absence of the indicated ligand. Luciferase assays were 
performed 24  h after transfection. For each sample, HRE-mediated 
luciferase activities (Firefly) were normalized to Renilla activities and 
reported as relative value to the M1 EtOH conditions. Values are pre-
sented as the mean +/- SEM (n = 9). Two-tailed Student’s t-test (***, 
pvalue < 0.001; ****, pvalue < 0.0001). EtOH, Ethanol; DEX, dexa-
methasone; DHT, dihydrotestosterone
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highlight the competition between these two nuclear recep-
tors at the HRE motifs within the particular enhancer of the 
human CDH2 gene.

Signaling pathways controlling CDH2 expression in 
human prostate cancer

We have seen that both AR and GR are able to bind the 
CDH2 enhancer and play a direct and opposite role in 
N-cadherin expression in prostate tumor cells. Considering 
the presence of motifs for ZEB1 and RBPJ (Notch pathway) 
in this same region of intron 1 of human CDH2 and the role 
of these factors in cell plasticity, we investigated their pos-
sible implication in the control of N-cadherin expression.

Publicly available cistrome data indicate binding of 
ZEB1 to this locus, suggesting a role of this factor in N-cad-
herin regulation. However, two distinct E-box motifs are 
retrieved within the enhancer, with 1 × 5’−CAGGTG− 3’ and 
22 × 5’−CAGGTA− 3’ sequences. Binding of ZEB1 to these 
motifs analyzed by fluorescent EMSA showed protein-DNA 
complex formation for both sequences (Fig. S7). Interest-
ingly a stronger signal was observed for the 5’−CAGGTA− 3’ 
motif predominantly found in the enhancer (Fig. S7). 
Regarding Notch signaling, no experimental data indicate 
potential binding of RBPJ to the human CDH2 enhancer. 
Aiming at filling this gap and determining whether this 
enhancer can respond to the Notch signaling pathway, 
reporter assays were performed using two types of luciferase 
constructs, containing either two RBPJ motifs (2x RBPJ) or 
the entire enhancer comprising 24 repeats of the RBPJ motif 
(hCDH2 Enhancer) (Fig. S8a). Furthermore, to validate the 
specificity of the Notch response, sequences mutated for the 
RBPJ motif were used, resulting in the 2x mut-RBPJ and 
hCDH2 mut-Enhancer reporter plasmids (Fig. S8a). Lucif-
erase assays showed a clear and significant response of both 
2x RBPJ and hCDH2 Enhancer reporters in the presence of 
activated Notch NICD (Notch Intracellular Domain) (Fig. 
S8b and S8c). Moreover, these Notch responses were com-
pletely abrogated for the sequence mutated for the RBPJ 
sites, whereas these mutations did not affect the responses 
observed in the presence of GR (Fig. S8c). These results 
support a possible impact of the Notch pathway on N-cad-
herin expression.

Then we aimed to evaluate the role of these transcription 
factors on the regulation of N-cadherin at a clinical level by 
exploiting publicly available transcriptomic datasets from 
patient cohorts and in vitro studies (Supplementary Table 
S5). We first established an AR activity score based on the 
expression of well-known AR target genes by summing 
the z-scores of 20 genes over a set of 30 genes previously 
described as being under AR control [35] (Supplemen-
tary Table S6; Fig. S9). The Notch signaling pathway is 

(T2T CHM13v2.0/hs1, chr18:28,351,277 − 28,351,916) 
present in intron 1 of human CDH2 gene. Compared to 
AR, a 75-fold and 90-fold increased luciferase activity was 
observed with GR in the presence of 10 nM Dex and with 
AR-V7 respectively (Fig. S5). Altogether, these data led us 
to conclude that the respective action of AR, AR-V7 or GR 
on the expression of the human CDH2 gene could mainly 
rely on their potential binding to 15 (8 M1 and 7 M2) out of 
24 motifs present in the enhancer of interest.

Competition between androgen receptor and 
glucocorticoid receptor in N-cadherin regulation

To determine the functional impact of GR on CDH2 expres-
sion, RT-qPCR and western-blot were performed in LNCaP 
cells at 3 and 6 days respectively after transient transfec-
tion with eGFP-AR or eGFP-GR expression plasmids. A 
significant increase in CDH2 expression was obtained at 
mRNA and protein levels in GR expressing LNCaP in the 
presence of 10 nM Dex compared with control AR express-
ing LNCaP cells (Fig.  5a). hCDH2 isoform-specific qRT-
PCR further indicated that isoform 1 (NM_001792.5), but 
not isoform 2 (NM_001308176.2) was upregulated in the 
presence of GR (Fig. S6). These data suggest that as AR and 
AR-V7, GR could bind to the enhancer of interest in intron 
1 of human CDH2 gene, but unlike AR, GR activation leads 
to an increase of N-cadherin expression, an effect that is 
reminiscent of the ligand independent activation observed 
for AR-V7 in the same sequence context [11].

To investigate more deeply the potential induction of 
CDH2 by GR in PCa cells, we established stable transduced 
LNCaP cells with a doxycycline inducible expression of 
eGFP-GR. In this system, increasing doses of doxycycline 
(Dox) in the presence of 10 nM Dex, or increasing doses of 
dexamethasone in the presence of 20 ng/ml Dox, were used 
to induce or activate GR, respectively. N-cadherin expres-
sion was then monitored by RT-qPCR and western blot at 
respectively 3 and 6 days of treatment. The results showed 
a dose-dependent increase in CDH2 expression upon both 
GR induced expression by doxycycline and its activation by 
dexamethasone (Fig. 5b). Considering this opposite impact 
of AR and GR on the expression of N-cadherin, we next 
investigated whether AR and GR could compete to regu-
late N-cadherin expression in LNCaP cells. We treated our 
inducible LNCaP-GR expressing cells with DHT to activate 
the endogenous androgen receptor of these cells. Interest-
ingly, in the presence of 20 ng/ml Dox and 10 nM Dex, a 
significant decrease in the expression of the CDH2 gene was 
already obtained at the low dose of 1 nM DHT (Fig. 5c). 
This reduction was even more pronounced in the presence 
of 10 nM DHT. These data confirm the opposite regulation 
of AR and GR on N-cadherin expression in PCa cells and 
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activity score using 20 genes that are overexpressed in the 
presence of an activated Notch pathway [36] (Supplemen-
tary Table S7).

We next performed correlation analyses in seven human 
PCa datasets to explore the relationship between the 

activated via receptor-ligand interactions leading to Notch 
receptor cleavage, nuclear translocation of the NICD moi-
ety, and expression of the NICD-transactivated target genes. 
Therefore, to assess the impact of the Notch pathway on 
CDH2 gene expression, we similarly generated a Notch 
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shows a significant correlation between CDH2 and NR3C1 
expression (Fig. S10, D-F) or not (Fig. S10, A-C). Thus, 
the predominance of AR in some datasets could mask the 
impact of GR on CDH2 expression.

Also, we observed a clear and significant negative corre-
lation between CDH2 expression and AR activity in almost 
all datasets, validating the repression function of AR on 
N-cadherin expression (Fig. 6; Supplementary Table S8).

Discussion

Aberrant expression of N-cadherin in cancer and its role in 
the migratory and invasive behavior of cells in the context 
of EMT have been widely described [45, 46]. However, 
the precise mechanisms by which N-cadherin expression is 
regulated are still poorly understood. In this study, we char-
acterize a remarkable enhancer region within intron 1 of the 
human CDH2 gene that enables a fine-tuned regulation of 
N-cadherin expression. This genomic sequence features a 
highly original composition, with a perfect juxtaposition 
over 528 bp of tandem repeats of recognition motifs for var-
ious transcription factors, including AR. The cluster that can 
be considered as a variable number tandem repeat (VNTR) 
comprises 24 HREs potentially recognized by nuclear ste-
roid receptors, separated by 24 motifs for RBPJ, effector 
of the Notch pathway. Moreover, within these repeats, 23 
motifs of the ZEB1 transcription factor overlap both HRE 
and RBPJ motifs.

Another special feature of this VNTR is its specificity to 
the Homo genus as no similar VNTR is observed in other 
species according to our phylogenetic analysis. Considering 
primates, a divergent sequence barely related to one motif 
example could be observed, except in tarsiers. This diver-
gent sequence seems to evolve towards a perfect motif 3 5’−​
G​G​T​A​T​A​G​A​A​T​G​T​C​A​C− 3’ juxtaposed to a complete copy 
of RBPJ binding site 5’−​C​T​T​C​C​C​A− 3’ late during primate 
evolution. Indeed, motif 3 together with the RBPJ binding 
site was only present in gibbon and great apes. Also, it is 
noteworthy to highlight that the related sequence retrieved 
in loris, lemurs and in new world monkeys (Platyrrhini) 
were more closely related to motif 3 found in great apes, 
and that was not the case for old world monkey (Cercopithe-
coidea). From these observations, we postulated that motif 
3 together with the RBPJ binding site as observed in great 
apes could be at the origin of the VNTR present in Homo 
sapiens. This implies a unique evolutionary divergence of 
intron 1 of CDH2 gene between humans and other primates 
marked by human-specific sequence changes.

This VNTR that is crucial for the control of human 
CDH2 gene expression can be considered as one of the 
human accelerated regions (HARs) playing a determining 

expression or the activity of the different transcription fac-
tors potentially binding CDH2 enhancer and the expression 
of the CDH2 gene. As a control, we also added the CDH1 
gene encoding E-cadherin to our analyses. Overall, the cor-
relation heatmaps allowed us to visualize two gene clusters 
whose expressions were correlated (Fig. 6; Supplementary 
Table S8). In the first cluster, expression of the epithelial 
marker CDH1 was mainly positively correlated with AR 
expression, as well as with the AR activity score (Fig.  6; 
Supplementary Table S8). A second cluster gathered CDH2, 
NR3C1 (GR), ZEB1, ZEB2 and NOTCH1 expression and 
the Notch activity score (Fig. 6; Supplementary Table S8). 
Within this group, a positive correlation was particularly 
observed between CDH2 expression and that of ZEB1 and 
ZEB2 in almost all datasets (Fig.  6; Supplementary Table 
S8). As these three genes mark the mesenchymal state of 
the cells, this association was expected and supports our 
hypothesis. Moreover, CDH2 gene expression was also 
significantly positively correlated with the Notch activity 
score in six out of seven datasets, suggesting a possible 
positive impact of Notch signaling pathway on N-cadherin 
regulation (Fig.  6; Supplementary Table S8). Considering 
GR, three datasets showed a significant positive correlation 
between CDH2 and NR3C1 expression, while in the other 
four, no significant correlation was observed (Fig. 6; Sup-
plementary Table S8). This result could be due to the pos-
sible co-expression of AR and GR in PCa samples and the 
competition between the two nuclear receptors for the con-
trol of CDH2. Interestingly, AR expression levels exhibit 
a different distribution depending on whether the dataset 

Fig. 5  Upregulation of N-cadherin by GR in prostate cancer cells. (a) 
CDH2 expression levels analyzed by qRT-PCR and western blot after 
transfection of LNCaP cells with the expression plasmid pEGFP-AR 
in the presence of 10 nM DHT or pEGFP-GR in the presence of 10 nM 
Dex. For each sample in qPCR, expression levels were normalized to 
the housekeeping gene HMBS and reported as relative value to the AR 
condition. (b) Q-RT-PCR and western blot showing CDH2 expression 
levels in the doxycycline inducible LNCaP-eGFP-GR expressing cells 
after addition of increasing doses of Dox in the presence of 10 nM 
Dex, or after addition of increasing doses of Dex in the presence of 20 
ng/ml Dox. For qPCR, expression levels of each sample were normal-
ized to HMBS and reported as relative value to the dose 0 condition. (c) 
Competition between endogenous AR and eGFP-GR for N-cadherin 
regulation in doxycycline inducible LNCaP-eGFP-GR cells. CDH2 
expression was analyzed by qRT-PCR and western blot in the presence 
or absence of DHT to activate AR and Dex to activate GR. For each 
sample, expression levels were normalized to HMBS and reported as 
relative value to the DHT-free condition (CDH2), or to the control con-
dition without Dox (EGFP). All experiments were performed at day-3 
(qRT-QPCR) or day-6 (western blot) after transfection or doxycycline 
induction. EGFP relative expression (qPCR) and GFP immunodetec-
tion (western blot) referred to the level of expression of AR and GR 
transgenes. Values are presented as the mean +/- SEM. Mann-Whit-
ney test (ns, non-significant; *, pvalue < 0.05; **, pvalue < 0.01; ***, 
pvalue < 0.001; ****, pvalue < 0.0001). In immunoblot, 50 to 70 µg of 
total protein extracts were used, and ß-tubulin was used as loading 
control
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postulate that AR/AR-V7 or AR/GR competition displaces 
AR binding and unlocks CDH2 expression.

Meanwhile, the presence of recognition motifs for dif-
ferent signaling pathways within the CDH2 enhancer sug-
gests a crosstalk between several transcription factors for 
the control of N-cadherin expression in humans. Querying 
public cistrome data highlighted AR and ZEB1 as key tran-
scription factors linking this genomic region. Moreover, the 
overlap of recognition sequences for AR and ZEB1 within 
the enhancer strengthens the hypothesis of a competition 
between these two factors for N-cadherin regulation. Inter-
estingly, the results of correlation analyses clearly support 
an opposite role of AR and ZEB1 on CDH2 expression. Sig-
nificantly, in addition to its known role as a transcriptional 
repressor of epithelial genes and master regulator of EMT, 
ZEB1 was also recently described as a transcriptional acti-
vator, thereby inducing the expression of mesenchymal cell-
specific genes such as collagen or smooth muscle actin [51]. 
Our observations are consistent with these data. Although 
the precise mechanism involving ZEB1 in the control of 
CDH2 remains to be understood, we should pay attention to 
the kinetics of ZEB1 expression in our model. Indeed, a late 
increase of ZEB1 is observed after expression of AR-V7 in 
our PCa cells [10], suggesting that after AR displacement 
from the enhancer, ZEB1 emerges to lock the mesenchymal 
state.

Despite the current lack of experimental evidence show-
ing RBPJ bound to the enhancer, the presence of 24 RBPJ 
binding motifs in human CDH2 enhancer and the results of 
our luciferase reporter assays suggest that the Notch path-
way could possibly be involved in N-cadherin regulation. 
Furthermore, the ability of Notch signaling, an evolution-
arily conserved pathway involved in the development and 
homeostasis of multiple tissues and organs via cell–cell con-
tact, to induce partial EMT and maintain stemness has been 
described [52]. Consistently, exploration of transcriptome 
datasets showed a positive correlation of Notch activity with 
CDH2 expression. Nevertheless, the role of Notch signaling 
in cell plasticity may be context-dependent, as it can also 
suppress neuroendocrine differentiation of PCa [53]. Addi-
tionally, a complex interplay between Notch, Notch ligands 
and EMT factors such as ZEB and Snail occurs during the 
EMT process [52]. Further studies are therefore needed to 
fully understand how these transcription factors act in the 
context of CDH2 regulation.

N-cadherin is known to play a predominant role in cell 
migration during organogenesis and particularly during 
neurogenesis [19]. As modulation of cell adhesion and cell 
migration properties is fundamental for a proper embryonic 
development, N-cadherin expression level needs to be spa-
tiotemporally fine-tuned. Interestingly, steroid hormones 
and their receptors as well as Notch and ZEB1 are known 

role in mesenchymal gene expression [39]. These HARs 
are evolutionarily conserved sequences that exhibit a 
large number of nucleotide changes in the human lin-
eage [38]. Most HARs are located in non-coding areas 
of the genome and are significantly enriched near genes 
involved in transcription, cell adhesion and development, 
and preferentially active in the brain [47]. Thus, it is now 
hypothesized that HARs may function as gene regula-
tory enhancers with particular implications for neurode-
velopment [38, 48]. Interestingly, genomic sequences of 
tandem repeats containing highly clustered ZEB1 motifs 
have also recently been described within human epithelial 
genes [39]. To our knowledge, the enhancer region within 
the human CDH2 gene described in this study appears 
to be the first example of a HAR containing repeats of 
HRE motifs. It now remains to be explored whether other 
HARs might include HRE clusters and identify associated 
cellular functions.

Also, further sequence analysis of this human CDH2 
enhancer revealed a significant variability in the AR bind-
ing sites, with the presence of 6 distinct HRE motifs within 
the cluster. We have previously described the capacity of 
AR and AR-V7 to bind to this enhancer region in prostate 
tumor cells [11]. In this study, we have shown that, simi-
larly, the glucocorticoid receptor GR is also able to bind 
to this genomic region, and that the binding of these three 
nuclear receptors to the CDH2 enhancer involves the prefer-
ential recognition of motifs 1 and 2 among the 6 HRE motifs 
present in the cluster. Our results show that, like AR-V7, 
GR can trigger the expression of N-cadherin in PCa cells 
in agreement with cumulative evidence of a crucial role of 
GR in tumor progression in prostate cancer [11, 41, 49, 50]. 
Moreover, as AR represses CDH2 transcription, the pres-
ence of both AR and GR in PCa cells leads to a competi-
tion between these two factors to control CDH2 expression. 
Our analysis of correlated gene expression using available 
transcriptome data from PCa samples further illustrated the 
interplay between AR and GR in this context.

In a hypothetical mechanism, in prostate epithelial cells 
AR binding to this enhancer locks transcriptional activation 
of the human CDH2 gene. In the context of prostate cancer 
evolution with aberrant AR-V7 and GR expression, we can 

Fig. 6  Gene expression correlation analyses in PCa cohorts and PCa 
cell lines. Heatmaps showing Pearson correlation coefficients between 
AR, CDH1, CDH2, NR3C1, ZEB1, ZEB2 and NOTCH1 gene expres-
sion (gray square), AR activity score and Notch activity score. Condi-
tions are ordered to allow visualization of correlation groups. (a) Met-
astatic tumor datasets: SU2C 2019 (n = 266), Fred Hutchinson CRC 
(n = 149) and WCDT MCRPC (n = 99). (b) Primary tumor cohorts: 
MSK 2010 (n = 131) and TCGA PRAD (n = 488). (c) GEO series 
GSE126078 (n = 141) and GSE25183 (n = 56). The color and size of 
the circles represent the correlation coefficient between two variables. 
Pearson coefficients and associated p-values are indicated in Supple-
mentary Table S8
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as critical regulators of human neurogenesis [54–60]. Alto-
gether, our work pinpointed a highly sophisticated enhancer 
region that gathers binding sites for these different tran-
scription factors to probably enable an elaborated specific 
regulation of N-cadherin during neurogenesis in humans. It 
remains to know how these different transcription factors 
could intervene and what could be the link with human cor-
tex development. Intriguingly, our data suggest that tumor 
cells may evolve to hijack this fine-tuned control of CDH2 
expression to gain cellular plasticity and move towards met-
astatic progression.
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