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Abstract

The use of androgen receptor (AR) inhibitors in prostate cancer gives rise to increased cellular lineage plasticity resulting in resistance to AR-
targeted therapies. In this study, we examined the chromatin landscape of AR-positive prostate cancer cells post-exposure to the AR inhibitor
enzalutamide. We identified a novel regulator of cell plasticity, the homeobox transcription factor SIX2, whose motif is enriched in accessible
chromatin regions after treatment. Depletion of SIX2 in androgen-independent PC-3 prostate cancer cells induced a switch from a stem-like
to an epithelial state, resulting in reduced cancer-related properties such as proliferation, colony formation, and metastasis both in vitro and in
vivo. These effects were mediated through the downregulation of the Wnt/β-catenin signalling pathway and subsequent reduction of nuclear
β-catenin. Collectively, our findings provide compelling evidence that the depletion of SIX2 may represent a promising strategy for overcoming
the cell plasticity mechanisms driving antiandrogen resistance in prostate cancer.
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esistance to potent inhibitors of the androgen receptor (AR)
athway, such as enzalutamide (ENZ) and abiraterone, poses
significant challenge in the treatment of advanced prostate

ancer, ultimately resulting in therapy failure (1,2). Lineage
lasticity including activation of stem cell transcriptional
rogram is encountered in a subset of treatment resistant
rostate tumors (3–8). Current understanding of prostate can-
er treatment resistance highlights extensive transcriptional
eprogramming during the evolution of castration-resistant
rostate cancer (CRPC) to lineage plastic phenotypes (9–11).
owever, the identification of key phenotype-defining master
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transcription factors and early drivers of the lineage plasticity
post AR inhibition therapies leading to resistant cell fates in
prostate cancer remains unclear.

In this study, we investigated changes in chromatin acces-
sibility and potential androgen receptor-suppressed genes un-
der antiandrogen treatment to identify key factors driving re-
sistant phenotypes in prostate cancer. Through the analysis
of chromatin accessibility and open chromatin regions fol-
lowing antiandrogen ENZ treatment, we identify Sine oculis
homeobox 2 (SIX2), a developmental transcription factor, as a
key phenotype-defining transcriptional regulator of stem cell
transcriptional program highly expressed under antiandrogen
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therapy. Our data reveals that chromatin sites containing the
SIX2 binding motif become accessible following ENZ treat-
ment. The loss of SIX2 alters the activity of Wnt/β-catenin
signalling and reduces nuclear β-catenin, resulting in reduced
pluripotency of PC-3 cells. In addition, SIX2 depletion in-
duced mesenchymal to epithelial transition, and decreased
metastatic properties such as migration, invasion, and colony
formation both in vitro and in vivo.

SIX2 is an evolutionarily conserved transcription factor
containing a DNA binding homeodomain. SIX2 plays a cen-
tral role within the kidney mesenchyme by promoting cell pro-
liferation and self-renewal, as well as maintaining multipo-
tency of the nephron progenitor population during embryo-
genesis (12–14). While SIX2 has been shown to enhance the
cell stemness in non-small cell lung cancer (15) and promote
the expression of embryonic stem cell-associated programs,
metastatic progression and the expression of key pluripotency
factors SOX2 and NANOG in triple-negative breast cancer
(16,17), its role in prostate cancer remains unknown. Here,
we demonstrate that SIX2 expression is significantly upregu-
lated in antiandrogen-induced resistance. Moreover, we pro-
pose that inhibiting SIX2 could potentially prevent the devel-
opment of treatment-induced resistant phenotypes and reduce
the metastatic potential of prostate cancer cells, both in vitro
and in vivo.

Materials and methods

Cell lines

AR-positive LNCaP and 22Rv1, and AR-negative PC-3,
DU145 and NCI-H660 cells were utilized in this study.
LNCaP, 22Rv1, PC-3 and DU145 cells were cultured in
RPMI 1640 Dulbecco’s medium, supplemented with 10% fe-
tal bovine serum (FBS), a combination of 100 U/ml peni-
cillin and 100 μl/ml streptomycin (Gibco Pen Strep, Thermo
Fisher Scientific) and 2 mM l-glutamine. NCI-H660 cells were
maintained in RPMI 1640 Dulbecco’s medium containing 5%
FBS, 10 μg/ml transferrin, 30 nM sodium selenite, 10 nM β-
estradiol, 2 mM l-glutamine, 5 μg/ml insulin, and 10 nM hy-
drocortisone. For cells exposed to enzalutamide (ENZ), the
culture medium was supplemented with 10 μM ENZ (Orion,
ORM-0016678). DMSO (D8418-250ML, Merck) was used
as control for ENZ. Mycoplasma assessments were conducted
monthly.

siRNA transfection and stable cell line generation

For transient knockout experiments, PC-3 cells were re-
verse transfected with 25 nM ON-TARGETplus Human
SIX2 siRNA SMARTpool (siSIX2) (Dharmacon) and ON-
TARGETplus Non-targeting Control siRNA (siCTRL) (Dhar-
macon) in Opti-MEM media (Gibco) using Lipofectamine
RNAiMAX transfection reagent (Thermo Fisher Scientific).
For NCI-H660 siRNA knockdown experiments, 50 nM
siRNA was used. Transfections were performed in antibiotic-
free maintenance media. NCI-H660 cells were incubated
overnight with siRNA, followed by a 4-h recovery in com-
plete medium before re-transfection for 4 h. In longitudinal
experiments, cells were transfected again 7 days post-initial
transfection.

For the generation of PC-3 cell line with nuclear la-
beling, cells were transduced with Incucyte Nuclight Red
Lentivirus (Sartorius), resulting in stable nuclear expression
of red fluorescent protein. To establish a stable cell line
for fluorescence-based monitoring of cell cycle phases, PC-3
cells were transduced with IncuCyte Cell Cycle Green/Red
Lentivirus Reagent (Sartorius) as described previously (18).

SIX2 overexpression

The SIX2 overexpression and control lentiviral plasmids were
done using Gateway cloning. For this SIX2 gene (clone ID
7508802; MGC Library; Genome Biology Unit supported by
HiLIFE and the Faculty of Medicine, University of Helsinki,
and Biocenter Finland) was PCR amplified using forward
primer GGGGACAACTTTGTACAAAAAAGTTGGCAC-
CATGTCCATGCTGCCCACCTTCGGCTTCA and reverse
primer GGGGACAACTTTGTACAAGAAAGTTGGCAAC-
TAGGAGCCCAGGTCCACGAGGTTGGCTG, and then
cloned into Gateway donor vector pDONR221 to create
entry clone SIX2-pENTR221. SIX2-pENTR221 was used to
insert SIX2 gene into lentiviral vector pLenti7.3/V5-DEST,
which includes Emerald Green Fluorescent Protein (EmGFP)
for monitoring of protein expression. Control plasmid was
created by inserting lacZ gene into pLenti7.3/V5-DEST.
Both SIX2 OE and control lacZ constructs were generated
by the Genome Biology Unit supported by HiLIFE and the
Faculty of Medicine, University of Helsinki, and Biocenter
Finland. Lentiviral vectors were produced by standard cal-
cium phosphate transfections method at the National Virus
Vector Laboratory (University of Eastern Finland). SIX2
overexpression and lacZ control vector were introduced
to LNCaP cells using multiplicity of infection (MOI) of 5.
SIX2 overexpression and control cells were sorted from
non-transduced cells with FACS (CytoFLEX SRT) based on
GFP fluorescence.

Western blotting

Total proteins were extracted from adherent cells using ice-
cold 1× TBS with protease inhibitors. Cells were suspended
to 1× SDS containing complete protease inhibitors cocktail
(Roche). Suspensions were sonicated 2 × 10 s 2 and μl 2-
mercaptoethanol/100 μl 1× SDS was added and then incu-
bated for 2 min at 95◦C. To obtain nuclear and cytoplas-
mic fractions, NE-PER Nuclear and Cytoplasmic Extraction
Reagent Kit (Thermo Scientific) and extraction according to
protocol was used. 10 μl of protein sample was separated
on 10% SDS-PAGE and transferred to a nitrocellulose mem-
brane. Membranes were blocked in 5% non-fat dry milk in 1X
Tris-buffered saline (TBS) with 0.1% Tween at room tempera-
ture for 1 h and incubated overnight at 4◦C with primary anti-
bodies at noted dilutions. The following day, membranes were
washed in TBS with 0.1% Tween-20 for 15 + 5 + 5 min and in-
cubated 1 hour at RT with secondary antibodies. Membranes
were washed again in TBS with 0.1% Tween for 3 × 10 min
and 10 min with TBS. Proteins were detected using PierceTM

ECL Western Blotting Substrate kit (Thermo Scinentific) and
chemiluminescent detection with ChemiDoc MP Imaging Sys-
tem (Bio-Rad). GAPDH was used as the internal reference pro-
tein to quantify protein levels using Image Lab Software (Bio-
Rad). The antibodies and dilutions used for immunoblotting
are shown in Supplementary Table S1.

Real-time qPCR

To assess mRNA levels of genes in samples, RT-qPCR was
performed. Total RNA was extracted from cells using TriPure

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae206#supplementary-data
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solation reagent (Roche). 1 μg of total RNA was reversed
ranscribed using Transcriptor First Strand cDNA Synthesis
it (Roche). Three biological replicates were analysed using
ightCycler 480 SYBR Green I Master reagent (Roche) and

he qPCR run was performed using LightCycler 480 Instru-
ent II (Roche), two technical replicates per sample. The rel-

tive gene expressions were quantitated by using the 2−��Ct

ethod (19). GAPDH was used to normalize amount of
RNA between samples. Primer sequences are shown in the

upplementary Table S2.

NA-seq

NA used for RNA-sequencing (RNA-seq) libraries were
uality controlled with Agilent 2100 Bioanalyzer using RNA
000 Nano kit (Agilent, #5067-1511). Library preparation
as performed by Novogene (Cambridge, United Kingdom).
fter the QC procedures, mRNA was enriched using oligo

dT) beads, and fragmented randomly. cDNA was synthe-
ized by using mRNA template and random hexamers primer,
fter which a custom second-strand synthesis buffer (Illu-
ina), dNTPs, RNase H and DNA polymerase I were added

o initiate the second-strand synthesis. After a series of ter-
inal repair and sequencing adaptor ligation, the double-

tranded cDNA library was completed through size selection
nd PCR enrichment. Library quality was assessed with Ag-
lent 2100 Bioanalyzer using DNA 1000 Analysis kit (Agi-
ent, #5067-1504). Sequencing was done by Novogene (Cam-
ridge, United Kingdom) using Illumina NovaSeq 6000 plat-
orm. Three biological replicate samples were sequenced.
NA-seq data was aligned to hg38 genome using STAR2.7

20) with default settings and max 10 mismatches and max
0 multi-mapped reads. Differentially expressed genes were
hen analyzed with DESeq2 (21) through HOMER (22) for
ll comparisons.

SEA

ene-Set Enrichment Analysis (GSEA) of differentially ex-
ressed genes was performed using GSEA software (v.4.3.2)
rom the Broad Institute (Massachusetts Institute of Technol-
gy) and Molecular Signatures Database (MSigDB) (v.2023.1)
as used as reference for the results. The tool was run in clas-

ic mode to identify significantly enriched pathways. Pathways
nriched with a nominal P-value <0.05 and false discovery
ate (FDR) <0.25 were considered to be significant. All signifi-
antly differentially expressed genes (adjusted P-value < 0.05)
rom RNA-seq data analysis were used for analysis.

hIP-seq

or chromatin immunoprecipitation (ChIP), PC-3 cells were
eeded onto 10 cm plates, 2 million cells per plate. Chromatin
as fragmented to an average size of 150–300 bp by sonica-

ion (Diagenode, #UCD-300). SIX2 antibodies (10 μg per IP)
ere coupled to magnetic protein G Dynabeads (Invitrogen,
0004D) for at least 16 h, and sonicated lysates were incu-
ated with antibody-coupled beads for o/n at 4◦C. Sequenc-
ng libraries were generated using NEBNext Ultra II DNA Li-
rary Prep Kit (New England BioLabs, #E7645L) according to
anufacturer’s protocol. Analysis of library quality was done
ith Agilent 2100 Bioanalyzer using DNA 1000 Analysis kit

Agilent, #5067-1504). Two biological replicate samples were
equenced with Illumina NextSeq 500 (75SE).
ATAC-seq

For assay for transposase-accessible chromatin with sequenc-
ing (ATAC-seq), LNCaP cells were seeded onto 10 cm plates,
2 million cells per plate. For nuclei isolation, the cell pellets
were resuspended in a concentration of 3 million cells per
ml in Buffer A [15 mM Tris–HCl (pH 8), 15 mM NaCl, 60
mM KCl, 1 mM EDTA, 0.5 mM EGTA, 0.5 mM spermi-
dine (Sigma-Aldrich, S2626), 1× protease inhibitor cocktail].
Subsequently, equal volume of Buffer A with 0.04% (w/v)
IGEPAL (Sigma, #I8896) was added, to obtain a concentra-
tion of 1.5 million cells per ml with 0.02% (w/v) IGEPAL.
Samples were incubated on ice for 10 min, washed once with
Buffer A without IGEPAL, and two times with ATAC re-
suspension buffer (10 mM NaCl, 10 mM Tris–HCl, 3 mM
MgCl2). Isolation of nuclei was verified by Trypan Blue count-
ing. Subsequently, 100 000 nuclei were subjected to Tn5 trans-
position reaction using 2.5 μl TDE1 from Nextera DNA Li-
brary Prep Kit (Illumina, #FC-121-1030). After adding the
transposition reaction mix, the samples were incubated 45
min at 37◦C with 800 rpm shaking, and subsequently DNA
was purified using Monarch PCR & DNA Cleanup Kit (New
England BioLabs, #T1030). DNA fragments were amplified
with PCR and samples were barcoded using published primers
(23). Amplified fragments were size selected (150–800 bp) us-
ing SPRIselect beads (Beckman Coulter, #B23318). Analysis
of library quality was done with Agilent 2100 Bioanalyzer us-
ing High Sensitivity DNA Analysis kit (Agilent, #5067-4626).
Two biological replicate samples were sequenced with Illu-
mina NextSeq 500 (40PE).

ChIP-seq and ATAC-seq data analysis

Read quality filtering and alignment to hg38 genome was
performed using Bowtie2 (24) using default settings. Down-
stream data analysis was performed using HOMER. SIX2
peaks were called using default parameters on findPeaks with
style factor, FDR <0.01, >25 tags, >4-fold over control sam-
ple and local background. ChIP input sample was used as a
control. ATAC-seq peaks were called with findPeaks with style
factor, FDR <0.01 and >6-fold over local background. Dif-
ferential ATAC-seq peaks were defined with getDifferential-
Peaks.pl (Poisson P-value < 0.0001, FC > 3) between specified
treatments (unchanged, UN; increased, UP; decrease, DN).
Aggregate plots and heatmaps were generated with 10 or 20
bp bins surrounding ±1 kb area around the center of the
peak. All plots were normalized to 10 million mapped reads
and further to local tag density, tags per bp per site, whereas
box plots represented log2 tag counts. Statistical significance
in the box plots was determined using unpaired two-sample
t-test. Box plots were generated using Tukey method. Enrich-
ment of sites to genomic elements was performed with anno-
tatePeaks.pl. De novo motif searches were performed using
findMotifsGenome.pl with the following parameters: 200 bp
peak size window, strings with 2 mismatches, binomial distri-
bution to score motif P-values, and 50 000 background re-
gions. Gene-to-peak association was performed with anno-
tatePeaks.pl measuring linear distance from target gene TSS
to center of the peak. Distances were shown as cumulative
distribution function from 0 to 100 kb with 10 kb inter-
vals. Statistical significance was calculated with Kolmogorov–
Smirnov test comparing differentially expressed genes (UP
and DN) to expressed genes (UN). Pearson correlation co-
efficiency (PCC) between SIX2 binding sites and publicly

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae206#supplementary-data
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available sequencing data, was done from normalized tag
counts.

Proliferation and apoptosis assays

To determine the proliferation rate, PC-3 cells stably ex-
pressing NucLight Red were seeded at the density of 7500
cells/well on a 96-well cell culture plate wells. For the pro-
liferation and apoptosis assays in SIX2 overexpressing cells,
LNCaP SIX2 OE and CTRL cells were seeded on a 96-well
plate at a density of 5000 cells/well. One day after seed-
ing, Enzalutamide (10μM) or DMSO as control was added.
The detection of apoptotic cells was carried out using the In-
cuCyte Caspase-3/7 red Dye for Apoptosis (Sartorius). Cell
confluency and cell counts were imaged using IncuCyte S3
system (Sartorius) standard image scanning and calculated us-
ing the IncuCyte Basic Analyzer module (Version 2021C) and
red fluorescence. For the apoptosis assay for PC-3 and NCI-
H660 cells was carried out similar way but using the IncuCyte
Caspase-3/7 green Dye for Apoptosis (Sartorius). A minimum
of five technical replicates and two biological replicates were
performed.

Colony formation assay

Single cell suspension of cells stably expressing NucLight
Red was plated in a 96-well cell culture plate, approximately
20 cells per well. Cells were reverse transfected with non-
targeting control or SIX2 siRNA and re-transfected 5 days
post initial transfection. Whole-well imaging with Incucyte
Dilution Cloning scanning was used to track colony forma-
tion every 24 h over 9 days. A colony is defined to consist of
at least 50 cells. Total cell count per colony was assessed using
the IncuCyte Basic Analyzer module and counting of red fluo-
rescent objects. 10 technical replicates and 2 biological repli-
cates were performed.

Cell migration Scratch Wound assay

To study the effects of SIX2 silencing to migration of PC-3
cells, scratch wound migration assay was performed and de-
tected using the IncyCyte S3 live-cell imaging system. PC-3
cells were plated in IncuCyte ImageLock 96-well plates and
reverse transfected with siRNAs. Three days after transfection
at near 100% confluency the 96-well WoundMaker Tool (Sar-
torius) was used to create the wound. The wound was imaged
every 2 h for a total of 12 h using Scratch Wound scan type
in IncuCyte S3 Live-Cell Analysis System. IncuCyte Scratch
Wound Analysis module was used to analyse cell movement
and Relative Wound Density % values were used to estimate
cell migration.

Cell cycle assay

For cell cycle analysis, PC-3 cells stably expressing IncuCyte
Cell Cycle Green/Red nuclear label were seeded in a 96-well
plate wells. Fluorescence was monitored using the IncuCyte
red and green fluorescence imaging and the images were ana-
lyzed using IncuCyte Basic Analyzer module. A minimum of
five technical replicates and two biological replicates were per-
formed.

Spheroid assays

For spheroid assays, cells were seeded at the density of 2500
cells/well in a round bottom ultra-low attachment (ULA)
plate and centrifuged 125 g, 10 min at RT. To analyse inva-
siveness of cells, 3 days after seeding, Cultrex Basement Mem-
brane Extract (Bio-Techne) was added in the wells for a final
concentration of 50%. To polymerize Cultrex, plate was incu-
bated for 30 min at 37◦C, and post polymerization complete
culture media was added into the wells. Spheroid formation
and growth was monitored using IncuCyte single spheroid
scanning. Spheroid size and/or area of invasive cell area were
measured using brightfield images and the IncuCyte Spheroid
Analysis module.

Immunofluorescence (IF)

For immunofluorescent staining, PC-3 cells were plated on
coverslips, fixed using 4% paraformaldehyde for 20 min,
washed 3× in PBS followed by permeabilization with 0.1%
Triton-X with 1% bovine serum albumin (BSA) for 15 min.
Cells were washed 3× in PBs, incubated with primary anti-
body (β-catenin, Santa Cruz) at 1:100 concentration for at
4◦C overnight in humidity chamber. The following day, cells
were washed 3× in PBS and incubated with secondary anti-
body, Goat anti-Mouse IgG (H + L) Alexa fluor 633 (Invit-
rogen, #A21052) 1:500, for 1 h at room temperature, fol-
lowed by incubation with DAPI (Thermo) 1 μg/ml for 10
min at room temperature. Cells were mounted on slides using
ProLong Diamond Antifade Mountant (Thermo). Fluorescent
images were taken using 40× oil immersion objective using
ZEISS LSM 900 with airyscan confocal microscope and ZEISS
blue software. The measurement of fluorescence intensity of
nuclear β-catenin in siCTRL and siSIX2 PC-3 cells was per-
formed on confocal images. The fluorescence intensity mea-
surement was executed using the ImageJ software (Ver. 1.53v)
and BioVoxxel Toolbox (Ver. 2.6.0).

Zebrafish in vivo metastasis and dissemination
assays

Zebrafish experiments were carried out under the license
ESAVI/31414/2020 (granted by Project Authorization Board
of Regional State Administrative Agency for Southern Fin-
land) according to the regulations of the Finnish Act on Ani-
mal Experimentation (62/2006) in the Zebrafish Core Facil-
ity of Turku Bioscience Centre, University of Turku and Åbo
Akademi University, Turku, Finland, supported by Biocenter
Finland). The study was carried out in compliance with the
ARRIVE guidelines. The embryo xenograft procedure is de-
scribed in detail in (25,26). Pigment-deficient casper embryos
were obtained by natural spawning. The embryos were kept in
E3 + PTU until transplanted with CellTracker Green CMFDA
labeled PC-3 cells at 2 days post-fertilization using Nano-
ject II microinjector (Drummond Scientific). Approximately
400–500 cells were transplanted into yolk sac of the embryos,
and after transplantation the embryos were kept at 33◦C in-
cubator. At 1-day post injection (dpi) the successfully trans-
planted embryos were selected under Zeiss AxioZoom flu-
orescence stereomicroscope and transferred to 96-well glass
bottom plate (1embryo/well). Embryos were immobilized us-
ing 200 mg/l tricaine prior imaging and imaged at 1 and
4 dpi time points using Nikon Eclipse Ti2-E microscope, 2×
NA 0.06 objective. Fluorescence images were captured using
Lumencor Spectra X LED 475/28 nm illumination, Chroma
8400v2 filter and Hamamatsu sCMOS Orca Flash4.0 camera.
Brightfield images were captured with unfiltered white light il-
lumination from a halogen lamp.
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In the image analyses, ImageJ/FIJI software was used. The
umber of invaded cells were counted manually based on
uorescence. Only invading cells outside the yolk sac were
ounted. Invading cells in the lens were not counted as the
ens tend to have prominent autofluorescence. Embryos hav-
ng significant malformations were excluded from the analy-
is. Samples were blinded for analyses.

For the zebrafish in vivo dissemination assay, the siCTRL
nd siSIX2 cells were injected in zebrafish vein and the in-
aded cells were measured after 24 h similarly as before (27).
riefly, PC-3 cells were washed with PBS, stained with Cell-
racker Green CMFDA dye (5μm, Thermo Fisher Scientific)
nd detacher and detached with trypsin–EDTA in a single
ncubation step at 37 ◦C. Subsequently, cells were pelleted
y centrifugation and washed with PBS twice. This was fol-
owed by filtration through 40μm mesh into Falcon FACS
ube (Corning, Corning, NY, USA, 352235) and pelleting cells
y centrifugation. Finally, cells were resuspended into 30μL of

njection buffer (2% PVP in PBS) and kept on ice until trans-
lanted. The embryos were obtained through natural spawn-
ng, and were cultured in E3-medium (5 mm NaCl, 0.17 mm
Cl, 0.33 mm CaCl2, 0.33 mm MgSO4) at 33 ◦C. At 2 or
days post-fertilization, the embryos were anesthesized with
00 mg ml−1 Tricaine and embedded in 0.7% low-melting
oint agarose. Subsequently, the siCTRL and siSIX2 cell sus-
ensions were microinjected into common cardinal vein (duct
f Cuvier) of the embryo using glass capillaries (Transfertip),
ellTramVario microinjector and InjectMan micromanipula-

or (all from Eppendorf, Hamburg, Germany). Embryos were
iberated from the agarose gel using forceps and successfully
ransplanted embryos were selected to the experiment. After
vernight incubation at 33◦C, the embryos were anesthesized
gain with Tricaine and imaged using Zeiss StereoLumar V12
uorescence stereomicroscope. The number of surviving cells
as counted manually from the images using ImageJ.

tatistical analyses

ll statistical analyses and visualization were performed us-
ng GraphPad Prism (version 9), unless otherwise specified.
epresentative data such as western blot and immunofluores-
ence staining has been repeated at least twice with indepen-
ent biological samples and technical replicates. Representa-
ive data shown for in vitro experiments have been repeated
t least twice. For in vitro assays, unpaired, two-tailed, Stu-
ent’s t-tests were performed to analyse statistical significance
etween groups in bar graphs, box and whisker and longi-
udinal experiments. For longitudinal experiments statistical
nalysis was performed at the final time point. In vitro assays
-value <0.05 was considered to be significant. Significances
re indicated as follows in the figures: * P < 0.05; **P < 0.01;
** P < 0.001 and **** P < 0.0001.

esults

ndrogen receptor inhibition opens chromatin
egions of SIX family protein motifs

eprogramming of prostate cancer cells post androgen re-
eptor inhibitor treatment is accompanied by extensive tran-
criptional re-wiring (10,11). To study the lineage plasticity
ost ENZ and identify master transcription factors respon-
ible for reprogramming cellular fate decisions in treatment-
esistant prostate cancer, we utilized transposase-accessible
chromatin sequencing (ATAC-seq) after a long-term (3 weeks)
ENZ exposure in AR-positive LNCaP cells. Our data re-
vealed that while the majority of open chromatin sites re-
mained insensitive to ENZ (ENZ-UN), ENZ treatment led to
the emergence of multiple open (ENZ-UP) and closed (ENZ-
DN) chromatin regions. Example genome browser tracks are
provided in Supplementary Figure S1a. Surprisingly, there
were more novel accessible regions opened by ENZ (9951 re-
gions) than closed (7511 regions) (Figure 1A, B). To deter-
mine enriched motifs in each group, we conducted de novo
motif analysis on ENZ-UN, ENZ-DN and ENZ-UP sites.
As expected, the androgen response element (ARE) motif
and AR chromatin binding sites were enriched at ENZ-DN
sites (Figure 1B–D). Interestingly, when motifs were ranked
by P-value, we discovered that the DNA binding motif for
the homeodomain transcription factor Sine Oculis Home-
obox 1 (SIX1) exhibited the highest enrichment among ac-
cessible chromatin regions (ENZ-UP) post ENZ treatment
(Figure 1C).

Given the similarity in binding motifs within the SIX-family
of transcription factors, we conducted a more detailed inves-
tigation into the motif enrichment of SIX1, SIX2 and SIX4
(Supplementary Figure S1b). Our analysis revealed that in
addition to SIX1, both SIX2 and SIX4 transcription factor
motifs were specifically enriched in the ENZ-UP regions but
not in the ENZ-DN or ENZ-UN regions (Figure 1E), sug-
gesting the induced activity of SIX proteins in response to
ENZ. To further understand the impact of ENZ on SIX genes,
we examined the mRNA expression of SIX1, SIX2 and SIX4
in response to ENZ in LNCaP cells using RT-qPCR (Figure
1F). SIX2 mRNA expression showed increases of 30-, 70-
and 75-fold after 7, 14 and 21 days of ENZ exposure, re-
spectively, while only minor increases were observed in SIX1
and SIX4 expressions. Complementarily analysis of publicly
available RNA-seq data (28) indicated a significant increase
in SIX2 expression after 5-day ENZ (ENZ5d) in LNCaP
cells (Figure 1G). Consistent with these findings, an increase
in SIX2 protein was observed in LNCaP cells exposed to
ENZ (Supplementary Figure S1c). Taken together, our results
demonstrate that ENZ induces the opening of chromatin re-
gions containing the SIX2 motif, leading to a substantial in-
crease in SIX2 expression. These findings suggest a potential
role for SIX2 in establishing treatment-induced lineage plas-
ticity in prostate cancer.

SIX2 is highly expressed in neuroendocrine and AR
negative prostate cancer tumors and correlates
with SOX2, CGA, NSE and SYP

To assess the expression of SIX2 in prostate cancer tu-
mors, we examined SIX2 levels in patient and patient-derived
xenograft (PDX) tumors (10,11). Interestingly, our results re-
vealed significantly higher SIX2 mRNA levels in neuroen-
docrine prostate cancer (NEPC) carcinoma tumors compared
to CRPC tumors (Figure 1H). Additionally, SIX2 expression
was elevated in patient tumors and PDXs with low AR activ-
ity compared to adenocarcinoma tumors exhibiting high AR
activity (Figure 1I). Analysis of patient tumor data (10) re-
vealed a negative correlation between SIX2 mRNA expression
and AR and KLK3 (encoding PSA). Conversely, SIX2 showed
positive correlations with SOX2, CGA, ENO2 (NSE) and SYP,
known features of NEPC (Supplementary Figure S1d). In sum-
mary, these results indicate that SIX2 is highly expressed in

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae206#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae206#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae206#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae206#supplementary-data
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Figure 1. Androgen receptor inhibition opens chromatin in motifs of SIX proteins. (A) Venn diagram showing 9951 opened and 7522 closed regions by
3-week ENZ in LNCaP cells. (B) Heatmaps displaying assay for transposase-accessible chromatin with sequencing (ATAC-seq) data at chromatin regions
unchanged (ENZ-UN), opened (ENZ-UP) or closed (ENZ-DN) by 3-week ENZ in LNCaP cells (left) and AR ChIP-seq with or without AR activating
dihydrotestosterone (DHT) (right). (C) De novo motif analysis of ENZ unchanged (ENZ-UN), opened (ENZ-UP) or closed (ENZ-DN) chromatin sites. (D) AR
motif is enriched in chromatin sites closed by ENZ. (E) Motifs of three SIX family proteins, SIX1, SIX2 and SIX4 are enriched in chromatin sites opened by
ENZ. (F) Bar graph depicting relative mRNA expression of SIX1, SIX2 and SIX4 in LNCaP cells exposed to ENZ for 1–3 weeks. (G) SIX2 expression
compared to control (ENZ0) LNCaP cells, analysed using publicly available RNA-seq data from LNCaP cells (28). (H) SIX2 mRNA expression in AR
positive CRPC and AR negative NEPC patient cohorts (10). Significance assessed using a two-tailed unpaired t-test. (CRPC n = 30 and NEPC n = 19). (I)
SIX2 expression in AR positive and AR negative mCRPC tumors and LuCaP PDXs (11). Significance assessed using a two-tailed unpaired t-test (mCRPC
tumors AR+ n = 71 and AR– n = 27; LuCaP PDXs AR+ n = 21 and AR– n = 22). (J) Visualization of binding sites of GATA2 and FOXA1, the closest
transcription factor binding sites in the SIX2 gene locus. (K) ENZ exposure for 5 days (ENZ5d) increases the mRNA expression of GATA2 compared to
control (ENZ0) LNCaP cells, analysed using publicly available RNA-seq data from LNCaP cells (28). (L) Silencing of GATA2 using siRNA (siGATA2)
downregulates SIX2 mRNA in the LNCaP cells analyzed using publicly available data (28). (M) Silencing of GATA2 downregulates the protein expression
of SIX2 in PC-3 cells assessed using western blot (left). The quantification of the SIX2 expression in siCTRL and siGATA samples in comparison to
GAPDH loading control was calculated and shown (right).
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EPC and AR-negative tumors, and correlates with neuroen-
ocrine features.

IX2 expression is regulated by
nzalutamide-induced GATA2

ur data show that ENZ opens chromatin regions containing
he SIX2 motif and induces SIX2 expression. In addition, we
bserved a negative correlation between SIX2 expression and
R/PSA in patient tumor data. While we initially hypothe-

ized that AR might control SIX2 expression by binding to its
hromatin site, we could not detect AR binding at the SIX2
ocus in publicly available ChIP-seq data (29–31). Since SIX2
xpression significantly increases after several days of ENZ
xposure (Figure 1F), it is likely regulated though secondary
ffects following AR suppression. Interestingly, we found that
he closest transcription factor binding sites in the SIX2 gene
ocus are for GATA2 and FOXA1 (Figure 1J). This led to hy-
othesize that ENZ-induced GATA2, with binding sites dis-
inct from AREs (30), could explain the ENZ-induced regu-
ation of SIX2 over time. Analyzing ENZ-exposed RNA-seq
ata (28), we observed a significant increase in GATA2 mRNA
n ENZ5d-exposed cells (Figure 1K). To investigate whether
IX2 expression is regulated by GATA2, we analyzed data
rom GATA2-silenced LNCaP cells (32). The results indicated
hat siGATA2 significantly downregulates SIX2 mRNA ex-
ression (Figure 1L). In addition, we observed a downregulat-

ng effect on SIX2 protein in GATA2-silenced PC-3 cells (Fig-
re 1M). In conclusion, our results suggest that ENZ-induced
IX2 could be regulated via GATA2, supported by the find-
ng that GATA2 and FOXA1 are the closest transcription fac-
or binding sites in the SIX2 gene locus. However, a detailed
nvestigation into the molecular mechanism underlying how
IX2 becomes upregulated over time under AR suppression is
arranted.

IX2 regulates stem cell-like plasticity in
R-negative prostate cancer cells via regulation of
nt ligand expression and reduction of nuclear

-catenin

ur data revealed that AR inhibition by ENZ opens the chro-
atin area of SIX2 and SIX2 is highly expressed in AR-
egative patient tumors. As SIX2 plays a role in regulating
tem cell phenotypes (13,14), we hypothesized that SIX2 is
n early driver of stem cell-like plasticity in prostate can-
er enabling development of treatment-resistant phenotypes.
o explore this hypothesis, we first assessed SIX2 expression
cross different prostate cancer cell lines to identify suitable
odels for studying SIX2 and its functions in prostate can-

er. The mRNA and protein levels of SIX2 were analyzed in
rostate cancer cell lines and as expected the SIX2 mRNA ex-
ression was highest in androgen-negative PC-3 and NEPC
CI-H660 cells while AR positive LNCaP and 22Rv1 cells

xpressed very little of SIX2 (Figure 2A). Same phenomenon
as observed on a protein level using immunoblotting anal-
sis (Figure 2B). Notably, AR-negative DU145 cells which
hough have lower metastatic potential compared to PC-3,
id not display elevated SIX2 expression (Figure 2A and B).
inally, analysis of publicly available chromatin accessibil-

ty data showed that the SIX2 promoter is accessible in PC-
and NCI-H660 cells, similar to the increased promoter

ccessibility observed in LNCaP cells upon ENZ treatment
Supplementary Figure S2a). Based on these results, we se-
lected two high SIX2-expressing cell lines, PC-3 and NCI-
H660, which are frequently used as suitable models for study-
ing NEPC and AR-negative phenotypes, for further functional
studies.

Next, to evaluate the impact of SIX2 silencing in high SIX2-
expressing PC-3 cells on lineage plastic states, we performed
RNA-seq and gene set enrichment analysis (GSEA) on SIX2
silenced PC-3 cells. SIX2 silencing was done using SIX2 tar-
geted siRNA (siSIX2) transfections, with non-target siRNA
(siCTRL) used as a control. In addition, to clarify how SIX2
carries out its effects, we mapped the genome-wide occupancy
and chromatin binding sites of SIX2 using chromatin im-
munoprecipitation sequencing (ChIP-seq) in PC-3 cells.

The GSEA of Hallmark and curative gene sets revealed
that SIX2 silencing downregulates cell cycle, epithelial–
mesenchymal transition and stemness signatures, including
embryonic stem cell genes and NANOG targets (Figure 2C).
In addition, GSEA revealed negative enrichment in the gene
set PID: Beta-catenin nuc pathway, encompassing genes re-
lated to the regulation of nuclear β-catenin signalling and
target gene transcription (normalised enrichment score (NES)
–1.91, P-value of 0.005) (Figure 2D). Other β-catenin and
Wnt-related gene sets also exhibited negative enrichment upon
SIX2 silencing (Figure 2C). The RT-qPCR results validated the
RNA-seq findings, consistently demonstrating the downregu-
lation of INCENP, CCND1, TCF7 and FZD8 in SIX2-silenced
PC-3 cells in both RNA-sequencing and RT-qPCR analyses
(Supplementary Figure S2b). Moreover, protein expressions
of TCF7 and canonical β-catenin targets c-Myc, Cyclin D1,
MMP7 and MET were decreased (Figure 2E), suggesting that
SIX2 regulates nuclear β-catenin signalling and target gene
transcription. Similar results were observed in NCI-H660 cells
(Supplementary Figure S2c). These findings were further sup-
ported by SIX2 overexpression experiments, where increased
protein levels of c-Myc, Cyclin D1, MMP7 and MET were
observed in LNCaP cells (Supplementary Figure S2d). Fur-
thermore, we confirmed that SIX2 silencing significantly sup-
pressed the expression of SOX2 and NANOG, known treat-
ment resistance-associated pluripotency markers (33), and
CD44, a recognized cancer stem cell marker (34), in PC-3
cells based on RT-qPCR and western blot analyses (Figure 2F),
indicating decreased cell stemness. Additionally, a reduced
mRNA expression of SOX2 was observed in SIX2-silenced
NCI-H660 cells (Supplementary Figure S2e).

The ChIP-seq analysis revealed nearly 50000 binding sites
for SIX2 (Supplementary Figure S2f). Interestingly, these SIX2
binding sites occurred at active chromatin sites, showing en-
richment of open chromatin, the active enhancer/promoter
mark H3K27ac, and active enhancer marks H3K4me1 and
H3K4me2 in PC-3 cells (Figure 2G, Supplementary Figure
S2g). Genomic loci visualization from ChIP-seq further illus-
trated significant binding of SIX2 to several gene promot-
ers associated with the TCF/LEF/β-catenin transcriptional
complex, including TCF7, as well as promoters of Wnt lig-
ands and receptor genes such as FZD8 and WNT10b (Fig-
ure 2h, Supplementary Figure S2h), indicating direct regula-
tion of their expression. Analysing the overlap of SIX2 peaks
with differentially expressed genes (DEGs) from RNA-seq re-
vealed that siSIX2 versus siCTRL DEGs are in closer prox-
imity to SIX2 binding sites compared to genes unrespon-
sive to siSIX2 (Supplementary Figure S2i). Notably, down-
regulated genes with SIX2 binding sites closer than 10 kb
include Wnt signalling-associated genes (Figure 2I), further

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae206#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae206#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae206#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae206#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae206#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae206#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae206#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae206#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae206#supplementary-data


8 Nucleic Acids Research, 2024

Figure 2. SIX2 depletion reduces cell stemeness via downregulation of Wnt/β-catenin signalling and β-catenin nuclear translocation. (A) SIX2 mRNA
expression in PCa cell lines normalised to GAPDH (n = 3). (B) Western blot shows SIX2 protein expression in PCa cell lines, GAPDH was used as loading
control. (C) GSEA of Hallmark gene sets in the SIX2 silenced PC-3 cells reveal negatively enriched gene sets related in cell proliferation and epithelial
mesenchymal transition. Curative gene sets enriched in the SIX2 silenced PC-3 cells reveal positive and negative enrichment of gene sets indicating
reduced stemness, epithelial mesenchymal transition (EMT) and Wnt signaling. (D) GSEA enrichement plot (left) and heatmap (right) for ‘β-catenin nuc
pathway’ in SIX2 silenced PC-3 cells compared to control. (E) Western blot shows protein expression of Wnt/β-Catenin activated targets in siCTRL and
siSIX2 PC-3 cells. (F) SIX2, SOX2, NANOG and CD44 mRNA expression normalised to GAPDH expression in SIX2 depleted PC-3 cells compared to
control (n = 3) (left) and protein expression of SIX2, SOX2, NANOG and CD44, GAPDH used as loading control (right). (G) PCC plot showing SIX2 binding
site correlation with published DNase-seq and ChIP-seq data. (H) Visualization of genomic loci of TCF7, FZD8 and WNT10b using IGV showing SIX2
occupancy. (I) Heatmap repressenting genes of Wikipathways:Wnt siganlign gene set that have SIX2 binding site closer than 10 kb of TSS and whose
expression is downregulated after SIX2 silencing. (J) Western blot of SIX2, β-catenin and SOX2 in control and SIX2 silenced PC-3 cell nuclear and
cytoplasmic protein fractions, LAMIN B1 and GAPDH used as loading controls (top) and the quantification of the protein expression in siCTRL and siSIX2
samples in comparison to loading controls was calculated and shown (bottom). (K) Visualization of nuclear localization of β-catenin in control versus
cytoplasmic localization in SIX2 silenced cells, ‘ β-catenin’ (green), ‘DAPI’ (blue), scale bar = 20 μm (top) and nuclear β-catenin fluorescence intensity
quantification (n = 5 per group). l Microscopy images of colony formation assay taken by IncuCyte on days 1 and 9 (top) and bar graph obtained by
calculating the count of cells from control and SIX2 silenced PC-3 cells with red nuclear stain (bottom) (n = 10).
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upporting the notion that SIX2 regulates cancer stemness
hrough direct transcriptional regulation of Wnt pathway lig-
nds and receptors. The combined results from RNA-seq and
hIP-seq suggest that SIX2 depletion leads to the reduced ex-
ression of Wnt pathway genes through direct regulation, po-
entially preventing β-catenin nuclear translocation and Wnt
ignalling-induced stemness and cell plasticity in AR-negative
rostate cancer cells.
To test whether SIX2 influences Wnt signalling by modu-

ating nuclear β-catenin, we assessed the nuclear and cyto-
lasmic compositions of β-catenin in response to SIX2 de-
letion. Western blot analysis was conducted in PC-3 and
CI-H660 cells, and fluorescence staining was performed in
C-3 cells. Concurrently, we determined the cellular localiza-
ion of the pluripotency factor SOX2 in response to silenced
IX2 using western blot. The results revealed that silencing
f SIX2 led to a reduction in nuclear β-catenin levels in PC-
(Figure 2J, K), suggesting that SIX2 can mediate its effects

y regulation of Wnt/β-catenin signalling. A modest reduc-
ion of nuclear β-catenin was also seen in NCI-H660 cells,
here an increase in cytoplasmic β-catenin was also observed

Supplementary Figure S2j). In addition, nuclear SOX2 lev-
ls decreased in response to SIX2 silencing in both PC-3 and
CI-H660 cells.
In the end, we aimed to confirm the effect of SIX2 silenc-

ng on the stem-like potential of AR-negative prostate cancer
ells. Clonogenic activity serves as a sensitive indicator of un-
ifferentiated cancer stem cells (35). Since AR-negative PC-3
rostate cancer cells are known to establish colonies from sin-
le cells, we explored whether SIX2 depletion could prevent
he formation of PC-3 cell colonies. We utilized PC-3 cells sta-
ly expressing a red nuclear label, grew single cell colonies
nd monitored the cell colony formation over 9 days using In-
uCyte S3 and fluorescence imaging. The results revealed that
IX2 silencing completely inhibits the ability of a single PC-3
ell to grow into a colony whereas single siCTRL control cells
ere capable of forming colonies in the culture (Figure 2K,
upplementary Figure S2k). These results indicate a reduced
ell stemness in SIX2-silenced cells.

In summary, our results show that SIX2 depletion reduces
tem cell-like plasticity via the direct regulation of Wnt lig-
nd expression, nuclear β-catenin, and the colony formation
apacity in AR-negative prostate cancer cells.

IX2 depletion induces MET and inhibits cell
roliferation

e showed that SIX2 silencing prevented Wnt signalling by
ecreasing the expression of Wnt pathway-related genes and
uclear β-catenin, leading to impaired colony formation in
C-3 cells. As Wnt signalling is also a key regulator of epithe-
ial mesenchymal transition (EMT), migration, invasion, and
roliferation, we further evaluated the effects of SIX2 deple-
ion on these cellular phenotypes in PC-3 cells. The GSEA in-
icated a reduced EMT in the RNA-seq data of SIX2-silenced
ells (Figure 2C). This suggests that SIX2 silencing induces
s shift from mesenchymal-like cells back to epithelial cells, a
rocess known as mesenchymal-epithelial transition (MET).
o assess the impact of SIX2 depletion on metastatic prop-
rties, we conducted a scratch wound assay using IncuCyte,
emonstrating that silencing SIX2 attenuated PC-3 cell mi-
ration (Figure 3B, Supplementary Figure S3). In addition,
e investigated spheroid growth and invasion by growing
SIX2-depleted PC-3 cells in spheroids surrounded by Cultrex
Basement Membrane Extract. The spheroid growth and the
invading of cells was monitored using IncuCyte S3. The re-
sults revealed that no invaded cells were observed in the sur-
rounding basement membrane after SIX2 depletion, unlike in
siCTRL-transfected control cells (Figure 3B). Finally, we ex-
plored whether SIX2 depletion induces MET in PC-3 cells
by analysing the protein expressions of mesenchymal mark-
ers SNAIL, SLUG, Vimentin, and N-cadherin, as well as ep-
ithelial markers Claudin-1 and E-cadherin, using western blot.
The results revealed that silencing SIX2 suppressed the pro-
tein expression of SNAIL and SLUG, known modulators of
EMT and invasion (Figure 3C). Moreover, the expression of
Vimentin and N-cadherin were suppressed (Figure 3C), while
Claudin-1 was increased (Figure 3D), confirming a transition
to an epithelial state in response to SIX2 silencing.

Analysis of the RNA-seq data revealed a downregulation of
genes encoding regulators of cell cycle progression, including
CCND1 (encoding Cyclin D1), in SIX2 depleted cells. This
was further validated by a decrease in the protein expres-
sion of Cyclin D1 using immunoblotting (Figure 2E). Con-
sidering that CCND1 is a key target gene of Wnt/β-catenin
signalling (36), we evaluated the effects of SIX2 silencing
on cell cycle regulation and cell proliferation. To monitor
cell cycle phases, we generated PC-3 cells stably expressing
fluorescence-tagged Cdt1 and Geminin, indicators of the cell
cycle, using IncuCyte Cell Cycle lentivirus reagent. Upon SIX2
knockdown using siRNA, we observed a 12% increase in the
G0-G1 population (P-value 0.0005) compared to the control
(Figure 3E). Using PC-3 cells with a stable red nuclear la-
bel, we detected decreased cell proliferation capacity in both
2D culture and 3D spheroid culture (Figure 3F), as well as
reduced spheroid growth (Figure 3G) in SIX2-silenced cells.
The decrease in Snail protein level was also observed in PC-
3 cells cultured in 3D spheroids (Supplementary Figure S4a).
In addition, overexpression of SIX2 led to an increase in
cell proliferation and a reduction in ENZ-induced apoptosis,
indicating conferred ENZ resistance in SIX2-overexpressed
cells (Figure 3H). Moreover, analysis of apoptosis using In-
cuCyte caspase-3/7 green dye revealed that SIX2 silencing in-
duces caspase-3/7-mediated apoptosis in PC-3 cells (Figure 3I,
Supplementary Figure S4b). Similar effects on cell apoptosis
were observed in NCI-H660 cells (Supplementary Figure S4c).

Taken together, these results confirm that SIX2 silencing in-
duces MET, reduces spheroid growth and invasion, inhibits
cell migration, and halts cell cycle progression in prostate can-
cer cells.

SIX2 depletion inhibits cell invasion in vivo in PC-3
cell zebrafish xenograft models

Our data revealed that SIX2 depletion reduces stemness and
metastatic potential of AR negative prostate cancer cells in
vitro. To assess the effect of SIX2 depletion on prostate can-
cer cell invasion in vivo, fluorescently stained SIX2-silenced
and control PC-3 cells were microinjected into yolk sacs of ze-
brafish embryos. For a longitudinal analysis of cell invasion,
the embryos were placed in 96-well plates. After 4 days, the
ability of cells to invade and form distant colonies was eval-
uated using intravital fluorescence microscopy (Figure 4A).
Fluorescence imaging and quantification revealed that while
control cells invaded rapidly and formed distant tumors in ze-
brafish head and tail, silencing of SIX2 significantly decreased

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae206#supplementary-data
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Figure 3. SIX2 is a potent regulator of EMT, migration and invasion. (A) Images from scratch wound assay of siCTRL and siSIX2 transfected PC-3 cells at
0 and 12 h post wound scratching (left). The scratch wound mask shown as cyan and migrated cells as blue. Relative wound density, ratio of the
occupied area of the initially scratched area to the total area of the scratch, as a function of time (right). Error bars indicate standard deviation about the
mean (n = 6). (B) Microscopy images showing the spheroids 0 and 3 days after adding Cultrex (left) and graph showing invading cell areas (μm2) in
siCTRL versus siSIX2 transfected PC-3 cells (right). Reported as mean ± SD (n = 5). (C) Western Blot shows protein expressions of EMT markers in
siCTRL and siSIX2 transfected PC-3 cells. (D) Expressions of epithelial marker proteins Claudin-1 and E-cadherin in siCTRL and siSIX2 transfected PC-3
cells assessed using western blot. (E) Cell cycle phases comparing PC-3 siSIX2 versus siCTRL reported as mean in percentage. P-value of two-tailed
unpaired t-test G0-G1 = 0.0005, G1/S < 0.0001, G2 = 0.004 (n = 6). (F) Proliferation of PC-3 cells following siRNA transfections reported as mean ± SD
(n = 6). (G) Representative images of PC-3 spheroids imaged on 3- and 10-days post siRNA transfections (left) and spheroid size reported as μm2

10-days post siRNA transfections in siCTRL versus siSIX2 transfected PC-3 cells reported as mean ± SD (n = 5) (right). (H) Bar graphs representing
confluence (left) and apoptotic cells (right) of DMSO and ENZ exposed CTRL and SIX2 OE cells (n = 8). (I) Bar graph representing siCTRL and siSIX2
PC-3 cell apoptosis reported as percentage of apoptotic cells, mean ± SD (n = 5).
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Figure 4. SIX2 depletion reduces invasion of PC-3 cells in vivo. (A) Timeline of zebrafish xenograft experiment. (B) Representative fluorescence
microscopy images of zebrafish four days post injection (dpi) with siCTRL and siSIX2 transfected cells (left). Fluorescence in green fluorescence
(CellTracker Green CMFDA) channel shown. Tumor cells invaded outside yolk sac are marked with an arrow and unspecific fluorescence in eye with an
asterisk (*). Quantification of PC-3 cells invaded outside yolk sac at 4 dpi (siCTRL n = 23, siSIX2 n = 23) (right).
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he number of invaded cells in zebrafish four days post injec-
ion (Figure 4B). These results underscore the role of SIX2 in
ediating the invasion of PC-3 prostate cancer cells in vivo.
oreover, SIX2 silencing led to a decreased number of invad-

ng cells per embryo compared to siCTRL cells also in an addi-
ional zebrafish in vivo dissemination assay. In this assay, siC-
RL and siSIX2 cells were injected into the zebrafish blood
ein, and the number of invaded cells was measured after 24
(Supplementary Figure S5).

iscussion

rostate cancer is a major global health concern, and second-
eneration AR pathway inhibitors such as ENZ or abiraterone
re widely used as a first-line therapy for advanced prostate
ancer (1,2). However, the development of resistance to AR
nhibitors is a clinical challenge. Lineage plasticity, wherein
rostate cancer cells switch their phenotype, is a contributor
o therapy resistance and metastatic spread (3–5). Identify-
ng novel regulators of cellular plasticity programs in prostate
ancer cells is critical for developing effective therapies and
vercoming resistance.
This study aimed to find novel transcriptional regulators

ssociated with increased lineage plasticity induced by ENZ
n prostate cancer cells. Through ATAC-seq analysis of ENZ-
ltered chromatin architecture, SIX2 emerged as one of the
op enriched motifs in long-term ENZ-exposed LNCaP cells.
nhibition of the AR pathway was coupled with increased ex-
ression of SIX2. Furthermore, elevated levels of SIX2 were
observed in AR-negative patient tumors compared to AR-
positive tumors, suggesting its potential role as a candidate
regulator of ENZ-induced plasticity and therapy resistance
in prostate cancer. Since the increased SIX2 expression re-
quires prolonged ENZ treatment, likely secondary and in-
direct events due to AR suppression causes the regulatory
change in SIX2. Our data suggests that this regulation may be
mediated via ENZ-induced GATA2 (32), whose binding site
is close to the SIX2 gene locus. Notably, GATA2 depletion led
to a significant downregulation of SIX2. However, the detailed
molecular mechanism of SIX2 gene regulation under AR sup-
pression requires further investigation.

SIX proteins are transcription factors that generally play a
pivotal role in embryonic developmental processes (37). Build-
ing on the observation that SIX2 plays a central role maintain-
ing cells in a stem cell stage during kidney development (12),
mediates cell stemness and mesenchymal phenotypes in breast
and lung cancer (15,17) we here discovered that depletion
of SIX2 reduces cell plasticity and stemness in AR-negative
prostate cancer cells. This occurs through the direct regula-
tion of stem cell programs, including Wnt signalling. Specif-
ically, the silencing of SIX2 reduces nuclear β-catenin and
Wnt/β-catenin signalling activity. Mechanistically, SIX2 binds
directly to the promoter regions of key components of Wnt
signalling pathway, such as Wnt ligands and Frizzled recep-
tors, thereby inducing their expression. Previously, activation
of WLS-Wnt signalling and FZD8 upregulation have reported
to promote progression of treatment-induced neuroendocrine
prostate cancer and prostate cancer metastasis (38–40).
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Consequently, the depletion of SIX2 results in reduced ex-
pression of these components and decreased activity of Wnt
signalling leading to decreased cancer stemness. This reduc-
tion leads to decreased expression of Wnt/β-catenin acti-
vated target proteins c-Myc, MMP7, MET, Cyclin D1 and
CD44 as well as known pluripotency regulators SOX2 and
NANOG. Moreover, our findings demonstrate that SIX2 de-
pletion blocks the ability of PC-3 cells to form colonies, indi-
cating reduced stemness.

In this study, we reported that SIX2 has an important
role in maintaining malignant properties of highly metastatic,
androgen-independent PC-3 cells. SIX2 has previously been
implicated in mediating late-stage metastasis in breast (16,17)
and lung (15) cancers by regulating the pluripotency factor
SOX2 and the epithelial marker E-cadherin expression. We
found that depletion of SIX2 in PC-3 prostate cancer cells ef-
fectively prevented metastatic properties including prolifera-
tion, migration, invasion and colony formation ability. Ad-
ditionally, SIX2 silencing significantly reduced invasion and
formation of distant colonies of PC-3 cells in prostate cancer
zebrafish in vivo models. Mechanistically, our results revealed
that SIX2 silencing activated mesenchymal to epithelial tran-
sition by reducing the expression of Wnt/β-catenin activated
target MMP7 as well as SNAIL and SLUG, which are tran-
scriptional regulators of EMT and cancer metastasis (41–43).

To summarize, our study reports for the first time, the role
for transcription factor SIX2 in modulating cell stemness and
plasticity in prostate cancer. In AR-negative, treatment resis-
tant phenotypes, the depletion of SIX2 reverses the pheno-
typic plasticity and stem cell lineage commitment associated
with prostate cancer treatment resistance, establishing SIX2
as a novel regulator of these plastic phenotypes in prostate
cancer. Our findings demonstrate that SIX2 silencing signifi-
cantly reduces malignant properties, including migration, in-
vasion, and colony formation ability of prostate cancer cells.
Moreover, we identify SIX2 as an early responsive gene for
ENZ that plays a pivotal role in mediating the subsequent
expression of c-Myc, MMP7, Cyclin D1, CD44, SOX2 and
NANOG among others in prostate cancer. Our study pro-
vides critical insights into how AR suppression induces the
expression of SIX2 transcription factor and how the depletion
of this potential phenotype and resistance-defining transcrip-
tion factor targets plasticity programs, including stemness and
Wnt signalling. Consequently, this depletion exhibits potent
inhibitory effects on cell proliferation, colony formation, and
metastasis both in vitro and in vivo. These findings emphasize
the importance of developing novel means to target and/or
suppress SIX2 in AR-negative prostate cancer tumors, aiming
to target and/or prevent metastatic antiandrogen treatment-
resistant phenotypes. However, as a transcription factor, di-
rect inhibition of SIX2 may be challenging. Thus, understand-
ing the regulation of SIX2 and its potential cofactors may be
important for enabling the targeting of the SIX2-controlled
transcriptional program in the future.
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Hofland,I., Šuštić,T., Wolters,L., Beijersbergen,R., et al. (2019)
TLE3 loss confers AR inhibitor resistance by facilitating
GR-mediated human prostate cancer cell growth. eLife, 8, e47430.

29. Malinen,M., Niskanen,E.A., Kaikkonen,M.U. and Palvimo,J.J.
(2017) Crosstalk between androgen and pro-inflammatory
signaling remodels androgen receptor and NF-κB cistrome to
reprogram the prostate cancer cell transcriptome. Nucleic Acids
Res., 45, 619–630.

30. Chen,Z., Lan,X., Thomas-Ahner,J.M., Wu,D., Liu,X., Ye,Z.,
Wang,L., Sunkel,B., Grenade,C., Chen,J., et al. (2015) Agonist and
antagonist switch DNA motifs recognized by human androgen
receptor in prostate cancer. EMBO J., 34, 502–516.

31. Rasool,R., O’Connor,C.M., Das,C.K., Alhusayan,M., Verma,B.K.,
Islam,S., Frohner,I.E., Deng,Q., Mitchell-Velasquez,E.,
Sangodkar,J., et al. (2023) Loss of LCMT1 and biased protein
phosphatase 2A heterotrimerization drive prostate cancer
progression and therapy resistance. Nat. Commun., 14, 5253.

32. Yuan,F., Hankey,W., Wu,D., Wang,H., Somarelli,J., Armstrong,A.J.,
Huang,J., Chen,Z. and Wang,Q. (2019) Molecular determinants
for enzalutamide-induced transcription in prostate cancer. Nucleic
Acids Res., 47, 10104–10114.

33. Hepburn,A.C., Steele,R.E., Veeratterapillay,R., Wilson,L.,
Kounatidou,E.E., Barnard,A., Berry,P., Cassidy,J.R., Moad,M.,
El-Sherif,A., et al. (2019) The induction of core pluripotency
master regulators in cancers defines poor clinical outcomes and
treatment resistance. Oncogene, 38, 4412–4424.

34. Tang,D.G., Patrawala,L., Calhoun,T., Bhatia,B., Choy,G.,
Schneider-Broussard,R. and Jeter,C. (2007) Prostate cancer
stem/progenitor cells: identification, characterization, and
implications. Mol. Carcinog., 46, 1–14.

35. Rajendran,V. and Jain,M.V. (2018) In Vitro Tumorigenic Assay:
Colony Forming Assay for Cancer Stem Cells. In: Papaccio,G. and
Desiderio,V. (eds.) Cancer Stem Cells: Methods and Protocols.
Springer, NY, pp. 89–95.

36. Shtutman,M., Zhurinsky,J., Simcha,I., Albanese,C., D’Amico,M.,
Pestell,R. and Ben-Ze’ev,A. (1999) The cyclin D1 gene is a target
of the β-catenin/LEF-1 pathway. Proc. Natl. Acad. Sci. U.S.A., 96,
5522–5527.

37. Kumar,J.P. (2009) The sine oculis homeobox (SIX) family of
transcription factors as regulators of development and disease.
Cell. Mol. Life Sci., 66, 565–583.

38. Bland,T., Wang,J., Yin,L., Pu,T., Li,J., Gao,J., Lin,T.P., Gao,A.C. and
Wu,B.J. (2021) WLS-Wnt signaling promotes neuroendocrine
prostate cancer. iScience, 24, 101970.

39. Li,Q., Ye,L., Zhang,X., Wang,M., Lin,C., Huang,S., Guo,W., Lai,Y.,
Du,H., Li,J., et al. (2017) FZD8, a target of p53, promotes bone
metastasis in prostate cancer by activating canonical
Wnt/β-catenin signaling. Cancer Lett., 402, 166–176.



14 Nucleic Acids Research, 2024
40. Murillo-Garzón,V., Gorroño-Etxebarria,I., Åkerfelt,M.,
Puustinen,M.C., Sistonen,L., Nees,M., Carton,J., Waxman,J. and
Kypta,R.M. (2018) Frizzled-8 integrates Wnt-11 and transforming
growth factor-β signaling in prostate cancer. Nat. Commun., 9,
1747.

41. Kaufhold,S. and Bonavida,B. (2014) Central role of Snail1 in the
regulation of EMT and resistance in cancer: a target for
therapeutic intervention. J. Exp. Clin. Cancer Res., 33, 62.
Received: July 11, 2023. Revised: February 29, 2024. Editorial Decision: March 2, 2024. Accepted: M
© The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Lice
distribution, and reproduction in any medium, provided the original work is properly cited.
42. Uygur,B. and Wu,W.S. (2011) SLUG promotes prostate cancer cell
migration and invasion via CXCR4/CXCL12 axis. Mol. Cancer,
10, 139.

43. Chatterjee,K., Jana,S., DasMahapatra,P. and Swarnakar,S. (2018)
EGFR-mediated matrix metalloproteinase-7 up-regulation
promotes epithelial-mesenchymal transition via ERK1-AP1 axis
during ovarian endometriosis progression. FASEB J., 32,
4560–4572.
arch 11, 2024

nse (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkae206/7637889 by Turku U

niversity user on 02 April 2024


	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflict of interest statement
	References

