
ETS transcription factor ELF3 (ESE-1) is a cell cycle
regulator in benign and malignant prostate
Leanne K. Archer1, Fiona M. Frame1 , Hannah F. Walker1, Alastair P. Droop3,
Georgina L. K. McDonald1, Samuel Kucko1, Daniel M. Berney2, Vincent M. Mann1,
Matthew S. Simms4 and Norman J. Maitland1

1 Cancer Research Unit, Department of Biology, University of York, Heslington, UK

2 Department of Molecular Oncology, Barts Cancer Institute, Queen Mary University of London, UK

3 Experimental Cancer Genetics, Wellcome Sanger Institute, Hinxton, UK

4 Department of Urology, Castle Hill Hospital, Cottingham, UK

Keywords

cell cycle; ELF3; patient samples; prostate;

prostate cancer; siRNA

Correspondence

F. M. Frame, Cancer Research Unit,

Department of Biology, University of York,

Heslington YO10 5DD, UK

E-mail: fiona.frame@york.ac.uk

(Received 23 December 2021, revised 23

March 2022, accepted 25 April 2022)

doi:10.1002/2211-5463.13417

This study aimed to elucidate the role of ELF3, an ETS family member in

normal prostate growth and prostate cancer. Silencing ELF3 in both

benign prostate (BPH-1) and prostate cancer (PC3) cell lines resulted in

decreased colony-forming ability, inhibition of cell migration and reduced

cell viability due to cell cycle arrest, establishing ELF3 as a cell cycle regu-

lator. Increased ELF3 expression in more advanced prostate tumours was

shown by immunostaining of tissue microarrays and from analysis of gene

expression and genetic alteration studies. This study indicates that ELF3

functions not only as a part of normal prostate epithelial growth but also

as a potential oncogene in advanced prostate cancers.

The prototype ETS (E26 transformation-specific) fac-

tors were originally discovered due to their integral

roles in leukaemias and cancers, and of the 28 family

members detected in the human genome, an increasing

number of ETS family members have since been linked

to various different cancers [1-5]. In prostate cancer

(PCa), ERG is the most overexpressed oncogene in

patient tumour samples and the TMPRSS2-ERG

fusion, which can be formed by translocation or inter-

stitial deletion, is a suspected driver of tumourigenesis

in about 50% of prostate cancers [6-8]. More recently,

additional key roles for other members of the ETS

family in PCa are emerging [9-14].

Within the ETS transcription factor family, there is

a subset of genes whose expression is limited to

epithelial cells; ESE2, ESE3 and ELF3 (also known

as ESE1) are highly related and form a distinct

gene subfamily. The GGAA-binding set of ETS

factors all display important roles in epithelial cell

differentiation. Notably, there is now mounting evi-

dence that several of these factors can play a role in

PCa [15-18].

Two key studies addressing the role of ELF3 (E74-

like transcription factor-3) in PCa produced conflicting

results. First, ELF3 was described as a tumour repres-

sor of PCa [12] by interfering with androgen receptor

Abbreviations

AMACR, alpha-methylacyl-CoA racemase; APES, 3-Aminopropyltriethoxysilane; AR, androgen receptor; BCA, bicinchoninic acid; BPH, benign

prostatic hyperplasia; CB, committed basal; CRPC, castration-resistant prostate cancer; DAPI, 40,6-diamidino-2-phenylindole; DAVID,

database for annotation, visualization and integrated discovery; ELF3, E74-like transcription factor-3; ETS, E26 transformation-specific; FCS,

fetal calf serum; GO, gene ontology; LIMMA, linear models for microarray and RNA-seq data; MDS, multidimensional scaling; NE,

neuroendocrine; PCa, prostate cancer; PFA, paraformaldehyde; RIN, RNA integrity number; RIPA, radioimmunoprecipitation assay; RP,

radical prostatectomy; SC, stem cell; SCM, stem cell media; TA, transit amplifying; TAC, transcriptome analysis console; TMA, tissue

microarray; TRUS, transrectal ulstrasound; TURP, trans-urethral resection of the prostate.

1365FEBS Open Bio 12 (2022) 1365–1387 ª 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.

https://orcid.org/0000-0002-2377-1110
https://orcid.org/0000-0002-2377-1110
https://orcid.org/0000-0002-2377-1110
mailto:


(AR) DNA binding, resulting in repression of AR tar-

get genes, which are drivers of PCa. Knocking down

ELF3 in the LNCaP cell line model led to increased

cell migration and proliferation, whilst overexpression

of ELF3 in an LNCaP xenograft model repressed

tumour growth. There were also some indications that

ELF3 protein loss was associated with PCa progres-

sion following immunohistochemical analysis of

patient tissue sections in a small patient cohort (29

patients).

In contrast, the second key study [19] described

ELF3 as an oncogenic driver of PCa, based on the

detection of high levels of ELF3 mRNA in patient

data sets and elevated expression of ELF3 protein in

63% of 207 tumours. Only low ELF3 expression was

seen in normal tissues. The proposed mechanism by

which ELF3 might drive tumour progression was

through a positive feedback loop with NFkappaB,

which upregulates ELF3 in model systems. In addi-

tion, ELF3 overexpression in 22RV1 xenografts

resulted in larger and faster growing tumours [19].

A number of proposals for the use of small molecule

inhibitors of ETS factors as cancer therapies have

recently been reported (reviewed by Hsing et al. [20]),

but their deployment against ELF3 in PCa is critically

dependent on whether the transcription factor is acting

to suppress or to promote cancer cell growth. To

resolve this, we examined the effects of silencing of

ELF3 in prostate epithelial cells of malignant and non-

malignant origins.

Materials and methods

Culture of cell lines

Cell lines were maintained at 37 °C with 5% CO2. BPH-1

cells were cultured in RPMI plus 5% fetal calf serum

(FCS), and PC3 cells were cultured in Hams-F12 media

plus 7% FCS. Both had 2 mM L-Glutamine. The PC3

cell line was obtained from ATCC (CRL-1435). The BPH-

1 cell line was gifted by Professor Simon Hayward, Direc-

tor, Cancer Biology, NorthShore University HealthSystem.

The PNT1a cell line was gifted from P. Berthon (cur-

rently, these cells are available from ECACC - 95012614).

The PNT2-C2 cell line was obtained from ECACC

(95012614). The P4E6 cells were derived in York (cur-

rently available from ECACC - 10112301). The Du145 cell

line was obtained from ATCC (HTB-81). The LNCaP cell

line was obtained from ATCC (CRL-1740). The 22RV1

cell line was obtained from ATCC (CRL-2505). The origi-

nal references for all these cell lines are referenced in

Fig. S2. PNT1a, PNT2-C2, LNCaP and Du-145 cells were

cultured in RPMI plus 10% FCS.

Culture of primary prostate epithelial cells

A detailed account of primary prostate tissue processing

and cell culture is described in Frame et al. [21], including

the components of stem cell media (SCM), which is used to

grow primary epithelial prostate cell cultures. Informed

consent (written) was obtained from all patients for tissue

involved in the study. Prostate tissue was obtained from

patients with ethical permission and consent by a tissue

procurement officer (Ethics Number: 07/H1304/121) from

Castle Hull Hospital, Cottingham, Hull. Experiments were

performed in accordance with the standards set by the Dec-

laration of Helsinki. Patient tissue was anonymised and

derived from either benign prostatic hyperplasia (BPH) by

transurethral resection of the prostate (TURP) or targeted

needle core biopsies of tumours and adjacent normal tissue

following radical prostatectomy (RP). Cancer cores were

taken from palpable tumours when possible or alternatively

from cancerous areas detected by MRI and transrectal

ultrasound (TRUS) biopsies. Patient-derived primary

epithelial cells were cultured on collagen-I coated 10 cm

dishes (BD Biosciences, Franklin Lakes, NJ, USA) with

murine STO fibroblast feeder cells (irradiated at 60 Gy)

and maintained with fresh SCM every other day and pas-

saged at a ratio of 1 : 2–1 : 4 by trypsinisation. Following

the first passage after processing, STOs were no longer

used. Irradiation of STOs was carried out using an X-RAD

iR225 irradiator. Notably, primary prostate epithelial cells

are not luminal cells because luminal cells cannot be cul-

tured as they are terminally differentiated; however, these

primary prostate epithelial cells can be pushed to differenti-

ate in differing culture conditions [22,23] and several stud-

ies have shown that the primary cells from cancers are

different to the primary cells from BPH, using measure-

ments such as invasiveness, drug response and the presence

of TMPRSS2:ERG fusion, thus making them a valid model

to study PCa [24].

Selection of transit amplifying (TA) and

committed basal (CB) cells

Transit amplifying and CB cells were enriched from

patient-derived primary prostate epithelial cell cultures

using cell surface markers, as described previously by Col-

lins et al. and Frame et al. [21,25]. TA cells are defined as

a2b1-integrin
high and CB cells are a2b1-integrin

low. Thus,

a2b1-integrin expression allows enrichment of TA cells by

rapid collagen adherence.

siRNA transfection of prostate cell lines

Silencer Select siRNAs (ThermoFisher Scientific, Waltham,

MA, USA) were used to knock down ELF3 expression in

prostate cell lines and patient-derived primary epithelial

cells. Cells were plated at a density of 4 9 104 – 3 9 105 to
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adhere overnight. A 10 lM stock of ELF3 siRNA (siELF3,

Assay ID: s4623) or scrambled siRNA (siSCR, Negative

control no. 1) was added to OptiMEM reduced serum med-

ium to produce mix 1 and Lipofectamine RNAiMAX

(Invitrogen, Waltham, MA, USA) was added to OptiMEM

to produce mix 2. The mixtures were added together at a

ratio of 1 : 1 and incubated for 15 min at room tempera-

ture. The transfection mix was then added dropwise into

media of wells. Cells were harvested at various time points

for protein analysis and functional assays.

Preparation of RNA for microarray analysis

RNA was extracted from cells using the RNeasy Mini Kit

(QIAGEN, Germantown, MA, USA). Sample sets were in

triplicate and included un-transfected, mock transfected,

siSCR and siELF3 transfected BPH-1 and PC3 cells. The

RNA integrity number (RIN) of all samples was 9.8 or

above (analysed by an Agilent Bioanalyzer, Santa Clara,

CA, USA). Each sample was carried out in duplicate to

also obtain protein for western blot analysis. ELF3 knock-

down was verified at the protein level before microarray

analysis.

Microarray data analysis

An Affymetrix Clariom D gene expression microarray was

performed by Eurofins Genomics on RNA. TRANSCRIPTOME

ANALYSIS CONSOLE (TAC) Software 4.0 was used to analyse the

data (ThermoFisher Scientific). A significance threshold of

twofold increase or decrease and a P-value < 0.05 was used.

Gene ontology (GO) analyses were carried out using the

Database for Annotation, Visualization and Integrated Dis-

covery (DAVID) and visualised using REViGO. Data were

also analysed using LIMMA (Linear Models for Microarray

and RNA-seq Data) within the R numerical environment,

with a false discovery rate threshold of 0.025 after empirical

Bayes smoothing of the standard errors [26,27]. Multidimen-

sional scaling (MDS) showed that BPH-1 and PC3 cells were

different from each other and samples within each set were

consistent and could therefore be compared.

Protein extraction and quantification

Cells were harvested using trypsin, and the resulting pellets

were lysed in radioimmunoprecipitation assay (RIPA) buf-

fer or CytoBuster lysis buffer (Novagen, Malvern, Worces-

tershire, UK) with the addition of protease inhibitors

(cOmpleteTM, Mini, EDTA-free Protease Inhibitor Cocktail,

Roche, Munich, Germany). Phosphatase inhibitors were

also added if appropriate (PhosSTOP Roche). A Bicin-

choninic acid (BCA) assay (Thermofisher Scientific) was

used to quantify protein concentration from whole-cell

lysates according to the manufacturer’s instructions.

SDS-PAGE gel electrophoresis and western

blotting

8–12% Tris-SDS acrylamide gels were prepared using the

Bio-Rad (Watford, Hertfordshire, UK) Protean II system.

20–30 µg of protein lysate was added to 49 Laemmli Sam-

ple Buffer (Bio-Rad) and heated to 95 °C for 5 min. Sam-

ples were added to wells with the Precision Plus Protein

Kaleidoscope ladder (Bio-Rad) in a separate lane. Proteins

were subjected to electrophoresis and then transferred to

Immobilon-P membrane (Millipore, Watford, Hertford-

shire, UK) using the Bio-Rad Protean II system in transfer

buffer [48 mM Tris, 39 mM glycine, 10% (v/v) methanol].

Membranes were then blocked with 5% (w/v) non-fat

skimmed milk (Marvel, Marvel milk, Premier Foods, St

Albans, Hertfordshire, UK) at room temperature for 1 h.

Primary antibody diluted in 1% (w/v) Marvel or 5% (w/v)

BSA in TBST [150 mM NaCl, 50 mM Tris-HCl pH 7.5,

0.1% (v/v) Tween 20] was added and incubated overnight

at 4 °C. The following day, membranes were washed in

TBST buffer three times for 5 min. Membranes were incu-

bated with secondary antibodies (goat anti-rabbit IgG

HRP-linked, Cell Signalling Technologies or goat anti-

mouse IgG HRP-linked, Affinipure, Baltimore, PA, USA)

for 1 h at room temperature at a concentration of

1 : 10 000. After washing in TBST, the BM Chemilumines-

cence Blotting Substrate (Roche) was used to develop the

membranes. Membranes were exposed to hyperfilm ECL

(GE Healthcare, Chicago, IL, USA) and processed using

an X-ray processor (SRX-101A, Konica Minolta, Chiyoda

City, Tokyo, Japan). A list of antibodies used is presented

in Table S1.

Paraffin-embedding and sectioning of tissue

Small segments of prostate tissue biopsies and TURPs were

submerged in formalin overnight. The following day, the

tissue was moved to a histocassette and placed in 70%

ethanol until paraffin-embedding. Prepared tissues in histo-

cassettes were transferred from storage in 70% ethanol into

fresh 70% ethanol for 10 min. Histocassettes were then

placed in 100% ethanol 3 9 10 min, propan-2-ol

2 9 10 min and xylene 4 9 10 min. Four paraffin wax pots

were melted in an oven at 60 °C, and the histocassettes

were placed in each pot for 15 min consecutively. The sam-

ples were removed from the histocassette, then placed and

orientated in metal moulds partially filled with molten wax.

The lid of the histocassette was placed on top of the sam-

ple, and the mould was filled up with molten wax. The

samples were set on a cold plate for 20 min and removed

from the mould. Samples were stored at room temperature

until sectioning. SuperFrost Plus Slides (ThermoFisher Sci-

entific) were first coated in 3-Aminopropyltriethoxysilane

(APES) as follows: submerged in 2% APES in acetone for

1 min, 29 acetone washes, 29 distilled water washes and
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placed on a slide dryer overnight. Paraffin-embedded tis-

sues were sectioned on a Leica RM2235 microtome. Sec-

tions were 5 lm thick and placed on APES-coated slides

and placed on a slide dryer overnight.

Immunohistochemistry (IHC) of paraffin-

embedded prostate tissue

Paraffin-embedded prostate tissue sections were baked at

45 °C for 20 min on a slide dryer. Deparaffinisation and

rehydration were performed by immersing slides in the fol-

lowing baths; xylene 2 9 10 min, xylene 1 9 1 min, 100%

ethanol 3 9 1 min and 70% ethanol 1 9 1 min. Slides

were then washed for 5 min under running tap water.

Heat-induced epitope retrieval (HIER) was carried out in

sodium citrate buffer (pH 6) using the 2100 Antigen Retrie-

ver (Aptum Biologics, Southampton, Hampshire, USA)

pressure cooker. Slides were washed three times in PBS for

5 min on an orbital shaker. A PAP pen (Dako, Santa

Clara, CA, USA) was used to create a hydrophobic barrier

around each tissue section, which was subsequently blocked

in 10% (v/v) FCS in PBS for 1 h at room temperature in a

dark moist box. The block was removed and sections were

incubated in primary antibody diluted in 10% (v/v) FCS in

PBS overnight at 4 °C in the box. The following day, slides

were washed three times in PBS for 5 min and treated with

3% (v/v) hydrogen peroxide in PBS for 30 min to remove

endogenous peroxidases. Slides were rinsed in PBS and

then incubated with the secondary biotinylated antibody

diluted in 10% (v/v) FCS in PBS for 30 min at room tem-

perature. After washing three times in PBS for 5 min, they

were then incubated with the tertiary antibody

(streptavidin-HRP) diluted in 10% FCS for 30 min at

room temperature. Slides were washed twice in PBS for

5 min, and sections were then incubated with diaminoben-

zidene (ImmPACT DAB peroxidase substrate, Vector Lab-

oratories, Burlingame, CA, USA) until sections started to

turn brown (10 s – 2 min). Following rinsing in distilled

water and then running tap water for 5 min, sections were

counterstained with haematoxylin for 3 s, rinsed with water

and then dehydrated through the following baths; 70%

ethanol 1 9 1 min, 100% ethanol 3 9 1 min and xylene 2

9 1 min. The slides were then mounted with DPX (Sigma-

Aldrich) and covered with a coverslip. Primary and sec-

ondary antibodies used are shown in Table S2.

IHC using the ImmPRESS excel amplified HRP

polymer staining kit

The ImmPRESS Excel Amplified HRP Polymer Staining

Kit (anti-rabbit IgG kit: MP-7601, anti-mouse IgG kit:

MP7602, Vector Laboratories) was employed to amplify

signal of potentially weakly expressed antigens. Baking,

deparaffinisation, hydration and antigen retrieval was car-

ried out as described above. All further reagents used were

provided in the kit. The following day, sections were incu-

bated with BLOXALL blocking solution for 10 min to

quench endogenous peroxide activity and subsequently

washed in running water for 10 min. Sections were then

blocked in 2.5% normal horse serum for 20 min. The block

was removed and sections were incubated in primary anti-

body diluted in 2.5% normal horse serum overnight at

4 °C in a dark moist box. Slides were washed three times

in TBST for 5 min and then incubated with Amplifier Anti-

body for 15 min followed by another two washes in TBST

for 5 min. Sections were then incubated with ImmPRESS

Excel Reagent for 30 min and washed once in TBST and

then in dH2O for 5 min. Equal volumes of ImmPACT

DAB EqV Reagent 1 and 2 were combined and added to

sections until they turned brown (10 s – 2 min). Sections

were then rinsed in dH2O followed by running tap water.

Slides were counterstained with haematoxylin for 3 s,

rinsed with water and dehydrated and mounted as above.

Immunocytochemistry (ICC) – fixed cells

Cells were plated onto 8-well chamber slides and left to

adhere overnight (~ 10 000 cells per well). Following two

PBS washes, cells were then fixed with either 200 lL 4%

paraformaldehyde (PFA) pH 7.4 for 10 min at room tem-

perature or 1 : 1 methanol:acetone for 30 s at room tem-

perature. After washing in PBS three times for 5 min, cells

were permeabilised using 200 lL 0.5% (v/v) Triton X-100

in PBS for 10 min at room temperature. Following a fur-

ther three PBS washes for 5 min, cells were then blocked in

10% (v/v) goat serum in PBS for 1 h at room temperature.

Cells were then incubated with primary antibody diluted in

10% goat serum overnight at 4 °C. Secondary antibody

only controls were performed by incubating in 10% goat

serum only overnight. Primary and secondary antibodies

used are shown in Table S3. The following day, slides were

washed three times in PBS for 5 min and incubated with

200 lL secondary antibody at a dilution of 1 : 1000 in

10% goat serum. Cells were washed a final five times with

PBS for 5 min whilst protected from light and the cham-

bers were then removed. Nuclear staining was performed

using Vectashield mounting medium with 40,6-diamidino-2-

phenylindole (DAPI) (Vector Laboratories) and slides cov-

ered with a coverslip (22 9 50 mm, SLS) and sealed. Slides

were analysed on a Leica DMIL LED fluorescent micro-

scope or a Zeiss LSM 880 confocal microscope.

Cell viability alamarBlue assay

Cells were plated in 24-well plates in triplicate at a density

of 4 9 104 BPH-1 cells per well and 6 9 104 PC3 cells per

well and left to adhere overnight in 500 lL media. The fol-

lowing day, cells were transfected to knock down ELF3. At

days 1, 2 and 3, 50 lL of alamarBlue reagent (diluted

1 : 10 in the corresponding media for each cell line) was
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added to each well and incubated at 37 °C for 2 h. Fluo-

rescence intensity was determined using a microplate reader

(Polarstar Optima, BMG Labtech, Ortenberg, Germany) at

excitation/emission values of 544/590 nm. As cells were

approaching confluency at day 3, they were trypsinised and

replated at the original plating density and viability was

analysed on days 4, 5 and 6.

Cell adhesion assay

To assess the effect of ELF3 knockdown on cell adhesion,

BPH-1 cells, following knockdown, were detached by incu-

bation with trypsin and replated in a 6-well plate at three

different densities; low (40 000), medium (100 000) and

high (300 000). Cells were left to adhere for 4 h at which

point non-adherent cells were washed off and adherent cells

were trypsinised and counted using the Vi-Cell Cell Viabil-

ity Analyser (Beckman Coulter, Brea, CA, USA).

Wound healing assay

Cells were plated onto 12-well plates in triplicate (2 9 105

BPH-1, 2.5 9 105 PC3 per well) and left to adhere over-

night. Cells were transfected the following day to knock

down ELF3. At 24 h post-transfection, a wound was made

in the confluent monolayer. Images were taken at zero

hours using an EVOS XL transmitted light microscope

(AMG) at 109. The end point was determined by monitor-

ing the wounds until the first triplicate set of one condition

(mock, siSCR or siELF3) had closed. The mean width of

the wounds was determined between 10 points using Image

J software [28]. Per cent wound closure was calculated at

the end point relative to the zero hour images.

Colony-forming assay

Colony-forming assays were carried out by plating 200

BPH-1 or PC3 cells into 12-well plates in triplicate. Cells

were plated 24 h after knockdown treatment (mock, siSCR

or siELF3) and were supplemented with fresh media every

2 days. At day 7, cells were stained with crystal violet [1%

(w/v) crystal violet, 10% (v/v) ethanol in PBS]. Colonies

consisting of > 32 cells were counted (representative of 5

population doublings) [29,30].

Cell cycle analysis

Cell cycle analysis was carried out by flow cytometry using

the Click-iT Plus EdU Pacific Blue Flow Cytometry Kit

(ThermoFisher Scientific) and propidium iodide according to

the manufacturer’s instructions. Briefly, 4 9 104 BPH-1 and

8 9 104 PC3 cells were plated onto a 12-well plates. The fol-

lowing day, cells were transfected to knock down ELF3. On

days 1, 2 and 3, post-transfection cells were treated with

10 lM EdU. After 4 h, cells were harvested and washed in

3 mL 1% BSA in PBS. The pellet was resuspended in

100 lL Click-iT fixative and incubated at room temperature

for 15 min away from light. Cells were washed in 3 mL 1%

BSA in PBS and then stored in PBS at 4 °C until they were

to be analysed by flow cytometry. Cells were centrifuged and

resuspended in 100 lL of 19 Click-iT saponin-based perme-

abilisation and wash reagent and incubated at room temper-

ature for 15 min. 500 lL of the Click-iT Plus reaction

cocktail (437.5 lL PBS, 10 lL copper protectant, 2.5 lL flu-

orescent dye picolyl azide, 50 lL reaction buffer additive)

was added to each tube, mixed well and incubated at room

temperature for 30 min away from light. Cells were then

washed in 19 Click-iT saponin-based permeabilisation and

wash reagent, centrifuged and resuspended in 400 lL of the

same reagent. A total of 50 lL of RNase A (1 mg�mL�1,

Sigma) and 50 lL propidium iodide (400 lg�mL�1, Sigma)

were added to each sample and incubated at 37 °C for

30 min before analysing on the flow cytometer.

Results were analysed using Summit software. The cell

population of interest was gated using a FS Lin/SS Log

histogram, and doublets were excluded using a PE-Texas

Red Lin/PE-Texas-Red Area histogram. PE-Texas Red

Area/Violet 1 Log was used to determine the proportion of

cells in G1, S and G2 phases of the cell cycle. At least

10 000 events were collected for significance.

CRISPR protocol

To permanently knock down ELF3 in the BPH-1 cell line,

CRISPR technology was used. Elf3 CRISPR lentiviral par-

ticles (Target ID Hs0000109975 Exon2) (SIGMA) were

applied to cells as per manufacturer’s instructions. Briefly,

cells were infected with lentiviruses, and 48 h later, puro-

mycin 1 µg�mL�1 was added. Puromycin selection was

applied for 11 days and cells plated at low density. Multi-

ple colonies grew out and were ring-cloned and expanded.

Cells were then pelleted for RNA, DNA and protein. PCR

and sequencing was carried out to validate clones after

cleaning the PCR product with Qiagen PCR Cleanup Kit.

(Primers used: Elf3_Ex1_Crispr_F CAT CCT CTC TCC

CCC TAC CC and Elf3_Ex1_Crispr_R TGA GAC CCA

CCT GTA CCC TC). CRISPR-treated clones with various

genetic changes, but low/no expression of ELF3, were com-

pared with mock-infected puromycin-resistant clones by

Affymetrix Clariom D gene expression microarray.

Statistical analyses

Unless otherwise stated, statistical analyses were carried out

using GRAPHPAD PRISM 6/7 software (San Diego, CA, USA).

Functional assays were carried out in technical triplicate (at

the same time with the same batch of cells) and biological

triplicate (at a separate time point with a different batch of
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cells). Significance was calculated on at least three biological

replicates using tests described in figure legends. Results

were expressed as the mean with associated standard devia-

tion unless otherwise stated. Statistical significance was rep-

resented on graphs as *P = 0.01 to 0.05, **P = 0.001 to

0.01, ***P = 0.0001 to 0.001, ****P < 0.0001.

Results

ELF3 is expressed in the committed basal cell

population of the prostate

ELF3 mRNA expression levels were originally mea-

sured in an Affymetrix gene expression microarray

originally carried out in our laboratory, on enriched

stem cell (SC) and committed basal (CB) epithelial cell

populations derived from both human BPH and PCa

tissue [31]. A total of seven BPH and twelve PCa tis-

sues were processed and enriched for SC (a2b1hi/
CD133+) and CB cells (a2b1lo/CD133-). There was a

significant increase in ELF3 gene expression in CB

cells compared with SC across three individual probes

(Fig. 1A). However, there was no significant difference

in ELF3 gene expression between benign and malig-

nant samples when cell types were pooled (Fig. 1B).

At the protein level, initial western blots indicated

that lysates containing whole unfractionated popula-

tions from patient-derived primary epithelial cell cul-

tures and lysates from primary stromal cell cultures

did not express detectable ELF3, the latter being

expected for an epithelial-specific gene (Fig. S1). BPH

and PCa tissues were then cultured and enriched for

transit amplifying TA (a2b1hi/CD133-) and CB sub-

populations. ELF3 was consistently expressed in the

CB population of both BPH (n = 4) and PCa (n = 4)

samples (Fig. 1C). There was very little expression or

no detection of ELF3 in the TA population of any

samples. Stem cells constitute a very small percentage

of the TA progenitor cell population (< 0.1%). Fur-

thermore, there was no differential expression between

BPH and PCa.

Immunohistochemistry of formalin-fixed, paraffin-

embedded BPH tissue localised ELF3 staining to the

basal layer of the basal/luminal epithelial bilayer in

prostate acini (Fig. 1D). Nkx3.1 was used as a control

for nuclear staining in luminal epithelial cells (small

image in Fig. 1D).

To model ELF3 expression profiles in a panel of

prostate cell lines, ELF3 protein expression was mea-

sured by western blotting (Fig. S2). Here, ELF3 was

most highly expressed in the normal PNT2-C2 cell line,

but was only expressed at relatively low levels in the

PNT1a cell line (also derived from normal prostate):

both represent androgen-independent cells. The BPH-1,

PC3 and Du145 cell lines showed moderate expression,

whilst P4E6, LNCaP and 22RV1 expressed relatively

low levels of ELF3.

ELF3 knockdown reduces viability, wound

healing and colony-forming ability in both

benign and cancerous prostate epithelial cell

lines

As ELF3 was expressed in prostate basal epithelial

cells, BPH-1 and PC3 cells were considered appropri-

ate representative cell lines to initially characterise the

effects of ELF3 knockdown in prostate benign and

cancer cells, as they both express significant levels of

ELF3 and do not have the characteristics of a luminal

cell phenotype. ELF3 siRNA transfection sustained

knockdown for at least 6 days post-transfection

(Fig. S3). This ensured that ELF3 expression remained

at a very low level for the duration of all the func-

tional experiments that were carried out. In both

BPH-1 and PC3 cells, the viability of cells with ELF3

knockdown decreased significantly relative to scram-

bled siRNA-transfected cells on day 3 with a larger

decrease following replating at days 4, 5 and 6

(Fig. 2A,B). In both BPH-1 and PC3, cells viability

had decreased by around 60–70% by day 6. Cell motil-

ity was also significantly decreased following ELF3

knockdown in both BPH-1 and PC3 cells (Fig. 2C–F).
Whilst BPH-1% wound closure was decreased by

around 60% by ELF3 knockdown, PC3 cells had a

more modest decrease of around 20% compared with

the scrambled siRNA control.

ELF3 knockdown significantly decreased the colony-

forming ability of prostate epithelial cell lines

(Fig. 3A–D). BPH-1 cells with ELF3 knockdown had

about 60% decrease in colony formation, whilst PC3

cells had around a 60–70% decrease in colony forma-

tion relative to scrambled siRNA-transfected cells.

Morphology of cell colonies was also analysed post-

transfection using tubulin and phalloidin staining

(Fig. 3E,F). The colonies of BPH-1 cells transfected

with siELF3 were more compact, with cells closer

together, and with higher concentration of tubulin and

phalloidin around the edge of the cells on the outside

of the colonies. This effect was not as pronounced in

PC3 cells perhaps due to the different nature of

growth of PC3 cells with less condensed colony forma-

tion compared with BPH-1.

As the most significant decrease in cell viability did

not occur until after replating the transfected cells

(Fig. 2A,B), it was hypothesised that some cells with

ELF3 knockdown had disrupted adhesion capabilities.
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Fig. 1. ELF3 is expressed in basal epithelial cells of human prostate. (A, B) Affymetrix gene expression arrays were carried out on the

sorted cell populations from BPH (n = 7) and PCa (n = 12) tissues obtained from patients. ELF3 gene expression was compared between

stem cell (SC) and committed basal (CB) cell populations, and between benign and malignant samples, derived from BPH and cancer

tissues. RPLPO (ribosomal protein lateral stalk subunit P0) and PDYN (prodynorphin) were used as positive and negative control genes,

respectively. Black horizontal bars indicate mean and coloured bars indicate individual patient samples. Tables indicate the P values of

individual ELF3 probes in SC vs. CB (A) and BPH vs. cancer (B). Statistical significance was measured using the Student’s T-test (unpaired,

two-tailed). Significant values are highlighted in blue. Data generated by mining array from Birnie et al. [31]. (C) Western blot analysis of

ELF3 protein expression in the TA and CB cell subpopulations of primary BPH (n = 2) and PCa (n = 2) samples. Actin was used as a loading

control. p = passage number. G = Gleason score of cancer sample. (D) IHC was carried out on formalin-fixed, paraffin-embedded BPH tissue

using the ImmPRESS Excel Amplified HRP Polymer Staining Kit (Vector Labs) and sections were incubated with DAB and then counter-

stained with haematoxylin. Sections were stained for ELF3 (Ab97310) and Nkx3.1 (nuclear luminal cell control) – small image. Scale

bar = 50 lm.
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Fig. 2. ELF3 knockdown reduces the cell viability and cell migration of benign and cancerous prostate cells. (A, B) AlamarBlue cell viability

assays were performed 24 h after transfection and every day for six consecutive days. Cells were replated after the day 3 reading at the

original seeding density, (n = 3). Mock samples were normalised to 100% viability and siSCR- and siELF3-treated samples plotted relative to

mock. Statistical significance was determined using a Student’s T-test comparing siSCR-treated and siELF3-treated samples at each time

point. (C–F) Migration of BPH-1 and PC3 cells following knockdown calculated by % wound closure (n = 3). Statistical significance was

determined using a one-way ANOVA with Tukey’s correction. Error bars are mean with standard deviation.
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An adhesion assay showed that ELF3 knockdown

decreased BPH-1 cell adhesion regardless of starting

density (Fig. S4A). However, as there was a continued

decrease in cell viability following day 3, as opposed

to an increase which would be evident with normally

proliferating cells, this suggested that there was

another mechanism contributing to the progressive

decrease in viability overtime. To assess whether

reduced cell viability had occurred due to cell death by

apoptosis, western blot analysis was carried out on

BPH-1 and PC3 cells using cleaved caspase 3 as a mar-

ker of apoptosis. BPH-1 cells treated with 1 lM stau-

rosporine for 24 h were used as a positive control as

staurosporine is a non-selective protein kinase inhibi-

tor that induces apoptosis. Cleaved caspase 3 was only

present in staurosporine-treated cells, and therefore,

ELF3 knockdown cells were not dying via apoptosis

(Fig. S4B,C). This correlates with the observation that

little cell death was observed by microscopy and sug-

gests the decrease in viable cell number may be due to

reduced proliferation.

ELF3 is a regulator of the cell cycle in prostate

epithelial cells

To investigate potential networks controlled by ELF3,

we employed a transcriptomic approach. Sample sets

consisted of BPH-1 and PC3 cells in n = 3 biological

repeats (siSCR and siELF3). Each set was carried out

in duplicate to extract RNA for a gene expression

microarray (ArrayExpress accession E-MTAB-11485)

and also protein for validation of ELF3 knockdown,

and to validate differentially expressed genes of inter-

est from the array at the protein level. The differential

gene expression between siSCR and siELF3 samples of

BPH-1 and PC3 cells was analysed both individually

and collectively with a significance threshold of two-

fold increase or decrease and a P-value < 0.05

(Fig. 4A). There was a significant downregulation of

ELF3 at the protein level in all siELF3-treated samples

(Fig. 4B). PC3 cells had the most appreciable response

to ELF3 knockdown, with a total of 2779 differentially

expressed genes (including putative unannotated tran-

scripts), compared with 1440 genes in BPH-1 cells

(Fig. 4C). A total of 675 genes were differentially

expressed between siSCR and siELF3 samples in both

cell types, implying that ELF3 is involved in similar

pathways in both cell lines. Some of the other most

affected genes are indicated in Table 1.

Gene Ontology analysis of all data sets revealed

multiple terms associated with cell cycle-related pro-

cesses and histone-regulated processes (Fig. 4D). In

agreement with this, several of the most altered

individual genes in both cell lines following ELF3

knockdown included cell cycle-related genes and his-

tone genes. (Table S4 shows expression changes of cell

cycle-related genes following ELF3 knockdown from

gene expression microarray.) Most notably, the serine/

threonine protein kinase PLK1 was downregulated

7.5-fold in siELF3 samples compared with siSCR con-

trol in both BPH-1 and PC3 cells combined. Further-

more, when BPH-1 and PC3 cells were analysed in

separate analyses, PLK1 was downregulated 15.5-fold

in BPH-1 cells and over 5.5-fold in PC3 cells compared

with siSCR control. PLK1 is involved in several stages

of the cell cycle, most notably during late G2 and

cytokinesis [32,33]. Other altered genes from the

microarray were also linked to G2 cell cycle phase and

the PLK1 pathway, such as a decrease in CDC25C

and increase in p21 relative to siSCR control.

Several G2 phase-associated proteins of interest were

validated by western blot using lysates from the BPH-

1 and PC3 siELF3 cells (Fig. 5A–D). PLK1 and

CDC25C were downregulated in both PC3 and BPH-1

cells at the protein level relative to controls. Expres-

sion levels of the cyclin-dependent kinase (CDK) inhi-

bitor p21 were increased relative to controls. These

changes correlated with an arrest at the G2 checkpoint

which was confirmed by a progressive accumulation of

cells in the G2 phase during cell cycle analysis with

reduction of cells in S phase (Fig. 6A,B). Phosphohis-

tone H3 (PHH3) ICC staining was also carried out on

BPH-1 cells to determine the number of cells in mitosis

with siELF3 compared with siSCR. Representative

images indicating the different stages of mitosis are

shown (Fig. 6C). Whilst 9% of mock and siSCR

cells were positive for PHH3, only 1.8% of siELF3

cells were undergoing mitosis, further indicating G2

cell cycle arrest (Fig. 6D). The absence of ELF3 lead-

ing to cell cycle arrest is indicative of ELF3 acting as

a cell cycle regulator and promoter of cell cycle.

Expression of ELF3 in prostate cancer tissue is

variable

To relate the in vitro studies to whole tissues, expres-

sion of ELF3 in benign and malignant patient tissue

samples, tissue microarrays were obtained from the

Orchid tissue bank (in collaboration with Professor

Dan Berney, Barts and The London School of Medi-

cine and Dentistry). BPH tissue (102 sections from 34

patients) and PCa tissue from a range of Gleason

grades (40 sections from 13 patients) were stained and

analysed. Of the BPH tissue sections from 34 patients,

7 patients only showed stroma, and so were negative

for ELF3 protein expression. The sections from the
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other 27 patients contained epithelial glands and 100%

of these were positive for ELF3 expression. Some

patient sections showed exclusively cytoplasmic stain-

ing whilst others also exhibited nuclear ELF3

(Fig. S5). Results were less clear in PCa tissue (Fig. 7).

Loss of the basal cell population and expression of

AMACR are indicators of cancer used in prostate his-

tology and contribute to a cancer diagnosis [34].

AMACR (alpha-methylacyl-CoA racemase) is an

enzyme that is overexpressed in PCa and was therefore

used to distinguish areas of cancer in the PCa tissue

sections [35]. A summary of comparative AMACR

and ELF3 staining in all 13 PCa patient samples is

shown (Table 2). Sections of Gleason 6 grade PCa

which contained no obvious glandular structures did

not express ELF3. However, some sections contained

glandular structures both with and without AMACR

staining (WXP11C). ELF3-positive staining was

observed in Gleason 7(3 + 4) and Gleason 7(4 + 3)

samples, with some quite strong staining, although not

in all sections. Lower ELF3 staining was also observed

in a proportion of higher Gleason grade (8/9) samples.

ELF3 was detected in basal-like cells of AMACR-

negative glands. In less differentiated sections, with

Gleason score ≥ 7, which had no obvious glandular

structures, but were entirely AMACR positive, some

patients did not stain for ELF3 (WXP7C), whilst

others showed stronger ELF3 staining (patient

WXP10C). These results suggest that ELF3 expression

may initially be repressed in areas of lower grade

(Gleason 6) tumours. Additionally, there may be a

subset of higher grade prostate tumours (Gleason ≥ 7)

which then re-express ELF3. Further work on addi-

tional samples is needed to establish if a correlation

between ELF3 protein expression and Gleason score

exists.

Amplification of ELF3 is observed in metastatic

prostate cancer

To further examine the activation profile of ELF3 in

PCa, ELF3 genetic alterations were investigated in

publicly available data sets using cBioPortal [36,37]

(Fig. 8). Whilst there were few or no alterations found

in data sets consisting of mainly primary localised

PCas, those data sets that included metastatic PCas

showed a subset of patients with genetic alterations of

ELF3, including mutations and deletions but most

commonly amplification. These findings suggest that

ELF3 amplification is associated with late stage disease

and may provide a survival benefit to a subset of more

advanced cancers.

Upregulation of ELF3 by Vorinostat

Histone deacetylase (HDAC) inhibitors have been

shown to reduce AR expression and to induce a neu-

roendocrine (NE) phenotype in some prostate cells

[38-40]. To determine whether ELF3 was associated

with a NE phenotype in PCa, we treated primary pros-

tate epithelial cultures derived from tumours with the

HDAC inhibitor vorinostat. Vorinostat upregulated

ELF3 in a concentration and time-dependent manner

in TA, CB and whole populations of basal epithelial

cells (Fig. S6). In addition, increased vorinostat did

lead to a morphology change in the cells.

CRISPR knockout of ELF3 in BPH1 cells

As ELF3 inhibition by siRNA can function to block

cell proliferation and to lower clonogenic potential, it

would seem to be a good candidate for small molecule

inhibition. However, the transient nature of siRNA

inhibition provides few clues about the longer-term

responses of cells to loss of ELF3 expression. As with

all strategies to block ETS factors, there is always the

possibility that there would be redundancy and an

‘escape’ mechanism involving the activation of another

ETS family members. To test this hypothesis, a

CRISPR knockout of ELF3 was carried out (Fig. S7).

Perhaps surprisingly, given the effects of siRNA,

viable proliferating colonies were derived, and of the

four clones (showing no ELF3 expression) analysed,

two clones (insertion and multiple edits) showed

increase of p21 and the two deletion clones showed no

change in p21; however, PLK1 expression was

increased in all four clones studied, rather than

decreased as was observed following siRNA

Fig. 3. ELF3 knockdown reduces the colony-forming ability of benign and malignant prostate cells. (A, B) Colony-forming assays were per-

formed on BPH-1 cells and PC3 cells 24 h after transfection. Number of colonies > 32 cells were counted. Mock control samples were nor-

malised to 100% and siSCR and siELF3 samples plotted relatie to mock. Statistical significance was determined using a one-way ANOVA

with Tukey’s correction. Error bars are mean with standard deviation. (C, D) Representative images of colonies following crystal violet stain-

ing, (n = 3). (E, F) BPH-1 and PC3 cells were transfected with ELF3 (siELF3) and scrambled siRNA (siSCR), fixed in 4% paraformaldehyde at

day 3 post-transfection and stained with tubulin (green) and phalloidin (red), blue = DAPI. Scale bar = 20 lm. Representative colonies

shown. White arrows show spaces between cells in mock and siSCR cells. The red arrow highlights the location of the tubulin at the colony

periphery.
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knockdown. An aggregated gene expression microar-

ray analysis of 10 such ELF3 deleted BPH1 clones

identified changes in the expression of five ETS family

members: ELF5(�3.2); ERF(�2.1); ETV4(2.5); ETV5

(6.6); ETV7(�3.1). Values in brackets indicate fold

changes. Most striking was the increased ETV5 expres-

sion, which is in contrast to the result in the siRNA

knockdowns in BPH-1 cells where ETV5 expression

decreased: ELF5(�1.11); ERF(�1.27); ETV4(�1.45);

ETV5(�1.36); ETV7(1.49).

Discussion

Deregulation of the ETS transcription factor family

members is now recognised as a common feature in

multiple cancers; with aberrant expression, loss of

tumour suppressor function, inactivating mutations

and the formation of fusion genes all observed [41].

Furthermore, these ETS factors also play a role in

epithelial cell differentiation and consequently may be

important regulators of the SC (and cancer SC) pheno-

type in the prostate [42].

Neither the Longoni study [19] nor the Shatnawi

study [12] used normal or benign cells as comparison

controls in the biological studies, and each study used

different cancer cell models; thus, conclusions were

that ELF3 might be a tumour suppressor or oncogene,

or it may be context and cell-dependent. Therefore,

the study presented here used alternative cell line mod-

els (BPH-1 and PC3 cells), based on their expression

levels of ELF3, and patient-derived primary prostate

epithelial cells and patient tissue microarrays to further

elucidate the role of ELF3 in both normal prostate

growth and PCa.

A key factor to identify the function of ELF3 was

to consider the heterogeneous cell populations present

in the prostate gland. This work built on a gene

expression microarray that was previously carried out

to assess the differential gene expression between pros-

tate SCs and the more differentiated CB cells derived

from benign and cancerous prostate tissue [31]. ELF3

was identified as significantly upregulated in the more

differentiated CB cells of the prostate epithelium com-

pared with SCs, irrespective of diagnosis. Expanding

on this, this study confirmed that ELF3 was predomi-

nantly expressed in prostate basal epithelial cells (CB)

and also showed it was not expressed in early progeni-

tor cells (TA), luminal epithelial cells or stroma.

Examination of ELF3 protein expression was carried

out in prostate tissue sections of BPH (showing

defined glands) but also by measuring ELF3 expres-

sion in TA and CB cells enriched from cultured

patient-derived primary prostate epithelial cells.

Previous studies have highlighted ELF3 as a cell

cycle regulator in breast and non-small cell lung carci-

noma (NSCLC) cell lines. Analysis presented here

showed that silencing ELF3 resulted in decreased via-

bility, reduced cell migration and decreased colony for-

mation along with morphological changes in colony

shape with no evidence of apoptosis. A global analysis

of the effect of silencing ELF3 was carried out by

microarray analysis, and GO analysis from the

microarray revealed that the differentially expressed

genes were involved in processes related to the cell

cycle and histone regulation (Table S4).

PLK1 was one of the most differentially expressed

genes and was amongst the highest fold changes in

both analyses (BPH-1, PC3). PLK1 is involved in both

late G2 and cytokinesis stages of the cell cycle, both of

which were highlighted in the GO analysis, [32,33].

Histone gene expression is highly regulated during the

cell cycle, which may account for the bias towards

histone-regulated processes in the GO analysis. There

were also changes in the expression of genes upstream

and downstream of the PLK1 pathway, including

CDC25C, cyclin B1, p21 and FOXM1. Of note,

increased PLK1 expression has been independently

detected in PCa [43], and there is strong evidence for a

functional role for FOXM1 in promoting PCa cell

proliferation both in vitro and in vivo and in patient

tissues [44,45]. There was a decrease in PLK1 and

CDC25C as well as an increase in CDK inhibitor p21

after ELF3 knockdown. This was also validated at the

functional level, where there was an accumulation of

BPH-1 and PC3 siELF3 cells in the G2 phase overtime

and a reduced number of cells in S phase. Further-

more, PHH3-S10 staining confirmed there were fewer

siELF3 cells undergoing mitosis compared with mock

Fig. 4. Differential gene expression of BPH-1 and PC3 cells with ELF3 knockdown was determined by an Affymetrix Clariom D microarray.

(A) Volcano plot indicating gene expression changes of siSCR vs. siELF3 BPH-1 and PC3 cells collectively. Significance threshold included

genes with a 2-fold increase or decrease and a P-value < 0.05. Red = increased expression, green = decreased expression. (B) Western blot

indicating ELF3 protein expression 72 h following ELF3 knockdown. GAPDH was used a loading control. (n = 3) M = mock, S = siSCR,

E = siELF3 (C) RNA extracted from duplicate samples were sent for Affymetrix gene expression microarray. Number of differentially

expressed genes in each gene expression microarray analysis. (D) Gene ontology terms associated with significant differential gene expres-

sion changes between siSCR and siELF3 cells. Generated via the Database for Annotation, Visualization and Integrated Discovery (DAVID)

and visualised using REVIGO.
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and siSCR. This conclusively validates ELF3 as a cell

cycle regulator in prostate epithelial cell lines regard-

less of diagnosis.

Whilst the variation in response to the CRISPR

knockouts compared with the siRNA knockdown

could indicate off-target effects with either, it could

Table 1. Selection of genes with highest expression change following ELF3 knockdown.

ETS transcription factors BPH-1 PC3 Both

Gene ETS subfamily Fold change P-value Fold change P-value Fold change P-value

ESE3 ESE 1.32 3.18E-02 6.94 7.29E-06 2.77 0.4516

ELF1 ELF 2.06 0.0345 1.51 0.0549 1.61 0.2949

ETS1 ETS 2.21 4.78E-05 1.15 0.5584 1.46 0.0851

ETS2 ETS 1.72 0.0287 2.54 0.0002 2.12 0.1448

ETV4 PEA3 �1.45 0.0468 �4.91 4.84E-05 �2.88 0.1632

Differentiation-associated genes

CDH1 E-cadherin 1.13 0.2709 2.34 0.005 1.79 0.6553

ITGA5 Integrin a5 1.81 0.0935 2.84 0.001 2.33 0.0239

FN1 Fibronectin �2.58 0.5795 3.64 0.0002 2.86 0.3618

ENO2 Neuron specific enolase 2.6 0.0436 7.21 2.09E-05 3.53 0.0158

Stem cell markers

ITGA2 Integrin, alpha 2 (CD49B) 2.89 0.0047 1.48 0.3968 1.7 0.613
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Fig. 5. ELF3 knockdown induces changes in the expression of key cell cycle regulators. Representative western blots and densitometry

analysis of G2 phase cell cycle-related genes in (A, C) BPH-1 cells (n = 3) and (B, D) PC3 cells (n = 3) 72 h following ELF3 knockdown.

M = mock, S = siSCR, E = siELF3. Statistical significance was determined using a one-way ANOVA with Tukey’s correction. Error bars are

mean with standard deviation.
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equally be indicative of an alternative mechanism at

play due to the difference between the two methods.

The absence of ELF3 expression after siRNA treat-

ment was shown to cause cell cycle arrest, which

would result in no or reduced viable colony formation.

However, multiple viable clones were retrieved, and

therefore, the explanation for the disparity is most

likely to be a salvage pathway in the CRISPR clones,

resulting in alternative activation of PLK1. When the

expression of other ETS factors in both the siRNA

knockdowns and the CRISPR knockouts was mea-

sured by Gene array anaylsis, we found that after

(A) (B)

(C) (D)

Fig. 6. ELF3 knockdown causes a progressive accumulation of cells in the G2 phase of the cell cycle and reduces the number of BPH-1

cells in mitosis. Cell cycle analysis was carried out on (A) BPH-1 and (B) PC3 cells 72 h post-transfection by detecting EdU and propidium

iodide. Graphs represent the mean of biological triplicates (n = 3). (C, D) BPH-1 cells were transfected with siELF3, fixed in 4%

paraformaldehyde at day 3 post-transfection and stained with phospho-histone 3 (PHH3-S10) as a marker of mitosis. Blue = DAPI,

red = PHH3-S10. Representative images of cells in each stage of mitosis are shown. 220 cells were counted in each condition and pre-

sented as a per cent PHH3-S10-positive.
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siRNA ELF3 knockdown, ETV5 expression also

decreased, perhaps indicative of a co-regulatory pro-

cess. However, in the CRISPR ELF3 knockouts, an

increase in ETV5 expression was observed. Just such

an ELF3/ETV5 compensation was identified in knock-

out mice with homozygous deletion of ELF3 (Elf3-/-).

The mice were viable and in the lungs of adults, where

ELF3 is required for epithelial integrity, ETV5 was

highly expressed in epithelial cells [46]. Such a compen-

sation mechanism could render the efficacy of drug-

targeted ELF3 inhibition ineffective for longer-term

treatment of cancer cells. Furthermore, overexpression

Fig. 7. ELF3 expression in Cancer tissue

microarrays (TMAs). 40 tissue sections

from 13 patients were stained for ELF3

expression using antibody Ab97310 using

the Vector ImPRESS Excel Kit.

Representative images from several

patients are shown; Patient WXP11C

(Gleason grade 3 + 3), WXP12A (Gleason

grade 3 + 4), Patient WXP3B (Gleason

grade 3 + 4), Patient WXP10C (Gleason

grade 4 + 3), Patient WXP7C (Gleason

grade 4 + 5). Sections were stained for

AMACR as a cancer marker. Negative

control was used where tissues were

stained with secondary antibody only (not

shown). Scale bar = 100 lm. A summary

of comparative AMACR and ELF3 staining

in all 13 PCa patient samples is shown in

Table 2 (TMAs provided through

collaboration with Professor Dan Berney,

Barts and The London School of Medicine

and Dentistry).
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of ETV5 has been correlated with higher malignancy in

multiple human tumour types [47] including PCa, where

it is present in a fusion with the TMPRSS2 gene [48].

When the number of genes whose expression was

altered by ELF3, siRNA knockdowns was analysed,

the cancer cells (PC3) possessed almost double the

number of significantly altered genes (1848 upregu-

lated, 931 downregulated) compared with BPH-1 (776

upregulated, 664 downregulated). Despite more expres-

sion alterations, PC3 cells showed a more modest inhi-

bition of colony forming and migration assays

compared with BPH-1 cells, following siELF3 knock-

down. Given that the degree of knockdown was simi-

lar in both cell lines, this result implies that advanced

grade PC3 metastatic cancer-derived cells may already

have upregulated compensatory pathways and alterna-

tive mechanisms to cope with ELF3 knockdown.

Analysis of benign prostate tissue tissue microarrays

showed that ELF3 protein was expressed in all tissue

sections that contained epithelial glands, confirming the

pattern of expression seen previously in individual

patient sections. Many cancer sections either showed no

ELF3 staining, or showed high ELF3 expression in non-

cancerous, AMACR-negative glands, regardless of

Gleason grade. Some more advanced, less differentiated

cancers of Gleason grade ≥ 7 were positive for ELF3

expression. Longoni et al. showed that a subset of pros-

tate tumours expressed higher ELF3 than normal pros-

tate by qRT-PCR and IHC [13]. However, there was no

further distinction between Gleason grades in the latter

study. Bioinformatic analysis of two independent data

sets also found increased ELF3 expression in metastatic

tumours compared with primary prostate tumours, indi-

cating that ELF3 expression may be associated with

more advanced tumours [13]. This was also highlighted

by our cBioportal analysis (Fig. 8), which aggregated

the results from 20 studies and showed some correlation

between ELF3 gene amplification and advanced PCas.

Results from other tissues vary; in the colon, liver and

lung, ELF3 expression appears to be associated with

cancer progression and metastases [49-52]. In contrast,

in oral and ovarian tissue, the development of cancer is

associated with a loss of ELF3 expression [53,54].

The regulatory potential of ETS factors most likely

explains the conflicting findings in the literature of

ELF3 biological functions such as tumour suppressor

vs. oncogene. One explanation for the results showing

ELF3 as a repressor is that the experiments were car-

ried out in AR-responsive LNCaP cells and it is very

likely that the advanced cancers where there is amplifi-

cation of ELF3 would be castration-resistant tumours

where androgen is no longer the driver [12]. This could

also explain the variation in tumour immunostaining

where some tumours are ELF3 negative and some are

positive; there could be a correlation with the presence

or the absence of AR, as ELF3 is known to act as a

repressor of AR. Future studies might also consider

the subset of neuroendocrine (NE) prostate neoplasms

which include carcinoid tumours, small cell carcinomas

and large cell carcinomas. These classes of prostate

tumours are generally very rare and are associated

with poor prognosis [55]. Several studies have shown

that NE differentiation also occurs in conventional

prostate adenocarcinomas, in association with more

advanced disease. In particular, an increase in NE cells

has been observed following ADT and has been pro-

posed as a mechanism of treatment resistance and

therefore linked to the emergence of castration-

resistant prostate cancer (CRPC) [56-59]. Treatment of

primary cells with vorinostat increased ELF3 expres-

sion, indicating that ELF3 is epigenetically silenced in

TA cells. Whilst the NE cell marker NSE increased

Table 2. Gleason score, AMACR positivity and ELF3 positivity of

patient tissue samples on TMA.

Patient Gleason score AMACR positivity ELF3 positivity

WXP11 3 + 3 ++ +

++ +

WXP12 3 + 3, 3 + 4 ++ +

++ �
++ �

WXP13 3 + 4 + �
� +

� �
WXP3 3 + 4 ++ ++

++ +

WXP5 3 + 4 ++ +++

WXP9 3 + 4 � �
� �
� �

8929-02 4 + 3 ++ �
+++ �
+++ +++

WXP6 4 + 3 ++ +

+++ �
+++ +

WXP8 3 + 4, 4 + 3 +++ +

++ +

+++ +

WXP10 4 + 3 +++ +

+++ +++

WXP2 4 + 4 + �
+ �
+ �

WXP4 4 + 4 ++ +

� +

WXP7 4 + 4, 4 + 5 +++ �
+++ +

+++ +
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with vorinostat treatment in one sample, this induction

was not consistent in all samples tested. However,

there was a distinct change in cell morphology follow-

ing treatment, with the presence of dendritic-like pro-

cesses characteristic of NE cells [60]. This is

reminiscent of a process called NE transdifferentiation,

whereby prostate epithelial adenocarcinoma cells

acquire NE properties. It could therefore be of interest

to investigate any relationship of ELF3 to NE PCas.

The implied redundancy found between ETS factors

adds an additional layer of complexity when studying

these proteins. Studies in ELF3 and other discussed

ETS factors have previously shown that function is

extremely context-dependent, with regard to tissue type,

cell type and pathology. Consequently, defining the cor-

rect cell type to study ELF3 expression was integral to

determine its genuine function in the prostate.

Collectively, the findings presented here suggest ELF3

can act as an oncogene in the PCa setting. However,

given that ELF3 is also a regulator of the cell cycle and

its expression is associated with differentiation status in

normal prostate epithelial cells, this role is also worthy

of future investigation to fully elucidate the mechanism

of action of the ETS transcription factors. In terms of

targeting the proliferation controlled by ELF3 therapeu-

tically, our data would suggest extreme caution as com-

pensatory activation of other ETS family members,

most notably ETV5, which is a known oncogene in PCa,

could result in cancer progression rather than regression.

Acknowledgements

This work was funded by Prostate Cancer UK

through a PhD Studentship (LK Archer) and a

Research Innovation Award (RIA15-ST2-022) (FM

Frame and VM Mann). We also acknowledge

generous funding from Charity Soul. We thank Urol-

ogy surgeons and Dr Greta Rodrigues, Consultant

Pathologist, from Castle Hill Hospital, Cottingham,

for provision and analysis of prostate tissue. Sincere

appreciation goes to the patients from Castle Hill

Hospital, Cottingham, for consenting to donate pros-

tate tissue. DMB is supported by Orchid. Acknowl-

edgements also go to Professor Jenny Southgate and

Dr Andrew Mason of the Jack Birch Unit for consul-

tation during this project.

Conflict of interest

The authors declare no conflict of interest. The funders

had no role in the design of the study; in the collection,

analyses, or interpretation of data; in the writing of the

manuscript, or in the decision to publish the results.

Author contributions

Conceptualization, LKA and NJM; methodology,

LKA, NJM and FMF; software, APD and LKA; vali-

dation, LKA, HFW, SK and GLKM; formal analysis,

LKA and APD; resources, VMM, MSS and DMB; data

curation, LKA; writing—original draft preparation,

LKA; writing—review and editing, FMF and NJM;

supervision, NJM and FMF; project administration,

HFW; funding acquisition, NJM. All authors have read

and agreed to the published version of the manuscript.

Data accessibility

Microarray data that support the findings in this study

are openly available in the ArrayExpress database

(https://www.ebi.ac.uk/arrayexpress/) under accession

number [E-MTAB-11485].

Fig. 8. ELF3 genetic alterations in prostate

cancer. Twenty published studies were

analysed for genetic alterations of ELF3 in

PCa [8,61,62,63,64,65,66,67,68,69,70,71,

72,73,74,75,76,77,78]. These were

classified into amplification, mutation,

deletion and multiple alterations. The

studies analysed a range of 12–1465

patients (6329 samples from 6044

patients). The most common ELF3 genetic

alteration was amplification and ELF3

genetic alterations were mostly observed

in metastatic PCas (Studies detailed in

Table S5).

1382 FEBS Open Bio 12 (2022) 1365–1387 ª 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

ELF3 is a cell cycle regulator in prostate L. K. Archer et al.

https://www.ebi.ac.uk/arrayexpress/


References

1 de Nigris F, Mega T, Berger N, Barone MV, Santoro

M, Viglietto G, et al. Induction of ETS-1 and ETS-2

transcription factors is required for thyroid cell

transformation. Cancer Res. 2001;61:2267–75.
2 Golub TR, Goga A, Barker GF, Afar DE, McLaughlin

J, Bohlander SK, et al. Oligomerization of the ABL

tyrosine kinase by the Ets protein TEL in human

leukemia. Mol Cell Biol. 1996;16:4107–16.
3 May WA, Lessnick SL, Braun BS, Klemsz M, Lewis

BC, Lunsford LB, et al. The Ewing’s sarcoma EWS/

FLI-1 fusion gene encodes a more potent

transcriptional activator and is a more powerful

transforming gene than FLI-1. Mol Cell Biol.

1993;13:7393–8.
4 Panagopoulos I, Aman P, Fioretos T, Hoglund M,

Johansson B, Mandahl N, et al. Fusion of the FUS

gene with ERG in acute myeloid leukemia with t(16;21)

(p11;q22). Genes Chromosomes Cancer. 1994;11:256–62.
5 Zelent A, Greaves M, Enver T. Role of the TEL-AML1

fusion gene in the molecular pathogenesis of childhood

acute lymphoblastic leukaemia. Oncogene.

2004;23:4275–83.
6 Adamo P, Ladomery MR. The oncogene ERG: a key

factor in prostate cancer. Oncogene. 2015;35:403–14.
7 Tomlins SA, Laxman B, Varambally S, Cao X, Yu J,

Helgeson BE, et al. Role of the TMPRSS2-ERG

gene fusion in prostate cancer. Neoplasia. 2008;10:

177–88.
8 Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao

Y, Carver BS, et al. Integrative genomic profiling of

human prostate cancer. Cancer Cell. 2010;18:11–22.
9 Li B, Shimizu Y, Kobayashi T, Terada N, Yoshimura

K, Kamba T, et al. Overexpression of ETS-1 is

associated with malignant biological features of prostate

cancer. Asian J Androl. 2012;14:860–3.
10 Sementchenko VI, Schweinfest CW, Papas TS, Watson

DK. ETS2 function is required to maintain the

transformed state of human prostate cancer cells.

Oncogene. 1998;17:2883–8.
11 Turner DP, Findlay VJ, Moussa O, Semenchenko VI,

Watson PM, LaRue AC, et al. Mechanisms and

functional consequences of PDEF protein expression

loss during prostate cancer progression. Prostate.

2011;71:1723–35.
12 Shatnawi A, Norris JD, Chaveroux C, Jasper JS, Sherk

AB, McDonnell DP, et al. ELF3 is a repressor of

androgen receptor action in prostate cancer cells.

Oncogene. 2014;33:862–71.
13 Longoni N, Sarti M, Albino D, Civenni G, Malek A,

Ortelli E, et al. ETS transcription factor ESE1/ELF3

orchestrates a positive feedback loop that constitutively

activates NF-jB and drives prostate cancer progression.

Can Res. 2013;73:4533–47.

14 Albino D, Longoni N, Curti L, Mello-Grand M,

Pinton S, Civenni G, et al. ESE3/EHF controls

epithelial cell differentiation and its loss leads to

prostate tumors with mesenchymal and stem-like

features. Cancer Res. 2012;72:2889–900.
15 Tymms MJ, Ng AY, Thomas RS, Schutte BC, Zhou J,

Eyre HJ, et al. A novel epithelial-expressed ETS gene,

ELF3: human and murine cDNA sequences, murine

genomic organization, human mapping to 1q32.2 and

expression in tissues and cancer. Oncogene.

1997;15:2449–62.
16 Oettgen P, Alani RM, Barcinski MA, Brown L,

Akbarali Y, Boltax J, et al. Isolation and

characterization of a novel epithelium-specific

transcription factor, ESE-1, a member of the ets family.

Mol Cell Biol. 1997;17:4419–33.
17 Feldman RJ, Sementchenko VI, Watson DK. The

epithelial-specific Ets factors occupy a unique position

in defining epithelial proliferation, differentiation and

carcinogenesis. Anticancer Res. 2003;23:2125–31.
18 Shaikhibrahim Z, Wernert N. ETS transcription factors

and prostate cancer: the role of the family prototype

ETS-1 (review). Int J Oncol. 2012;40:1748–54.
19 Longoni N, Sarti M, Albino D, Civenni G, Malek A,

Ortelli E, et al. ETS transcription factor ESE1/ELF3

orchestrates a positive feedback loop that constitutively

activates NF-kappaB and drives prostate cancer

progression. Cancer Res. 2013;73:4533–47.
20 Hsing M, Wang Y, Rennie PS, Cox ME, Cherkasov A.

ETS transcription factors as emerging drug targets in

cancer. Med Res Rev. 2020;40:413–30.
21 Frame FM, Pellacani D, Collins AT, Maitland NJ.

Harvesting human prostate tissue material and

culturing primary prostate epithelial cells. Methods Mol

Biol. 2016;1443:181–201.
22 Frame FM, Hager S, Pellacani D, Stower MJ, Walker

HF, Burns JE, et al. Development and limitations of

lentivirus vectors as tools for tracking differentiation in

prostate epithelial cells. Exp Cell Res. 2010;316:3161–
71.

23 Swift SL, Burns JE, Maitland NJ. Altered expression of

neurotensin receptors is associated with the

differentiation state of prostate cancer. Cancer Res.

2010;70:347–56.
24 Frame FM, Noble AR, O’Toole P, Marrison J,

Godden T, O’Brien A, et al. Assessing the advantages,

limitations and potential of human primary prostate

epithelial cells as a pre-clinical model for prostate

cancer research. Adv Exp Med Biol. 2019;1164:109–18.
25 Collins AT, Habib FK, Maitland NJ, Neal DE.

Identification and isolation of human prostate epithelial

stem cells based on alpha(2)beta(1)-integrin expression.

J Cell Sci. 2001;114:3865–72.
26 Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi

W, et al. limma powers differential expression analyses

1383FEBS Open Bio 12 (2022) 1365–1387 ª 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

L. K. Archer et al. ELF3 is a cell cycle regulator in prostate



for RNA-sequencing and microarray studies. Nucleic

Acids Res. 2015;43:e47.

27 R-Core-Team. R: A language and environment for

statistical computing. Vienna, Austria: R Foundation

for Statistical Computing; 2014.

28 Rasband WS. ImageJ. Bethesda, MA: U. S. National

Institutes of Health. https://imagej.nih.gov/ij/1997-2018

29 Puck TT, Marcus PI. Action of x-rays on mammalian

cells. J Exp Med. 1956;103:653–66.
30 Francipane MG, Alea MP, Lombardo Y, Todaro M,

Medema JP, Stassi G. Crucial role of interleukin-4 in

the survival of colon cancer stem cells. Cancer Res.

2008;68:4022–5.
31 Birnie R, Bryce SD, Roome C, Dussupt V, Droop A,

Lang SH, et al. Gene expression profiling of human

prostate cancer stem cells reveals a pro-inflammatory

phenotype and the importance of extracellular matrix

interactions. Genome Biol. 2008;9:R83.

32 de Gooijer MC, van den Top A, Bockaj I, Beijnen JH,

Wurdinger T, van Tellingen O. The G2 checkpoint-a

node-based molecular switch. FEBS Open Bio.

2017;7:439–55.
33 Petronczki M, Lenart P, Peters JM. Polo on the rise-

from mitotic entry to cytokinesis with Plk1. Dev Cell.

2008;14:646–59.
34 Humphrey PA. Diagnosis of adenocarcinoma in prostate

needle biopsy tissue. J Clin Pathol. 2007;60:35–42.
35 Jiang N, Zhu S, Chen J, Niu Y, Zhou L. A-methylacyl-

CoA racemase (AMACR) and prostate-cancer risk: a

meta-analysis of 4,385 participants. PLoS One. 2013;8:

e74386.

36 Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO,

Aksoy BA, et al. The cBio cancer genomics portal: an

open platform for exploring multidimensional cancer

genomics data. Cancer Discov. 2012;2:401–4.
37 Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B,

Sumer SO, et al. Integrative analysis of complex cancer

genomics and clinical profiles using the cBioPortal. Sci

Signal. 2013;6:pl1.

38 Bang YJ, Pirnia F, Fang WG, Kang WK, Sartor O,

Whitesell L, et al. Terminal neuroendocrine

differentiation of human prostate carcinoma cells in

response to increased intracellular cyclic AMP. Proc

Natl Acad Sci USA. 1994;91:5330–4.
39 Shen R, Dorai T, Szaboles M, Katz AE, Olsson CA,

Buttyan R. Transdifferentiation of cultured human

prostate cancer cells to a neuroendocrine cell phenotype in

a hormone-depleted medium. Urol Oncol. 1997;3:67–75.
40 Wright ME, Tsai MJ, Aebersold R. Androgen receptor

represses the neuroendocrine transdifferentiation

process in prostate cancer cells. Mol Endocrinol.

2003;17:1726–37.
41 Seth A, Watson DK. ETS transcription factors and

their emerging roles in human cancer. Eur J Cancer.

2005;41:2462–78.

42 Archer LK, Frame FM, Maitland NJ. Stem cells and

the role of ETS transcription factors in the

differentiation hierarchy of normal and malignant

prostate epithelium. J Steroid Biochem Mol Biol.

2017;166:68–83.
43 Weichert W, Schmidt M, Gekeler V, Denkert C,

Stephan C, Jung K, et al. Polo-like kinase 1 is

overexpressed in prostate cancer and linked to higher

tumor grades. Prostate. 2004;60:240–5.
44 Kalin TV, Wang IC, Ackerson TJ, Major ML, Detrisac

CJ, Kalinichenko VV, et al. Increased levels of the

FoxM1 transcription factor accelerate development and

progression of prostate carcinomas in both TRAMP and

LADY transgenic mice. Cancer Res. 2006;66:1712–20.
45 Tian JH, Mu LJ, Wang MY, Zeng J, Long QZ, Bin G,

et al. FOXM1-dependent transcriptional regulation of

EZH2 induces proliferation and progression in prostate

cancer. Anticancer Agents Med Chem. 2021;21:1835–41.
46 Lee CM, Wu J, Xia Y, Hu J. ESE-1 in early

development: approaches for the future. Front Cell Dev

Biol. 2016;4:73.

47 Mus LM, Lambertz I, Claeys S, Kumps C, Van Loocke

W, Van Neste C, et al. The ETS transcription factor

ETV5 is a target of activated ALK in neuroblastoma

contributing to increased tumour aggressiveness. Sci

Rep. 2020;10:218.

48 Helgeson BE, Tomlins SA, Shah N, Laxman B, Cao Q,

Prensner JR, et al. Characterization of TMPRSS2:

ETV5 and SLC45A3:ETV5 gene fusions in prostate

cancer. Cancer Res. 2008;68:73–80.
49 Wang JL, Chen ZF, Chen HM, Wang MY, Kong X,

Wang YC, et al. Elf3 drives beta-catenin transactivation

and associates with poor prognosis in colorectal cancer.

Cell Death Dis. 2014;5:e1263.

50 Nakarai C, Osawa K, Matsubara N, Ikeuchi H,

Yamano T, Okamura S, et al. Significance of ELF3

mRNA expression for detection of lymph node

metastases of colorectal cancer. Anticancer Res.

2012;32:3753–8.
51 Zheng L, Xu M, Xu J, Wu K, Fang Q, Liang Y, et al.

ELF3 promotes epithelial-mesenchymal transition by

protecting ZEB1 from miR-141-3p-mediated silencing in

hepatocellular carcinoma. Cell Death Dis. 2018;9:387.

52 Wang H, Yu Z, Huo S, Chen Z, Ou Z, Mai J, et al.

Overexpression of ELF3 facilitates cell growth and

metastasis through PI3K/Akt and ERK signaling

pathways in non-small cell lung cancer. Int J Biochem

Cell Biol. 2018;94:98–106.
53 AbdulMajeed AA, Dalley AJ, Farah CS. Loss of ELF3

immunoexpression is useful for detecting oral squamous

cell carcinoma but not for distinguishing between

grades of epithelial dysplasia. Ann Diagn Pathol.

2013;17:331–40.
54 Yeung TL, Leung CS, Wong KK, Gutierrez-Hartmann

A, Kwong J, Gershenson DM, et al. ELF3 is a negative

1384 FEBS Open Bio 12 (2022) 1365–1387 ª 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

ELF3 is a cell cycle regulator in prostate L. K. Archer et al.

https://imagej.nih.gov/ij/1997-2018


regulator of epithelial-mesenchymal transition in

ovarian cancer cells. Oncotarget. 2017;8:16951–63.
55 Parimi V, Goyal R, Poropatich K, Yang XJ.

Neuroendocrine differentiation of prostate cancer: a

review. Am J Clin Exp Urol. 2014;2:273–85.
56 Hirano D, Okada Y, Minei S, Takimoto Y, Nemoto N.

Neuroendocrine differentiation in hormone refractory

prostate cancer following androgen deprivation therapy.

Eur Urol. 2004;45:586–92; discussion 592.

57 Berruti A, Mosca A, Porpiglia F, Bollito E, Tucci M,

Vana F, et al. Chromogranin A expression in patients

with hormone naive prostate cancer predicts the

development of hormone refractory disease. J Urol.

2007;178:838–43; quiz 1129.

58 Sasaki T, Komiya A, Suzuki H, Shimbo M, Ueda T,

Akakura K, et al. Changes in chromogranin a serum

levels during endocrine therapy in metastatic prostate

cancer patients. Eur Urol. 2005;48:224–9; discussion
229–30.

59 Terry S, Beltran H. The many faces of neuroendocrine

differentiation in prostate cancer progression. Front

Oncol. 2014;4:60.

60 Abrahamsson PA. Neuroendocrine cells in tumour

growth of the prostate. Endocr Relat Cancer.

1999;6:503–19.
61 Abida W, Armenia J, Gopalan A, Brennan R, Walsh

M, Barron D, et al. Prospective genomic profiling of

prostate cancer across disease states reveals germline

and somatic alterations that may affect clinical decision

making. JCO Precis Oncol. 2017;2017:1–16.
62 Armenia J, Wankowicz SAM, Liu D, Gao J, Kundra

R, Reznik E, et al.. The long tail of oncogenic drivers

in prostate cancer. Nat Genet. 2018;50:645–51.
63 Baca SC, Prandi D, Lawrence MS, Mosquera JM,

Romanel A, Drier Y, et al. Punctuated evolution of

prostate cancer genomes. Cell. 2013;153:666–77.
64 Barbieri CE, Baca SC, Lawrence MS, Demichelis F,

Blattner M, Theurillat JP, et al. Exome sequencing

identifies recurrent SPOP, FOXA1 and MED12

mutations in prostate cancer. Nat Genet. 2012;44:685–9.
65 Beltran H, Prandi D, Mosquera JM, Benelli M, Puca

L, Cyrta J, et al. Divergent clonal evolution of

castration-resistant neuroendocrine prostate cancer. Nat

Med. 2016;22:298–305.
66 Fraser M, Sabelnykova VY, Yamaguchi TN, Heisler

LE, Livingstone J, Huang V, et al. Genomic hallmarks

of localized, non-indolent prostate cancer. Nature.

2017;541:359–64.
67 Gao D, Vela I, Sboner A, Iaquinta PJ, Karthaus WR,

Gopalan A, et al. Organoid cultures derived from

patients with advanced prostate cancer. Cell.

2014;159:176–87.
68 Grasso CS, Wu YM, Robinson DR, Cao X,

Dhanasekaran SM, Khan AP, et al. The mutational

landscape of lethal castration-resistant prostate cancer.

Nature. 2012;487:239–43.
69 Hieronymus H, Schultz N, Gopalan A, Carver BS,

Chang MT, Xiao Y, et al. Copy number alteration

burden predicts prostate cancer relapse. Proc Natl Acad

Sci USA. 2014;111:11139–44.
70 Kumar A, Coleman I, Morrissey C, Zhang X, True

LD, Gulati R, et al. Substantial interindividual and

limited intraindividual genomic diversity among tumors

from men with metastatic prostate cancer. Nat Med.

2016;22:369–78.
71 Ren S, Wei GH, Liu D, Wang L, Hou Y, Zhu S, et al.

Whole-genome and transcriptome sequencing

of prostate cancer identify new genetic

alterations driving disease progression. Eur Urol.

2018;73:322–39.
72 Robinson D, Van Allen EM, Wu YM, Schultz N,

Lonigro RJ, Mosquera JM, et al. Integrative clinical

genomics of advanced prostate cancer. Cell.

2015;162:454.

73 Abida W, Cyrta J, Heller G, Prandi D, Armenia J,

Coleman I, et al. Genomic correlates of clinical

outcome in advanced prostate cancer. Proc Natl Acad

Sci USA. 2019;116:11428–36.
74 Stopsack KH, Nandakumar S, Wibmer AG, Haywood

S, Weg ES, Barnett ES, et al. Oncogenic genomic

alterations, clinical phenotypes, and outcomes in

metastatic castration-sensitive prostate cancer. Clin

Cancer Res. 2020;26:3230–8.
75 Hoadley KA, Yau C, Hinoue T, Wolf DM, Lazar AJ,

Drill E, et al. Cell-of-origin patterns dominate the

molecular classification of 10,000 tumors from 33 types

of cancer. Cell. 2018;173;291–304.e6.
76 Gerhauser C, Favero F, Risch T, Simon R, Feuerbach

L, Assenov Y, et al. Molecular evolution of early-onset

prostate cancer identifies molecular risk markers

and clinical trajectories. Cancer Cell. 2018;34:996–
1011.e8.

77 Granlund KL, Tee SS, Vargas HA, Lyashchenko SK,

Reznik E, Fine S, et al. Hyperpolarized MRI of human

prostate cancer reveals increased lactate with tumor

grade driven by monocarboxylate transporter 1. Cell

Metab. 2020;31:105–114.e3.
78 Nguyen B, Mota JM, Nandakumar S, Stopsack KH,

Weg E, Rathkopf D, et al. Pan-cancer analysis of

CDK12 alterations identifies a subset of prostate

cancers with distinct genomic and clinical

characteristics. Eur Urol. 2020;78:671–9.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.

1385FEBS Open Bio 12 (2022) 1365–1387 ª 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

L. K. Archer et al. ELF3 is a cell cycle regulator in prostate



Fig. S1. Protein expression of ELF3 in prostate tissue

homogenates and stromal cells. Western blot analysis

of ELF3 expression in lysates derived from (a) BPH

tissue homogenates (n=7) and (b) enriched stromal

cells cultured from tissue (n=6). GAPDH was used as

a loading control. Tables show patient details for each

corresponding lane. HFF = human foreskin fibroblast

cell line. G = Gleason score.

Fig. S2. Protein expression of ELF3 in prostate epithe-

lial cell lines. Expression of ELF3 was examined in a

range of prostate cell lines at the protein level. Protein

expression was analysed by Western blot analysis.

20µg of protein was loaded per lane onto a 10% SDS

gel, transferred onto a PVDF membrane and probed

for the indicated proteins. Tubulin was used as a load-

ing control. The origin and phenotypic characteristics

of prostate epithelial cell lines is also shown [71-80].

(CK = cytokeratin, AR = androgen receptor, PSA =
prostate specific antigen, BPH = benign prostatic

hyperplasia, PCa = prostate cancer. Markers of basal

cells – CD44, CK5. Markers of luminal cells – CK8,

CK18, AR. Expression of CK5 in absence of CK14

indicated an intermediate phenotype.)

Fig. S3. Time course of ELF3 knockdown in benign

(BPH-1) and cancer (PC3) prostate epithelial cell lines.

ELF3 protein expression was analysed by Western blot

in (a) BPH-1 and (b) PC3 cells following ELF3 knock-

down over a 6 day time course (n=1 each day / n=6
over 6 days). GAPDH was used as a loading control.

Densitometry was carried out using Image J software.

Numbers below blots indicate levels of knockdown

compared to samples treated with siSCR on the same

day. siSCR samples were normalised to 1.0. M =
Mock, S = siSCR, E = siELF3. (c) Charts show (i)

range of densitometry values comparing paired siSCR

and siELF3 treated cells and also showing (ii) range of

densitometry values across six days. One-way ANOVA

with Tukey’s correction was used to compare the sam-

ples. Error bars are standard deviation of the mean.

Fig. S4. ELF3 knockdown reduces cell adhesion but

does not cause cell death via apoptosis. (a) An adhe-

sion assay was performed on BPH-1 cells 48h follow-

ing knockdown (n=3). Cells were trypsinised and re-

plated at three different densities for 4 hours (High =
300,000 cells, Med = 100,000 cells, Low = 40,000 cells).

Floating cells were washed off and adherent cells were

counted using a cell counter. Statistical significance

was determined using a Student’s T-test (unpaired,

two-tailed). Error bars are standard deviation of the

mean. To assess cell death by apoptosis, lysates of (b)

BPH-1 (n=2) and (c) PC3 (n=2) cells with ELF3

knockdown were probed for cleaved caspase 3. BPH-1

cells treated with 1lM Staurosporine for 24h were

used as a positive control for apoptosis (+).
Fig. S5. ELF3 Expression in BPH tissue. (a) ELF3

expression was analysed in BPH tissue by immunohis-

tochemistry (immunofluorescence). Formalin-fixed,

paraffin-embedded BPH tissue was deparaffinised and

rehydrated before undergoing heat-inducing antigen

retrieval in sodium citrate buffer. IHC was carried out

and sections were incubated with fluorescent Alexa

Fluor secondary antibodies. (i) ELF3 alone (Ab97310),

(ii) ELF3 co-stained with high molecular weight cytok-

eratin (cytoplasmic basal cell marker) and (iii) ELF3

co-stained with p63 (nuclear basal cell marker. Red =
ELF3, Green = HMW-CK / p63, Blue = DAPI. 60x

oil lens. Scale bar = 10lm. (b) ELF3 expression was

analyed in BPH tissue microarrays (TMAs). 102 tissue

sections from 40 patients were stained for ELF3

expression using Ab97310 using the Vector ImPRESS

Excel Kit. Representative images of sections from two

patients are shown. (i) Patient 9C exhibits more cyto-

plasmic staining whilst (ii) Patient 5A exhibits more

nuclear staining. Sections were stained for Nkx3.1 as a

nuclear luminal cell control. Sec only = tissues stained

with secondary antibody only. 20x scale bar = 100lm,

40x scale bar = 50lm.

Fig. S6. ELF3 expression is upregulated in primary

prostate epithelial cells following vorinostat treatment.

(a) Primary prostate epithelial cell cultures were trea-

ted with three different doses of HDAC inhibitor

vorinostat (L = 0.625lM, M = 2.5lM and H = 10lM).

Cells were harvested at 4 hours and 24 hours after

treatment for protein analysis. Numbers below blots

indicate expression of ELF3 and NSE relative to the

low dose (L) which was normalised to 1. (b) The TA

and CB enriched subpopulations were treated with

2.5lM vorinostat for 24 hours before harvesting for

protein analysis. WP = whole population. Numbers

below blots indicate expression of ELF3 and NSE nor-

malised to the low dose, 4 hour vorinostat treatment.

(c) Brightfield images of sample H598/17 24 hours

after treatment. Scale bar = 100lm.

Fig. S7. Impact of ELF3 CRISPR knockout on cell

cycle markers. ELF3 was knocked down in BPH-1

cells using a CRISPR lentivirus. (a) Four clones were

examined for type of genetic alteration that occurred

(b) Protein expression levels for ELF3, p21 and PLK1

were measured in each clone using Western Blot analy-

sis. (c) Intensity of bands on Western blot was anal-

ysed to determine change in expression of ELF3, p21

and PLK1 in ELF3 clones.

Table S1. Antibodies used for protein detection by

western blot.
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Table S2. Antibodies used for protein detection by

Immunohistochemistry.

Table S3. Antibodies used for protein detection by

Immunocytochemistry.

Table S4. Expression changes of cell cycle-related

genes following ELF3 knockdown from gene

expression microarray. Highlighted boxes indicate

genes with significance threshold of 2-fold increase

or decrease and a p-value <0.05. NS = not signifi-

cant. (ANOVA analysis with eBayes correction was

used).

Table S5. List of studies used in Figure 8.
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