
Olfactomedin 4 downregulation is associated with tumor
initiation, growth and progression in human prostate cancer

Hongzhen Li 1, Christine Kim1, Wenli Liu1, Jianqiong Zhu1, Kay Chin1, Jaime Rodriguez-Canales2,3 and Griffin P. Rodgers1

1Molecular and Clinical Hematology Branch, National Heart, Lung and Blood Institute, National Institutes of Health, Bethesda, MD
2Pathogenetics Unit, Laboratory of Pathology, Center for Cancer Research, National Institutes of Health, Bethesda, MD
3Medimmune, Gaithersburg, MD

The olfactomedin 4 (OLFM4) gene has been analyzed as a tumor-suppressor gene and a putative biomarker in many cancers. In our

study, we analyzed the relationship of OLFM4 expression with clinicopathological features and with CpG site methylation in the

OLFM4 gene promoter region in human primary prostate adenocarcinoma. OLFM4 protein expression was significantly reduced in

prostate cancer tissue compared to adjacent normal tissue and was further significantly reduced in more advanced cancers.

Bioinformatic studies with clinical datasets revealed that primary prostate adenocarcinoma patients with reduced OLFM4 mRNA

expression exhibited higher Gleason scores and higher preoperative serum prostate-specific antigen levels, as well as lower

recurrence-free survival. Three of the eight CpG sites in the OLFM4 gene promoter region were hypermethylated in cancerous prostate

cells compared to adjacent normal cells, and reduced methylation of eight CpG sites was associated with increased OLFM4 mRNA

expression in RWPE1 and PC-3 cells. Furthermore, knockdown of OLFM4 gene expression was associated with enhanced epithelial–

mesenchymal transition (EMT)-marker expression in RWPE immortalized normal prostate cells. In contrast, restoration of OLFM4

expression in PC-3 and DU145 prostate cancer cells lacking OLFM4 significantly inhibited both EMT-marker expression and tumor cell

growth in in vitro and in vivo models, indicating that OLFM4 may play a tumor-suppressor role in inhibiting the EMT program, as well

as tumor initiation and growth, in prostate cells. Taken together, these findings suggest that OLFM4 plays an important tumor-

suppressor role in prostate cancer progression and might be useful as a novel candidate biomarker for prostate cancer.

Introduction
Prostate cancer is the most commonly diagnosed solid tumor
and the second-leading cause of cancer-related death in
American men.1 Genetics and epigenetic inactivation of
tumor-suppressor genes are both involved in the carcinogene-
sis and progression of all cancers, including prostate.2 Primary
prostate cancers are heterogeneous diseases with variable clini-
cal outcomes. To predict patients’ clinical outcomes, histo-
pathological tumor grade (Gleason score), clinical tumor stage

and serum prostate-specific antigen (PSA) level have regularly
been used for patient care.3 Recently, primary prostate cancers
have been subtyped based on molecular pathologies, which
has improved patients’ prognoses and allowed the use of per-
sonalized therapies.4 Therefore, efforts to identify additional
biomarkers for predicting human prostate cancer progression
have been undertaken by many groups worldwide.5–7

The epithelial–mesenchymal transition (EMT) plays an
important role in the formation of the prostate during
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development, homeostasis in the adult prostate gland and
malignant progression of prostate tumors.8,9 EMT transcription
factors, such as TWIST1, ZEB1 and SNAIL1, have been shown
to target the CDH1 gene and alter E-cadherin expression.9 It
has been reported that TWIST1 is associated with prostate can-
cer tumorigenesis and chemoresistance, as well as the EMT
program in the prostate cancer cell lines PC-3 and DU145.10

Furthermore, the EMT program is linked to stem-cell-like cells
in both mammary glands11 and prostate cancer.12

The olfactomedin 4 (OLFM4) gene encodes OLFM4, a
secreted glycoprotein belonging to the olfactomedin family.13

OLFM4 plays important roles in innate immunity, inflamma-
tion and cancers.14 The OLFM4 gene was first cloned from
human myeloid progenitor cells and is normally expressed in
prostate, bone marrow, small intestine and pancreas.13 Altered
OLFM4 gene expression has been observed in prostate cancer,
gastrointestinal cancer and myeloid leukemia.15–17 Further-
more, frequent genetic deletion of the OLFM4 gene has been
reported in advanced prostate cancer and squamous cell carci-
noma.18,19 In addition, DNA methylation of the OLFM4 gene
has been found to be associated with tumor aggressiveness
and patient outcomes in gastric carcinoma.20 The OLFM4
gene has been analyzed as a putative biomarker in many can-
cers, including gastrointestinal cancer, head and neck squa-
mous cell carcinoma, cervical neoplasia, nonsmall cell lung
cancer, triple-negative breast cancer and distant metastases in
estrogen receptor-positive breast carcinoma.20–32

In our study, we provide clinical evidence that reduced
OLFM4 expression was associated with prostate cancer progres-
sion and with DNA methylation of CpG sites in the OLFM4
gene promoter region in human prostate adenocarcinoma. We
also found that OLFM4 may play a role in regulating EMT, as
well as tumor initiation and growth, in prostate cells.

Materials and Methods
Human prostate tissue specimens and cell lines
Unstained whole-mount paraffin section slides of human
prostate cancer tissues (for 31 primary prostate adenocarci-
noma cases) were obtained from the Laboratory of Pathology,
National Cancer Institute, National Institutes of Health (NIH,
Bethesda MD). For each case, a pathologist (JR) reviewed the
whole-mount sections and selected slides containing both can-
cer and normal regions.33 We obtained adjacent normal cells
(n = 8); lower grade tumor foci (LG, Gleason grade ≤3,
n = 6); and higher-grade tumor foci (HG, Gleason grade ≥4,
n = 8). Unstained paraffin section slides of human prostate

cancer tissues (for 25 cases) were purchased from The Coopera-
tive Human Tissue Network (CHTN, Mid-Atlantic Division,
Charlottesville, VA). The clinical characteristics of the cases are
summarized in Supporting Information Table S1. Human pros-
tate cancer tissue array slides (for 70 prostate cancer cases and
10 normal tissues) were purchased from US Biomax (PR803,
Rockville, MD). The clinical characteristics of the cases are
summarized in Supporting Information Table S2.

The immortalized normal human prostate cell lines RWPE1
and RWPE2, which is established from RWPE1 by transforming
with Kirsten murine sarcoma Ki-Ras, were purchased from the
American Type Culture Collection (ATCC, Manassas, VA) and
cultured in the recommended media.34 Human prostate cancer cell
lines PC-3 and DU145 were obtained from the ATCC and
maintained in RPMI 1640 medium with 10% fetal bovine serum
(ThermoFisher Scientific, Carlsbad, CA). Cell lines were character-
ized by the ATCC using morphology, karyotyping and polymerase
chain reaction (PCR)-based approaches to authenticate the identity
of cell lines. All cells were maintained at passage P2–P5 and were
passaged for fewer than 6 months after receipt or resuscitation.

In some experiments, prostate cell lines were treated with
5 μM 5-aza-20-deoxycytidine (5-Aza; Sigma-Aldrich, St. Louis,
MO). Briefly, 1 × 106 cells were seeded in 10-cm plates and
cultured with growth medium overnight. The 5-Aza-
containing medium was replaced every 24 hr. Dimethyl sulf-
oxide (DMSO) was used as vehicle control.

Thirty-one human tissue slides were provided by labora-
tory of pathology, National Cancer Institute, National Insti-
tutes of Health and 25 human prostate cancer slides were
purchased from The Cooperative Human Tissue Network
(CHTN, Mid-Atlantic Division, Charlottesville, VA).

The data will be made available upon reasonable request.

Laser-capture microdissection
Laser-capture microdissection (LCM) was performed using an
Arcturus Pix Cell II as previously described.35 Using human
prostate cancer tissues and matched adjacent normal tissues,
microdissected cancerous and normal epithelial cells were
identified from a total of 31 cases by a pathologist in the LCM
core facility (National Cancer Institute). Approximately
10,000–15,000 laser shots were used for each case to procure
the epithelial samples.33

Methylation analysis of the OLFM4 gene promoter region
Genomic DNA purification from the LCM epithelial cell sam-
ples and prostate cell lines was performed as described

What’s new?
Altered expression of the OLFM4 gene appears to be involved in many cancers. In this study of prostate cancers, the authors

found that OLFM4 can suppress tumor initiation, growth and progression. Downregulation of OLFM4 was associated with

higher serum PSA levels, higher Gleason scores, and lower recurrence-free survival in prostate cancer patients. These results

indicate that OLFM4 may play an important tumor-suppressor role in the progression of prostate cancer, and may provide a

novel prognostic biomarker for prostate cancer treatment.
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previously.33 The methylation status of the eight CpG sites in
the OLFM4 gene promoter region was analyzed using Pyro-
sequence (EpigenDx, Hopkinton, MA).17 Briefly, 1 μg of geno-
mic DNA was bisulfite-treated with the EZ DNA methylation
kit (Zymo Research, Irvine, CA). The DNA eluate was diluted
1:10, and 1 μl of the diluted DNA was then used for PCR with
HotStar Taq Polymerase (Qiagen, Germantown, MD). Three
pairs of PCR primers were designed to amplify the fragments
that cover the eight CpG dinucleotide sites. The reverse PCR
primer was biotin-labeled on the 50-end and was purified by
high-performance liquid chromatography. Pyrosequencing
reactions were run on the PCR products using the PSQ 96HS
system (Biotage, Charlottesville, VA). Pyro Q-CpG software
(Biotage) was used to analyze the pyrosequencing data. The
OLFM4 gene promoter region primers used for PCR and
pyrosequencing were as follows: ADS237 F: 50-CCTCC
TTGACTGGGTTTGAGGC-30; ADS237FS: 50-CCCTGGCC
TGGGAG-30; CpG sites: −681 and −666. ADS238 F: 50-TGG
TGAGATACTTGATAGGGCAGA-30; ADS238FS1: 50-GGTT
GGCCAGGGAACAAA-30; CpG site: −562. ADS238 F: 50-T
GGTGAGATACTTGATAGGGCAGA-30; ADS238FS2: 50-CA
CTGTAAGGAACAGGTCAA-30; CpG sites: −486 and −446.
ADS239 F: 50-GACTCAGATTCCTGGGTGTCCTG-30;
ADS239FS1: 50-AACCTCCTGGGGCAGTTCACA-30; CpG site:
−91. ADS239 F: 50-GACTCAGATTCCTGGGTGTCCTG-30;
ADS239FS2: 50-CCTGGGCTCTCTGCAGAG-30; CpG sites: +4
and +34.

Tumor xenografts
All animal experiments were approved by the Animal Care
and Use Committee of the National Heart, Lung and Blood
Institute (H-0266). Animal care was performed in accordance
with relevant institutional and national guidelines and regula-
tions in the animal facilities of the National Institutes of
Health. OLFM4-expressing PC-3O cells or DU145O cells or
vector-transfected control PC-3C cells or DU145C cells
(2 × 106/0.1 ml RPMI mixed with 0.1 ml Matrigel [BD,
Franklin Lakes, NJ]) were injected subcutaneously into the
right flank of 6- to 8-week-old male NOD.CB17-Prkdc
<SCID>/J mice (5 mice per each cell line; Jackson Laboratory,
Ellsworth, ME).15 Tumor growth was monitored after inocula-
tion starting at 2 weeks and then every week thereafter. Vol-
umes were calculated using the tumor volume = (W2 × L)/2
formula. All mice were euthanized at the same time point
when the biggest tumor reached maximum size (2 cm3) after
inoculation, and all visible tumors were removed and weighed
and/or photographed. Tumor tissues were frozen or fixed in
10% neutral buffered formalin solution (Sigma-Aldrich) and
prepared for hematoxylin and eosin (HE) staining and
immunohistochemistry.

Quantitative real-time RT-PCR
Quantitative real-time RT-PCR (qRT-PCR) was conducted as
previously described.15 Briefly, total RNA was extracted from

prostate cells using RNeasy plus Mini kits (Qiagen). Total
RNA (2 μg) was then reverse-transcribed using the Super-
Script III First-Strand Synthesis System (ThermoFisher Scien-
tific). TaqMan PCR primers and probes for OLFM4
(Hs00197437_m1), CDH1(Hs01023894), VIM (Hs00958111)
and the internal control ACTB (Hs01060665_g1) were pur-
chased from Applied Biosystems (ThermoFisher Scientific).
qRT-PCR was performed with QuantStudio 6 Flex (Applied
Biosystems) using the following thermocycler protocol: 94�C
for 10 min, followed by 40 cycles at 94�C for 10 sec, 60�C for
30 sec. Relative expression was calculated by a comparative
CT method using the formula 2−ΔΔCT.

Lentiviral particles short hairpin RNA interference
Lentiviral particles containing 3–5 expression constructs, each
encoding a target-specific 19–25 nucleotide (plus hairpin)
short hairpin RNA (shRNA) designed to knock down OLFM4
gene expression (GC-1 shRNA (h) lentiviral particles; Cat# sc-
75,113-V), were obtained from Santa Cruz Biotechnology, Inc
(Dallas, TX). Control shRNA lentiviral particles-A (Cat# sc-
108,080) were also obtained from Santa Cruz Biotechnology,
Inc. The lentiviral particles were transduced into cells
according to the manufacturer’s instructions. The transduced
cells were selected with puromycin (5 μg/ml, ThermoFisher
Scientific) for 5 days.

Immunohistochemical staining
We previously generated and used an OLFM4 polyclonal anti-
body in immunohistochemistry and Western-blotting analyses
of tumor cells and human tissues.13,36 For these studies,
whole-mount paraffin sections of human prostate tissues and
xenograft tissue slides were deparaffinized, hydrated, and anti-
gen retrieval performed with a high-pressure cooker (2100
Retriever, Electron Microscopy Science; Hatfield, PA) in 1×
citrate buffer, pH 6.0.18 Sections were incubated with primary
OLFM4 antibody (1:500 dilution) overnight at room tempera-
ture, then incubated with biotinylated goat antirabbit second-
ary antibody (BioGenex, San Ramon, CA) for 1 hr followed
by streptavidin–horseradish peroxidase complex (BioGenex)
for 30 min at room temperature. Color was developed using
3,30-diaminobenzidine (BioGenex), and sections were counter-
stained with Mayer’s hematoxylin (Sigma-Aldrich). Expres-
sion patterns were blind-evaluated by two independent
researchers. The intensity of expression was evaluated with
MetaMorph software (MetaMorph Inc, Nashville, TN) that
detected the brown color representing the expression of
OLFM4 protein. Image J software (National Institutes of
Health, Bethesda, MD) was used to count the nuclei counter-
stained by Mayer’s hematoxylin. All images were acquired
using an Olympus BX51 microscope (Olympus, Center Valley,
PA) and Qimaging Camera with Q Capture pro software
(Qimaging, Surrey, British Columbia, Canada).15,18 Images
were acquired using the 10× and 40× Uplan Apo objective,
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then imported into Adobe Photoshop (San Jose, CA) for
presentation.

Immunohistochemical staining of RWPE1 and RWPE2 cell
xenograft tissues was performed using the following primary
antibodies: anti-TWIST1 and anti-SNAIL1 (Novus Biologicals,
Centennial, CO); anti-BMI1 (Abcam, Cambridge, MA); and
anti-OLFM4, anti-E-cadherin and antivimentin (Cell Signaling
Technology Inc, Danvers, MA). Secondary antibodies, Super
Sensitive MultiLink and Super Sensitive Label were purchased
from BioGenex. Dark brown color was developed with chro-
magen (BioGenex), and slides were counterstained with hema-
toxylin (Sigma-Aldrich). All images were acquired using an
Olympus BX51 microscope (Olympus) and Qimaging Camera
with Q Capture pro software (Qimaging). Images were
acquired using the 10× or 40× Uplan Apo objective, then
imported into Adobe Photoshop for presentation.

Western-blot analysis
Nuclear protein lysate extractions from prostate cancer cells
were performed using NE-PER Nuclear and Cytoplasmic
Extraction Reagents (ThermoFisher Scientific). Total proteins
(25 μg) from nuclear or whole-cell extracts were separated
electrophoretically using NuPAGE 4–12% Bis-Tris gels
(Invitrogen), transferred to polyvinylidene difluoride mem-
brane, and hybridized with anti-OLFM4 (Sino Biological Inc.,
Wayne, PA), anti-β-actin (Santa Cruz Biotechnology, Inc.),
anti-TWIST1 (Novus Biologicals), or anti-ZEB1, anti-E-
cadherin, anti-β-catenin, antivimentin or antihistone H3 (Cell
Signaling Technology, Inc.) antibody overnight at 4�C. Mem-
branes were then incubated with secondary antibody, and sig-
nal developed with Amersham ECL Western-blotting
detection reagents (GE Healthcare, Chicago, IL).

Prostate sphere-formation assays
Prostate sphere-formation assays were performed following a
previously described protocol.37 Briefly, 1 × 104 prostate can-
cer cells were suspended in 50 μl PrEGM medium and mixed
with 50 μl Matrigel, then cultured in 12-well plates for
12 days. The medium was changed every 48 hr. Images of
spheres were captured with an IX81 microscope (Olympus)
using a 40× objective and Slide Book software system
(Olympus) at 12 days, and green fluorescent protein (GFP)-
positive colonies larger than 50 μm in diameter were counted.

Generation of stably expressing OLFM4-GFP tag-expressing
prostate cancer cell clones
We have previously verified that human prostate cancer cells
lack OLFM4 expression.15 The pCMV-6-AC-GFP tag-vector
and pCMV-6-OLFM4-GFP tag plasmids were purchased from
Origene (Rockville, MD). Stably expressing OLFM4-GFP tag-
expressing prostate cancer cell clones (O) or vector-GFP tag-
transfected control prostate cancer cell clones (V) were
established following previously described protocols.15,33

Colony formation in soft agar
Stably expressing OLFM4-GFP tag-expressing PC-3 cell clone
(PC-3O) or vector-GFP tag-transfected control PC-3 cell clone
(PC-3 V) cell suspensions (1 × 104 cells/mL) in 2 ml of 0.35%
Noble agar with RPMI containing 10% fetal bovine serum
were overlaid into six-well plates containing a 0.6% agar base.
The medium on top of the agar was changed every 48 hr.
Images of colonies were captured with an IX81 microscope
with a 5× objective and Slide Book software system on Day
14, and GFP-positive colonies larger than 50 μm in diameter
were counted.38,39

OLFM4 promoter reporter-activity assays
pGL3-OLFM4 reporter plasmids were constructed as previ-
ously described.40,41 pGL3 basic vector control and
pGL3-OLFM4 reporter plasmids were then methylated by
treatment with CpG methyltransferase (M. SssI, EM0821,
ThermoFisher Scientific) following the industry’s instructions
and verified using restriction enzyme-digestion methods with
Hpa II (undigested) and Msp I (digested). The methylated
DNA plasmids were then purified using plasmid DNA spin
columns (QIAprep Spin miniprep Kit, Qiagen).

For transient transfection of these reporter plasmids, PC-3
cells (1 × 105/well) were first seeded into 24-well plates
(FALCON) and cultured for 1 day in growth medium. Tran-
sient transfection was then performed using Lipofectamine
2000 (ThermoFisher Scientific, #11668-019) following the
manufacturer’s instructions. After 48 hr of transfection, cells
were lysed with 1x passive buffer and promoter activity mea-
sured with a dual-luciferase assay reporter assay system
(Promega, Madison, WI, #E1910), using a TD 20/20
luminometer (Promega). The relative promoter activity was
shown by using firefly luciferase activity normalized with
Renilla Luciferase activity.

Bioinformatics analysis
Demographic, clinical and pathological data for 333 primary
prostate adenocarcinoma patients were downloaded from The
Cancer Genome Atlas (TCGA; www.cbioportal.org) and sum-
marized as means and ranges as appropriate. Normalized
mRNA expression data for the OLFM4 gene were downloaded
from TCGA for 333 primary prostate adenocarcinoma
patients4 and from the GSE21032 dataset for 174 prostate ade-
nocarcinoma patients.42 Recurrence-free survival data were
downloaded from the GSE21032 dataset.42

Statistical analysis
Statistical analyses were performed using GraphPad Prism 5.0
software (La Jolla, CA) or SAS software version 9.1 (Cary,
NC). Comparisons of OLFM4 expression were performed
with one-way analysis of variance (ANOVA). Comparisons of
OLFM4 gene promoter region methylation levels, prostate
sphere or colony formation, xenograft tumor weight and
vimentin mRNA expression were performed with Student’s
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t-test. The relationships between OLFM4 expression and meth-
ylation of the OLFM4 gene promoter region were analyzed
using Pearson’s analysis with open-source R packages. The uni-
variate and multivariate proportional hazards analysis used in
Supporting Information Table S3. Recurrence-free survival data
were analyzed with Kaplan–Meier plots and the log-rank test. A
p-value of ≤0.05 was considered statistically significant.

Results
Reduced OLFM4 expression is associated with higher
Gleason scores, increased preoperative serum PSA levels
and significantly lower recurrence-free survival in human
primary prostate adenocarcinoma
We initially examined OLFM4 protein expression in whole-
mount sections of human prostate cancer tissues containing

matched normal tissues adjacent to primary tumors in those
specimens by immunohistochemical staining with OLFM4
antibody (Fig. 1a). compared to normal prostate tissue adja-
cent to primary tumors, OLFM4 protein expression was
reduced in both lower grade tumor (LT: Gleason grade,
GL. 3) and higher-grade tumor (HG: Gleason grade, GL. 4)
prostate cancer tissues foci (Fig. 1a). Quantitation of OLFM4
protein expression in a larger number of human prostate can-
cer tissues from two well-characterized populations indicated
that OLFM4 was significantly reduced in prostate cancer tis-
sues when compared to adjacent normal tissues (Fig. 1b). To
extend upon these observations, we downloaded OLFM4
mRNA expression data and clinical data for 181 prostate ade-
nocarcinoma patients (GSE21032 dataset) and 333 primary
prostate adenocarcinoma patients (TCGA Cell 2015). In

Figure 1. Reduced OLFM4 expression is associated with higher Gleason scores and lower recurrence-free survival in human primary prostate
adenocarcinoma. (a) Representative images of HE staining and immunohistochemistry (IHC) analysis of OLFM4 protein expression in adjacent
normal and tumor regions of whole-mount section human prostate cancer tissue specimens (obtained from the Laboratory of Pathology,
National Cancer Institute). All micrographs shown are for tissues obtained from the same case. LT, lower grade tumor (Gleason grade 3, GL. 3);
HT, higher grade tumor Gleason grade 4, GL. 4). Scale bars: 50 μm. (b) Quantitation of OLFM4 protein expression from immunohistochemical
analyses using human prostate cancer tissue slides obtained from CHTN and US Biomax. Data represent the mean � standard deviation
(SD) of 3,30-diaminobenzidine (DAB) intensity normalized to the number of nuclei. Adjacent Nor., normal tissue adjacent to primary tumor;
Gleason score ≤4 + 3; Gleason score ≥4 + 4. We excluded CHTN and US Biomax cases with quality issues for which we could not obtain
immunohistochemistry data. ***p ≤ 0.001 (ANOVA). (c) OLFM4 mRNA expression in prostate cancer specimens in data downloaded from the
GSE21032 dataset. Data represent the mean � SD. Normal, normal tissue adjacent to primary tumor; P-tumor, primary tumor; M-PCs; prostate
tumor with distant metastasis. **p ≤ 0.01; ***p ≤ 0.001 (ANOVA). (d) Kaplan–Meier plot of recurrence-free survival for OLFM4 mRNA higher-
expressing (red line) and lower-expressing (blue line) prostate adenocarcinoma patient cohorts in the GSE21032 dataset at 25% thresholds
(p = 0.0000154; log-rank test).
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GSE21032 data, OLFM4 mRNA expression was significantly
reduced in primary prostate cancer tumors and metastatic
prostate cancer tumors compared to normal prostate tissue;
furthermore, OLFM4 mRNA expression in metastatic tumors
was significantly lower than that observed in primary prostate
cancer tumors (Fig. 1c).

To evaluate the clinical impacts of the OLFM4 gene in
prostate cancer, we performed bioinformatic analyses with the
primary prostate adenocarcinoma data downloaded from
TCGA Cell 2015. Analyses of the relationship between
OLFM4 expression and clinicopathological parameters for
these patients indicated that OLFM4 expression was not

Figure 2. Legend on next page.
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significantly different between two age cohorts (60 years old
and under and above 60 years old), and between two ERG
translocation cohorts (ERG fusion-positive and ERG fusion-
negative). Interestingly, OLFM4 expression was significantly
lower in patients with a preoperative serum PSA level above
20 ng/ml (compared to those with a PSA at or below
20 ng/ml) and in patients with a tumor with a Gleason score
of ≥4 + 4 (compared to those with a tumor with a Gleason
score of ≤3 + 4; Table 1). OLFM4 expression level was similar
in patients with a surgical margin resection R1–2 compared to
patients with a surgical margin resection R0 (Table 1).

We next analyzed the relationship between OLFM4 mRNA
expression and recurrence-free survival in the GSE21032 patient
cohort (Visualization: Samples 131/181; Censored 103/131) and
found that patients in the lower OLFM4 mRNA expression
cohort (lower 25%) had significantly lower recurrence-free sur-
vival than those patients in the higher OLFM4 mRNA expression
cohort (higher 75%; Fig. 1d). Furthermore, we performed univari-
ate and multivariate Cox regression hazard analysis with GSE
21032 data set for predictive effect of OLFM4 expression on post-
operative biochemical recurrence-free survival (Supporting Infor-
mation Table S3). Lower OLFM4 expression was significantly
associated with worse recurrence-free survival (HR = 3.18; 95%
CI 1.55–6.51; p = 0.0016, Supporting Information Table S3).
Besides expression level of OLFM4, Gleason scores and preopera-
tive PSA level was stronger associated with biochemical
recurrence-free survival (Supporting Information Table S3). In
the multivariate Cox regression hazard analysis, OLFM4 expres-
sion level after adjusting for Gleason score was not significant
(HR = 1.70; 95% CI 0.80–3.59; p = 0.17; Supporting Information
Table S3). The patient cohort examined was reduced from the full
181–131 patient cohort based on availability of all clinical param-
eters and Gleason score categories used.

Reduced OLFM4 mRNA expression is associated with CpG
site increased methylation of the OLFM4 gene promoter
region in primary prostate adenocarcinoma
To investigate the DNA methylation status of the promoter
region of the OLFM4 gene in human prostate cancer, we

obtained epithelial cells from whole-mount sections of human
prostate cancer specimens using LCM. The promoter region
of the OLFM4 gene has eight CpG sites (−681, −666, −562,
−486, −446, −91, +4 and +34, relative to the OLFM4 tran-
scription start site). The heterogeneities of the methylation
status of the eight CpG sites in the OLFM4 gene promoter
region were determined from analyses of paired tumor cells
and adjacent normal cells obtained from primary prostate
adenocarcinoma cases. We excluded cases that either had no
paired cells or those for which we could not obtain methyla-
tion data. Among the eight CpG sites, three sites (−681, −446
and −91) were hypermethylated in the higher grade tumor
cells compared to adjacent normal cells in the patients studied
(Fig. 2a), while no significant difference in methylation was
observed when higher grade tumor cells were compared to
adjacent normal cells for the other five CpG sites (−666,
−562, −486, +4 and +34; Fig. 2a). Summarized results for
immunohistochemistry and methylation status analyses in
individual patients indicated that specimens with lost OLFM4
protein expression also exhibit increased methylation of the
−681, −446 and −91 CpG sites in the OLFM4 gene promoter
region (Supporting Information Table S4).

Treatment with the methylation inhibitor 5-aza-20-
deoxycytidine increased OLFM4 mRNA expression in human
prostate cell lines
To test whether blocking methylation of CpG sites in the
OLFM4 gene promoter region can induce OLFM4 gene
expression, we tested the effect of CpG site methylation on
OLFM4 expression by treating RWPE1 and PC-3 prostate
cells with the methylation inhibitor 5-Aza (5 μM) for
24–96 hr. compared to control-treated cells, 5-Aza treatment
of RWPE1 cells and PC-3 cells decreased methylation of
8 CpG sites (except +4 site only observed at 96 hr in RWPE1
cells) in the OLFM4 gene promoter region (Figs. 2b and 2c).
OLFM4 mRNA expression was significantly increased after
treatment with 5-Aza for 48, 72 or 96 hr in RWPE1 and for
48 and 96 hr in PC-3 cell lines compared to DMSO (vehicle
control)-treated cells (Figs. 2d and 2e). These results suggest

Figure 2. Reduced OLFM4 expression is associated with CpG site increased methylation of the OLFM4 gene promoter region in human
prostate adenocarcinoma and prostate cell lines. (a) OLFM4 promoter region CpG site methylation status in DNA isolated from epithelial cells
obtained from prostate cancer specimens using LCM. Methylation levels in adjacent normal prostate epithelial cells (N), lower grade prostate
cancer cells (L) and higher-grade prostate cancer cells (H) were measured using pyrosequencing. Data represent the mean � SD (N = 5–8;
L = 5–6; H = 6–8). The difference between pairs of groups was analyzed using Student’s t-test. *p ≤ 0.05; **p ≤ 0.01; NS, not significant.
(b and c) Methylation status (percentage) of the eight CpG sites (−681, −666, −562, −486, −446, −91, +4 and +34, relative to the OLFM4

transcription start site) in the OLFM4 gene promoter region. RWPE1 cells were treated with Aza (5 μM) for 24, 48, 72 or 96 hr (b) and PC-3
cells were treated with Aza (5 μM) for 4 and 7 days. (d) Relative expression of OLFM4 mRNA in RWPE1 cells determined by qRT-PCR after
treatment with Aza (5 μM) or control (DMSO) for 24, 48, 72 or 96 hr. (e) Relative expression of OLFM4 mRNA in PC-3 cells determined by qRT-
PCR after treatment with Aza (5 μM) or control (DMSO) for 48 or 96 hr. (d, e) Data represent the mean � SD of three experiments performed
in triplicate. The difference between Aza treatment and vehicle at each time point was analyzed using the Student’s t-test. *p ≤ 0.05;
**p ≤ 0.01; ***p ≤ 0.001. (f ) OLFM4 promoter reporter activity. pGL3 basic vector control, −101 pGL3-OLFM4 reporter plasmid, and −945
pGL3-OLFM4 reporter plasmid were treated without (Met −) or with CpG methyltransferase (Met +). Data represent the mean (�SD, n = 3)
relative luciferase activities of these plasmids after their transient transfection into PC-3 cells. The difference between treated without (Met −) or
with CpG methyltransferase (Met +) was analyzed using the Student’s t-test. ***p ≤ 0.001.
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that CpG site methylation status of the OLFM4 gene promoter
region correlates with OLFM4 expression levels in human
prostate cells.

Methylation of CpG sites in the OLFM4 promoter region
reduced OLFM4 promoter activity
To test whether methylation of the CpG sites in the OLFM4
promoter affects its activity, we performed OLFM4 promoter
reporter-activity assays. We utilized several pGL3-OLFM4
reporter plasmids that included different segments of the
OLFM4 promoter region in order to examine the effects of
methylation of CpG sites in the promoter (Supporting Infor-
mation Fig. S1a).40 Luciferase assays conducted after transient
transfection of PC-3 cells with the different OLFM4
promoter-reporter plasmids indicated that all the constructs
except the −66 reporter plasmid exhibited increased promoter
activity compared to basic vector control-transfected cells
(Supporting Information Fig. S1b). Subsequent analyses uti-
lized pGL3-basic vector, −101 (which included CpG site −91)
and −945 which included CpG sites −681, −446 and −91
pGL3-OLFM4 reporter plasmids treated with or without CpG
methyltransferase. Methylation of the CpG sites in these
reporter plasmids significantly reduced OLFM4 promoter

reporter activities, compared to vehicle-treated plasmids, after
transient transfection of these plasmids into PC-3 cells
(Fig. 2f ). These results directly verified that methylation of the
CpG sites in the OLFM4 promoter region significantly
reduced OLFM4 promoter activity.

Knockdown of OLFM4 expression is associated with
enhanced EMT-marker expression in RWPE cells
To study the biological functions of OLFM4 in human normal
prostate epithelial cells, we used shRNA interference to knock
down the OLFM4 gene in two RWPE cell lines. In untreated
cells, OLFM4 mRNA expression level was higher in RWPE1
cells when compared to RWPE2 cells (Fig. 3a). Knockdown
effectively decreased expression of OLFM4 in RWPE1 cells
and RWPE2 cells at the mRNA (Fig. 3b).

We have previously reported that Olfm4 knockout mice
displayed high expression of EMT markers in prostate tis-
sue.33 Therefore, we examined EMT-marker expression in
OLFM4-knockdown RWPE cells. Expression of vimentin, but
not E-cadherin, mRNA was significantly increased in OLFM4-
knockdown RWPE1 and RWPE2 cells compared to control
shRNA-knockdown cells (Fig. 3c). At the protein level, E-
cadherin protein levels were reduced, while vimentin and

Table 1. Relationship between OLFM4 mRNA expression and clinicopathological parameters in 333 primary prostate adenocarcinoma patients

Variable All patients Mean OLFM4 expression (Log2) p-value1

Age (61 � 7 years)2

All 2793 8.80 � 3.37

<60 120 8.68 � 3.41

≥60 159 8.89 � 3.34 0.61

Preoperative PSA (11.0 � 11.2 ng/ml)

All 1873 9.23 � 3.25

≤20 164 9.55 � 3.16

>20 23 7.01 � 3.10 0.00044

Gleason score

All 333 8.78 � 3.29 0.0092

≤3 + 4 167 9.11 � 3.22

4 + 3 78 9.12 � 2.74

≥4 + 4 88 7.87 � 3.72 0.0145

Surgical margin resection

All 2623 8.81 � 3.39

R0 193 8.90 � 3.43

R1–2 69 8.55 � 3.27 0.47

ERG translocation

All 333 8.78 � 3.29

ERG fusion-positive 152 9.11 � 3.14

ERG fusion-negative 181 8.51 � 3.40 0.10

Data for 333 primary prostate adenocarcinoma patients were downloaded from TCGA.4
1p values are from t-test or analysis of variance (Gleason score).
2Mean � standard deviation.
3Number of patients with data available in the 333-patient cohort.
4In multivariable regression, for PSA adjusting for Gleason score, p = 0.0022.
5Gleason score ≥4 + 4 vs. 4 + 3.
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TWIST1 protein levels were increased, in OLFM4-knockdown
RWPE1 and RWPE2 cells (Fig. 3d). Using an in vivo xeno-
graft tumor model in which OLFM4-knockdown or control
shRNA-knockdown RWPE cells were inoculated subcutane-
ously into mice and the tumors that emerged then examined,
we observed increased vimentin staining in xenograft tissues

obtained from OLFM4-knockdown RWPE1 and RWPE2 cells
compared to control shRNA-knockdown RWPE2 cells
(Fig. 3e). OLFM4-knockdown RWPE2 cells in xenograft tis-
sues also strongly expressed the EMT transcription factors
TWIST1, SNAIL1 and BMI1 (Fig. 3f ). These results suggest
that knockdown of OLFM4 is associated with increased

Figure 3. Knockdown of OLFM4 expression is associated with enhanced EMT-marker expression in RWPE cells. (a) Expression of OLFM4 mRNA
in RWPE1 and RWPE2 cells determined by qRT-PCR. Values relative to β-actin (ACTB) represent the mean � SD of three experiments
performed in triplicate. (b) RWPE1 or RWPE2 cells were knocked down with control shRNA (C-shRNA) or OLFM4 shRNA (O-shRNA). Expression
of OLFM4 mRNA determined by qRT-PCR in knockdown RWPE1 and RWPE2 cells. Values normalized to ACTB represent the mean � SD of three
experiments performed in triplicate compared to control shRNA-knocked-down cells (value set at 100%). (c) Relative expression of E-cadherin
(CDH1) and vimentin (VIM) mRNA determined by qRT-PCR in OLFM4- or control-knockdown RWPE1 and RWPE2 cells. Data represent the
mean � SD of three experiments performed in triplicate compared to control shRNA-knocked-down cells (value set at 1). *p ≤ 0.05 (Student’s
t-test). (d) Western-blot analysis of OLFM4, E-cadherin (Ecd), vimentin (Vim) and TWIST1 in OLFM4 (O) or control (C) knockdown RWPE1 and
RWPE2 cells. β-actin was used as a loading control. (e) Representative images of HE staining and immunohistochemistry analysis of E-
cadherin and vimentin expression in xenograft tissues that emerged in mice after subcutaneous inoculation with OLFM4- or control shRNA-
knockdown RWPE cells. Arrow indicates EMT cells; arrow head indicates Epithelial cells; Star indicates stromal cells. Scale bar: 100 μm.
(f ) Representative images of immunohistochemistry analysis of OLFM4, TWIST1, SNAIL1 and BMI1 expression in xenograft tissues that
emerged in mice after subcutaneous inoculation with OLFM4-knockdown RWPE2 cells. Scale bar: 50 μm.
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expression of EMT markers and transcription factors in
RWPE cells.

Restoration of OLFM4 expression inhibited in vitro prostate
cancer cell growth and in vivo xenograft tumor growth
in mice
To investigate whether restoration of OLFM4 expression can
affect tumor-formation ability in these cells, we grew PC-3
and DU145 cells carrying either a vector-GFP tag plasmid or
an OLFM4-GFP tag plasmid in three-dimensional
(3D) Matrigel cultures. We traced cell growth by the expres-
sion of the GFP tag and found that restoration of OLFM4

expression in these cells significantly inhibited prostate sphere
formation in vitro (Figs. 4a and 4b). In parallel in vitro experi-
ments examining colony formation in soft agar, PC-3 cells
expressing OLFM4 formed significantly fewer colonies com-
pared to PC-3 cells expressing the vector-GFP tag (Fig. 4c).

We further explored the effects of OLFM4 expression on
prostate cancer cell growth in vivo in our tumor xenograft
model. When PC-3 or DU145 cells carrying either a vector-
GFP tag plasmid or an OLFM4-GFP tag plasmid were inocu-
lated subcutaneously into mice, the tumors that emerged from
OLFM4-expressing cells were significantly smaller than those
that emerged from cells expressing the vector-GFP tag,

Figure 4. Restoration of OLFM4 expression in prostate cancer cells inhibited tumor cell growth in vitro and xenograft tumor growth in mice.
The stably expressing prostate cancer cell clones PC-3V (vector-GFP tag), PC-3O (OLFM4-GFP tag), DU145V (vector-GFP tag) and DU145O
(OLFM4-GFP tag) were established. (a, b) Stably expressing prostate cancer cell clones were subjected to prostate sphere-formation assays.
Spheres were photographed after culturing for 12 days with Matrigel in 12-well plates. Photographs were taken of identical fields under light
(Light) and fluorescent (GFP) conditions. Squares in the top row of PC-3 cell micrographs indicate GFP-positive spheres. Scale bars: 200 μm.
Bar graphs represent the mean number (�SD) of spheres (>50 μm in diameter) per well counted from six wells for each cell clone. (c) Stably
expressing PC-3 prostate cancer cell clones were grown in soft agar to support colony formation. PC-3V and PC-3O cell colonies were
photographed after 14 days in culture. Photographs were taken of identical fields under light (Light) and fluorescent (GFP) conditions. Scale
bar: 200 μm. Bar graph represents the mean number (�SD) of colonies formed (n = 6). (d, e) Stably expressing prostate cancer cell clones
were used to inoculate mice in tumor xenograft studies. The xenograft tumors that emerged after inoculation were dissected, photographed,
and weighed; PC-3 tumors were dissected 19 days after inoculation, and DU145 tumors were dissected 42 days after inoculation. Scott plot
graphs represent the weights of the xenograft tumors shown in the photographs (n = 5). The difference between pairs of groups in all panels
was analyzed using Student’s t-test. (f ) Representative HE-stained images from PC-3 xenograft tumors. Box indicates area with fewer cells.
Scale bar: 50 μm.
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indicating that OLFM4 expression inhibited xenograft tumor
growth in vivo (Figs. 4d and 4e). Cell growth was diminished
in tumor tissues emerging from OLFM4-expressing PC-3 cells
compared to those emerging from vector-expressing (control)
PC-3 cells (Fig. 4f ). Collectively, these results suggest that
OLFM4 inhibits tumor-formation ability in prostate cancer
cells.

Restoration of OLFM4 expression inhibited EMT-marker
expression in prostate cancer cells
We have previously demonstrated that OLFM4 suppresses
human prostate cancer cell growth and metastasis via negative
interactions with stromal cell-derived factor-1 (SDF-1),
cathepsin D15,33 and sonic hedgehog (SHH) proteins.43 Here,
when we restored OLFM4 expression in the prostate cancer
cells PC-3 and DU145, vimentin expression was reduced at

both the mRNA and protein levels (Figs. 5a and 5b). Expres-
sion of E-cadherin protein after restoration of OLFM4 expres-
sion was increased in PC-3 cells but decreased in DU145 cells,
but expression of β-catenin protein was reduced in both
OLFM4-expressing PC-3 and DU145 cells compared to those
expressing a vector-GFP tag (Fig. 5b). When we examined
expression of EMT transcription factors in these cells, we
found that OLFM4 expression reduced TWIST1 protein
expression in nuclear extracts from PC-3 and DU145 cells,
but reduced ZEB1 expression only in DU145 nuclear extracts
(Fig. 5c). Collectively, these results suggest that OLFM4
inhibits the EMT in prostate cancer cells.

Discussion
We provide evidence here that downregulation of OLFM4
expression is associated with tumor initiation, growth and

Figure 5. Restoration of OLFM4 expression in prostate cancer cells inhibited EMT-marker expression. (a) Relative expression of vimentin (VIM)
mRNA determined by qRT-PCR in stably expressing OLFM4-GFP tag-expressing (O) or vector-GFP tag-transfected control (V) PC-3 and DU145
prostate cancer cell clones. Data represent mean � SD percent expression in OLFM4-GFP tag-expressing cell clones compared to vector-GFP
tag-expressing cell clones (value set at 100%; n = 3). The difference between pairs of groups was analyzed using Student’s t-test. *p ≤ 0.05.
(b) Western-blot analysis of OLFM4, E-cadherin, vimentin and β-catenin in total cell lysates from prostate cancer cell clones. β-actin was used
as a loading control. (c) Western-blot analysis of ZEB1 and TWIST1 in nuclear extracts from prostate cancer cell clones. Histone H3 was used
as a loading control. (d) Proposed model of relationship between OLFM4 and EMT-regulating proteins in benign and cancer stem-cell-like
cells in the prostate.
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progression of prostate cancer. Our bioinformatic studies with
clinical datasets establish that reduced OLFM4 mRNA expres-
sion is associated with higher preoperative serum PSA levels,
higher Gleason scores and lower recurrence-free survival in
human prostate cancer patients. Thus, OLFM4 may be useful
as a novel candidate biomarker for prostate cancer.

OLFM4 mRNA and protein expression in normal and can-
cerous prostate tissues and cell lines have been evaluated in
our laboratory previously.15,33 We observed that loss or reduc-
tion of OLFM4 expression was associated with higher Gleason
scores of prostate cancer and prostate cancer cell lines such as
PC-3 and DU145.15,18 The OLFM4 gene was deleted in
approximately 25% of human prostate cancer specimens that
we studied.33 When we further investigated the alteration of
the OLFM4 gene through bioinformatics studies for clinical
datasets of human prostate cancers, we found that the OLFM4
gene was deleted in 10–25% of prostate cancer tissues in The
Cancer Genome Atlas (TCGA) patient cohort, and that
expression of OLFM4 was lost in more than 50% of prostate
samples obtained from advanced prostate cancer
patients.14,15,18 Therefore, we sought to identify factors other
than DNA deletion that may be involved in the reduced
OLFM4 expression observed in human prostate cancer
progression.

DNA methylation is abnormally regulated in many cancer
types, including prostate cancer.44 We found here that
increased CpG site methylation in the OLFM4 gene promoter
region was associated with reduced expression of OLFM4,
which is similar to what has been observed for tumor-
suppressor genes (e.g., APC, RASSF1A and GSTP1) during the
progression of prostate cancer.45,46 Importantly, we have iden-
tified three CpG sites (−681, −446 and −91) that were
increased methylation in the high-grade prostate cancer tis-
sues examined. Therefore, we provided evidence that down-
regulation of OLFM4 expression was also associated with the
status of CpG site methylation of OLFM4 promoter in pros-
tate cancer progression. In summary, downregulation of
OLFM4 expression might be involved in both deletion and
methylation of OLFM4 gene in the prostate cancer
progression.

It has previously been shown that immortalized normal
prostate epithelial cells retain properties of stem/progenitor
cells and can be transformed to mimic progression of pros-
tate cancer.47,48 In addition, prostate cancer cells PC-3 and
DU145 have been shown to express EMT markers and the
EMT transcription factor TWIST1,10 but to lose OLFM4
expression.15 In our study, we found that knockdown of
OLFM4 expression in RWPE cells enhanced EMT-marker
expression in both in vitro cultures and xenograft tissues
in vivo. We further demonstrated that restoration of OLFM4
expression in PC-3 and DU145 cells inhibited their expres-
sion of vimentin and TWIST1, as well as significantly
inhibited their ability to form prostate spheres in 3D Mat-
rigel cultures in vitro and tumors in an in vivo xenograft

tumor model. These findings suggest that OLFM4 may be
involved in regulating the EMT program and tumor initia-
tion in prostate cancer cells.

We have previously reported that OLFM4 plays tumor-
suppressor roles in both prostate cancer cell lines and the
murine prostate in an Olfm4 knockout mouse model.15,33,43

We and other groups have also reported OLFM4 tumor-
suppressor functions in colon cancer, mouse melanoma cells
and early gastric cancer.16,49–51 Studies of the molecular mech-
anisms underlying OLFM4 tumor-suppressor function have
revealed that OLFM4 negatively regulates cathepsin D, SDF-1
and SHH signaling pathways during the progression of pros-
tate cancer.15,43 OLFM4 suppresses prostate cancer growth
and metastasis by directly interacting with cathepsin D
(thereby downregulating cathepsin D enzyme activity) and
inhibits prostate cancer cell invasion and metastasis by inter-
acting with SDF-1 (thereby downregulating SDF-1/CXCR4
signaling).15 OLFM4 protein also inhibits prostate carcinogen-
esis and is associated with downregulation of the SHH-
signaling pathway via binding to SHH protein.43 The SHH
pathway’s key transcription factors GLI1 and GLI2 have been
shown to activate EMT transcription factors, such as SNAIL1,
ZEB1 and FOXC2, as well as the stem-cell self-renewal pol-
ycomb family member BMI1.52 We have demonstrated here
that downregulation of OLFM4 enhanced expression of EMT
proteins and the stem-cell marker BMI1 in normal prostate
epithelial cells, which may induce them to become EMT stem-
cell-like cells and further progress towards malignant stem-
cell-like cells (Fig. 5d).

Taken together, these data suggest that OLFM4 plays a
critical tumor-suppressor role underlying the progression of
primary prostate cancer. The clinical correlation between
reduced OLFM4 expression level and higher preoperative
serum PSA levels, higher Gleason scores and lower
recurrence-free survival in prostate cancer patients suggest
that OLFM4 might be useful as a novel candidate biomarker
for prostate cancer. Further clinical studies of the OLFM4
gene as a candidate biomarker for prostate cancer will need to
be evaluated with large cohort studies of prostate cancer
patients.
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